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Abstract

Up to this day, the Standard Model of particle physics is widely accepted as the most funda-
mental quantum field theory which is fully compatible with the precise measurements being
carried out at particle collider experiments. Despite this enormous success, the model does
not provide answers to all remaining open questions of fundamental physics. In order to
overcome this shortcoming, theories beyond the Standard Model are investigated. In this
thesis, we compute higher-order corrections to observables in extended Higgs sectors of three
different theories beyond the Standard Model.

We investigate the Two-Higgs-Doublet Model and the Next-to-Two-Higgs-Doublet Model as
two extensions of the Standard Model with regard to the Higgs potentials of the theories. In
both models, we perform the complete electroweak renormalization of all independent param-
eters of the theories and present several different renormalization schemes for the scalar mixing
angles of the extended Higgs sectors. We compute the full electroweak one-loop corrections
to the partial decay widths of the decays of all Higgs bosons in the two theories. Further-
more, we provide the two newly developed computer programs 2HDECAY and ewN2HDECAY
which allow for the numerical evaluation of the partial decay widths and branching ratios
of all Higgs boson decays in the two models. In order to demonstrate the relevance of the
newly computed corrections we use the two programs for numerical analyses and estimate
the remaining theoretical uncertainties of the calculations.

The third theory investigated in this thesis is the charge-parity-violating Next-to-Minimal
Supersymmetric Standard Model. In our work, we provide the (’)(af) two-loop corrections
to the masses of the Higgs bosons of this model. To that end, we perform the one- and
two-loop renormalization of the theory, restricting ourselves to the contributions relevant for
the O(a?) corrections. The results of our computations are implemented in a new version
of NMSSMCALC. As a demonstration of the relevance of the newly computed corrections, we
perform a numerical analyses on the size of the O(a?) two-loop contributions.

Zusammenfassung

Bis zum heutigen Tag ist das Standardmodell der Teilchenphysik weithin als die grundlegend-
ste Quantenfeldtheorie anerkannt welche mit den prézisen Messungen von Teilchenbeschleu-
niger-Experimenten vollstéindig kompatibel ist. Trotz dieses enormen Erfolgs vermag das
Modell nicht alle verbleibenden offenen Fragen der Grundlagenphysik zu beantworten. Um
dieses Manko zu iiberwinden werden Theorien jenseits des Standardmodells untersucht. In
dieser Arbeit berechnen wir Korrekturen hoherer Ordnung zu Observablen in den erweiterten
Higgs-Sektoren dreier verschiedener Theorien jenseits des Standardmodells.

Wir untersuchen das Zwei-Higgs-Dublett-Modell und das Nichtminiale Zwei-Higgs-Dublett-
Modell als zwei Erweiterungen des Standardmodells hinsichtlich der Higgs-Potentiale der
Theorien. In beiden Modellen fithren wir die vollsténdige elektroschwache Renormierung aller
unabhéingigen Parameter der Theorien durch und présentieren verschiedene Renormierungss-
chemata fiir die skalaren Mischungswinkel der erweiterten Higgs-Sektoren. Wir berechnen die
vollstandigen elektroschwachen ein-Schleifen-Korrekturen zu den partiellen Zerfallsbreiten der
Zerfille aller Higgs-Bosonen in beiden Theorien. Weiterhin stellen wir die zwei neu entwickelte
Computerprogramme 2HDECAY und ewN2HDECAY vor, welche die numerische Auswertung der
partiellen Zerfallsbreiten und Verzweigungsverhéltnisse in beiden Modellen erméglichen. Um
die Relevanz der berechneten Korrekturen zu quantifizieren, nutzen wir die neu entwickelten
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Programme fiir numerische Analysen und schétzen die verbleibende theoretische Unsicherheit
unserer Berechnungen ab.

Die dritte in dieser Arbeit untersuchte Theorie ist das ladungs- und parititsverletzende Nicht-
minimale Supersymmetrische Standardmodell. In unserer Arbeit berechnen wir die O(a?)-
zwei-Schleifen-Korrekturen zu den Massen der Higgs-Bosonen dieses Modells. Zu diesem
Zweck fithren wir die ein- und zwei-Schleifen-Renormierung der Theorie durch, wobei wir uns
auf Beitriige zu den O(a?)-Korrekturen beschriinken. Die Ergebnisse unserer Rechnungen sind
in einer neuen Version des Computerprogramms NMSSMCALC eingepflegt. Zur Demonstration
der Relevanz der neu berechneten Korrekturen analysieren wir die Grofe der O(a?)-zwei-
Schleifen-Beitrige numerisch.
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CHAPTER 1

Introduction

The Standard Model (SM) of particle physics describes the properties and interactions of
the most fundamental particles known to this date in a mathematically consistent way [1H83].
The theoretical predictions made within the SM were confirmed by measurements at particle
collider experiments with remarkable precision [9H14] and with the discovery of a SM-like
Higgs boson at the Large Hadron Collider (LHC) in 2012 [15,[16], the last missing particle
predicted by the SM was discovered.

Despite its enormous success, the SM suffers both from theoretical shortcomings, e.g. the
hierarchy problem, as well as from the fact that it does not postulate a large enough breaking of
the charge-parity (CP) symmetry or a suitable candidate for dark matter (DM). Consequently,
throughout the last decades tremendous effort was invested into studies of theories beyond
the SM (BSM).

Among the simplest candidates for BSM theories are singlet and doublet extensions of the
SM Higgs sector. Examples of these BSM theories are the Two-Higgs-Doublet Model (2HDM)
, and the Next-to-Two-Higgs-Doublet Model (N2HDM) [19] which are interesting ex-
tensions of the SM since they provide candidates for DM, a rich phenomenology and they
can describe a successful baryogenesis. For the solution of other shortcomings of the SM,
e.g. the hierarchy problem, BSM theories based on supersymmetry (SUSY) are considered.
The simplest realization of a SUSY theory is given by the Minimal Supersymmetric Stan-
dard Model (MSSM) [20H36]. Due to the presence of the additional symmetry between the
fermionic and bosonic degrees of freedom in the MSSM, the hierarchy problem of the SM
Higgs boson sector is naturally solved. Despite this, another form of fine-tuning problem,
the u problem, remains in the theory. The Next-to-Minimal Supersymmetric Standard Model
(NMSSM) provides a natural solution to this u problem. Moreover, the NMSSM fea-
tures an interesting phenomenology through its extended Higgs sector and the CP-violating
realization of the model provides additional sources of CP violation.

The Higgs sector provides a promising portal to BSM physics. The detailed investigation of
the discovered Higgs boson and its couplings might indicate signs of new physics due to loop
contributions stemming from additional BSM particles or through the mixing with additional
Higgs bosons. From the theoretical side, the detailed investigation requires the calculation of
the observables of the Higgs sector to the highest possible precision.
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Concerning the higher-order corrections to 2HDM Higgs boson decays, several computer pro-
grams are available. For example, the FORTRAN code HDECAY 6.52 enables the calculation
of the branching ratios (BRs) of the 2HDM Higgs bosons including off-shell and loop-induced
decay modes and the state-of-the-art quantum chromodynamics (QCD) corrections, where
applicable. Other examples of computer tools include Prophecy4f [4851], enabling the com-
putation of the loop-corrected decay widths corresponding to the decay of the light CP-even
Higgs boson to four fermions via pairs of off-shell gauge bosons, 2HDMC that allows for the
computation of all two-body and some three-body decay widths including higher-order QCD
corrections, SPheno which enables the generic calculation of the full one-loop-corrected
two-body decays and partially tree-level three-body decays which can be applied to the case
of the 2HDM, and H-COUP which allows for the computation of loop-corrected partial
decay widths of the decays of Higgs bosons of extended Higgs sectors into final-state pairs
of fermions and gauge bosons. In order to perform thorough and precise phenomenological
analyses, the partial decay widths and BRs of all decay channels of the Higgs bosons of the
2HDM need to be considered at the highest possible level of precision. One key goal of this
thesis is to provide the electroweak one-loop corrections to the partial decay widths of all on-
shell (OS) Higgs boson decays of the 2HDM that are not loop-induced. These decay widths
are combined with the state-of-the-art QCD corrections implemented in HDECAY 6.52 to form
the new computer program 2HDECAY . Since we consider several different renormalization
schemes for the scalar mixing angles of the 2HDM in 2HDECAY, the program additionally
allows for an estimate of the remaining theoretical uncertainty of the loop-corrected decay
widths.

For the N2HDM on the other hand, only a few computer codes for the computation of higher-
order corrections to the Higgs boson decays are available. The FORTRAN program N2HDECAY
[57]/58] enables the calculation of the BRs of the N2HDM Higgs bosons, including off-shell and
loop-induced decay modes and the state-of-the-art QCD corrections, where applicable. As
another example, the generic results for the full one-loop decays of the Higgs bosons provided
by the program SPheno can be applied to the N2HDM as well. In this thesis, we provide the
electroweak one-loop corrections to the partial decay widths of all OS Higgs boson decays
of the N2HDM that are not loop-induced. For the calculation of the electroweak one-loop
corrections, we consider several different renormalization schemes of the scalar mixing angles
of the N2HDM. We present the new computer program ewN2HDECAY which combines the
electroweak loop-corrected decay widths with the state-of-the-art QCD corrections provided
by N2HDECAY.

Apart from partial decay widths and BRs, the masses of the Higgs bosons in BSM theories
provide another interesting observable for which predictions to the highest level of precision
are required. This is particularly the case in SUSY models where the Higgs boson masses are
not free parameters but instead, they are calculated from the independent input parameters
of the theory. For the MSSM and NMSSM, the higher-order corrections to the Higgs boson
masses, dominated by contributions stemming from top quarks and stop squarks, are sizeable.
Hence, their calculation to the highest level of precision is of importance in order to provide
reliable predictions. While the status of the higher-order corrections to the Higgs boson
masses in the NMSSM is not as advanced as in the MSSM, there was still a tremendous
progress concerning their calculation throughout the last decades. For the CP-conserving
realization of the model, the leading one-loop contributions as well as the full one-loop
corrections to the Higgs boson masses in several renormalization schemes [65H70] are available.
Moreover, the two-loop O(aas + apas) contributions’
of vanishing external momentum and more recently, additional corrections stemming
from the genuine NMSSM-specific parameters were computed as well . Analogously, for

were computed in the approximation

'"We refer to Sec. for an explanation of the meaning of the O(a;a; - -+ ) notations used in this thesis.



the CP-violating NMSSM the dominant one-loop corrections as well as the full one-
loop corrections together with dominant two-loop corrections in the renormalization group
approach were made available. In an independent thorough calculation, the full one-loop
corrections as well as the two-loop O(aya) contributions to the Higgs boson masses of the
complex NMSSM were provided in a mixed DR-OS scheme and implemented in the FORTRAN
program NMSSMCALC [67][79H81]. In order to further increase the precision, it is a key objective
of this thesis to calculate the two-loop O(a?) corrections to the Higgs boson masses in the
complex NMSSM and to implement these additional contributions into the updated program
version NMSSMCALC 3.00 [82].

This thesis is structurally and thematically divided into four different parts.

In Part [I] of the thesis, we lay the theoretical foundations for our work. Starting with Chap-
ter 2| we provide a brief introduction to the SM and its shortcomings and briefly discuss
extensions of the SM in general. In the subsequent Chapter |3, we discuss the regularization
and OS renormalization of the ultraviolet (UV) divergences of loop integrals in general. We
provide generic formulae for the calculation of partial decay widths up to one-loop order and
discuss the computation of radiative corrections to the masses of particles in a generic way.
We conclude Part I with a general discussion about input parameter conversions as well as
with a general analysis on gauge dependences in higher-order corrections.

Part [II] of this thesis deals with the calculation of the electroweak one-loop corrections to the
partial decay widths of the Higgs bosons of the real 2HDM. Beginning with Chapter 4, we
introduce the electroweak Lagrangian and the Higgs potential of the CP-conserving 2HDM.
In the subsequent Chapter |5, we present the renormalization of all independent parameters
of the electroweak sector of the 2HDM, focusing in particular on the renormalization of the
scalar mixing angles. Following in Chapter |6 we describe the semi-automated calculation
of the electroweak partial decay widths and present the computer package 2HDECAY for the
calculation of the BRs and partial decay widths of the 2HDM Higgs bosons. Subsequently, we
present in Chapter [7| a numerical analysis on the size of the electroweak one-loop corrections
for selected decay channels. Finally, in Chapter |8 we provide a conclusion of Part |II| of this
thesis.

In Part |I1I of this thesis, we focus on the calculation of the electroweak one-loop corrections
to the partial decay widths of the Higgs bosons of the real N2HDM. In Chapter [9, we intro-
duce the electroweak Lagrangian and the scalar potential of the CP-conserving N2HDM and
present the renormalization of all independent parameters of the N2HDM in the subsequent
Chapter We present several different renormalization schemes for the four scalar mixing
angles of the N2HDM. In the subsequent Chapter we present the semi-automated compu-
tation of the electroweak partial decay widths of all OS decay channels of the N2HDM Higgs
bosons that are not loop-induced and present the computer package ewN2HDECAY. Following
in Chapter we present a numerical analysis on the size of the electroweak corrections to
the partial decay widths and BRs. Subsequently, we provide in Chapter [13| a conclusion of
Part [III] of this thesis.

Part of this thesis deals with the calculation of the O(a?) two-loop corrections to the
masses of the neutral Higgs bosons in the CP-violating NMSSM. We begin in Chapter [14]
with the presentation of the Lagrangian and the scalar potential of the complex NMSSM
and present in the subsequent Chapter |15 the renormalization of all independent parameters
relevant for the two-loop O(a?) corrections. In the following Chapter the calculation of the
two-loop C’)(ozt2 ) contributions to the loop-corrected masses of the neutral Higgs bosons of the
complex NMSSM and their implementation in NMSSMCALC 3.00 is described. Subsequently,
we present in Chapter a numerical analysis on the size of the two-loop O(azas + a?)
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corrections to the Higgs boson masses. Finally in Chapter 18] we provide a conclusion of
Part IV of this thesis.

In Chapter we present a final conclusion as well as an outlook on possible future work.
The thesis is completed by an extensive appendix. In App. |A, we present the O(g) and O(1)
expansions of the scalar one- and two-loop integrals required for the calculations performed
in this work. In the subsequent Appendices B|and |Cl we present the definition of the CTs of
the 2HDM and N2HDM as they are implemented in 2HDECAY and ewN2HDECAY, respectively.
Following in App. D, we present the analytic formulae for the neutral and charged Higgs
boson mass matrix elements as well as their CTs. Subsequently, we present in App. [E| the
Feynman diagrams corresponding to the two-loop contributions to the unrenormalized self-
energies of the neutral and charged Higgs bosons. In the final App. [F| we provide exemplary
input and output files for 2HDECAY.

The calculation of the electroweak corrections to the partial decay widths of the Higgs bosons
of the 2HDM and N2HDM as well as the programs 2HDECAY and ewN2HDECAY themselves
were presented in and , respectively. Moreover, the O(af ) two-loop corrections to the
masses of the Higgs bosons in the complex NMSSM as well as their implementation into the
updated version NMSSMCALC 3.00 was presented in . Similarities between the structure
and content of these works and Parts [l to of this thesis are intentional and reflect the
contribution of the author.



Part |I.

Theoretical Foundations






CHAPTER 2

The Standard Model of Particle Physics and Its Extensions

This thesis covers higher-order corrections to partial decay widths and Higgs boson masses
in three different quantum field theories (QFTs): the 2HDM, the N2HDM and the complex
NMSSM. The common feature of all three of these models is that they extend the SM of
particle physics by introducing additional fields and symmetries. In Sec.[2.1] we present a brief
history of particle physics that led to the development of the SM and introduce the particle
content of the SM. Moreover, we discuss the remarkable agreement of experimental data
with theoretical predictions made within the SM and on the other hand its shortcomings and
experimental evidences that indicate that the SM is not sufficient to explain all phenomena
observed in the universe. In Sec. we introduce first extensions of the SM that are based
on the addition of Higgs singlets and doublets to the SM Lagrangian. Both the 2HDM and
the N2HDM fall into this category of SM extensions, and we discuss how these models provide
solutions to some of the shortcomings of the SM. Finally, in Sec. we briefly introduce the
concept of SUSY, which doubles the particle content of the SM and provides solutions for
most of its open problems. As specific examples of SUSY extensions, we briefly discuss the
MSSM and the complex NMSSM, since the calculations of the higher-order corrections to the
Higgs masses presented in this thesis are performed in the latter model.

2.1. The Standard Model of Particle Physics

The idea that the physical world consists of fundamental indivisible building blocks is the con-
cept of atomism (from the ancient Greek word dtomos, meaning “indivisible” ) which dates
back at least 2500 years from the present day. The original concept of atomism was based
on philosophical arguments rather than on experimental observation and the fundamental
building blocks were considered to be in the form of geometrical shapes . Through the
centuries, scientists discovered the chemical elements and replaced the idea of these shapes as
fundamental building blocks in favor of the chemical elements. It was not until the discovery
of the electron e~ in 1897 || that the concept of the atoms as indivisible structures was
abandoned, and with the later discovery of the protons and neutrons as sub-atomic parti-
cles , the apparent fundamental building blocks of nature were found and the Rutherford
model of the atom was established .

Since then, our understanding of particle physics at the fundamental level progressed in a
fast pace throughout the last century. The development of quantum mechanics, especially
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Figure 2.1.: Particle content of the SM of particle physics. The fermions of the SM, namely
the quarks and leptons, are grouped into three generations. The gauge bosons mediate the
strong, electromagnetic and weak forces, while through the Higgs field, the SM particles
acquire their masses. The different boxes around the particles as well as the color codes
indicate which particle is affected by each of the fundamental forces, represented by the
corresponding colored gauge boson. In the constituent quark model, the u and d quarks form
the protons and neutrons and together with the electrons e~ (all three depicted with a gray
background), they make up most of the ordinary matter.

of the spin-statistics theorem , revealed that each fundamental particle belongs to one
of two classes of particles: bosons, with an integer spin obeying the Bose-Einstein statistics
and fermions, with half-integer spin obeying Fermi-Dirac statistics. While the electrons be-
long to the latter category, the photons -y, the quanta of the electromagnetic field, belong
to the bosons. The theoretical concepts of QFTs allowed for the development of quantum
electrodynamics (QED), which served as a fundamental theory for describing the electromag-
netic force, which, together with gravity, formed one of the two known forces at the time.
Moreover, the formulation of QED allowed for a deeper understanding of electromagnetism,
since it enabled a theoretical explanation of many of its phenomena. On the other hand, the
observation of radioactive decays led to the development of the concept of the weak force
as a third fundamental force of nature, with the W= and Z gauge bosons as the mediators of
the force and the electron neutrino v, as another fundamental particle which is produced in
weak decays. Moreover, experiments carried out at high-energy particle accelerators in the
second half of the last century revealed that the protons and neutrons consist of even more
fundamental building blocks, namely the up and down quarks v and d, respectively, as well
as of the gluons g. The strong force was established as the fourth fundamental force of the
universe, mediated between the quarks by these gluons, and mathematically it was described

in the framework of QCD .
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Three of the four known forces, namely the electromagnetic, weak and strong force, where
combined into a common mathematical framework of gauge theories, which is nowadays
known as the SM of particle physics. The electromagnetic and weak forces were unified as a
single electroweak force, while the strong force remains as the other individual fundamental
force . Furthermore, experiments at high-energy accelerators throughout the second
half of the last century revealed that there are several generations of fundamental fermions,
where the only formal difference between fermions of different generations is given by their
different masses. With the discovery of the top quark ¢ in 1995 and the 77 lepton in
the year 2000 , the last fermions of the third generation were discovered. Finally, the Higgs
boson h of the SM, proposed as a theoretical concept as early as 1968 , was discovered
only recently in the year 2012 [15[16]. Its discovery completed the whole framework of the
SM of particle physics as it is known to date. All fundamental particles of the SM and the
forces mediating between them are illustrated in Fig.

From a mathematical point of view, the SM of particle physics is established as a gauge QFT
based on the direct group product SU(3)c x SU(2)r, x U(1)y, where the indices refer to
color, left-handedness and weak hypercharge, respectively. In the following, we only briefly
describe the structure of the SM. For a more detailed overview, we refer to e.g. [94]. The first
subgroup SU(3)¢ describes the strong interaction in the mathematical framework of QCD,
with color as the fundamental charge of the gauge group. The gauge bosons mediating the
strong force are 8 gluons g in the adjoint representation of the SU(3)c which each carry a
color-less combination of the three color states {r,g,b} (red, green and blue) and the three
anti-color states {T,g,b} (anti-red, anti-green and anti-blue). The only other particles that
interact strongly are the quarks which are embedded both in QCD and in the SM as up-type
and down-type quarks, i.e. the upper and lower row of quarks presented in Fig. Each
quark carries any one of the three colors as a color charge.

The other two gauge groups of the SM, given as the direct product SU(2); x U(1)y, describe
the unified electroweak force. The corresponding group charges are the weak isospin Iy as
well as the weak hypercharge Y and the gauge boson fields mediating the electroweak force
are given by the SU(2)y, triplet (W1, Wa, W3) and the gauge singlet B. This force acts on
all leptons and quarks of the SM, all of which are represented in the electroweak theory
via a chiral representation, i.e. the fermions are described via left- and right-chiral fields,
indicated with subscripts L and R, respectively. The leptons are represented by the left-chiral
SU(2)r, doublet ((ve,vy,vy), (e, u,7))r, and the right-handed singlet (e, u, 7)r while the up-
and down-type quarks are represented by the left-chiral SU(2)z doublet ((u,c,t),(d,s,b))r
and the two right-handed singlets (u,c,t)g and (d, s,b)g. Since the subgroups SU(3)c and
SU(2)r x U(1)y transform independently of each other, the color charge is not affected by
this SU(2)1, x U(1)y representation of the quarks [94].

The gauge symmetries of the SM forbid the explicit appearance of mass terms for any fun-
damental particle of the theory in the Lagrangian. On the other hand, it is experimentally
well-established that almost all particles of the SM have a non-vanishing mass . The
mechanism of electroweak symmetry breaking (EWSB) provides a solution to this theoretical
shortcoming. In addition to the fields described above, the SM contains an SU(2);, Higgs
doublet (o7, gbo), where ¢t and ¢° represent the charged and neutral components, with a
non-vanishing vacuum ezpectation value (VEV) v &~ 246 GeV which represents the vac-
uum state of the scalar potential. Through the Englert-Brout-Higgs-Guralnik-Hagen-Kibble
mechanism , the electroweak symmetry, i.e. the internal symmetry of the gauge group
product SU(2)r, x U(1)y, is spontaneously broken down to the electromagnetic symmetry
described by the internal symmetry of the gauge group U(1)en. This group, whose symmetry
remains unbroken in the SM after EWSB, corresponds to the electromagnetic force and the
corresponding charge @) of the group is the electromagnetic charge. The relationship between
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the charges of the original group product and @ is given by an electroweak analogue of the

Gell-Mann—Nishijima formula [100,101],

Q=Iiy+ | (2.1)
where the superscript “z” indicates the third component of the weak isospin. The four gauge
boson fields (W7, Wa, W3) and B of the unbroken group SU(2), x U(1)y are mixed into the
massive particle eigenstates W and Z which mediate the weak force as well as into the
massless photon v which mediates the electromagnetic force. In the broken phase, the matter
particles of the SM are still grouped into three generations® of up-type and down-type quarks,
now with electromagnetic charges @ = 2/3 and Q = —1/3, respectively, as well as into three
generations of charged leptons with ) = —1 and neutrinos with Q = 0. Moreover, EWSB
generates effective mass terms for most of the particles of the SM? via the interaction of the
particles with the Higgs field. This allows for describing massive particles in the SM while

still preserving the underlying gauge symmetries of the QFT.

The theoretical predictions made in the framework of the SM are under ongoing investigation.
Especially, the mass of the Higgs boson as well as its production and decay rates have been
analyzed in detail and so far, no significant deviations from the SM predictions are observed
(cf. and e.g. for more recent presentations of results). On the other hand,
there are several observations, e.g. stemming from cosmology, for which the SM does not offer
any theoretical explanation. Moreover, the SM also has some theoretical shortcomings. We
briefly review some of both the experimental and theoretical shortcomings in the following,
since they serve as a motivation for investigations of BSM physics.

From an experimental point of view, the following observations indicate that the SM is not a
sufficient theory to describe nature as a whole:

e Dark matter: Cosmological observations indicate that ordinary baryonic matter only
accounts for a minority of the matter content of the universe, with the majority of
approximately 84% being so-called DM [103]. The SM does not provide a candidate for
DM,

e Baryon asymmetry: A clear dominance of matter over antimatter is observed in the
universe . Sakharov formulated three necessary conditions that are required for
baryogenesis, i.e. for establishing an asymmetry of matter over antimatter in the early
universe. Among these conditions is the requirement that a QFT describing the universe
must provide sufficient sources of CP violation . While the SM provides a possible
source of CP violation through a complex phase of the Cabibbo-Kobayashi-Maskawa
matriz which mixes the quark flavors, this source is not strong enough to
account for the observed baryon asymmetry .

e Gravity: The SM does not provide any explanation of gravity. While there are several
recent attempts to explain gravity not as another fundamental force, but rather as an
emergent phenomenon, e.g. through entropic gravity , some predictions made
by these theories seem to be at odds with experimental observations . Hence, at
the present date it is far from clear whether gravity should be considered truly as an
independent fundamental force or rather an emergent phenomenon, but in both cases,
the SM has to be extended in order to accurately describe its effects.

2In the following, we also use the commonly used word flavor for denoting the different fermions.

3The neutrinos, gluons and the photon remain massless in the SM.

“While there exist attempts to provide a DM candidate within the SM, e.g. through a hexaquark state uuddss,
none of these attempts seem to explain the observed DM density without being at odds with other experimental

results .
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e Dark energy: Apart from ordinary baryonic and dark matter, the majority of ap-
proximately 68% of the energy density in the universe stems from dark energy ,
hypothesized in order to explain the accelerating expansion of the universe. One at-
tempt to explain the origin of dark energy is through the cosmological constant. Within
the SM, this constant is connected to the vacuum energy and its contribution can be
calculated as zero-point fluctuations in a field-theoretical approach. However, the cos-
mological constant calculated within the SM and the observed value differ by remarkable
120 orders of magnitude and hence, the SM does not provide a sufficient ex-
planation of dark energy. For a recent review of theoretical approaches to solve the
problem of dark energy, we refer to [115].

e Neutrino masses: The observation of oscillations between neutrinos of different flavors
indicates that neutrinos must have a non-vanishing mass , and current experiments
like the Karlsruhe Tritium Neutrino Experiment (KATRIN) aim to deliver new upper
bounds on the electron neutrino mass or to even measure it with a precision of approxi-
mately 0.2 GeV . In the SM, neutrino masses are not generated through the Higgs
mechanism and consequently, the SM has to be extended to account for non-vanishing
neutrino masses.

Moreover, the following observations, still requiring more data, are in tension with the SM:

e g — 2 of the muon: The observed value of the anomalous magnetic moment of the
muon g differs from the theoretical prediction calculated within the SM at three to
four standard deviations , which indicates that the SM does not completely explain
the anomalous magnetic moment.

e B meson decays: Several experiments observed SM deviations in some decays e.g. in
the B meson decay channel B = D*T77 7, in which the measured decay rates differ
from the theoretical predictions calculated in the SM (cf. for a recent overview).
Whether these deviations are large enough to significantly indicate an invalidity of the
SM or not is subject to current experimental and theoretical research.

Furthermore, the SM also has theoretical shortcomings, some of which we list in the following:

e Strong CP problem: In its most general form, the QCD Lagrangian of the SM can
contain a phase # with arbitrary value which explicitly breaks CP symmetry. However,
measurements of the electric dipole moment of the neutron restrict this phase to values
6 < 107° . In the SM, there is no mechanism that explains why 6 should be
either precisely zero or so exceedingly small. Hence, the strong CP problem embeds a
fine-tuning problem into the SM.

e Hierarchy problem: As discussed in this section, the Higgs doublet is a necessary
ingredient for the SM in order to generate the masses of the SM particles through EWSB.
However, higher-order corrections to the Higgs mass that emerge through quantum
fluctuations are a function of the squared cut-off energy scale A% at which the theory
breaks down. This is in strong contrast to the higher-order corrections to all other
masses in the SM, since these are protected by gauge or chiral symmetries and hence do
not depend polynomially on A . The hierarchy problem is in essence the question
why the observed value of the Higgs mass at approximately 125 GeV is so much
smaller than the expected cut-off scale A ~ 10 GeV, i.e. the Planck scale at which
the SM is supposed to break down due to effects of gravity. In order to explain the
observed value of the Higgs boson in the SM, it is necessary to assume that the higher-
order corrections to the Higgs mass cancel with CT® in such a way that precisely the

5The concept of counterterms and renormalization is introduced in detail in Sec.
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comparatively low Higgs mass of 125 GeV is produced. This requires a cancellation to
a precision of approximately 1 part in 100, Hence, the hierarchy problem is another
fine-tuning problem of the SM.

It is debatable whether the theoretical problems of the SM described above should be con-
sidered as indications or even motivations for BSM physics. The problem of fine-tuning is
in essence more of philosophical than of physical origin, especially if it is mentioned in the
context of naturalness, and it is always possible to use e.g. the anthropic principle as a coun-
terargument for fine-tuning. While in some cases in the past, the removal of fine-tuning
problems present in some theories was successfully used as a guiding principle which led to
the discovery of more fundamental theories [1211[122], we leave it to the reader whether they
consider this reductionistic approach as a valid motivation for BSM physics or not. On the
other hand, the experimental observations presented above indicate more clearly that the SM
is not a sufficient theory to fully describe nature. While none of the three QFTs considered
in this thesis provide solutions to all of the aforementioned problems simultaneously, all of
them solve at least some of the experimental and theoretical shortcomings of the SM.

2.2. Singlet and Doublet Extensions of the Standard Model

Among the simplest possibilities to extend the SM of particle physics is the introduction of
additional SU(2); Higgs singlets and doublets to the Lagrangian. This extends only the
scalar sector of the SM in the form of additional Higgs bosons. Since the scalar sector is
experimentally the least well-studied sector of the SM so far, BSM theories of this kind
become increasingly more interesting since their parameter space is usually less restricted
in comparison to other SM extensions where the scalar sector is more restricted e.g. due to
addtional symmetry relations. One of the most stringent contraints of any BSM model comes
from the p parameter [33]

> v [4lwi(Iw +1) — Y7
> 2YV%/iUi2 7

where we sum over any scalar Higgs doublet or singlet with corresponding VEVs v;, weak
isospin Iyy; and weak hypercharge Y;. The currently measured value of this parameter is

given by

p (2.2)

Pexp = 1.00039 = 0.00019 . (2.3)

In the SM, the p parameter is automatically unity per construction at tree level, since only
one Higgs doublet with isospin Iy = 1/2 and weak hypercharge Y = +1 is contained in the
Lagrangian. Likewise, it is possible to add an arbitrary number of additional SU(2), doublets
or SU(2)r, singlets (with quantum numbers Iyy = 1/2, Y = +1 or Iyy = Y = 0, respectively)
to the Lagrangian, since Eq. in all cases evaluates precisely to unity at tree level. While
in principle it is possible to add other more complicated SU(2), structures to the Lagrangian,
the constraint on p given by Eq. typically leads to a fine-tuning of the parameters in
such models . Hence, in Part II] of this thesis we consider only the simpler case where we
add an additional doublet to the Lagrangian, thus defining the 2HDM, and in Part we
additionally add a gauge singlet to the 2HDM which gives rise to the N2HDM.

The unitarity constraints are another important restriction that models beyond the SM have
to fulfill. The mechanism of EWSB does not only introduce effective mass terms to the
theory. Moreover, it is a mechanism to unitarize the scattering of e.g. longitudinal gauge
bosons at high energies. Without the Higgs boson, the scattering amplitude is divergent
with respect to an increasing center of mass energy such that unitarity is violated for high
energies. However, through EWSB, the Higgs couples to the gauge bosons proportionally
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to their squared masses and cancels the divergent contributions in the scattering amplitude,
hence preserving unitarity. In theories with extended Higgs sectors, the additional Higgs
bosons also couple to the gauge bosons. The unitarity constraints are thus in essence a
constraint on the combination of the coupling constants describing the interaction of the
Higgs and the gauge bosons. Extensions of the SM which contain SU(2);, doublets and
singlets fulfill the constraints stemming from the couplings to the gauge bosons automatically
at tree level per construction .

Another set of important constraints are flavor-changing neutral currents (FCNCs), i.e. decay
processes that change the flavor of a quark without a simultaneous change of its electric
charge. Experimental data put very stringent constraints on the branching ratios of FCNC
processes , which implies that models which allow for FCNC couplings at tree level
typically need to be fine-tuned in order to be consistent with these data. In the SM, FCNC
processes are not present at tree level and are highly suppressed at one-loop order through
the Glashow-Iliopolus-Maiani (GIM) mechanism [126]. In the 2HDM and N2HDM, however,
the most general form of these models introduces FCNCs already at tree level through the
Yukawa sector. In Secs. and we discuss the appearance and removal of FCNCs in the
2HDM and N2HDM, respectively.

While adding another SU(2); doublet (and a gauge singlet) to the SM is ad hoc, i.e. not
motivated by a more complex underlying theory or symmetry, the 2HDM and N2HDM are
nevertheless interesting models since they provide solutions to some of the aforementioned
shortcomings of the SM. A special realization of the 2HDM, the Inert Doublet Model, provides
a DM candidate [127H130], and so does an inert doublet in the N2HDM. The latter model
moreover features the possibility of a dark singlet as another source of DM (cf.
for recent analyses). Moreover, the additional Higgs potential parameters of the 2HDM and
N2HDM allow for additional sources of CP violation if complex versions of the models are
considered®. In Parts II and of this thesis, we provide electroweak one-loop corrections
within the CP-conserving realizations of the 2HDM and N2HDM, respectively. These models
contain extended Higgs sectors with an interesting phenomenology while at the same time
they allow for more freedom with respect to the parameters of the scalar potential since they
are not constrained by additional symmetries as it is the case e.g. for SUSY models.

2.3. Supersymmetric Extensions of the Standard Model

Among the most popular extensions of the SM are BSM models in the framework of SUSY. In
the following, we only briefly introduce the basic concepts and ideas of SUSY. For a general
introduction to and a review on the topic, we refer to e.g. . In SUSY, additional fermionic
operators Q exist which transform bosonic into fermionic states et vice versa:

Q |boson) = |fermion) |,

Q |fermion) = |boson) .

Due to these additional transformations, the bosonic and fermionic fields are directly con-
nected to each other. One motivation for the consideration of SUSY was the fact that in the
development of the SM, fundamental symmetries turned out to be fruitful guiding principles
(e.g. , the formulation of the SM in terms of gauge symmetries allowed for a unification of
the electromagnetic and the weak force and their combination with the strong force, and the
excellent agreement of many SM predictions with experimental data validated symmetries as
a guiding principle). From a theoretical point of view, the Coleman—Mandula theorem [133]
provides a stringent no-go theorem which states that in a consistent QFT containing a mass

In our work, we restrict ourselves to the real 2HDM and N2HDM.
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Figure 2.2.: Particle content of the MSSM. Each SM particle (left-hand side of the figure)
acquires a superpartner, indicated with a tilde (right-hand side of the figure). Note that in
this representation, H and H denote Higgs and higgsino field doublets instead of particles.

gap, only trivial combinations of internal and space-time symmetries can exist, which in
essence reduces the possibilities of extending the SM based on additional symmetries. How-
ever, the Haag—t.opuszanski—-Sohnius theorem states a loophole of this no-go theorem.
By considering a Lie superalgebra instead of a Lie algebra, i.e. by formulating an algebra con-
taining both commuting and anticommuting symmetry generators, the theorem states that
there exists a non-trivial combination of both space-time and internal symmetries, providing
the basis for a SUSY QFT with a mass gap. Moreover, the theorem states that SUSY is the
only mechanism through which such a consistent QFT with maximally realized symmetries
can be established. Consequently, using symmetries as guiding principles for formulating
more fundamental theories naturally leads to the development of SUSY. Moreover, from a
theoretical point of view, the unification of gravity with the three other fundamental forces
e.g. in the framework of superstring theory necessarily requires the superalgebra and hence
automatically induces SUSY [135].

SUSY extensions have been studied in great detail up until this day. The MSSM [20-36] is
an example of a SUSY theory which provides a supersymmetric extension of the SM via an
introduction of a minimal amount of additional particles and which was at the same time
compatible with experimental data. Due to the internal symmetries between fermions and
bosons in the superalgebra, the MSSM predicts twice as many particles as the SM. Each
fundamental fermion and boson of the SM acquires a superpartner, also called sparticles,
whose quantum numbers differ from the respective fundamental particle of the SM only by a
half-integer value of the spin, while all other quantum numbers are the same. Per convention,
the superpartners of the SM fermions are denoted with the prefix “s” while the superpartners
of the bosons are denoted with the suffix “ino”. Moreover, due to the holomorphy of the
superpotential of the MSSM, the model requires two Higgs doublets instead of one as in the
SM and hence, it contains a specific realization of a 2HDM [36]. An overview over the particle
content of the MSSM is depicted in Fig.

Due to the fact that the superpartners have the same quantum numbers as their SM counter-
parts (apart from the spin), SUSY extensions like the MSSM predict that each SM particle has
a SUSY partner with the same mass. However, this is at odds with experimental results, since
we did not observe any superpartners at the mass scale of the SM particles. Due to this, if
SUSY is realized in nature, it needs to be broken my some yet unknown mechanism which can
be parametrized by adding soft-SUSY-breaking terms to the SUSY Lagrangian ,.
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These terms are introduced in the form of dimension-two terms, i.e. they have a positive di-
mension of mass, which explains the “softness” of their inclusion: they dominantly affect the
physics at the low (i.e. soft) energy scale but they do not alter the cancellation of divergent
structures (i.e. at the high or hard scale) in the higher-order scalar masses of the theory. The
method of soft SUSY breaking allows for the parametrization of the unknown mechanism
of SUSY breaking through the introduction of these additional soft-breaking parameters.
Hence, details about the exact origin of the SUSY breaking, still unknown as of today, are
not required for the softly-broken theory to yield theoretical predictions for observables. As
a potential drawback, the parametrization of the SUSY-breaking mechanism introduces a
plethora of new free parameters to the theory. Even the most simple phenomenologically
relevant realization of a SUSY model, namely the MSSM, features as much as 105 additional
parameters in the soft-SUSY-breaking Lagrangian in its most general form.

Supersymmetric theories provide interesting solutions to many of the shortcomings of the SM
mentioned in Sec. The MSSM, for example, was originally constructed as a new theory
to solve the hierarchy problem inherent to the SM . This solution is based on the SUSY
relations between the fermionic and bosonic fields and their coupling constants. As mentioned
in Sec. the higher-order corrections to the Higgs mass are a function of the cut-off scale
A? up to which the SM is considered to be a valid theory. The dominant contributions to this
quadratic term stem from the heaviest particle of the theory, i.e. in the SM, the contributions
originate from quantum fluctuations involving virtual top quarks. Higher-order corrections
to the fermionic particles on the other hand do not feature this quadratic dependence on
the cut-off scale, since they are protected by a chiral symmetry. When calculating higher-
order corrections to the Higgs boson mass in SUSY extensions, contributions from additional
quantum fluctuations involving the superpartners of the top quark need to be taken into
account. Due to SUSY, these superpartners couple in the same way to the Higgs boson as
the top quark, but since their contribution is bosonic instead of fermionic, they contribute with
a different sign. As a consequence, the terms quadratic in the cut-off scale are canceled and
the Higgs mass is protected from large corrections due to the symmetry between the fermionic
and bosonic sector. Since SUSY is not expected to be an exact symmetry, but rather a softly-
broken one, the higher-order corrections to the Higgs mass still receive contributions which
depend logarithmically on the cut-off scale, however. As long as the soft SUSY breaking scale
is not too large or equivalently the SUSY particles do not become too heavy, i.e. at the scale
of approximately O(1TeV), no new hierarchy problem is introduced and the Higgs mass is

protected against large corrections in the presence of large energy scales’ .

Another open problem of the SM, the observed baryon asymmetry of the universe, can po-
tentially be resolved in SUSY extensions when considering models with complex parameters
which yield additional sources of CP violation . Moreover, many SUSY theories provide a
candidate for DM. The most general MSSM Lagrangian can contain couplings which allow for
processes which violate the conservation of lepton and baryon number L and B, respectively.
One theoretical consequence of the existence of these couplings would be proton decay, but
since experimental observations indicate that the proton is stable at least on a time scale of
approximately 1034 years , additional symmetries are imposed on the MSSM to remove
these couplings from the Lagrangian. An example of such an additional symmetry is called R
parity, which is imposed on the MSSM in the form of a discrete Zo symmetry and which
yields a conserved quantum number for each particle, the R-parity number

Pp = (—1)3B+L+425 (2.6)

where S denotes the spin of the corresponding particle. For SM particles, this quantum
number is given by Pr = 1, while for SUSY particles, it yields Pr = —1. Since R parity

"In the particular case of the MSSM, however, the problem cannot be fully solved since the so-called little
hierarchy problem remains in the theory. We discuss this in more detail in Sec. [14.1]
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is a conserved quantity, it consequently allows only for the production of SUSY particles in
pairs, while the decay of a SUSY particle necessarily involves an odd number of lighter SUSY
particles. Hence, R-parity-conserving SUSY models predict a stable lightest supersymmetric
particle (LSP) which serves as a prime candidate for DM if it interacts only weakly and is
electrically neutral .

In this thesis, we consider the singlet extension of the complex MSSM, i.e. the complex Next-
to-Minimal Supersymmetric Standard Model (complex NMSSM) [37H46}[140], as a specific
realization of a SUSY extension. Due to additional contributions stemming from the gauge
singlet, the radiative corrections to the Higgs boson mass are not required to be as large as in
the MSSM in order to provide a SM-like Higgs boson with a mass of approximately 125 GeV.
We discuss this in more detail in Chapter |14 where we also introduce the model. With its
complex parameters, the complex NMSSM provides additional sources of CP violation already
at tree level which are less constrained by electric dipole moments (EDMs) in comparison
to the MSSM [141]. Moreover, the complex NMSSM is interesting from a phenomenological
perspective due to exotic signatures provided by its extended Higgs sector [142]. Furthermore,
the theory contains a DM candidate and provides a solution to the hierarchy problem, as
outlined above.



CHAPTER 3

Higher-Order Corrections to Higgs Boson Decay Widths and Masses

In this chapter, we give a brief overview over the field-theoretical concepts that are relevant
for the calculation of partial decay widths at one-loop level in the 2HDM and N2HDM in
Part Il and Part respectively, as well as for the corrections to Higgs boson masses at two-
loop level in the complex NMSSM in Part We assume that the reader is familiar with the
concepts of quantum mechanics, special relativity, quantum field theory and the calculation
of higher-order corrections in QFTs with the Feynman diagrammatic approach. This thesis
is not intended to give a thorough introduction into these topics. For this, we refer the reader

to introductory QFT textbooks, e.g. ,.

In Sec. we briefly review the concepts of regularization and renormalization which are
necessary in order to obtain finite partial decay widths and Higgs boson masses in higher-
order calculations. One of the main focuses of this thesis is the renormalization of different
extensions of the SM. Due to this, we review the renormalization of generic field multiplets in
Sec. in order to introduce the required notation for the renormalization of the SM exten-
sions and for the concepts of OS renormalization as well as modified minimal subtraction (MS)
and modified dimensional reduction (DR) renormalization. In the subsequent Secs. and
3.4, we discuss the calculation of one-loop partial decay widths and one- and two-loop Higgs
boson masses in general. In the subsequent Sec. we describe the input parameter conver-
sion which is necessary for the consistent comparison of partial decay widths calculated within
different renormalization schemes. This chapter concludes with a brief general discussion of
the gauge independence of fixed-order calculations of partial decay widths and Higgs boson
masses in Sec.

3.1. Regularization and Renormalization of Loop Integrals

As a simple example of a one-loop diagram, we consider a tadpole diagram with a virtual
scalar particle with mass m > 0 in the loop, as depicted in Fig. Up to some additional
constants, this diagram represents an integral of the form

i1
—_— 3.1
[ o= 3)
where the four-momentum [ is the integration variable. This integral has a divergence in the
regime of large momenta (or small spatial distances, respectively), a UV divergence. The
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Figure 3.1.: Exemplary UV-divergent one-loop tadpole diagram with a virtual scalar particle
of mass m > 0.

appearance of these divergences is inevitable in any fixed-order calculation, i.e. they are an
artifact of the incompleteness of a quantum-field theoretical description of very small space-
time separations . Despite the appearance of these divergences, higher-order calculations
of observables, e.g. partial decay widths and Higgs boson masses, still yield finite, physical
results through the methods of regularization and renormalization.

Through regularization, the UV divergences of the loop integrals are isolated from their finite
contributions in a self-consistent way. There are many different regularization methods, all
with their own advantages and shortcomings. In this work, we use dimensional regularization
(DREG) [145H149] for non-SUSY models and dimensional reduction (DRED) for
SUSY models in order to isolate the divergences. The key idea common in both regularization
methods is that the loop momenta and space-time coordinates are considered in D = 4 — 2¢
dimensions, with € > 0 being small, instead of the ordinary 4 space-time dimensions. In
DREG, this shift to D dimensions is additionally applied to all other tensor and spinor
structures of the QFT. While this procedure is applicable to non-SUSY models, in SUSY
extensions this would lead to a mismatch between the degrees of freedom of the bosonic and
fermionic fields in D dimensions®. As a consequence, DREG explicitly violates SUSY
which hence needs to be restored e.g. through the introduction of SUSY-restoring countert-
erms . In DRED on the other hand, the shift from 4 to D space-time dimensions
is restricted to the loop momenta, while the tensor and spinor structure is still considered to
be four-dimensional. While it has been analyzed that DRED preserves SUSY at the one-loop
level and for the dominant contributions at two- and three-loop level , a general
all-order proof of the preservation of SUSY through DRED is not known to date.

In both regularization schemes, the UV divergence of the loop integral is regularized by the
finite shift € and the loop integral evaluates to a finite part on the one hand and a universal

contribution )

— ~g +In (47) + In (:%) (3.2)

on the other hand. Here, vg denotes the Euler-Mascheroni constant, pp is the mass-
dimensional renormalization scale which needs to be introduced in order to preserve the
dimensionality of the loop integral and p denotes the mass-dimensional 't Hooft scale which
cancels in the calculation of any observable.

1
A==
€

While DREG and DRED serve to regulate the UV divergence for any € > 0, the loop integral,
and hence the calculation of any observable, still yields a UV-divergent result. This becomes
apparent in the physical limit when considering four space-time dimensions, ¢.e. for € — 0
in Eq. . In order to remove these UV divergences consistently, we use the method of

8For both SUSY and non-SUSY extensions, care has to be taken when extending the Dirac matrix s to
D dimensions since its definition is given unambigiously only in 4 space-time dimensions. An inconsistent
treatment of 5 e.g. in the framework of DREG leads to the appearance of axial anomalies, the Adler-Bell-
Jackiw anomalies . For an overview over the possible extension of 45 to D dimensions, we refer
to [156}[157]. In our work, we do not encounter axial anomalies at any stage of our calculations.
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renormalization. Each bare parameter p;o (i = 1,2, ...) and bare field ¢, (j = 1,2, ...) of the
QFT is split into a physical renormalized parameter p; and field ¢; and their corresponding
CT 6p; and wave-function renormalization constant (WFRC) \/Zs (or its expansion §7,)
according to

pi0 = pi +0pi , (3.3)

0Zy.
00 = 1/ Zo; 05 = <1 + 2¢J> ;- (3-4)

The CTs and WFRCs contain UV divergences which precisely cancel against the UV diver-
gences stemming from loop integrals in a fixed-order calculation. By imposing renormalization
conditions, furthermore additional finite contributions are allocated to the CTs and WFRCs
that depend on the explicit renormalization conditions that are chosen. The renormalized
parameters p; on the other hand are UV-finite and represent the physical values of these
parameters. Due to the cancellation of the UV divergences of the loop integrals and the CTs
and WFRCs, all divergences are consistently removed from the QFT and the observables be-
come manifestly UV-finite. This procedure works order-by-order for all renormalizable field
theories . All models considered in this work, i.e. the 2HDM, N2HDM and the complex
NMSSM, belong to this class of renormalizable field theories in four space-time dimensions,
cf. e.g. where the renormalizability of the 2HDM and MSSM is discussed. The
singlet extensions of these two models are renormalizable as well, since the additional singlet
terms introduced in the Lagrangian are renormalizable.

3.2. On-Shell Renormalization of Field Multiplets

The multiplicative renormalization of scalar fields indicated in Eq. is directly applicable
for theories with a single scalar field, e.g. for the Higgs boson field renormalization in the SM.
On the other hand, theories with extended Higgs sectors often contain several scalar fields
with the same quantum numbers which consequently can be combined into scalar multiplets.
Examples of this are the Higgs sectors of all three models considered in this work, namely
the 2HDM, the N2HDM and the complex NMSSM, with several scalar multiplets in each of
the models. In the following, we briefly review the renormalization of a scalar multiplet in
general. Applications of this general renormalization mechanism to the specific models are
discussed in the respective Parts and [IV| of this thesis.

In the following, we perform the renormalization of the fields in the mass basis. This is a
typical approach when the fields are renormalized in an OS scheme and in our work, we apply
such a scheme for the Higgs sectors of the 2HDM and N2HDM. Alternatively, the scalar fields
can be renormalized in a minimal scheme in the gauge basis where only a minimal amount of
WEFRCs is introduced. We apply this approach for the renormalization of the Higgs fields in
the complex NMSSM and discuss the differences with respect to the renormalization in the
mass basis in more detail in Sec.

We consider a scalar multiplet with n bare scalar fields ¢; (i = 1,...,n). In the mass basis,
the terms bilinear in the fields define the diagonal mass matrix Dé of the scalar multiplet, with

the i*® diagonal entry representing the squared mass of the i*"" scalar. Through multiplicative
renormalization by means of an n x n matrix \/Z, (or its expansion §Z), the multiplet is
rescaled to yield the renormalized multiplet via the n-dimensional generalization of Eq. (3.4),

®1 b1 b1
vz | |~ (et ) || (35)
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Figure 3.2.: The 1PI self-energies iXy,4. (p?) (i,j = 1,...,n) are defined as the sum of all
self-energy diagrams at a given loop order that cannot be split into two different diagrams by
cutting a single line in the diagram. They denote the transition of the scalar particle ¢; to

?;-
The n x n matrix 0Z4 contains n? different WFRCs which are of the considered loop order,

0Zgipn 0Zg1gy *** 02414,

57, = 5Z<{>2¢1 0Z s

The probability amplitude of the scalar fields to propagate from one space-time point to
another is described by means of the two-point correlation function I'y, . Since higher-
order corrections introduce UV divergences into the two-point correlation function, I'y needs
to be renormalized. In a renormalizable field theory, it suffices to renormalize all independent
parameters and fields of the theory to render the two-point correlation function finite, as well.
Accordingly, the renormalized two-point correlation function is defined as:

L4060 (0%) Tg10,(0%) -+ Tg19,(0°)

= f21 2 f22 2
B, %) ¢<z>. (P7) Tg20,(p%) an

L, (07) L4,0, (%)

_ t

=i/Zy [P*Lnxn — D} + S(p®) — 6D3] \/Zy .
Here, we introduced the n x n matrix CT of D;, that, in contrast to Di itself, is in general
non-diagonal. Its explicit form depends on the renormalization of the minimum of the scalar
potential and is presented below. The self-energy matrix E¢(p2) is a symmetric n X n matrix
given by

2¢1¢1(p2) E¢1¢2(p2) E¢1¢n(p2)

Sp165(0°) Sens (07

S(p?) = (3.8)

S16n (P7) Senon (0°)

Each entry of this matrix represents the one-particle irreducible (1PI) self-energy of the
transition from the scalar particle ¢; to ¢;, as shown in Fig. By expanding /Z, about
the unit matrix, analogously to Eq. (3.5), Eq. (3.7) can be rewritten as

Do(v?) ~ i [p*uen — D2+ So(?)] (3.9)
where we introduced the renormalized self-energy matrix
~ 521 57
S6(p?) = Sy(p?) — D} + T¢> (P*Lusen — D2) + (P* Ly — D3) 7"5 . (3.10)
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The renormalized propagator of the scalar multiplet is given by the negative inverse of the
two-point correlation matrix,

Gov?) = -T51(p?) = — TN (3.11)
' P (et (Ta6?) (Fs'0")

where det stands for the determinant and adj for the adjugate of the matrix fd)(pZ). The
poles of the renormalized propagator are determined by the zeros of the determinant of the
two-point correlation function. According to the Kdalléen-Lehmann spectral representation,
these poles correspond to the physical masses mg, of the scalar particles in the mass basis
[94,[169,(170]. By finding the zeros of the determinant, the position of these poles, and
consequently the masses of the particles, can be explicitly calculated. Since the calculation
of the higher-order corrections to the Higgs masses in the complex NMSSM is part of this
work, this concept is discussed in more detail in Sec. [3.4] and Chapter

The matrix CT 6D§> and the WFRCs 07, contain UV divergences which cancel against the
divergences stemming from the unrenormalized self-energies, hence yielding a UV-finite renor-
malized two-point correlation function in Eq. (3.9). The finite parts of the CTs and WFRCs
on the other hand still need to be fixed by imposing suitable renormalization conditions.
Among the simplest choices of renormalizing a non-SUSY QFT is to choose an MS scheme
in the framework of DREG. In such a scheme, the parameter CTs and WFRCs of the theory
are defined to contain only the UV-divergent terms proportional to the universal constant
A, cf. Eq. . For SUSY extensions, an equivalent definition in the framework of DRED,
namely the DR scheme®?, can be defined. In this scheme, the CTs and WFRCs contain only
the UV-divergent terms and moreover some additional finite contributions which arise due
to the difference between DREG and DRED as discussed in Sec. In both cases, the CTs
defined in this scheme depend explicitly on the renormalization scale ugr at which they are
defined. The MS/DR scheme has the advantage that the definitions of the CTs and WFRCs
become particularly simple.

Another renormalization scheme which is commonly used in literature is the OS scheme by
imposing the following three renormalization conditions :
e The mixing of fields with same quantum numbers vanishes on the mass shells p? = mii
(i=1,..,n).

e The physical masses mgy, (i = 1,...,n) are defined as the real parts of the poles of the

~

=1,..,
renormalized propagator G¢,(p2).

e The normalization of the fields ¢; (i = 1, ..., n) is such that the residues of the propagator
at its poles is equivalent to .

For completeness, we want to mention that in the framework of DRED, there is also an alternative approach
for the minimal renormalization called the DR’ scheme. This approach differs from the usual DR scheme by
a different treatment of the e-scalar masses which arise in the SUSY Lagrangian through the shift from 4 to
D dimensions. For more details about the differences between these approaches, we refer to [171[172]. In our
work, we use the DR scheme for the calculation of the corrections to the Higgs masses in the complex NMSSM
and we want to emphasize that to O(a?), both schemes yield the same results .

%Tn principle, we could also apply the DR scheme to non-SUSY models. However, this approach necessitates
the consistent treatment of additional contributions stemming from the ¢ terms, i.e. the evanescent couplings
. Hence, for practical reasons we use the MS scheme for all calculations in non-SUSY models
(i.e. the 2HDM and N2HDM) and the DR scheme for the complex NMSSM in this work.
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The application of these renormalization conditions to the two-point correlation function,
cf. Eq. (3.9), and its expansion around its poles determines the diagonal terms of the matrix
CT 5D3§ and the explicit form of the WFRCs in the OS scheme:

5D35i¢z' = Re [Z¢i¢i (mi)] ) (3.12)
Yoo (D2
1 P ap2 pzzmil
2 . .
5 Z 510, = me [zm(mgj) - ww (i # j) . (3.14)
i J

In the OS scheme, the positions of the poles of the propagator are defined as the physical
masses Mg, (i = 1,...,n), and these mass values are required as an independent input through
which the mass parameters and their CTs are fixed. In contrast to the MS/DR scheme,
where higher-order corrections to the masses of the particles can be calculated by computing
the zeros of the determinant of the two-point correlation function, in the OS scheme the
physical masses mgy, are per definition given as an input. An advantage of the OS scheme in
comparison to the MS/DR scheme is that WFRCs defined in an OS scheme are automatically
properly normalized at higher orders and consequently, for a calculation of e.g. decay widths
of physical particles the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula is
directly applicable without additional finite rotations .

3.3. Decay Widths at Tree Level and Next-to-Leading Order

One way of making theoretical predictions for observables at colliders like the LHC is to
use the field-theoretical framework of the LLSZ reduction formula together with the Feynman
diagrammatic approach in order to calculate decay amplitudes for particles of a specific QFT.
In the following, we describe how the decay amplitudes are connected to the partial decay
widths of the specific decay channel and how all partial decay widths can be combined to
make predictions of the decay probability of a particle that is produced at e.g. the LHC. The
calculation of the higher-order corrections to the partial decay widths allows for more precise
predictions of these decay probabilities.

In Parts [II] and of this thesis, we consider the decays of all Higgs bosons of the 2HDM
and N2HDM, respectively, and calculate the electroweak corrections to these decays to one-
loop order. The relevant formulae for the decay amplitudes are presented in this section in a
generic way such that they can be applied to each of the two models in the respective parts
of the thesis.

We consider decays of any CP-even, CP-odd or charged Higgs boson ¢ with four-momentum
p1 into a pair of two other particles X; and Xo with four-momenta ps and ps, respectively,
i.e. we consider the decay process

¢ — X1 X (3.15)

For the calculation of the electroweak corrections, we consider OS decays only, i.e. we require

m2 > (mg + ms3)? (3.16)

with the OS conditions p? = m? (i = 1,2,3) for the masses m; of the three particles. The

leading order (LO) decay amplitude

AL, x, = 1A (9 — X1 X)) (3.17)
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Figure 3.3.: Generic decay amplitudes of the process ¢ — X7 X5. At LO, the decay
amplitude is denoted by .A¢ X, x, While at next-to-leading order (NLO), the amplitude consists

of the genuine one-loop vertex corrections .A¢X x, (center), shown topologically in Fig.
as well as the sum of all CT and WFRC contributions Ag)T(l X, depicted by a cross.

can be calculated by means of the Feynman diagrammatic approach by calculating the decay
generically shown in the left-hand figure in Fig. For all decays considered in this thesis,
the partial decay width of the decay of ¢ into X; and X9 at LO is subsequently given by

A(m?,m3, m?
LO _ 10 77%2» 3
Toxie = g0 / dllz S g:f AL x| = s LTy T Z AR ot (3.18)

where \(z,y, z) denotes the Kdllén phase space function

Az, y,2) = Va2 +y? + 22 — 20y — 222 — 2y2 (3.19)

and S is a symmetry factor for which we set S = 1/2 in case that the two particles X; and X,
are indistinguishable, e.g. two Z bosons or neutral CP-even Higgs bosons of the same type,
or S = 1 otherwise.

At NLO, the decay process receives genuine one-loop corrections to the three-particle vertex,
as shown generically in the central figure of Fig. as well as CT contributions stemming
both from the vertex and from the external field renormalization, depicted generically as a
cross in the right-hand figure of Fig. We denote these NLO contributions with .AX)% X,
for the genuine vertex corrections, additionally depicted topologically in Fig. and with
.Ag)T(l x, for the sum of all CT and WFRC contributions, respectively. At one-loop level, in
general we also need to consider corrections to the external legs which are not depicted in
Fig. Due to the OS renormalization of the fields that we use for the calculation of the
decays in the 2HDM and N2HDM, most of these external leg corrections are already accounted
for. The OS definition of the WFRCs ensures the proper normalization of the fields such that
the LSZ reduction formula can still be applied to calculate the decay amplitudes at one-loop
level and the external leg corrections are shifted into the WFRCs accordingly. The remaining
external leg corrections vanish for all decays that we consider in this work due to Slavnov-
Taylor identities [177H179). Hence, the relevant contributions for the NLO decay amplitudes
are given by

Ag)%?Xz ‘A¢X1X2 + ‘A¢X1Xz : (3.20)
In order to calculate the partial decay width, we again take the unpolarized absolute square
of the decay amplitude, however, at NLO we only expand it up to terms that are relevant at
one-loop order,

‘Ag)%?Xz‘Q ‘A¢X1X2‘ +2Re [(A¢X1Xz) A¢X1X2 (A;9(1X2) ‘A¢>X1X2} : (3‘21)

Since Eq. (3.20) is independent of the four-momenta p; for all decays considered in this work,
the phase space integration factorizes out again and the LO formula for the partial decay
width, cf. Eq. (3.18), can directly be generalized to the NLO case.
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Figure 3.4.: Topological contributions to the vertex corrections Ag)% x, to the decay process
¢ — X1 X9 at one-loop level. For the Feynman diagrammatic calculation of a decay in a real-
istic QFT, the full particle content of the theory has to be mapped into these topologies. The
tadpole contributions to the vertex corrections are only relevant in an alternative treatment
of the minimum conditions of the potential of a spontaneously broken gauge symmetry.

At one-loop order however, there is one additional complication that needs to be taken into
account. Decay processes that contain charged particles in the initial or final state acquire
one-loop corrections with virtual photons ~ in the loop. Since the photon is a massless
particle, these loop integrals develop another type of divergence in the region of small space-
time momenta, the so-called infrared (IR) regime. The appearance of this divergence in
a QFT can be understood via a semi-classical interpretation. The integration of the loop
momentum is performed over the whole physical space, i.e. over all space-time configurations.
Since the photon is a massless particle whose energy is directly proportional to its frequency,
its energy can become arbitrarily small. In the asymptotic state of the IR regime, i.e. for
very small frequencies, an ever-increasing number of photons can occupy the phase-space.
Hence, the appearance of an IR divergence is merely an artifact of an insufficient description
of the photonic field in this asymptotic space-time configuration. From a field-theoretical
point of view, this divergence can be canceled order by order by taking bremsstrahlung effects
in the NLO decays into account, which is ensured by the Kinoshita-Lee-Nauenberg (KLN)
theorem ,. More specifically, for the NLO decays involving charged particles in the
initial or final state, additional Feynman diagrams are computed which correspond to the
decays

o — X1 Xo7v, (3.22)

called real corrections to the decays. Since these real photons can have arbitrarily small
energies as well, in principle an infinite amount could be emitted, since photons with vanishing
energies are not detectable. This leads to another divergence that appears in the calculation
of the real corrections when the integration over the full phase-space is performed, and this
additional IR divergence precisely cancels the IR divergence stemming from the one-loop
integrals involving virtual photons. For the calculation of all real corrections Ff;}}ll Xyt O the
decay processes considered in this work, we applied the generic formulae of the real corrections
presented in to our models. Additionally, the analytic forms of the phase space integrals
required for calculating the real corrections were taken from [183]. Finally, the full partial

decay width at NLO is given by
)\(m m3, m3 2
NLO 17 2, 5 NLO T 1
I‘<Z5X1X2 I‘§f>X1X2 +S———5— Z “A¢X1X2 ¢eA)%1X2+’y : (3‘23)

From a field-theoretical point of view, the IR divergences stemming from the virtual photons
first need to be regularized before they can be removed by taking real corrections into account.
While DREG is a suitable method for the regularization of IR divergences [184] which is
often applied in QCD calculations, we use a mass regularization scheme with an infinitesimal
photon mass to regulate the IR divergences. This photon mass appears both in the one-loop
diagrams containing virtual photons and in the real corrections and cancels in the sum of
both contributions. More details about the photon regularization are presented in Secs.
and for the 2HDM and N2HDM decays, respectively.
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Figure 3.5.: Generic two-loop contributions to the 1PI self-energies i3y, 4, (p?) (i,j=1,...,n)
which represent the transition of the scalar particle ¢; to ¢;.

By summing up all partial decay widths of a specific Higgs boson ¢, we can calculate the
total decay width of ¢ at a given loop level:

tot,(N)LO __ (N)LO
T = > Ty, (3.24)
{X1,X2}

With the total decay width at hand, we can define the BR of a specific decay as follows:

(N)LO

(N)LO U XiXo
BR (gf) — Xl Xg) = Ftot,(N)LO . (325)

¢

The BR is a measure of the probability that the Higgs boson ¢ decays specifically into X; and
Xy. The precise calculation of the BRs, together with precise calculations of the production
cross sections, allows for the prediction of the measurable decay rates of the Higgs boson at
the LHC.

3.4. Higher-Order Mass Corrections

Important observables at particle colliders are the masses of particles. For example, the 2012
discovery of the Higgs particle with SM-like properties and especially the measurement
of its mass of approximately 125 GeV is of great importance for our basic understanding
of elementary particle physics. The Higgs mass is a particularly interesting observable, since
its value is connected to the stability of the electroweak vacuum, and the measured value
favors a metastable vacuum over an absolutely stable one ,. As briefly discussed
in Sec. from the theoretical approach the mass of elementary particles is a computable
quantity as well if not all particle masses are independent parameters of the considered theory.
This is typically the case in SUSY models, where due to the SUSY relations connecting the
fermionic and bosonic fields, some Higgs boson masses are dependent parameters. Due to
this, their CTs are given in terms of CTs of the other independent parameters of the theory.
Consequently, the higher-order corrections to the Higgs self-energies lead to a shift of the

position of the complex pole of the Higgs propagator, cf. Egs. (3.9) and (3.11).

To one-loop order, the 1PI self-energies are depicted topologically in Fig. while at two-
loop level, the topological contributions to the self-energies are shown in Fig. The loop-
corrected masses are then given as the complex poles of the propagator generically defined in
Eq. , i.e. the masses of the particles are given as the roots of

det <f(p2)> =0 (3.26)

with respect to p?. Note that the particle masses that appear in the diagonal matrix Di
in f(pQ), cf. Eq. 1} are the tree-level masses while the roots of Eq. 1} determine the
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loop-corrected masses. Evidently, if f(pz) is evaluated only at tree level, then both of these
masses are equivalent. Already to one-loop order however, the renormalized self-energies that
form the building blocks of f(pQ) are intricate functions of p? which in the most general case
do not allow for an analytic solution of Eq. for p? in closed form. Due to this, the roots
often have to be determined numerically. One approach for this numerical determination is
given by the iterative solution of Eq. , i.e. by first equating p? to the tree-level mass
in the renormalized self-energy only. This allows to solve Eq. for p? and this solution
is then used as the new value for p? in the renormalized self-energies with which Eq.
can again be solved for p?, etc. Such an iterative approach for calculating the loop-corrected
masses is simple to implement, e.g. in the form of a Runge-Kutta method , but
it has the disadvantage of automatically mixing different loop orders, which consequently
violates the gauge independence of the computed particle masses. We further discuss the
gauge dependence of higher-order calculations of particle masses in more detail in Sec.
and the application of the iterative procedure in the calculation of the complex NMSSM Higgs
boson masses in our work in Chapter

3.5. Input Parameter Conversion at Next-to-Leading Order

The calculation of higher-order corrections to partial decay widths and particle masses through
the Feynman diagrammatic approach necessarily involves the evaluation of UV-divergent loop
integrals, as discussed in detail in Sec. In DREG, the evaluation of these loop integrals di-
rectly depends on the mass-dimensional renormalization scale, cf. Eq. . In the following,
we denote with pioyt this renormalization scale at which the loop integrals (and consequently,
e.g. the partial decay widths) are evaluated. On the other hand, if some parameters of the
QFT are renormalized through MS/DR conditions, their input values and CTs explicitly de-
pend on the renormalization scale pugr at which these parameters are defined. In the most
general case, each MS/DR parameter can be defined at an individual renormalization scale.
In the calculation of the electroweak one-loop corrections to the Higgs decays in the 2HDM
and N2HDM considered in Parts [T and [1I of this thesis however, we consider all MS param-
eters to be defined at the same universal scale pug. In the following discussion, we restrict
ourselves to the case of MS parameters. The case of DR parameters is exactly analogous.

We want to emphasize that both the renormalization scale oyt at which the partial decay
widths are evaluated and the renormalization scale jz at which the MS parameters are defined
can be chosen arbitrarily and in particular, they are not necessarily required to be the same. In
case that the two scales are different, the MS parameters that enter the calculation of the decay
widths need to be converted from the scale pug to the scale pout. We denote with p a generic
parameter of a QFT which is renormalized in the MS scheme by splitting the bare parameter
po, which is independent of the renormalization scale, into the renormalized parameter p(ug)
and its CT*! 5p(u R, P(1 R)), which both are explicitly dependent on the renormalization scale
ur- Due to the independence of the bare parameter py of the renormalization scale, we can
introduce the renormalized parameter and its CT at two different scales, e.g. ur and poyt,
but the sum of both yields the same bare parameter pg in both cases:

po = p(ur) + 0p(ur, plur))

= p(tiout) + P (Hout> P(Hout) ) - (3.27)

"1n the general case, the CT dp depends not only on the parameter p itself, but on several other independent
parameters of the theory. In order to keep the notation simple, we express the dependence only in terms of p,
but the notation 5p(,uR7p(uR)) implicitly is to be understood as to represent the dependence on all relevant
parameters.
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This equation can be solved for p(fout) which yields an expression for the parameter p at the
renormalization scale figut:

p(pont) = p(pr) + 6p(kr, P(LR)) — 0p(Lout, P(Hout))

=~ p(ﬂR) + (5p(/LR7p(MR)) _ 5p(:u’0utap(,UzR)) ' (328)

Since the CT dp on the right-hand side of the first line of this equation depends on the
parameter p(fiout) which we want to determine, this equation can only be solved iteratively. In
the second line, we therefore applied the linearized approach described in by evaluating
the parameter p in every term on the right-hand side of Eq. at the scale ur where it
is known. This allows for a direct determination of p(pout) without the need of an iterative
procedure. Since the CT dp is defined in the MS scheme, its form at one-loop level is given
in terms of the part 5pA proportional to the UV-divergent A as defined in Eq. ,

5p(ur. p(pr)) = 0p™ (p(pr)) A
2

1 (3.29)
= 552 (o)) | £ =z +halam) +10 (4]
€ 0
Inserting this form of the CT into Eq. (3.28) reveals that all terms that are not directly
dependent on g or ey drop out and the formula for the parameter p at the scale pout
simplifies to

2
I
o) = o) + 69 (o)) n (22 (3:30)
R
This relation allows us to convert the MS renormalized parameter p, defined at a renor-
malization scale pp, to its value at another renormalization scale poy. However, due to
the linearized approach applied in Eq. (3.28), this relation is only approximately valid up to
higher-order terms.

Apart from the scale conversion of MS parameters, care has to be taken when higher-order
corrections to e.g. partial decay widths are calculated within different renormalization schemes
for the CTs of the independent parameters. For a consistent comparison of the results calcu-
lated within these different schemes, the independent parameters have to be converted from
one scheme to another.

In the following, we denote with ¢ an arbitrary independent parameter of the theory defined in
an arbitrary renormalization scheme, e.g. the scalar mixing angles of the (N)2HDM considered
in this thesis. At one-loop order, we decide to renormalize @ in a reference scheme by splitting
the bare parameter ¢g into the physical parameter ¢ and its cT'? 5gpref(pR, gpref(,uR)) in
the reference renormalization scheme, defined at the scale ugr. Alternatively, we can define
both the parameter and its CT in an arbitrary other renormalization scheme at another scale
lout, denoted by ¢; and dp; (,uout, cpi(,uout)), respectively. Since the bare parameter g is in
both cases the same, we can calculate the parameter ¢; in the other renormalization scheme

by a generalization of Eq. (3.28):
@i (Hout) = Pret(1iR) + 0Pret (LR, ret(1tR)) — 095 (Hout, Pref(LR)) - (3.31)

As for the scale conversion of the MS parameters, this relation is only valid up to higher-order
terms since we used the linearized approximation in the last term by evaluating it with the
parameter ¢ instead of ; in order to avoid the necessity of an iterative procedure.

The finite differences in the definition of any CT are expected to vanish if the CT were to
be evaluated precisely to all orders. Hence, it is also expected that the partial decay widths

12 A for the MS CT, the simplified notation d@yres (uR, garef(uR)) implicitly assumes that the CT of the parameter
¢ may depend on several independent parameters of the theory.
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calculated within different renormalization schemes should converge to the same result if
they were to be computed in an all-order calculation. At any finite order in perturbation
theory, however, the different choices of renormalization schemes lead to different partial
decay widths . Due to this, the calculation and comparison of partial decay widths
within different renormalization schemes, together with the consistent parameter conversion
by means of Eq. (3.31), allows for an estimate of the remaining theoretical uncertainty of the
NLO corrections due to missing higher-order contributions.

3.6. Gauge Independence of Fixed-Order Calculations

Since a considerable part of our work deals with the gauge-independent renormalization of
mixing angles and questions about gauge dependence of partial decay widths and higher-order
corrections to the Higgs masses, the final section of Part |I| of this thesis is dedicated to a brief
discussion about the gauge independence of fixed-order calculations in general.

Gauge theories are characterized by the invariance of the Lagrangian of the gauge theory
under specific local gauge transformations. It is a common feature of a quantized gauge
theory comprising vector fields to contain redundant degrees of freedom which need to be
removed in order to calculate physically sensible predictions. These redundant degrees of
freedom appear even in comparatively simple Abelian gauge theories, e.g. in QED, where
the quantized photon field contains four degrees of freedom from which only two, namely
the two transverse modes of the photon polarization, are realized in nature. The other
two degrees of freedom of the photon field are redundant and lead to ill-defined expressions
in the computation of physical observables. The most straightforward quantity where the
problematic redundant degrees of freedom become apparent is the generating functional Z[J|
of the gauge theory within the framework of the path integral formalism [94]. We denote
with A a generic vector field with its associated source J and the action of the field theory
with S[A]. The generating functional of the theory is generically given by

2] = / DIA] exp (z‘S[A] +i / d4xJ(x)~A(a;)> . (3.32)

From this quantity, the Feynman rules of the theory as the building blocks of the calculation
of S matrix elements can be derived. However, the integration measure D[A] in Eq.
implies an integration over all possible configuration states of the vector field A. Since A
contains redundant (i.e. unphysical) degrees of freedom which are connected through continu-
ous gauge transformations, Eq. (]m) implies an integration over arbitrarily many unphysical
configuration states'®. Consequently, Eq. M is a divergent quantity which a priori can
not be used to derive physical observables. In order to circumvent this problem, one can
e.g. apply the Faddeev-Popov procedure which consistently cancels the redundant de-
grees of freedom!* and allows for the usage of the generating functional for a calculation of
physical observables.

In all QFTs we consider in this thesis, we use the class of R¢ gauges to fix the gauge.
Through the gauge-fizing Lagrangian of the R¢ gauges, the generating functional and hence
the Feynman rules of e.g. the vector boson propagators become functions of GFPs &, where

3Descriptively spoken, the independence of the gauge theory under gauge transformations corresponds to a
continuous shear in configuration space. In this sense, the gauge theory forms an equivalence class, and
the integration over the infinitely many realizations of the equivalence class leads to the divergence of the
generating functional.

14Technically, the Faddeev-Popov procedure leads to a factorization of the integration over the redundant degrees
of freedom in Eq. . Through a proper normalization of the generating functional, this global divergent
factor stemming from the redundant degrees of freedom is precisely canceled.
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Figure 3.6.: All topological contributions for a two-body toy scattering process of OS
fermions at one-loop level, consisting of the box diagrams A%, triangle diagrams A", self-
energy diagrams A% and external leg corrections A'®.

in general, any gauge boson of the theory acquires a distinctive GFP. While the introduction
of the gauge-fixing Lagrangian explicitly breaks the invariance of the original Lagrangian
of the gauge theory under local gauge transformations, S matrix elements calculated in the
gauge-fixed theory are still both gauge-invariant and GFP-independent [192H197]. We want to
emphasize that this statement is ensured by the Becchi-Rouet-Stora- Tyutin (BRST) symmetry
and it is valid order by order in perturbation theory . The only possibility to
break the GFP independence of the calculation of observables at a fixed loop order is via
imposing improper renormalization conditions on some of the independent parameters of the
theory . We discuss this further in Secs. and for the 2HDM and N2HDM,
respectively, where we demonstrate that an improper renormalization of the scalar mixing
angles leads to a residual GFP dependence of the partial decay widths at one-loop order.

Apart from an improperly chosen renormalization scheme, there is another possibility to
explicitly violate the GFP independence in the calculation of an observable, e.g. the higher-
order corrections to the Higgs masses, as described in Sec. In this case, however, the
violation of GFP independence is not introduced via improper renormalization conditions,
but via the iterative procedure through which the Higgs masses can be determined, since
this procedure mixes different orders of perturbation theory. While the building blocks of
the calculation of the Higgs masses, i.e. the renormalized diagonal Higgs self-energies (or
to be more precise, the complex poles of the corresponding propagator, cf. Eq. (3.26)), are
manifestly GFP-independent quantities when considered at a specific fixed loop level and eval-
uated with the tree-level Higgs masses , the iterative procedure leads to the evaluation
of these self-energies with loop-corrected masses. This explicitly breaks Slavnov-Taylor iden-
tities and hence introduces a GFP dependence into the calculated values of the higher-order
Higgs masses, which however is formally of higher orders of perturbation theory than the one
considered in the calculation. This is in contrast to the violation of gauge-parameter indepen-
dence introduced through an improper renormalization scheme, where the GFP dependence is
formally of the same order of perturbation theory as the calculation that is considered .

In order to systematically analyze and quantify the GFP dependences arising in perturbative
calculations performed in any gauge-fixed gauge theory, there are several theoretical tools
available. The Nielsen identities allow for a very generic analysis of possible sources
of gauge dependences for fixed-order calculations. They can be used to formulate model-
independent rigorous proofs e.g. about the gauge independence of S matrix elements or the
CTs that are required for the fixed-order calculation. While these identities can in principle
also be used for analyzing the origin of gauge dependences in different parts of a fixed-
order calculation and for tracing their mutual cancellations, there are two other theoretical
approaches that are better suited for this purpose in practice.

The first method for the explicit extraction and analysis of the cancellation of GFP-dependent
contributions is the so-called pinch technique (PT) [201H208]. We briefly illustrate the key
ideas of the PT by considering a toy process at one-loop level, i.e. the two-body scattering
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of OS fermions with momenta p; and masses m; as illustrated in Fig. The one-loop
amplitude is a manifestly GFP-independent quantity, as can be formally proven by appli-
cation of the Nielsen identities. As mentioned above, this statement is independent of the
one-loop renormalization of the process, provided that we do not choose improper renor-
malization conditions which breaks the manifest GFP independence. More precisely, the
diagrammatic origin of all gauge dependences lies in the individual genuine box, triangle and
self-energy diagrams as well as in the external leg corrections, which, as discussed above,
define the WFRCs. In other words, the cancellation of all gauge dependences occurs between
the WFRCs and the genuine one-loop corrections and is independent of the renormalization
of the process'® . In order to illustrate the mechanism of the PT, we consider the
full one-loop scattering amplitude, cf. Fig. While this is a manifestly GFP-independent
quantity, the individual diagrammatic contributions are GFP-dependent,

ANEO (5, 8,m5) = AP (s, t,m, €) + AT (s,m, €) + AN (s,€) + AB(s,€) (3.33)

where s and t are the usual s- and ¢-channel Mandelstam variables and m represents the
masses of the virtual particles in the loop. The key idea of the PT is to impose the elementary
Ward identity

[=1 +1i —mi — (]71 — mz) = Sfl(l +pi) — Sil(pi) , (3.34)

where [ denotes the loop momentum of any of the loop diagrams appearing in Fig. and S~!
denotes the inverse fermion propagator. The term S~!(p;) on the right-hand side of Eq.
vanishes in combination with an OS spinor by means of the Dirac equation. The term
S~L(1+p;) on the right-hand side of Eq. combines with a fermion propagator S(l+ p;)
stemming from an internal fermion, thereby effectively canceling it. Due to this, the internal
fermion is pinched out of the diagram. By imposing this elementary Ward identity in all loop
diagrams, their individual GFP-dependent contributions can be extracted analytically in an
unambiguous way. The crucial statement of the PT procedure is that the GFP-dependent
contributions stemming from the box and triangle diagrams as well as from the external
leg contributions are self-energy-like, i.e. they have the same functional dependence as the
self-energy contributions. This allows for a reallocation of all GFP-dependent contributions
into modified amplitudes for the box, triangle, self-energy and external leg contributions as
follows,

ANO (s ¢ m) = AP (s, t,m) + A (s, m) + A (s) + A8 (s) (3.35)

where the hats over the amplitudes denote that the GFP-dependent contributions have can-
celed in these quantities. The pinched self-energy ./Zself(s), as all other topological contri-
butions in Eq. , are now individually GFP-independent. In that sense, the PT is a
useful tool for the bookkeeping of the gauge dependences arising in a fixed-order calculation.
Moreover, the GFP-independent amplitudes in Eq. can be used as building blocks for
the definition of GFP-independent renormalization schemes. As a practical example of this,
we will use the pinched self-energies for a manifestly GFP-independent definition of the CTs
of the scalar mixing matrices in the 2HDM and N2HDM in Secs. and [10.1], respectively.
For an in-depth introduction to the PT and its numerous interesting applications, we refer

to [208].

The second useful tool for analyzing the cancellation of gauge dependences is the background
field method (BFM) [209H215]. Since we do not apply the BFM in any part of our work and
only adopt results from the literature that are calculated within the BFM framework, we only
briefly discuss it in the following and refer the reader to the aforementioned literature for an

5For this statement to be true, it is necessary that the genuine loop corrections to the two-body scattering
process as well as the corresponding external leg corrections contain contributions from tadpole diagrams, as
well . This corresponds to an alternative treatment of the tadpole renormalization, as discussed further
in Secs. and for the 2HDM and N2HDM, respectively.
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in-depth introduction. Essentially, the BFM is an alternative gauge-fixing procedure which
allows to fix the gauge of the theory while simultaneously preserving its manifest local gauge
invariance. The key idea of the BFM is based on a modification of the building blocks of the
generating functional in Eq. . Each field considered in the generating functional is split
into a classical background field which is considered to be static, i.e. it represents a fixed field
configuration, and an additional fluctuating field. Due to the background field being static,
a local gauge symmetry of the Lagrangian is preserved, while the fluctuating field allows for
a fixation of the gauge. Since both fields appear explicitly in the generating functional, the
Feynman rules are modified in comparison to the original theory. In essence, the background
fields give rise to additional diagrammatic contributions, and also the renormalization of the
fields and parameters of the theory need to be modified accordingly. On the other hand, the
separation of the fields into the fluctuating and the background part allows for a separation
of the GFP-dependent contributions in a diagrammatic fixed-order calculation and due to
this, the cancellation of the GFP dependences is simpler to analyze. As it is the case for the
PT, the BFM formalism allows for the definition of e.g. self-energies which are manifestly
GFP-independent and which can subsequently be used for the definition of GFP-independent
CTs. As an example, one of the renormalization schemes used in this work for renormalizing
the scalar mixing angles of the 2HDM is based on the BFM , as further discussed in
Sec.
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CHAPTER 4

A Brief Introduction to the 2HDM

In Part 11| of this thesis, we consider the electroweak one-loop corrections to the partial decay
widths of all Higgs bosons in the real 2HDM with a discrete Zs symmetry that is only softly
broken. These corrections are implemented in the newly developed computer program 2HDE-
CAY, which combines the electroweak corrections with the state-of-the-art QCD corrections
to 2HDM Higgs decays already implemented in the tool HDECAY 6.52 ,. As our work
focuses on the electroweak corrections to the partial widths, we do not consider the QCD
Lagrangian and its corresponding parameters in the following.

Starting with Sec. we first introduce the full electroweak Lagrangian of the 2HDM and
briefly discuss the origin of each term contributing to it. In the subsequent Sec. we focus
on the scalar Lagrangian of the 2HDM together with its accompanying scalar potential and
discuss the transformation from the gauge basis to the mass basis of the Higgs boson sector.
In Sec. we consider the different possibilities of connecting the fermionic and scalar fields
in the 2HDM through corresponding Yukawa couplings, leading to four different types of
2HDMs considered in this work. Finally, in Sec. [4.4] we present an overview over two possible
full sets of independent parameters which can be used as inputs for the numerical evaluation
of the partial decay widths and BRs with the newly developed computer program 2HDECAY
presented in this thesis.

4.1. The Electroweak Lagrangian of the 2HDM

We consider a general CP-conserving 2HDM with a discrete global Zo symmetry which
is softly broken. In contrast to the SM, the 2HDM is comprised of two SU(2), Higgs doublets
®, (i = 1,2) with weak hypercharge Y = +1. The full electroweak Lagrangian of the model
is split up into its several different contributions as follows,

L5 = Ly + Lp + LEPM 4 Ly + Lap + Lrp (4.1)

The Yang-Mills Lagrangian Lywm and the fermion Lagrangian Ly contain the kinetic terms
of the gauge bosons and fermions as well as the interactions between the gauge bosons with
both the fermions and themselves. In the 2HDM, these two Lagrangians are the same as the
ones present in the SM and their explicit forms are not needed for the subsequent parts of
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this work. Hence, we do not present these two Lagrangians explicitly here but instead refer
to e.g. [94[183] where they are presented in detail.

The third term in Eq. is the scalar Lagrangian E%HDM of the 2HDM. It contains the
kinetic terms of the scalar fields as well as the scalar potential and consequently also the
interactions of the scalar particles with the gauge bosons and with themselves. Additionally,
the scalar potential defines the vacuum structure of the 2HDM whose explicit treatment is
crucial for a GFP-independent renormalization as further discussed in Sec. Since the
main difference between the SM and the 2HDM lies in the extended scalar sector, we discuss
the scalar Lagrangian and the corresponding potential separately in detail in Sec.

The fourth term in Eq. is the Yukawa Lagrangian Ly which describes the interactions
between the fermions and the extended scalar sector. In the SM, the only existing SU(2),
Higgs doublet couples to the fermions in an unambiguous way. In contrast to that, the two
Higgs doublets of the 2HDM can couple in four different combinations to the fermions. Since
these combinations can differ significantly with respect to their phenomenology, we discuss the
Yukawa Lagrangian in more detail in Sec. where we also introduce a short-hand notation
for the Yukawa coupling parameters that are used in this work.

The last two terms in Eq. are the gauge-fizing Lagrangian Lgr and the Faddeev-Popov
Lagrangian Lrp. We do not list their explicit forms as they are not needed, but refer instead to
for their full form. As briefly discussed in general in Sec. , these two Lagrangians are
required in order to remove the redundant degrees of freedom which arise due to the unphysical
polarization states of the gauge bosons. In our work, we use the class of renormalizable gauges,
the R¢ gauge , to specify the gauge-fixing Lagrangian. As mentioned in Sec.
the consequence of this gauge-fixing procedure is an explicit dependence of the partial decay
widths on the GFPs &y (V = {W, Z,~}) of each gauge boson. The Faddeev-Popov procedure
allows for the removal of the unphysical degrees of freedom by introducing unphysical Faddeev-
Popov ghost fields uyy+, uz and u, for each gauge boson [191]. In our work, we apply the
approach of and introduce the Lagrangians Lgr and Lpp only after the renormalization
of the 2HDM is completed. Hence, all fields contained in these two Lagrangians are already
renormalized fields and both the gauge-fixing and the Faddeev-Popov Lagrangian do not
receive additional CTs.

4.2. The Scalar Lagrangian and the Scalar Potential

The scalar Lagrangian of the general CP-conserving 2HDM contains the kinetic terms of the
scalar fields as well as their interactions with the gauge bosons and the scalar self-interactions.
By introducing the covariant derivative'®

i

5 g’Bu , (4.2)

.3
i
D, Eﬁﬂ—l—igZJQWﬁ—i-
a=1
with the Pauli matrices o, (a = 1,2,3), the gauge boson fields Wﬁ and B, of the gauge
groups SU(2); and U(1)y and their corresponding gauge couplings g and ¢’, respectively,
the scalar Lagrangian is given by

2
LM =N "(D,2,)"(D"®;) — Varpu (4.3)

i=1
where ®; (i = 1,2) denotes the two complex SU(2);, Higgs doublets. In comparison to the
SM, the scalar potential Vogpwm of the 2HDM contains more interaction terms due to the

We want to emphasize that we use the sign convention for the SU(2)r term that is typically used in MSSM
and 2HDM calculations, while in the SM, this term is usually introduced with an opposite sign [183].
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existence of two Higgs doublets instead of just one. The CP-conserving scalar potential can
be expressed as'’

A 2 A 2
Varont = m2, (qﬂ@l) +m2, (q>;q>2) —m2, (@{% 4 <I>;<I>1> 4 ?1 (@{@1) i 32 (q>;c1>2)

A

+ 2 (0f@1) (@1@s) + A (@]@2) (@)0r) + o [(@}@2)2 + (@5@1)2] . (4.4)

with three real mass parameters mq1, mog and mqo as well as five real dimensionless coupling
constants \; (i = 1,...,5). For later convenience, three of these constants are combined as

Asgs = A3+ A+ A5 . (4.5)

The scalar potential of the 2HDM exhibits an approximate discrete Zo symmetry under the
simultaneous Higgs doublet transformations

‘I)l — —@1 s ‘132 — (I)Q . (46)

If m1o were zero, this symmetry would be exact and Eq. (4.4) would be invariant under these
field transformations. The Zs symmetry is extended to the Yukawa sector of the 2HDM in
order to avoid the appearance of FCNCs on tree level, as further discussed in Sec.

The two Higgs doublets ®; are expanded around their real VEVs v; (i = 1,2),

+ +
Wy Wy
1=\ vitpitim | P2= vt potin | (4.7)

V2 V2

where we introduced the charged complex fields w;r as well as the real neutral CP-even and
CP-odd fields p; and n;, respectively. The VEVs of the two doublets, i.e. their vacuum states

0 0
@)=\ o, |+ @)= o | (4.8)

V2 V2

represent the minima of the potential. They are connected to the SM VEV v through the
relation
v? = v? 4+ 03 ~ (246 GeV)? | (4.9)
with
V= — (4.10)

where G denotes the Fermi constant. A characteristic parameter of the scalar sector of the
2HDM is given by the ratio of the two VEVs!®,
V2

ts= 2 (4.11)

which allows to replace the two VEVs in favor of the new parameter 5 and the SM-like VEV
v as follows,

vl =cgu , (4.12)
Vg = SgU . (4.13)

"For alternative parametrizations of the 2HDM potential, we refer to .

"®For convenience, we use the short-hand notations s, = sin(z), ¢, = cos(x) and t, = tan(z) for the trigonometric
functions throughout this thesis.
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The gauge boson fields in the gauge basis can be rotated to the mass basis by a field redefi-
nition and by means of the Weinberg angle Oy,

1

+ 1 Y72
W, = 7% (W, Fiw;) , (4.14)
Z c —8 w3
o v (4.15)
T sw cw B,

where we additionally introduced the short-hand notations sy = sin(Oyw ) and ¢y = cos(Ow ).
The physical fields Wui, Z,, and v, correspond to the physical gauge bosons W=, Z and the
photon 7 in the mass basis, and their squared masses m3, (V = {W, Z,~}) are given by

2

v
2 2 2 v’
mz = (9" +9") 7 (4.17)
m2=0. (4.18)

Furthermore, the diagonalization of the gauge boson sector connects several parameters of

the electroweak Lagrangian with each other,

= 4.19
cw my 3 ( )

/
_ _ 99 _
e = V4T, = \/W =swg , (4.20)

. \/592 . Qe T

8mi, Vem2, s?,
where we additionally introduced the electromagnetic coupling constant e and the correspond-
ing fine-structure constant aep,.

Gr

: (4.21)

Since we consider the CP-conserving 2HDM, there are only two terms which are linear in the
CP-even fields p;, namely the tadpole terms

1 1

Ty = m2v1 — m2yuy + 5)\11)? + 5)\3451)111% , (4.22)
1 1

Ty = migvy — miov1 + 5)\1@% + 5)\3451)%112 . (4.23)

These terms are tightly connected to the vacuum states of the potential. In these states, the
scalar potential fulfills the two minimum conditions

OVorpMm

_ OVorpm
oo}

RAE LI -0, (4.24)
oo}

(@1),(P2) (@1),(P2)

which at tree level is equivalent to vanishing tadpole terms,
T1|tree — T2’tree —0. (425)

The two tadpole terms in Egs. (4.22) and (4.23) can be solved for the two potential parameters
m?, and m3, which consequently can be eliminated in favor of the other parameters of the
2HDM potential,

V2 1 1 T1
mi; = m%za - 5)\17)% - 5)\3451)% + o (4.26)
, v 1 1 Ty

m3y = Mz T SA2u5 — S Aza50] + (4.27)

2 2 vy
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The terms in the 2HDM potential which are bilinear in the scalar fields define the three
non-diagonal 2 X 2 mass matrices ./\/l/%7 ./\/l% and M2 of the scalar sector of the 2HDM whose
analytic forms are explicitly given by

v T
m%zl + )\11}% —m%Q + A345V102 -t 0
M2 = vl R (4.28)
P 2 2 U1 2 T2 ’
—m12 + )\345'1)1'1}2 m12v72 + AQUQ 0 ?2
11
2 v3 —v102 — 0
M2 = <m12 - )\5> ? S L (4.29)
v1v2 —v1V9 v? 0o =2
V2
2 71 0
2 A A % —U1V2 e
M? = <m12 - 4;5> ? +" ] (4.30)
v1v2 —v1Uy v? 0o =2
V2

where we already replaced m?, and m3, by means of Egs. and . While the
tadpole terms vanish at tree level according to Eq. , we keep them explicitly in the mass
matrices since in the framework of the usual treatment of the tadpoles, they yield higher-
order corrections to the mass matrices and consequently also to the CTs of the elements of
the mass matrices.

Since the scalar fields p;, 1; and w;, representing the gauge basis of the scalar potential of
the 2HDM, appear pairwise with the same quantum numbers, they mix with each other. In
order to interpret these fields as physical particles, the terms bilinear in the scalar fields in the
potential are diagonalized, analogously to the gauge boson fields as described above. Since all
three mass matrices of the 2HDM are real 2 x 2 matrices, they are diagonalized by orthogonal
matrices of the form

Ry = , (4.31)

where 6 = {a, f,, 3.} are the three scalar mixing angles of the 2HDM' that quantify the
mixing of the scalar fields. The diagonalized matrices are then given by

2
mH 0 THH THh
D2 = RIMZR, = Nk : (4.32)
0 my Tyn Thy
2
m 0 Teoqo Teo
D2= R’ MRy = (| [T ) (4.33)
2
0 m5 Taoa Tan
2
ms+ O Trtr+ Totpr+
D2 =RLM2Rs, = | ¢ e e (4.34)
0 m%i TG:tH:l: TH:I:H:E

'9As described below, the two mixing angles 3, and . are actually equivalent to each other at tree level and
consequently, one typically refers to a and 8 as the only two scalar mixing angles of the 2HDM at tree level.
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where the squared mass parameters on the right-hand side of these equations are given below
and where we additionally introduced the rotated tadpole parameters

T 0
T Tun .
i) — gr [ v R . (4.35)
(o] T2
Tun Tha 0 o
Ty 0
Tromo Tro o
S N 7, | Be (4.36)
TGOA TAA 0 72
Ty 0
Trtr+ Totp+ —
A I e 7, | o - (4.37)
Totgr Thyrp+ 0 .
2

At tree level, these tadpole parameters all vanish according to Eq. (4.25) and hence, the
diagonal structure of Egs. (4.32) to (4.34) is revealed. Through the diagonalization, the
scalar field doublets are transformed to the mass basis by the same orthogonal matrices,

H P1 Ca Sa 1
_RT _ , (4.38)
h P2 —Sa  Cq P2
0
N pT (M) Z [ o Sa) [m (4.30)
= B - ) :
A 2 —Sg, Cpy 2
G\ (#F) (o ) e
L= R L] = K (4.40)
H Wy =88,  CBe Wy

In this basis, h and H represent the light and heavy CP-even Higgs bosons, A represents the
CP-odd Higgs boson and H™ represents the charged Higgs boson pair, while G and G* are
the CP-odd and charged Goldstone bosons. The squared masses of the physical Higgs bosons
in the mass basis are given by

my = ci_gM3| + So(a_pMiy + sh_sM3y (4.41)
m% = Si—BM% - S2(a—,8)M%2 + 03—5M§2 ) (4.42)
22 (T2 (4.43)
m4y =v° | —= — .
A V1V2 > ’
2
2 2 (Ml M+t As
= — 4.44
e =0t (202 202 (4.44)
where we additionally introduced
M%l = ¢? [Cé)\l + S%)\Q + 28%6/%)\345] , (4.45)
M%Q = 55051}2 [*C?g)\l + S%)\Q + 62/3)\345] R (446)
2 miy, v
Mo = —=+ — (1 —cap) [ + A2 — 2A345] . (4.47)
sgcg 8

The unphysical Goldstone bosons are massless,

meoe =0, (4.48)
mE. =0. (4.49)
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The scalar mixing angle « of the CP-even Higgs bosons can be expressed by the other pa-
rameters of the 2HDM potential as

2M2,

tofg_B) = —5—————5— . 4.50
20 = M, - MG, 420

The inversion of this relation, together with Eqs. (4.41) to (4.44), yields expressions for the
2HDM potential parameters A; (i = 1,...,5) in terms of the physical parameters, i.e. in terms
of the masses of the physical Higgs bosons and the scalar mixing angle « [222],

1 s
N = 2.2 2 2 98 2 7 4.51
1 112c26 <camH—|—samh 05m12 ( )
1 2.2 2 2 €8 9
)\2 = 71}23% samH —+ camh — gmm 5 (452)
SV B (miy —m3) — 2 (4.53)
3 V2 S2302 H h spcav? ’
1 m?
M= — [ m% —2m? —12 4.54
1= oz (1 = 2+ T2 (454)
1 [/ m?
A== —2 —-m?) . 4.55
5= (22 - (4.59)

The two mixing angles 3, and . are in general different from each other as well as from
the parameter S which is defined through the ratio of the VEVs, cf. Eq. (4.11). At tree level
however, all three of these parameters are equal,

ﬁn’trco _ Bc|trec _ ﬂ|trcc ) (456)

Consequently, the scalar mixing angle S and the mixing angle « of the CP-even Higgs bosons
are at tree level considered as the two independent scalar mixing angles of the 2HDM in this
work.

The Goldstone bosons, remaining massless in the unitary gauge, acquire the squared masses
mo = Ezmy, (4.57)
mQGi = Ewmiy . (4.58)

in R¢ gauge and the squared masses of the ghost fields are given by

my, =&zmy (4.59)
miwi = {Wm%[, , (4.60)
mi, =0, (4.61)

For the renormalization of the 2HDM described in Chapter |5, all Goldstone and ghost parti-
cles are still considered to be massless since we employ the gauge-fixing and Faddeev-Popov
Lagrangians only after the renormalization of the theory is completed [223].

4.3. The Yukawa Couplings and the Four Types of 2HDMs

The Yukawa Lagrangian Lyyk contains the interactions between the fermionic and scalar
fields. In order to avoid FCNCs at tree level that occur in the 2HDM [18], the Zy symmetry
of the scalar sector is extended to the Yukawa sector in such a form that each Higgs doublet
couples only to one specific type of fermion multiplet which is a sufficient condition to ensure
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u-type d-type leptons

I Dy Dy Dy

I b, o, b
lepton-specific Dy Dy P,
flipped o, D @9

Table 4.1.: The four possible assignments of the Higgs doublets ®; (i = 1,2) to the up-type
(u) and down-type (d) quarks and the charged leptons in the Za-symmetric 2HDM.

that no FCNCs appear at tree level in the theory . Per convention, the second Higgs
doublet @5 always couples to the up-type fermions. This leaves four different possibilities
for the coupling of the first Higgs doublet ®; to the up-type and down-type fermions and
the charged leptons, corresponding to the four types of 2HDM as presented in Table [4.1]
Due to the resulting different coupling structures between the physical Higgs bosons with
the fermions, each 2HDM type is phenomenologically different from the other and hence, the
contraints on the 2HDM parameters gained by experimental data differ for each type. The
different assignments of the Higgs doublets to each of the field multiplets of the fermions gives
rise to different Yukawa couplings between the Higgs bosons and the down-type quarks d and
charged leptons [. In our work, we parametrize these couplings by means of six different
Yukawa coupling parameters Y; (i = 1,...,6) as defined by the corresponding terms in the
Yukawa Lagrangian,

Ly D == (Vidgah + YobgbaH) — =4 (Yibyh + Ysty H) (4.62)

2imy

dv, 2imy L, —
. I Y3 gys1q A + Tfé{/ Ys 15t A
where [, é[’,f denotes the third component of the weak isospin of the corresponding fermion field
Yy In Table we present the explicit values of the Yukawa coupling parameters for each
type of 2HDM.

4.4. Set of Independent Parameters

In the final section of this chapter, we conclude with the full set of independent parameters
used by us to parametrize the electroweak Lagrangian of the 2HDM. These independent pa-
rameters are used as input for the calculation of the electroweak corrections to the partial
decay widths of the Higgs bosons of the 2HDM with the newly developed computer program
2HDECAY, as further described in Chapter 6l Since 2HDECAY does not only calculate the elec-
troweak corrections, but moreover combines them with the state-of-the-art QCD corrections
already available in the computer program HDECAY, the following additional independent input
parameters are required for the computations performed by 2HDECAY:

e The electromagnetic coupling constant ciy, in the Thomson limit is required for the
calculation of loop-induced decays into Z~ and -~y final states.

e The strong coupling constant «g is used for the calculation of the loop-induced de-
cays into pairs of gluons as well as for the computation of the state-of-the-art QCD
corrections.

e The total decay widths I'yy and I'z of the W and Z bosons, respectively, are required
for the computation of the off-shell decays into final states containing these massive
gauge bosons.
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2HDM type Y Yo Y3 Yy Y5 Ys
I Cafsg  Safsy  —lfty  Calsg  safsy  —lft

I —safeg  Cafcs  tg  —Safeg Caleg g

lepton-specific ~ ca/sg  safsg =1ty —safeg cafes  tg

flipped —Safcs  Cafcg  tg  Calsy  Safsy  —lftg

Table 4.2.: Yukawa coupling parameters Y; (i = 1,...,6) in the Zg-symmetric 2HDM,
parametrizing the Yukawa couplings for each 2HDM type.

These additional parameters are combined with the other independent parameters from the
gauge, fermion and scalar sectors of the electroweak Lagrangian as presented in the preceding
sections into the full set of independent parameters in the mass basis of the 2HDM potential,

2
{GFa a87FW7FZ7 Oem, My, Mz, Mfg, V;j,tﬂamma @, Mp, mHamA,mHi} . (463)

In this set, my represents the masses of all fermions f = {s,¢,b,t,u, 7} and Vj; (4,5 = 1,2,3)
denotes the Cabibbo-Kobayashi-Maskawa matriz (CKM) matrix elements. The
fermions of the first generation, as well as the neutrinos, are assumed to be massless in the
computation of the partial decay widths. As an alternative to Eq. , we can consider
the scalar sector in the gauge basis and instead of the physical Higgs boson masses and the
mixing angle «, we use the 2HDM potential parameters \; (i = 1, ..., 5) as independent input.
In this case, the set of independent parameters is given by

{GFa QSaFW,FZ,aemamWa mz,mfg, V;j,tﬂam%% )‘17 )‘Za )‘3’ )‘43 >‘5} ) (464)

and the relation between the two sets is given by the formulae of the 2HDM potential param-
eters ); in terms of the physical parameters in Eqgs. to . We want to emphasize
that for the calculation of the electroweak corrections to the partial decay widths, we use the
OS masses my and my of the W* and Z bosons, respectively, as well as the electromagnetic
coupling constant crey, (m%) at the scale of the Z boson mass, which is directly related to the
Fermi constant G via Eq. . On the other hand, the state-of-the-art QCD corrections
implemented in HDECAY require G as fundamental input and the fine-structure constant is
only used in the Thomson limit, i.e. aem(0), for the calculation of the loop-induced decays
into Z and v as described above. We come back to this in Sec.

For completeness, we want to mention that the tadpole parameters T and T5 formally belong
to these two sets of independent parameters, as well. However, as discussed in detail in
Sec. these parameters either vanish at each order in perturbation theory in the framework
of the standard renormalization of the tadpoles or they do not appear in the first place as
independent input in the framework of an alternative tadpole renormalization. Since in both
cases the parameters T and T5 do not contribute to the calculation of the electroweak partial
decay widths, we do not include them in the two sets in Eqgs. (4.63) and (4.64).







CHAPTER b

The Renormalization of the 2HDM in a Nutshell

The calculation of partial decay widths of the Higgs bosons of the 2HDM at higher orders in
perturbation theory necessarily involves the evaluation of UV-divergent loop integrals. In this
chapter, we specify the renormalization conditions applied to all independent input parame-
ters for the calculation of the electroweak corrections in order to cancel all UV divergences
that appear at the electroweak one-loop level.

The one-loop renormalization of the 2HDM was considered in several publications before
[168][222225]. One subtlety in the renormalization concerns the two scalar mixing angles o
and 8 of the 2HDM, since in the schemes proposed in e.g. , intricate GFP dependences
are introduced into the calculation of observables. In [226H228], several GFP-independent
renormalization schemes were proposed for the first time for the 2HDM. Subsequently, several
other GFP-independent renormalization schemes for the scalar mixing angles were introduced
in . In this thesis, we adopt the renormalization schemes presented in and
extend them to all sectors of the 2HDM and moreover additionally adopt the renormalization
schemes for the scalar mixing angles presented in . We describe how these renormalization
schemes are implemented in the newly developed computer program 2HDECAY. Since in Part
of this thesis we focus on the calculation of the electroweak one-loop corrections to the partial
decay widths and since the renormalization schemes for the 2HDM that we employ in our
work were presented in great detail before, we only briefly recapitulate these schemes here
while for a detailed description, we refer to the aforementioned literature.

Since the proper renormalization of the minimum conditions of the 2HDM potential is cru-
cial in order to obtain GFP-independent observables at one-loop level, we recapitulate the
tadpole renormalization in Sec. In the subsequent Sec. we briefly present the renor-
malization of the gauge, fermion and scalar sectors, mostly based on the OS scheme. Since
the renormalization of the scalar mixing angles potentially violates the GFP independence
of the electroweak one-loop partial decay widths, we review several renormalization schemes
and their GFP dependence and independence in a detailed overview in Sec. Finally,
in Sec. we present the renormalization scheme for the soft-Zs-breaking parameter m%Q
applied in our work.
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5.1. Renormalization of the Tadpoles

In the literature, there are two different approaches for determining the VEVs at loop level,
and the exact definitions of all CTs of the 2HDM depend on the chosen renormalization of the
VEVs. The difference between the two schemes was analyzed in detail in for the 2HDM.
In the following, we therefore only briefly recapitulate the key ideas of the two schemes.

In the standard (tadpole) scheme, commonly used in electroweak calculations of the SM
and the 2HDM , the VEVs are determined through the loop-corrected scalar
potential. Since the VEVs represent the minimum states of the potential, the renormalization
of the tadpole terms in Egs. and is tightly connected to the NLO treatment of
the VEVs. In the standard scheme, the tadpole parameters are promoted to one-loop order
by splitting them into their renormalized values and their CTs as follows,

Ty = T+ 6T, (i=12). (5.1)

Demanding the minimum conditions of Eq. (4.24) to hold at one-loop order for the loop-
corrected potential implies that the renormalized tadpole parameters vanish again:

T,=0 (i=1,2). (5.2)

As a consequence of this condition, the tadpole CTs in the standard scheme are given by?°
Eq. . By promoting the tadpole terms to one-loop order in Eq. , the rotated tadpole
terms in Egs. to receive CT contributions as well, all of which are functions of
the CTs 4T; already fixed through Eq. (B.1). The resulting CTs of the rotated tadpole
parameters in the standard tadpole scheme are presented in App. for convenience.

The loop-corrected scalar potential of the 2HDM is manifestly GFP-dependent. Hence, fix-
ing the minima of this potential through Eq. necessarily leads to loop-corrected VEVs
which are manifestly GFP-dependent quantities. As a consequence, all renormalized pa-
rameters and their CTs defined through these loop-corrected VEVs become GFP-dependent
quantities as well. As discussed in Sec. such a GFP dependence of the CTs is acceptable
as long as in the calculation of a physical observable, all GFP dependences arising from dif-
ferent parts of the calculation cancel with each other. In the 2HDM, however, the standard
tadpole scheme requires a specific form of GFP dependence which needs to be included in the
CTs of the scalar mixing angles in order to cancel the GFP dependences of the full partial
decay widths for decay processes involving these mixing angle CTs. Renormalizing the mixing
angles in schemes as suggested e.g. in leads to the inclusion of GFP dependences in the
definitions of their CTs which do not match the GFP dependences arising in other parts of
the calculation of the partial decay widths. Instead, these schemes introduce additional intri-
cate GFP-dependent terms and hence they break the GFP independence of the full one-loop
partial decay width. From a technical point of view, the application of the standard tadpole
scheme complicates tracing the various cancellations of all GFP dependences in the one-loop
calculation, since in general all CTs defined through the GFP-dependent VEVs contribute
GFP-dependent terms to the decay amplitudes.

In order to more systematically remove the GFP-dependent terms from the one-loop partial
decay widths, an alternative treatment of the minimum conditions can be applied. Such an
approach was first established in the SM in and extended to the 2HDM for the first
time in [226]227]. We refer to this scheme as alternative (FJ tadpole) scheme in the following.
The key idea of this alternative scheme is to consider the VEVs as the fundamental quantities
which are promoted to higher orders and whose values are fixed through the tree-level scalar

2ONote that the tadpole terms and diagrams in Eq. 1i are defined in the mass basis, related to the corre-
sponding terms in the gauge basis by means of the rotation matrix Ra, cf. Eq. (4.31).
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H/h

iYW (p?) = Q

—O—
iX(p?) = + C}
Figure 5.1.: Topological contributions to the one-loop self-energy. In the standard tad-
pole scheme, we consider the usual 1PI self-energy Z(pg) while in the alternative FJ tadpole
scheme, the self-energy %'3(p?) additionally contains contributions from the tadpole topol-

ogy. For the actual calculations of the 2HDM self-energies, the full particle content of the
2HDM has to be inserted into these topologies.

potential. This is in contrast to the standard scheme, where the fundamental quantities
are the tadpole terms which are promoted to higher orders and where the VEVs are fixed
through the loop-corrected potential. Since the VEVs are connected to the tree-level potential
in the alternative scheme, they a priori do not represent the proper minimum at one-loop
level, however. In order to maintain the proper minimum conditions at one-loop order, it is
therefore necessary to split the VEVs into renormalized VEVs and their CTs as

v; — U; + 0v; (Z =1, 2) . (5.3)

By imposing the condition that the tree-level VEVs represent the proper minimum of the
scalar potential even at one-loop order, all effects of the shift of the minima are allocated to
the CTs of the VEVs dv;, which directly connects them to the genuine tadpole diagrams as
depicted in Eq. . As a consequence of the VEV shifts, explicit tadpole topologies have to
be considered in the calculation of all vertex corrections to the Higgs decay widths as well as in
all self-energies. The latter case is depicted in Fig. where apart from the generic 1PI one-
loop self-energy Y(p?) we moreover show the generic self-energy %%%4(p?) which additionally
contains one-loop contributions from the tadpole diagrams. All implications of the alternative
FJ scheme on the renormalization of the tadpoles were presented in for the 2HDM for
the first time and are summarized in App. for convenience.

The application of the alternative FJ tadpole scheme has several important consequences
for the calculation of the Higgs decay widths at one-loop order. In this scheme, the VEVs
are defined through the proper minimum of the scalar potential, i.e. the renormalized VEVs
represent the tree-level minima to one-loop order as well. Due to this, the VEVs are mani-
festly GFP-independent and consequently, all quantities defined through these VEVs, e.g. the
masses of all particles of the 2HDM as well as their CTs, become manifestly GFP-independent,
as well. Moreover, applying the alternative FJ tadpole scheme allows for a GFP-independent
definition of the mixing angle CTs, since the one-loop decay amplitude calculated within
this tadpole scheme, but with the mixing angle CTs set to zero, is already a manifestly GFP-
independent quantity. Consequently, by defining the mixing angle CT's in a GFP-independent
scheme, the full partial decay width maintains the GFP independence as well. We come back
to this point in Sec. where we present all renormalization schemes of the mixing angle
CTs that are considered in this work.

5.2. Renormalization of the Gauge, Scalar and Fermion Sectors

The renormalization of the gauge, scalar and fermion sectors is mostly performed in the
OS scheme. Since the gauge and fermion sectors of the 2HDM are essentially the same as
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those of the SM, we adopt the OS schemes presented in for these sectors. For the
renormalization of the scalar doublets of the 2HDM, we impose OS conditions as generically
described in Sec. In the following, we only briefly summarize the renormalization of
the gauge, scalar and fermion sectors and refer to [226}227] for a detailed description of the
renormalization of the 2HDM.

Renormalization of the gauge sector

For the renormalization of the gauge sector, we split each parameter belonging to the weak
sector into its renormalized value and its CT and introduce one-loop WFRCs for the gauge
boson fields as follows,

miy — miy +omiy (5.4)
m3 — my+om%y (5.5)
e = e(l+46Z.), (5.6)
g — g+46g, (5.7)
Qem — Oem + 00em = Qem + 20tem0Z (5.8)
VA4
+ ww +
wE S <1 + = ) wE (5.9)
0Zz7 02y
7 T 2 7 (5.10)
— .
gl 5Z;Z 1+ LZQW g

As can be inferred from Eq. , from the five constants presented in Egs. (5.4) to , we
only use m%/v, mQZ and aen, as independent parameters. Nevertheless, we additionally intro-
duce CTs for the coupling constants e and g for later convenience. We impose OS conditions
for the renormalization of all CTs and WFRCs of the gauge sector. The corresponding generic
formulae from Egs. (3.12)) to can be straightforwardly adapted to the gauge bosons by
replacing the self-energies in these formulae with the transverse parts of the gauge boson self-
energies. In the framework of the alternative tadpole scheme, all self-energies additionally
contain tadpole contributions, cf. Fig.[5.1l For the renormalization of the electromagnetic
coupling constant e, we impose the same condition as presented in , i.e. we define 6 Z,
via the vertex corrections to the OS eTe 7 coupling. In our case, however, we do not impose
this condition in the Thomson limit but instead, we consider e to be renormalized at the scale
of the Z boson mass. All CTs and WFRCs of the gauge sector defined in this OS scheme are

presented explicitly in App.

Renormalization of the scalar sector

The masses and fields of all scalar particles of the 2HDM are promoted to one-loop order
by the introduction of mass CTs and WFRCs. For the unphysical Goldstone bosons, no
mass CTs are introduced since they remain massless to higher orders and only receive effec-
tive mass terms through the gauge-fixing Lagrangian after the renormalization is completed,
cf. Egs. and (4.58). In order to cancel all UV divergences for the calculation of the
decay amplitudes, the Goldstone boson fields acquire non-vanishing WFRCs, however. The
corresponding renormalized squared masses, mass CTs and WFRCs are introduced as follows,

m3 — mi 4 omy (5.11)
mi — mj +omj (5.12)
m% — mi 4 om? (5.13)
m%,i — m%,i 4—(517112%E , (5.14)
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The generic formulae for the renormalization of scalar multiplets presented in Egs. (3.12)
to (3.14) can be directly applied to the scalar particles of the 2HDM. The resulting explicit
forms of the CTs and WFRCs are presented in App.

Renormalization of the fermion sector

We introduce CTs for all fermion masses, the CKM matrix elements as well as for the Yukawa
coupling parameters defined in Table and additionally introduce WFRCs for all fermionic
fields f; of the 2HDM as follows,

my — myg+omy (5.18)
Vij — Vij +0Vi;, (5.19)
Y, = Yi+oY;, (5.20)

szhE
= <5ij+ 2] ) £ (5.21)
J
sz
R y ij
=Y <5w+ : )

J

£ (5.22)

The generic formulae for the OS definition of the mass CTs and WFRCs from Egs.
to can again be straightforwardly adapted to the case of the fermion self-energies. In
this case, the self-energy contributions are split up according to their chiral structures as
outlined in [183]. The CTs §Y; of the Yukawa coupling parameters are not independent CTs
but instead, they are functions of the CTs of the scalar mixing angles whose renormalization
is discussed in the subsequent Sec. For the renormalization of the CKM matrix elements,
several schemes were proposed in the literature ,. Using the scheme proposed in
leads to an inclusion of intricate GFP-dependent terms originating from the off-diagonal
fermion WFRCs into the calculation of one-loop partial decay widths which involve the CTs
of the CKM matrix elements. Since the CKM matrix is approximately a unit matrix ,
the numerical effects of these GFP-dependent terms are typically small, but nevertheless,
the complete one-loop partial decay widths involving these CTs become manifestly GFP-
dependent. For our work, we employ the CKM matrix renormalization scheme presented
in which allows for a manifestly GFP-independent definition of the CTs of the CKM
matrix elements. The explicit definitions of all CTs and WFRCs of the fermion sector are

presented in App.
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5.3. Renormalization of the Scalar Mixing Angles a and (3

The scalar mixing angles o and 8 are promoted to one-loop order by splitting them into their
renormalized values and their CTs as follows,

a— a+oa, (5.23)
B—B+dp. (5.24)

The renormalization of the scalar mixing angles is a non-trivial task. While for physical
fields and masses physically motivated renormalization schemes, e.g. the OS scheme, can be
applied, there is no analogon of an obvious physical renormalization scheme for the scalar
mixing angles. This situation is similar in the MSSM, where the scalar mixing angle 8 needs
to be renormalized. In , three desirable criteria for the renormalization of this mixing
angle were suggested:

e GFP independence: The definition of the mixing angle CT shall not introduce in-
tricate uncanceled GFP dependences into the calculation of the one-loop partial decay
widths.

e Numerical stability: The renormalization scheme imposed on the scalar mixing angle
shall not introduce unnaturally large contributions to the finite terms of the mixing angle
CT and consequently also to the full partial decay width. More specifically, the finite
term of the mixing angle CT shall not introduce large uncanceled contributions to the
one-loop partial decay widths such that they become orders of magnitude larger than
the decay widths at tree level.

e Process independence: The mixing angle CT shall not be defined via a physical
decay process.

In [238], a no-go theorem was formulated which states that for the MSSM, no renormalization
scheme for the scalar mixing angle S exists that fulfills all of the three aforementioned criteria
simultaneously. In , these criteria were adopted to the case of the two mixing
angles in the 2HDM and several different renormalization schemes were analyzed with respect
to the fulfillment of these criteria. In the following, we present an overview over these schemes,
all of which are implemented in the program package 2HDECAY developed in this thesis.

MS scheme

The application of the MS scheme is among the simplest renormalization schemes for the
mixing angle CTs. It was analyzed in that the renormalization of dav and §3 in the
MS scheme can lead to one-loop-corrected partial decay widths that are orders of magnitude
larger than the tree level widths?!. Moreover, in the framework of the standard tadpole
scheme, an MS condition for the mixing angle CTs breaks the GFP independence of the
one-loop decay amplitude since per definition, the finite parts of the mixing angle CTs vanish
and hence do not contribute GFP-dependent terms which could cancel the GFP dependences
appearing in the residual decay amplitude in the standard scheme. Nevertheless, we consider
this scheme in this work as a reference. Imposing the MS condition on the mixing angle CTs
means that only the UV-divergent parts proportional to A, cf. Eq. , are allocated to
the CTs da and 65, while no finite parts are assigned to these CTs. The resulting CTs are

presented in App.

KOSY scheme
The KOSY scheme, named after the authors’ initials, was first proposed in [222] in the

210n the other hand, a detailed analysis performed in showed that the MS renormalization of the mixing
angle CTs can be useful for certain decay processes when they involve a partial cancellation of large contribu-
tions stemming from the tadpoles. This is not the case for any of the Higgs boson decay processes considered
in our work, however.
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framework of the standard tadpole scheme. The key idea in this approach is to consider an
alternative real symmetric matrix Z containing the WFRCs for each scalar doublet in the
gauge basis, denoted by qb, which s connected to the mass basis through an expansion of
the rotation matrix at one-loop order. This yields an alternative WFRC matrix in the mass

basis,
\ ZKOSY ~ RRY | | Z5Ry ~

where the rotation matrix Ry is defined in Eq. and the constants 6Z4,4,, 0Z4,4, and
0Cy denote the three independent parameters of the matrix |/Z 3 Comparing Eq. with
Egs. to reveals a connection between the scalar mixing angle CTs 660 € {da, 08}
and the WFRCs of the scalar sector. Since the latter are defined in the OS scheme in
our case, the KOSY approach hence yields an OS-motivated?? scheme for the scalar mixing
angles. The renormalization of the mixing angles is applied after the rotation from the gauge
to the mass basis is performed, when the tree-level relation in Eq. is satisfied. Hence,
the mixing angle S diagonalizes the CP-odd and charged sectors simultaneously, but since
we do not have enough free constants in Eq. for both the CP-odd and the charged
sectors, we are not able to apply the OS conditions for the definition of the mixing angle
CT 68 through the CP-odd and charged sectors simultaneously. Instead, we have to choose
through which of the two sectors the CT 3 shall be defined. In our work, we define §(
either solely through the CP-odd or solely through the charged sector, which we refer to as
03¢ and §3¢ respectively. While the KOSY scheme is process-independent and typically leads
to moderate one-loop corrections, hence featuring numerical stability in the aforementioned
sense, it introduces an explicit GFP dependence into the calculation of the partial decay
widths at one-loop order. The situation is unchanged in the framework of the alternative FJ
tadpole scheme, where again uncanceled GFP dependences are introduced. We nevertheless
consider the KOSY scheme in both tadpole schemes and implement them into 2HDECAY since
the partial decay widths calculated in these schemes serve as a reference for a comparison
with the ones computed in other schemes. The resulting explicit formulae for the mixing
angle CTs in the KOSY scheme are presented in App.[B.5.2,

L 97
Q0 5Cy + 66
2 (5.25)

ps«-pinched scheme

One approach of avoiding the GFP dependence of the KOSY scheme but keeping its OS-
motivated definition is the p,-pinched scheme which is based on the PT .
The main drawback of the KOSY scheme is the fact that it does not allow for an unambiguous
extraction of the gauge-dependent parts of the full partial decay widths. As a first step to
solve this problem, the one-loop partial decay widths are evaluated within the alternative FJ
tadpole scheme instead of the standard one. As briefly mentioned at the end of Sec. [5.1] this
tadpole scheme requires the CTs da and 65 to be manifestly GFP-independent quantities.
By defining the mixing angle CTs in the same OS-motivated approach as in the KOSY
scheme, but by using the manifestly GFP-independent pinched scalar self-energies instead
of the usual self-energies X34 (p?) with tadpole contributions included, this scheme leads to
manifestly GFP-independent partial decay widths at one-loop level. The definition of the
mixing angle CTs via the pinched self-energies in this scheme leaves the additional freedom
at which scale p? the CTs shall be defined. In the p,-pinched scheme, we follow the approach
of in the MSSM and evaluate the CTs at the p, scale given by

2 2
m; 4+ mj
2 )
22 - -
Following the argument presented in \\ we do not denote the KOSY scheme as a true OS scheme for the

scalar mixing angles, since da and §8 are defined through off-diagonal WFRCs in the KOSY scheme, which
have no interpretation in the sense of physical OS quantities.

P (5.26)
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where m; and m; denote the masses of the scalar particles h; and h; whose self-energy tran-
sition Yp,p; (pz) is considered. As shown in for the 2HDM for the first time, the pinched
self-energies are equivalent to the usual self-energies ytad (p2) with tadpole contributions eval-
uted in the Feynman-"t Hooft gauge, i.e. &y = 1 (V € {W*, Z,~4}), up to additional UV-finite
contributions Eadd(pQ). These additional contributions identically vanish for p? = p2, how-
ever. Hence, the mixing angle CTs are solely defined through ¥%4(p2) at &, = 1. The
resulting mixing angle CTs in the p.-pinched scheme are presented in App. Since
they are manifestly GFP-independent, process-independent and yield moderate NLO correc-
tions to the partial decay widths as analyzed in , the p.-pinched scheme is a prime
candidate for a renormalization scheme of the scalar mixing angles fulfilling all three of the
aforementioned desirable criteria simultaneously.

OS-pinched scheme

The OS-pinched scheme [226,227] is another OS-motivated definition of the mixing angle
CTs, closely related to the p,-pinched scheme from which it differs solely by the scale p?
at which the mixing angle CTs are defined. In the OS-pinched scheme, this scale is chosen
analogously to the original scale definition of the KOSY scheme, i.e. the scale p? in the
pinched self-energies, introduced through the connection to the off-diagonal WFRCs, is set to
the corresponding squared scalar masses as in the KOSY scheme. In this case, the additional
UV-finite self-energy contributions Eadd(pQ), derived in for the 2HDM, are non-zero
and need to be included in the definition of da and 5. The resulting mixing angle CTs
are explicitly presented in App. Analogous to the p,-pinched scheme, the mixing angle
CTs defined in the OS-pinched scheme are manifestly GFP-independent, process-independent
and their application typically leads to moderate NLO corrections [227}[228], hence fulfilling
the three aforementioned desirable criteria simultaneously as well.

Process-dependent schemes

The connection of the definition of a mixing angle CT with an observable, e.g. a partial
decay width, was proposed for the mixing angle S in the MSSM in and for «
and S in the 2HDM in . Such a scheme is per definition process-dependent, i.e. the
mixing angle CTs become functions of genuine vertex corrections and other CT contributions
to loop-corrected decay processes. Due to this, the definition of the mixing angle CTs is
technically more involved and moreover, the CTs themselves can become numerically large
due to uncanceled contributions stemming from the vertex corrections. Hence, these schemes
can often lead to numerical instabilities. On the other hand, since the mixing angle CTs are
defined via observables, using the process-dependent scheme automatically leads to manifestly
GFP-independent one-loop partial decay widths. For the definition of the mixing angle CT's
in the 2HDM, many possible processes could be considered through which the CTs could
be defined. Independent of the chosen decay ¢ — X; Xo of a Higgs boson ¢ to two other
particles X7 and X5, the common idea of a process-dependent scheme is to equate the partial
decay widths of the chosen process at LO and NLO,

LO — rNLO _ pLO VC CT
11<¢>X1X2 = 1_‘917)(1)(2 = 11¢>X1X2 (1 +2Re |:‘7:¢>X1X2 + ]:¢X1X2:|> ) (5.27)
where we introduce form factors .7-";)/ )?1 x, and fggl x, for the genuine vertex corrections and the

CT contributions including the WFRCs, respectively and where we exclude real corrections
to the decay width as further described below. This condition can be reformulated as follows,

Re [Jfg)?l X?} = —Re [f;’)?l XQ} . (5.28)

The form factor ff}l x, contains, amongst other CTs and WFRCs, either one or both mixing
angle CTs da and 65. Hence, the reformulated renormalization condition in Eq. (5.28) can
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be solved for the mixing angle CTs which consequently become functions of a combination of
CTs and WFRCs of the 2HDM as well as of the genuine vertex corrections .7-";)/ )((Jl x,- Care has
to be taken when the chosen process involves charged particles in the initial or final states due
to the appearance of IR divergences in the vertex corrections and hence, also in the definition
of the mixing angle CTs, which is disfavored . In order to circumvent this problem, a
process can be chosen which either does not contain charged particles in the initial or final
states or whose genuine IR-divergent QED-like contributions in the vertex corrections form
a UV-finite subset which is excluded from the renormalization condition, hence justifying
the approach of not including real corrections in the renormalization condition in Eq. .
The former case is unfavorable in the 2HDM due to the intricate structure of the mixing
angle CTs which would arise by solely using neutral-current decay channels?®. In the latter
case, Eq. contains only genuine weak contributions everywhere, 7.e. the IR-divergent
QED-like contributions are neglected in both of the two form factors de)?l x, and fggl X, In
our work, we have chosen three different combinations of decay processes of the CP-even and
CP-odd Higgs bosons into pairs of tauons, all of which are implemented in 2HDECAY:

+

1. define 68 via A — 7 77 and subsequently da via H — 77 77,

2. define 68 via A — 77 77 and subsequently da via h — 77 77

3. and define da and 63 simultaneously via h — 777~ and H — 77 7.

The resulting explicit forms of the mixing angle CTs for these three combinations are pre-
sented in App. While their forms are the same for both the standard and alternative F.J
tadpole scheme, the actual values of the mixing angle CTs differ between these two schemes.
On the other hand, the full one-loop partial decay width is independent of the chosen tadpole

renormalization when the mixing angle CTs are defined in a process-dependent scheme.

Physical OS scheme

In a process-dependent scheme, the mixing angle CTs are functions of not only S matrix
elements, but moreover of other CTs and WFRCs of the theory as well. In order to exploit
the advantageous feature of these schemes, namely their manifest GFP independence, while
simultaneously avoiding their shortcomings, i.e. potentially large NLO corrections stemming
from uncanceled contributions between the vertex corrections and the WFRCs and CTs, the
mixing angle CTs can be defined purely through S matrix elements, only. Such a physical OS
scheme was proposed for the renormalization of the quark mixing matrix in the SM in [243]
and for da and 065 in the 2HDM in . In the following, we only briefly review the physical
OS scheme while for a detailed derivation in the 2HDM, we refer to the latter reference. Solely
for the purpose of renormalizing the mixing angles, the 2HDM is temporarily extended by
adding two right-handed fermion singlets ;g (i = 1,2) to the 2HDM Lagrangian, together
with imposing an additional discrete Zo symmetry under which the singlets transform as

VIR = —VIR ; (5.29)
V2R —* V2R (5.30)

and which prevents the mixture of different lepton generations for simplicity?*. Due to the
additional two right-handed neutrino singlets, the mechanism of EWSB now generates mass

23GQuitable decays for the neutral-current process-dependent renormalization of the mixing angles involve two-
body decays with neutral initial and final states for which the mixing angles appear at tree level in the
corresponding coupling constants. This is the case for all Higgs decays to fermions, but since these always
involve charged particles in the final state, they can not be used. Other candidates are h/H — Z A or
h/H — Z Z, but these decays only allow for a definition of the CT combination da — §3 but not for a
definition of the CT's separately. The only remaining candidates are the neutral-current Higgs-to-Higgs decays
h/H — A A or H— hh, but due to the structures of the corresponding coupling constants, their application
leads to intricate definitions of the mixing angle CTs.

#The mixing of neutrino generations is observed in nature in form of neutrino oscillations and theoretically
described by the Pontecorvo-Maki—Nakagawa—Sakata (PMNS) neutrino mixing matrix . The addi-
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terms for two arbitrarily chosen neutrinos v; (j = 1,2) in the mass basis?®, together with
tree-level couplings between the massive neutrinos and the Higgs bosons, all of which are
proportional to new Yukawa coupling constants y,,. The limit y,, — 0 is then the 2HDM
limit in which the neutrinos become massless again and the contributions from the right-
handed neutrino singlets decouple. The CT of the mixing angle « is fixed by demanding
a modified process-dependent renormalization condition. Instead of imposing a condition
equivalent to Eq. , it is proposed in to impose the condition that the ratios of the
amplitudes of two Higgs decays into massive neutrinos are the same at tree level and one-loop
order. Consequently, choosing the decay into a pair of e.g. massive v; neutrinos leads to the
condition

NLO LO
’A'H171V1 — AHlflVl (5 31)
ANLO - ALO ’ :
hvivy hvivy

while choosing the decay into the second pair of massive neutrinos leads to the condition

NLO LO
AH’?QVQ — AHDQVQ (5 32)
ANLO - ALO : :
hiavy hava

Either of these two conditions can be solved for . Imposing this process-dependent definition
on the ratios has the advantage that contributions appearing universally in both decays in
the nominator and denominator cancel against each other. As a consequence, the mixing
angle CT d« is defined solely through the CP-even Higgs WFRCs as well as through genuine
vertex corrections to the tree-level vertices of the CP-even Higgs bosons h/H and the massive
neutrinos v;. For the definition of the CT for the mixing angle 3, analogous conditions can
be imposed. In [216], it is suggested that one of the following conditions can be chosen,

NLO LO
AAZ71 vy o AA171 121 (5 33)
ANLO - ALO ’ :
Huvin Hui1n
NLO LO
AA172 V2 _ AAZ_/2 12} (5 34)
ANLO - ALO ' '
Huovo Higvo

However, the drawback of these conditions is that Eq. leads to a definition of 5 which
becomes singular for cg — 0 while Eq. leads to a singular behavior for sg3 — 0. While
these singularities might not be relevant for any phenomenological analysis of the 2HDM, this
singular behavior still can lead to numerical instabilities in certain corners of the parameter
space. In order to circumvent this problem, a third condition is suggested in . By
introducing form factors as follows,

(NLO  _ ~(N)LO

H/hijv; — [al’jv”j} 'FH/hDjyj ) (5.35)
N)LO _ - . ~(N)LO
AE417)]~1/J- = [u’/jZ’YE)UVj] Fﬁll—/;yj ) (536)

where the terms in brackets denote the full decay kinematics of the spinor chains of the
massive neutrinos, the following renormalization condition is imposed,

LO —LO
= P s+ T ivar, $3 (5.37)
TLO TLO TLO TLO ’
ca‘FHDU/l - Safhﬁlul SafHﬁzl/Q + Cafhl?zllg
TNLO TNLO
— A1 C/j + Absvs 36
~ . TNLO TNLO TNLO TNLO ’
ca‘FHﬁlvl - Safhﬂllll SO"FHDQVQ + Ca higva

tional Zy symmetry imposed on the neutrino singlets in the physical OS scheme prevents this mixing. We want
to emphasize, however, that imposing this additional Zs symmetry does not further restrict the considered
model since in the original 2HDM without neutrino singlets, as considered in this work, neutrinos are assumed
to be massless and hence, no neutrino mixing is present in the first place.

25We adopt the nomenclature of and refer to the massive neutrinos as v; and v2 instead of using flavor
indices {e, p, 7}, since ve, v, and v, are reserved for the three generations of massless neutrinos in our work.
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i.e. it is demanded that the tree-level relation in the first line of Eq. (5.37) remains valid at
one-loop level as well. The hereby defined CT 7 is free from numerical instabilities arising
from specific regions of the parameter space. Out of all presented renormalization conditions,
the three different combinations named and chosen in are as follows:

e O0S1: define da via Eq. (5.31) and 63 via Eq. (5.33) ,
e 0S52: define da via Eq. (5.32) and 64 via Eq. (5.34) and

e 0512: define da via Eq. (5.32) and 63 via Eq. (5.37) .

The resulting explicit forms of the mixing angle CT's are presented in App. and all three
combinations are implemented as different renormalization schemes in 2HDECAY. All genuine
vertex corrections for the tree-level couplings of the Higgs bosons with the massive neutrinos,
required for the definition of the mixing angle CTs, yield non-vanishing contributions even
in the limit y,, — 0. After the renormalization is imposed on the mixing angles in these
schemes, this 2HDM limit is applied and the neutrino singlets are effectively removed from
the model again. Analogous to the process-dependent definition, defining the mixing angle
CTs in the physical OS schemes leads to an invariance of the one-loop partial decay width
with respect to the chosen tadpole scheme. In our work, we therefore apply the physical OS
scheme only in the framework of the alternative FJ tadpole scheme for simplicity.

Apart from the fact that the mixing angle CT's are defined solely through WFRCs and genuine
vertex corrections, another crucial difference between the physical OS scheme and the other
process-dependent schemes considered before lies in the definition of the renormalized values
of the mixing angles themselves. In the process-dependent schemes, both the mixing angle
CTs as well as their renormalized values are determined via Eq. , 1.e. the measured
values of o and  in the process-dependent scheme are determined by the measured values
of the partial decay widths of the decays through which the mixing angle CTs are defined.
In the physical OS scheme on the other hand, the mixing angle CTs are defined via Higgs
decays to massive neutrinos. Since after the renormalization the 2HDM limit is applied and
the neutrinos become massless again, the renormalization conditions in Eqs. to
and can not be directly applied to determine the measured values of the mixing angles
in the physical OS scheme since the corresponding decays into massive neutrinos do not exist
anymore in the 2HDM. Instead, their values are determined through the measured partial
decay widths of other measurable decay channels.

Rigid symmetry scheme (BFMS scheme)

In the KOSY scheme, the mixing angle C'Ts are defined by temporarily switching between the
mass and gauge bases which allows for a connection of the CTs with the scalar WFRCs in the
mass basis. In an alternative approach, the rigid symmetry of the Lagrangian in the unbroken,
i.e. symmetric, phase can be used to define the mixing angle CTs through alternative WFRCs.
In this rigid symmetry scheme, a minimal set of WFRCs is introduced in the gauge basis of
the 2HDM to ensure the UV finiteness of the calculated observables. Through a rotation and
an introduction of the mixing angle CT's in the rotation matrices, the CTs da and J3 can be
connected to the rotated WFRCs which in general differ from the OS-defined WFRCs. Such
a scheme is applied for renormalizing the SM in and in for defining the mixing
angle CTs in the 2HDM. Since we only briefly present the key idea of the scheme here, we
refer to the latter reference for details. In order to ensure GFP independence of the hereby
defined CTs and the full one-loop partial decay widths, the WFRCs 0Z7; 5 and 0Z4; used
in the definition of the CTs are defined through the BFM with & and H denoting
the CP-even Higgs fields defined in the BFM framework. The CP-even self-energies required
for the definition of these background-field WFRCs differ from the usual self-energies 324
with tadpole contributions by the additional terms stated in App. B of . Due to the close
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connection between the PT and the BFM, these additional terms coincide with the additional
terms derived in the PT framework, cf. Eq. (B.75). Consequently, the definition of the CT do
defined in the rigid symmetry scheme coincides with the definition of o in the OS-pinched
scheme. The CT ¢ on the other hand is connected to the CP-even WFRCs as well due to
the rigid symmetry and hence, the definition of the CT differs in comparison to the schemes
based on the PT. Explicit forms of both mixing angle CTs in the rigid symmetry scheme are
presented in App. B.5.7

5.4. Renormalization of the Soft-Z,-Breaking Parameter m?,

The only remaining independent parameter which requires renormalization is the soft-Zo-
breaking parameter m%2 which is split into a renormalized value and its CT as usual,

My — Miy + dmi, . (5.38)

In contrast to e.g. the masses of the particles of the 2HDM, the parameter m%Q has no direct
physical interpretation and hence, there is no straightforward OS definition which could be
imposed in order to fix its CT. Since m%Q appears in the trilinear and quartic Higgs couplings,
it is in principle possible to fix the CT dm2, at one-loop order through a Higgs-to-Higgs decay.
The renormalized value of m3, would then depend on the measured value of the partial decay
width of the chosen decay channel. Apart from the fact that Higgs-to-Higgs decay channels
are rather difficult to measure directly in current collider experiments, it was found in
that such a process-dependent renormalization condition for §m?3, is additionally unfavorable
from a theoretical perspective since it introduces genuine one-loop vertex corrections of the
Higgs-to-Higgs decays into the finite parts of the CT. Due to this, 5m%2 itself as well as
partial decay widths containing this CT typically become orders of magnitude larger than
the tree-level partial decay widths, thereby leading to a numerical instability of the one-loop
calculation. Hence, for practical reasons, a process-dependent renormalization scheme for the
soft-Zy-breaking parameter m?2, is not used in this work. Instead, we fix the CT in the MS
scheme and the explicit form of the CT is given in App. Since A explicitly depends on
the renormalization scale pg, the MS-renormalized CT dm?, depends on this scale at which
the CT is defined as well and its value must be specified for the calculation of partial decay
widths involving the renormalization of m?,.



CHAPTER 6

Calculation of Higher-Order Higgs Boson Decays with 2HDECAY

The main objective of Part |II] of this thesis is the calculation of the electroweak one-loop
corrections to the partial decay widths and branching ratios of all Higgs bosons of the 2HDM.
To this end, the corresponding decay amplitudes need to be calculated and all parameters
relevant for the electroweak corrections need to be renormalized. Due to the large amount
of Feynman diagrams contributing to the different decay channels of all Higgs bosons of the
2HDM already at one-loop level, it is sensible that the calculation of the decay amplitudes is
automated as far as possible.

In Sec.[6.1, we describe in detail which decay channels are considered in the calculation of
the electroweak one-loop corrections and all approximations that are applied in the course
of the computation. We introduce the computer routine 2HDMCalc which allows for a semi-
automated calculation of all one-loop corrections to the decay amplitudes of the Higgs bosons
of the 2HDM. In the subsequent Sec. we explain the integration of all analytic results into
the newly developed computer program 2HDECAY and introduce its main features. Moreover,
we describe how the state-of-the-art QCD corrections implemented in HDECAY are combined
with the electroweak one-loop corrections to the partial decay widths of the Higgs bosons of
the 2HDM.

6.1. Calculation of the Electroweak Decay Widths with 2HDM-
Calc

For the calculation of the electroweak corrections to the partial decay widths of the Higgs
bosons of the 2HDM, we consider all OS decays that are not loop-induced and that acquire
electroweak corrections at the one-loop level. For the 2HDM, this amounts to the following
list of decays:

e h/H/A — ff (ff =s5cebbtt,u put,777h) |
e h/H — VV (VV =ZZ WEWT) |

eh/H — VS (VS=ZA WEHT) |

e h)/H — SS (SS =AA HYHT) |
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e H — hh ,

e HY — VS (VS =W*h WHH, WEA) |

HY — ff (ff =u3,ub,cd, c5 cb td t5 thv,pu",v,7") |
e A — VS (VS=2Zh ZH W*HT)

While we calculate also the one-loop corrections to the decays of the Higgs bosons into pairs
of fermions of the first generation,

e h/H/IA — ff (ff =wuu,dd, e e") ,
e H" — ff (ff=wud vee) ,
e H — ff (ff=du,e i),

these decay channels are neglected in the implementation of the one-loop corrections in 2HDE-
CAY since they are overwhelmed by Dalitz decays S — f f )~ (S = h,H, A, HY) which are
induced e.g. by the off-shell v* — f f splitting.

For the calculation of the decay amplitudes and partial widths at tree level and NLO, we
follow the approach described in Sec. For each decay of a Higgs boson ¢ to any pair
of other particles X; and X5 presented in the aforementioned list, we calculate the tree-
level amplitude .A{,;% x, as well as all genuine vertex corrections .AX)% x, to the amplitude,
shown generically in Figs. and respectively, by generating the Feynman diagrams and
the corresponding decay amplitudes with the Mathematica package FeynArts 3.9 [248].
The 2HDM model file required for this is a slightly modified version of the model file contained
in FeynArts in order to account for the lepton-specific and flipped 2HDM types as well.

The computation of the traces of the spinor structures and the reduction of the tensor integrals
to scalar loop integrals is performed with the Mathematica package FeynCalc 8.2.0
[250,251]. The CT amplitudes Ag)T(l x, for all decays are generated by expanding the tree-
level vertex Ag% x, to one-loop order. This includes the one-loop expansion of all required
CTs and WFRCs that are defined through diagrammatic contributions in form of tadpole
diagrams, self-energies and vertex corrections, that are calculated with the help of the tools
FeynArts and FeynCalc.

All analytic results are combined according to Egs. (3.18)) and (3.23) to form the electroweak
partial decay widths at tree level and NLO, respectively. For the latter quantity for all decays
involving charged particles in the initial or final states, we additionally take into account the
real corrections Fgej%ll Xoty- As described in Sec. these real corrections are implemented
fully analytically by adapting the generic formulae given in to the case of the 2HDM
decays. In our work, we regulate the corresponding IR-divergent integrals contained in both
the real corrections and the vertex corrections containing virtual photons by introducing a
photon mass as a regulator. For the real corrections, this photon mass is introduced as
an additional parameter while in the calculation of the virtual corrections, FeynArts auto-
matically introduces an infinitesimal photon mass to regularize the IR divergences. Due to
the large number of considered decay channels and diagrammatic contributions at one-loop
level, all the aforementioned steps are performed in a semi-automated way. To that end, the
computer program 2HDMCalc was developed which allows for the calculation of the two-body
decays of the 2HDM Higgs bosons and which automatically converts the analytic results of
the computations to Fortran 90 code. 2HDMCalc can be obtained from

https://github.com/marcel-krause/2HDMCalc .
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analytic results 9HDMCalc.py

................

2HDECAY .py

Y

@ _________ . HDECAY

(minimal run)

= o s e e s

b > _ EW 1-loop
electroweakCorrections

Y

output file (BR) ™ | HDECAY (138
output file (EW) o
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Iterate over all input files

List of output files

Figure 6.1.: Flowchart of 2HDECAY. The program consists of a main wrapper file 2HDECAY . py
which iterates over all input files provided by the user. For each input file, the wrapper calls
the subprograms HDECAY and electroweakCorrections. The program generates two output
files for each input file, one containing the electroweak partial decay widths (EW) and one
containing the branching ratios with and without the electroweak corrections (BR).

In this repository, we additionally provide the full analytic results of all contributions to the
partial decay widths at tree level and one-loop order, including the analytic formulae of all
tadpole diagrams, self-energies and vertex corrections required for the definition of all CTs
and WFRCs of the 2HDM.

6.2. Description of 2HDECAY

All analytic results for all electroweak partial decay widths at tree level and one-loop order
generated with the help of 2HDMCalc are implemented into the newly developed computer
program 2HDECAY which can be obtained from

https://github.com/marcel-krause/2HDECAY .

The program combines the electroweak corrections to the non-loop-induced OS decays of all
Higgs bosons of the 2HDM with the state-of-the-art QCD corrections already implemented
in the program HDECAY 6.52 which can be obtained from
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http://tiger.web.psi.ch/hdecay .

These corrections provided by HDECAY comprise
e the state-of-the-art QCD corrections to the partial decay widths, where applicable,

e the calculation of the loop-induced decays into the final states g g, v~ and Z -, where
apart from the final state Z v, higher-order QCD corrections are taken into account and

e the calculation of partial decay widths for the following off-shell decays into final states
containing an off-shell particle, denoted by an asterisk,

o h/H/A — t"t ,

o h/H — Z*A ,

o h/H/A — W HT |

o h/H — WHEWF |

o h/H — Z*Z* |

o HYf — W*S (S=h,H, A) ,
o HY — t*f (f=4d,5,b) ,
oA — Z*S (S=h, H) ,

o h/H — A*A |

o H — h*h ,

where for the last two decay modes presented in the list, 7.e. the decays into neutral Higgs
boson pairs with one off-shell Higgs boson, it is assumed that the off-shell Higgs boson pre-
dominantly decays into the bb final state. The total width of the top quark in the 2HDM,
required for the calculation of the decay modes containing off-shell top quarks in the final
state, is calculated internally in HDECAY.

Structure of 2HDECAY

Depicted in Fig. is the flowchart of 2HDECAY. The main component of the program is the
wrapper file 2HDECAY . py, written in Python. The user provides arbitrarily many input files
that contain the numerical values for the input parameters based on either of the two sets
of independent parameters presented in Egs. and , where the choice on the used
input set is left to the user by setting the corresponding flag PARAM in the input file, cf. the pre-
sentation of the input file format below. The wrapper file iterates over all provided input files.
For each file, HDECAY is called in a minimal run in which the charm and bottom quark masses,
provided in the input file as MS parameters, are converted to OS parameters. Subsequently,
the wrapper file calls the subroutine electroweakCorrections which reads the input files,
together with the calculated OS masses of the two quarks, and calculates the electroweak
partial decay widths to all OS decays of the Higgs bosons at tree level and one-loop order.
The numerical evaluation of the scalar one-loop integrals contained in the analytic formulae
of the electroweak partial decay widths is performed by linking the Fortran library Loop-
Tools 2.15 . Finally, HDECAY is called in a second run in which the program computes
the tree-level partial decay widths together with the aforementioned state-of-the-art QCD
corrections and combines these consistently with the electroweak corrections. Subsequently,
the BRs are computed. They are calculated by 2HDECAY once without the inclusion of the
newly computed electroweak partial decay widths and once with them being included. We
want to emphasize that in 2HDECAY, the combination of the electroweak and QCD corrections
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1D Scheme Abbreviation Tadpole scheme e’ o

1/2 KOSY KOSY®“/* standard (B.66) (B.67)/(B.68)

3/4 KOSY KOSY®¢  alternative FJ  (B.69) (B.70)/(B.71)

5/6 py-pinched pg/ ¢ alternative FJ  (B.72) (B.73)/(B.74)

7/8 OS-pinched pOSso/¢ alternative FJ  (B.78) (B.79)/(B.80)
9 Process-dependent 1 procl alternative FJ  (B.81) (B.82)

10 Process-dependent 2 proc2 alternative FJ  (B.83) (B.84)

11 Process-dependent 3 proc3 alternative FJ

12 Physical on-shell 1 0OS1 alternative FJ

13 Physical on-shell 2 0S2 alternative FJ

14 Physical on-shell 12 0S12 alternative FJ  (B.91) (B.92)

15  Rigid symmetry (BFMS) BFMS alternative FJ  (B.93) (B.94)

16 MS MS(stand) standard

17 MS MS(FJ) alternative FJ  (B.64) (B.65))

Table 6.1.: Renormalization schemes of the two scalar mixing angles a and 8 of the real
2HDM used for the numerical analyses in Sec. together their abbreviations and the equa-
tions through which the mixing angle CTs are defined in each scheme.

is performed in such a way that the electroweak corrections are only computed for OS decays
in the subroutine electroweakCorrections, while HDECAY computes the widths of off-shell
decays as well.

The subprogram HDECAY generates two output files for each input file, one containing the BRs
with and without the electroweak corrections included, denoted as “BR” in Fig. and a
second file containing the LO and NLO electroweak partial decay widths of all decays denoted
as “EW”. The latter output is particularly interesting for dedicated studies on the renormal-
ization scheme dependence of the electroweak one-loop corrections. To that end, 2HDECAY
provides the parameter conversion necessary for comparing one-loop partial decay widths
calculated within different renormalization schemes, cf. Sec. In 2HDECAY 1.1.3, the 17
different renormalization schemes for the scalar mixing angles « and 8 as shown in Table
are implemented. In the table, we moreover provide the required ID of each renormalization
scheme as used in the input file, cf. the presentation of the input file format below, as well
as a short-hand notation which is used for the identification of the schemes in the numerical
analysis in Chapter |7| and the formulae via which the mixing angle CTs are defined for each
scheme. The user chooses in the input file one of these renormalization schemes as a reference
scheme while the calculation of the electroweak partial decay widths can be performed either
in one selected scheme or in all 17 schemes simultaneously. Moreover, the input parameter
for the soft-Zso-breaking scale m%z can be specified at an arbitrary renormalization scale up,
while the scale poyt at which the one-loop decay widths are computed can be any other arbi-
trarily chosen scale. 2HDECAY converts the input parameters of the mixing angles and m%Q for
the case that the one-loop decay widths are evaluated within another renormalization scheme
than the chosen reference scheme or in case that g # pout is chosen, as described in Sec.

Combination of the electroweak corrections with HDECAY

As mentioned in Sec. [4.4, HDECAY uses the Fermi constant Gp as a fundamental parameter
while for the calculation of the electroweak corrections, the fine-structure constant aep(my)
at the scale of the Z boson mass is used as independent input. For the consistent combina-
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QCD-corrected QCD&EW-corrected

Gcalc HD.QCD Gcalc EW1 HD.QCD
on-shell and non-loop-induced £ it L [1 + 6 ] I v

Gr 6 X1Xo Gr X1 X2
G$' _1p.qep G$° _up.qep
off-shell or loop-induced G Lo XX, G Loxix,

Table 6.2.: The QCD-corrected and QCD&EW-corrected partial decay widths as computed
by 2HDECAY, where the superscript “QCD?” indicates that QCD corrections are included where
applicable.

tion of the partial decay widths calculated within the subprograms electroweakCorrections
and HDECAY, a conversion between the two input parameter schemes is required which necessi-
tates the inclusion of the 2HDM-specific higher-order corrections in the conversion formulae.
Since these conversion formulae are not implemented yet, we choose instead a pragmatic
approximate solution. In the default configuration of 2HDECAY, i.e. when the electroweak
contributions to the partial decay widths in the 2HDM are taken into account, the fine-
structure constant aep, (mz) is read from the input file and is used as the fundamental input
for the calculation of the electroweak partial decay widths at tree level and NLO. For the
computation of the state-of-the-art QCD corrections in HDECAY, 2HDECAY calculates the Fermi
constant G?IC as a function of aep(myz), my and myz by means of Eq. . We expect
the differences between the observables calculated within these two schemes to be small. The
partial widths calculated in HDECAY are rescaled by the factor G$'°/Gr to account for the
change of the input parameter scheme. Moreover, we assume that all higher-order corrections
to the decay widths factorize. The combined partial decay widths of the decay of a Higgs
boson ¢ into two particles X; and X3, excluding and including the electroweak corrections
to the decays respectively, are then given by

QCD  _ G?ICFHD,LO 5QCD] — G?ICFHD,QCD
6X1Xo = T #X1Xs [1+ ] = Gy eNXe o (6.1)
cpeew _ G _mpLo c _ QCD

x| = (5F Toxix, [1+09PT 146"V = TR, [1+6"V] (6.2)

where 69¢P and 6V denote the factorized higher-order contributions to the partial decay
widths calculated by the subroutines HDECAY and electroweakCorrections, respectively,
while Fg}?f}g and Fg)%%(;]) denote the partial decay widths at tree level and at higher or-
ders including all state-of-the-art QCD corrections from HDECAY, respectively. The factorized
higher-order QCD contributions 62" are normalized to the LO width Fg}?f}g, calculated
internally by HDECAY. This means that for example in the case of final states consisting of
quark pairs, the LO width includes the running quark mass in order to improve the per-
turbative behavior. The factorized higher-order electroweak corrections 6°% on the other
hand are obtained by a normalization to the LO width with OS particle masses. Since the
electroweak one-loop corrections implemented in the subroutine electroweakCorrections
are only calculated for OS decays that are not loop-induced, while in HDECAY also off-shell
and loop-induced decays are computed, the electroweak corrections are only included for OS
and non-loop-induced decays. In all other cases, there are no contributions from "W and
the partial decay width is given by Eq. (6.1)). This is shown in Table [6.2 where we present an
overview of the partial decay widths as they are calculated by 2HDECAY for all aforementioned
cases. In the table, “QCD-corrected” refers to the widths as defined in Eq. , including
the widths of loop-induced and off-shell decay modes as well as QCD corrections where ap-
plicable. The “QCD&EW-corrected” widths additionally contain the electroweak one-loop
corrections to the partial decay widths for all non-loop-induced OS decay modes.
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Line Input name Allowed values and meaning

6 OMIT ELW2 O: electroweak corrections (2HDM) are calculated
1: electroweak corrections (2HDM) are neglected

9 2HDM 0: considered model is not the 2HDM
1: considered model is the 2HDM

56 PARAM 1: 2HDM Higgs masses and « (lines 66-70) are given as input
2: 2HDM potential parameters (lines 72-76) are given as input

57 TYPE 1,2,3,4: 2HDM type I, 11, lepton-specific, flipped

58 RENSCHEM  0O: all renormalization schemes are calculated

1-17: only the chosen scheme (cf. Table is calculated

59 REFSCHEM  1-17: the input values of «, 8 and m%Q (cf. Table ) are given in
the chosen reference scheme and at the scale g as given by
INSCALE in case of MS parameters

Table 6.3.: Basic control input parameters for 2HDECAY. The table is adopted from .

The BRs of the Higgs decays are calculated separately without and with the electroweak
contributions in the HDECAY subroutine by means of the loop-corrected partial decay widths
in Egs. (6.1) and (6.2)), respectively. The BRs without and with the EW correctons are hence
given by

QCD

r
X1X:
BRACP (¢ — X X,) = F&% : (6.3)
6
QCD&EW
BROCDEEW (o ¥y Xp) = 200 (6.4)

106, QCDELEW
¢

where FZ)Ot’QCD and F;Ot’QCD&EW denote the total decay width of the scalar particle ¢ exclud-
ing and including the electroweak corrections, respectively.

Input file format

In App. we present an exemplary input file 2hdecay.in, where we restrict the presen-
tation only to the input parameters that are relevant for the calculations performed with
2HDECAY. The input file contains two classes of inputs. The first class contains the input
parameters that are relevant for the main flow of the program. In Table[6.3] we present
the input parameters of this class together with their line numbers in the input file, their
allowed values and the meaning of the parameters. In order to calculate the BRs and partial
decay widths in the 2HDM, the value 2HDM = 1 has to be set by the user. For the input
value OMIT ELW2 = 0, the QCD&EW-corrected partial decay widths and the corresponding
BRs are calculated as described in the preceding paragraph. For this choice, 2HDECAY auto-
matically sets 2HDM = 1 internally. If the user on the other hand sets OMIT ELW2 = 1, then
the electroweak corrections are not calculated and 2HDECAY provides the same corrections as
the original version of HDECAY 6.52. In this case, the QCD-corrected decay widths are not
rescaled by G%!¢ but instead calculated by using the value of G as provided in the input
file. The parametrization of the input values of the scalar sector is specified by the input pa-
rameter PARAM. For PARAM = 1, the parameter set shown in Eq. is used, i.e. the masses
of the Higgs bosons and the CP-even scalar mixing angle a are considered as independent
input, while for PARAM = 2, the 2HDM potential parameters \; (i = 1,...,5) are used as inde-
pendent input as denoted by the parameter set in Eq. . We want to emphasize however
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Line Input name Name in Chapter ‘4‘ Allowed values and meaning
18 ALS(MZ) as(mz) strong coupling constant (at myz)
19 MSBAR(2) ms(2 GeV) s-quark MS mass at 2 GeV in GeV
20 MCBAR(3) m.(3 GeV) c-quark MS mass at 3 GeV in GeV
21 MBBAR (MB) my(mp) b-quark MS mass at m; in GeV
22 MT my t-quark pole mass in GeV
23 MTAU mMr 7-lepton pole mass in GeV
24 MMUON my p-lepton pole mass in GeV
25 1/ALPHA ag(0) inverse fine-structure constant (Thomson limit)
26 ALPHAMZ Qem(Mz) fine-structure constant (at myz)
29 GAMW I'w partial decay width of the W boson
30 GAMZ 'z partial decay width of the Z boson
31 MZ my Z boson on-shell mass in GeV
32 MW mw W boson on-shell mass in GeV
33-41 Vij Vij CKM matrix elements (i € {u,c,t} , j € {d, s, b})
61 TGBET2HDM tg ratio of the VEVs in the 2HDM
62 M_1272 miy squared soft-Zy-breaking scale in GeV?
63 INSCALE IR renormalization scale for MS inputs in GeV
64 OUTSCALE Hout renormalization scale for the evaluation of the
partial decay widths in GeV or in terms of MIN
66 ALPHA_H « CP-even Higgs mixing angle in radians
67 MHL mp light CP-even Higgs boson mass in GeV
68 MHH my heavy CP-even Higgs boson mass in GeV
69 MHA ma CP-odd Higgs boson mass in GeV
70 MH+- mpy+ charged Higgs boson mass in GeV
72-76 LAMBDA1 A Higgs potential parameters, cf. Eq.

Table 6.4.: Relevant physical input parameters for the calculations performed in 2HDECAY.
The table is adopted from [56].

that the analytic results for the electroweak partial decay widths are implemented in terms
of the former input parameter set and hence, if PARAM = 2 is chosen, the masses of the Higgs
bosons and the mixing angle « are calculated internally by 2HDECAY by means of Eqs.
to and Eq. for the calculation of the electroweak partial decay widths. The
input value TYPE specifies the type of 2HDM that is considered as described in Sec. The
value of RENSCHEM determines the renormalization scheme for the scalar mixing angles which
is used for the calculation of the electroweak partial decay widths. For RENSCHEM = O, the
electroweak-corrected widths and BRs are calculated for all 17 implemented renormalization
schemes shown in Table simultaneously. If RENSCHEM is set to any integer between 1 and
17, the partial decay widths are calculated for the scheme corresponding to the ID shown in
Table[6.1l The input parameter REFSCHEM with integer values between 1 and 17 denotes the
reference renormalization scheme at which the input values of the scalar mixing angles o and
3 are defined. The input value for the MS parameter m%Q is always defined at the input scale
pr and the same applies for the scalar mixing angles in case that the MS scheme is chosen as
a reference scheme, while the evaluation of the electroweak partial decay widths is performed
at the renormalization scale poyt. The values of o, 8 and m%z at the scale poyt and in the
chosen input renormalization scheme RENSCHEM are calculated from their values at yp and in

the reference scheme by means of Eqgs. (3.30) and (3.31), respectively.
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The second class of input parameters for 2HDECAY are the relevant physical input parameters
presented in Table[6.4, together with their line numbers in the exemplary input file shown
in App. the corresponding parameters introduced in Chapter [4] as well as their allowed
values and meanings. The OUTSCALE renormalization scale poyt is given either in GeV or in
terms of the mass MIN of the decaying Higgs boson for each decay channel that is calculated,
i.e. the input value OUTSCALE = MIN sets the renormalization scale at which the partial decay
widths are evaluated to pou = m1 for each decay channel, where m; denotes the mass of the
decaying Higgs boson. Apart from OUTSCALE, all other input parameters shown in Table
are entered in FORTRAN double-precision format into the input file. In case that PARAM = 1 is
set, 2HDECAY reads the masses of the Higgs bosons and « as independent input and ignores
the values of the 2HDM potential parameters \; in the input file, while for PARAM = 2, the \;
are read in and the Higgs boson masses and « are instead calculated by means of Egs.

to and Eq. (4.50).

Output file format

For each input file, 2HDECAY generates one output file containing the BRs of all decay channels
and, in case that OMIT ELW2 = O is set, additionally one output file containing the electroweak
partial decay widths of the OS non-loop-induced decay modes. In App. we present
exemplary output files for the BRs and electroweak decay widths which are shortened to
two decay channels of the lighter CP-even Higgs boson h since we focus on the description
of the general structure of the output files here. The output file format follows the SUSY
Les Houch Accord (SLHA) [253][254] which however is modified in order to account for the
electroweak corrections to the partial decay widths calculated in the 2HDM. In the first four
blocks given out for both output files and not shown explicitly in App. basic information
about 2HDECAY as well as the input values used for the calculations are provided. The value of
G r which is printed in this block corresponds to the value of G?IC in case that OMIT ELW2 = 0
is set and is consequently not necessarily the same as the value of Gr provided in the input
file, as discussed above.

Subsequently, in the output file that contains the BRs, for each Higgs boson h, H, A and
H?* two blocks DECAY QCD and DECAY QCD&EW are printed. Both blocks start with the total
decay width of the corresponding Higgs boson, followed by the ID of the renormalization
scheme for which the widths and BRs are calculated and the values of v, 8 and m2, in the
considered scheme and at the scale o, which, due to the conversion routine implemented
in 2HDECAY, can differ from the corresponding values provided in the input file defined in
the reference renormalization scheme and at the scale ur. The first block DECAY QCD for
each Higgs boson contains the BRs of the respective Higgs boson as they are implemented in
HDECAY, comprising the tree-level decays, the off-shell decay modes presented at the beginning
of this section as well as loop-induced decays into g g, vy and Z - final states, together with
the state-of-the-art QCD corrections, where applicable. In case that OMIT ELW2 = 1 is set,
these BRs correspond to the ones which are printed out in the original HDECAY 6.52 version.
For OMIT ELW2 = 0 on the other hand, the printed BRs differ from the ones given out by
the original HDECAY version due to the rescaling with the calculated Fermi constant G‘?lc, as
explained before. In the second block DECAY QCD&EW printed out for each Higgs boson, the
BRs of all decay modes of the corresponding Higgs boson, containing both the corrections
to the tree-level widths as implemented in HDECAY as well as the electroweak corrections
provided by the subroutine electroweakCorrections, are given. We want to note that since
the electroweak corrections are calculated only for OS decays that are not loop-induced, the
BRs of off-shell or loop-induced decay modes given out in the block DECAY QCD&EW are still
only QCD-corrected BRs and not QCD&EW-corrected ones. In the last block of the file,
which is not explicitly shown in App. the QCD-corrected BR of the top quark in the
2HDM is given out since it is required for the calculation of the Higgs boson decays into final
states containing an off-shell top quark as mentioned at the beginning of this section.
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In the output file that contains the electroweak partial decay widths, after the first four
blocks containing the basic information about 2HDECAY and the input parameters used for the
calculation, two subsequent blocks LO DECAY WIDTH and NLO DECAY WIDTH are printed out
for each Higgs boson h, H, A and H*. Each block starts with the ID of the renormalization
scheme, followed by the parameters o, 5 and m%z in the considered renormalization scheme
and at the renormalization scale jioyt Which are used for the calculation of the decay widths.
Subsequently, the electroweak partial decay widths of all OS and non-loop-induced decays
of the corresponding Higgs boson are given out. The decay widths printed in the block LO
DECAY WIDTH correspond to the tree-level partial decay widths while the ones printed in the
block NLO DECAY WIDTH are the one-loop decay widths. The widths provided by this second
output file are particularly useful for studies on the renormalization scheme dependence of the
electroweak one-loop corrections. We want to emphasize that since the electroweak corrections
are calculated for OS and non-loop-induced decays only, it can happen that the output file
for the electroweak partial decay widths does not contain all decay channels that are provided
by the output file containing the BRs, since for the latter, HDECAY also calculates the BRs of
off-shell and loop-induced decays.

Caveats

We want to note that it can happen that the electroweak-corrected partial decay widths
calculated by 2HDECAY can become very large or negative due to large contributions from the
one-loop partial decay widths with respect to the tree-level widths, for which there are several
different reasons:

e The electroweak corrections can be enhanced due to unsuitable schemes used for the
renormalization of the independent parameters of the 2HDM. In our work, this is re-
ferred to as the numerical instability of a chosen renormalization scheme, cf. the dis-
cussion in Sec.

e The electroweak corrections can be parametrically enhanced in case that some coupling
constants involved in the calculation of the widths become very large or small for the
considered parameter point or due to virtual particles with very small masses in the one-
loop integrals, cf. ,. In these cases, resummation methods could be applied
to improve the perturbative behavior of the partial decay widths, which in turn requires
the inclusion of electroweak corrections beyond the fixed one-loop level however.

e The tree-level partial decay widths can be suppressed due to small coupling constants of
the tree-level decay amplitude. As an example, the tree-level coupling constant between
the non-SM-like Higgs boson and two massive gauge bosons can be suppressed due to
the sum rules of the gauge boson couplings of the 2HDM. In case that the electroweak
one-loop corrections are not suppressed by the same powers of the coupling constant,
the loop-corrected decay width can become comparatively large with respect to the
tree-level width.

We want to note that since negative partial decay widths or too large loop-corrected widths
with respect to the tree-level results are unphysical, the electroweak-corrected widths and
BRs in these cases are not suitable for phenomenological analyses and should be discarded.
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Numerical Analysis with 2HDECAY

In this chapter, we perform numerical analyses on the BRs and partial decay widths of
the Higgs bosons of the real 2HDM by using 2HDECAY 1.1.3, focusing on the size of the
electroweak corrections to the decays implemented in this work.

In Sec. [7.1] we describe the scans over the parameter space of the real 2HDM and present all
constraints applied to the scans in order to obtain valid input parameter sets. In the subse-
quent Sec. we perform the numerical calculation of the branching ratios and partial decay
widths of selected Higgs decay channels for our chosen input parameter sets. We compare the
size of the electroweak corrections computed within different renormalization schemes and
present exemplary analyses of selected decay channels with respect to the remaining theo-
retical uncertainty and the numerical stability of the renormalization schemes of the scalar
mixing angles.

7.1. Input Parameters

For the calculation of the numerical results presented in this chapter, we set the input values
of the SM parameters in 2HDECAY to the following values [98/[256],

m, = 105.658371MeV , m, = 177682GeV , (7.1)
mMS(2GeV) = 95.0MeV , mMS(3GeV) = 0.986GeV ,
myS(m)S) = 4.18GeV my = 173.2GeV
oMS(my) = 0.1181, Gr = 1.1663787-107°GeV 2,
my = 80.385GeV , my = 91.1876 GeV ,
Tw = 2.085GeV, Iy = 24952GeV
agi(myz) = 128.962, agt(0) = 137.036,

while the electron and the up and down quarks are massless in our approximation. The masses
of the gauge bosons are given as OS masses and all other masses without a superscript are
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mp//a mp+ (II/flipped)  mpy= (I/lepton-specific) mi, o ts
min 30 GeV 580 GeV 80 GeV 0GeV? /2 0.25
max 1500 GeV 1500 GeV 1500 GeV 100 000 GeV? /2 35

Table 7.1.: Allowed ranges of the input values of the real 2HDM for the parameter scan. Each
parameter is separately varied between its corresponding minimum and maximum values.

given as pole masses of the respective particles. For the CKM matrix, we consider a general
non-diagonal representation and set the nine different entries of the matrix to the values

0.974460 0.224520  0.003 650
V=1 -0224380 0.973590 0.042140 | - (7.2)
0.008960 —0.041330  0.999 105

For the generation of the input parameter sets that are compatible with most recent theo-
retical and experimental constraints, we scan over the parameter space of the real 2HDM. In
the following, we only briefly present the parameters of the scan and the constraints applied
to generate valid input parameter sets. For a detailed description about the scan procedure,

we refer to ,.

For all scans that are performed, we require that either the lighter CP-even Higgs boson h or
the heavier CP-even Higgs boson H corresponds to the SM-like Higgs boson, with its mass

given by

Mgy, = 125.09 GeV . (7.3)

In order to avoid parameter sets that lead to Higgs signals being built up by two close
resonances, we demand that no other Higgs boson with a mass in the range of +5GeV
around the value given in Eq. is produced in the scan. Apart from the SM parameters
and one of the Higgs masses being fixed by Eq. , all other parameters of the 2HDM are
free input parameters. In the scan, we allow these parameters to lie within the minimal and
maximal values presented in Table For the mass of the charged Higgs boson, the lower
limit of my+ > 580 GeV for the 2HDM types II and flipped are applied.

The parameter scan is performed with the help of the tool ScannerS 261]. The various
generated parameter scenarios are checked against the following constraints:

e The Higgs exclusion limits stemming from experiments at the Large Electron Positron
collider (LEP), Tevatron and LHC are checked with HiggsBounds 5.3.2 [262H264].

e The Higgs rates are checked with HiggsSignals 2.2.3 [265].

Each parameter set passing these constraints is considered as a valid input parameter set.
Out of all valid sets, we choose a few exemplary ones for the sets used in our numerical
analysis. In the following, we present the values of the 2HDM-specific parameters for each of
the sets.
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Parameter set “P1”.
For the SM parameters, the input values presented in Eqgs. (7.1) and (7.2) are used, while the
2HDM-specific parameters are set to

my, = 125.09 GeV | my = 381.767GeV ,  (7.4)
ma =  350.665GeV , mys = 414.114 GeV ,
miy(mpg,) =  28505.5GeV?, al, = —0.189345 |,
tal, =~ 423635, 2HDM type = I,

where for m?3,, the argument in brackets indicates that the input value is defined at the
scale ur = myg,,. Moreover, the subscripts denote that the two mixing angles are defined
in the p,-pinched (odd) scheme, defined through Egs. (B.72) and (B.73)), as the reference
scheme considered for our numerical analysis. The renormalization scale pout at which the
electroweak partial decay widths are evaluated is set to the mass of the decaying particle for
each decay channel, separately.

Parameter set “P2”.
Analogous to the former set, the input values of the SM parameters are set as presented in
Egs. (7.1) and (7.2), while the 2HDM-specific parameters are chosen as follows,

m, = 125.09GeV , myg = 302.324GeV ,  (7.5)
myg = 494.618 GeV , mygt = 300.077 GeV
miy(mpg,) =  28328.8GeV?, al, = —0.200175 ,
tal, =~ 266082, 2HDM type = I,

For an analysis of the size of the electroweak corrections to selected decay channels, we
moreover perform a variation of some of the input parameters of this set:

e Variation of my € [130 GeV, 550 GeV], while all other parameters are given by the
fixed values in Eq. (7.5)).

e Variation of my4 € [130 GeV, 550 GeV], while all other parameters are given by the fixed
values in Eq. (7.5).

These variations of the input parameters can lead to points in the parameter space of the real
2HDM that do not fulfill the aforementioned experimental constraints anymore. Since we do
not perform a dedicated phenomenological analysis in this work, however, we nevertheless
use the parameter sets generated by the variations in order to demonstrate the size of the
electroweak corrections implemented in 2HDECAY and to provide examples for analyses which
can be extended in future work. The renormalization scale oy at which the electroweak
partial decay widths are evaluated is again set to the mass of the decaying particle for each
decay channel, separately.

Parameter sets “P3”.

For another analysis of the size of the electroweak corrections of a selected Higgs decay channel
computed within different renormalization schemes, we use several additional parameter sets
which we collectively define as the “P3” set. The set includes 15000 different parameter points
for a 2HDM type I with large varieties with respect to the values of the masses, mixing angles
and m%g, while the SM values are again set according to Eqgs. and . We evaluate
the electroweak partial decay widths again at the renormalization scale po,¢ Wwhich is set to
the mass of the decaying particle of the respective decay channel. In contrast to the other
two aforementioned parameter sets, the values of the mixing angles in set “P3” are defined
within each considered renormalization scheme separately such that no conversion between
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their input values is required. All points fulfill the aforementioned experimental constraints.
Since the amount of points considered in the set “P3” is too large, we do not present the
explicit values of the 2HDM-specific parameters for each point here.

7.2. Numerical Results and Analysis

In this section, we perform several analyses on the BRs and partial decay widths computed
for different renormalization schemes with 2HDECAY. In order to quantify the size of the elec-
troweak contributions newly computed in this thesis, we define

BRACPEEW (4 X X5) — BROCP (¢ — X X))
BRAP (¢ — X X>)

ABR = (7.6)

as a measure for the relative contributions of the electroweak corrections to the BRs with
respect to the BRs already contained in HDECAY. Analogously, we define the deviation
NLO.EW _ [LOEW
ATEW = XX ¢X1 X (7.7)

[LOEW
$X1Xo

as a measure of the size of the genuine one-loop contributions to the electroweak partial decay
widths with respect to the tree-level widths. Furthermore, we define the quantity

NLOEW| _ pNLO,EW
PX1X2 |, PX1X2

ATEWx = Pl (7.8)

NLO,EW
P X1X2

pg

as a measure of the difference of the one-loop electroweak partial decay width computed in a
renormalization scheme of the scalar mixing angles, denoted by the index “x”, with respect to
the one-loop width computed in the p,-pinched scheme “p2”. In order to consistently compare
the electroweak partial decay widths computed within the different renormalization schemes,
2HDECAY converts the scalar mixing angles from the scheme “p?” to scheme “x”, as described
in Sec. Since we restrict the computation of the electroweak corrections to OS decays
which are not loop-induced, the deviation of the electroweak decay widths in Egs. and
are only calculated for electroweak decay amplitudes that are in general non-vanishing
at tree-level, while the deviation of the BRs defined in Eq. is computed for all decay

channels implemented in 2HDECAY.

We begin our numerical analysis by computing the BRs and electroweak partial decay widths
of all decay channels for the parameter set “P1”. For the computation, we fix the renormal-
ization scheme of the scalar mixing angles to the OS-pinched scheme “pOS°” defined via the
CP-odd sector, cf. Table[6.1l Since the input values of the two mixing angles in the set “P1”
are defined in the p.-pinched scheme “p2”, they are converted to the “pOS°” scheme before
being used for the calculation of the decays, cf. Sec. Moreover, the MS parameter m?, is
defined at the scale ur = myg,, while the scale jiou; at which the electroweak decay widths
are evaluated is set equal to the mass of the decaying particle. Consequently, the parameter
m%Q is converted from the scale ug to the scale poy wherever these two scales are not equal.

In Table the BRs excluding and including the electroweak contributions as well as the
electroweak partial decay widths at tree level and one-loop order for all decay channels are
presented as they are given as output by 2HDECAY. Moreover, we present the calculated devia-
tions defined in Eqs. and for all decay channels, where applicable. For the SM-like
Higgs boson h, the relative electroweak contributions to the BRs are comparatively small,
ranging from —3.5% to 3.0 % compared to the BRs computed without the electroweak cor-
rections. Analogously, the electroweak one-loop contributions shift the partial decay widths
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Decay channel  BRZ™D, 0 BREDEEY 0 ABR  TQEY in Gev TRROEW in Gev ArfW
h—bb 5.934 - 1071 5.850 - 1071 -1.4% 5.968 - 1072 5.715-107° -4.3%
h—rt ™ 6.388 - 102 6.304 - 1072 -1.3% 2.699 - 1074 2.587-10"4 42%
h—ptp” 2.262 1074 2.183 - 104 -3.5% 9.555- 1077 8.958 - 1077 -6.3%
h—s5s 2.239 . 1074 2.254.1074 0.7% 2.317-107° 2.266 - 10~° 2.2%
h—ce 2.904 - 1072 2.906 - 102 0.1% 5.268 - 1074 5.119 - 104 -2.8%
h—gg 7.785 - 1072 8.015 - 1072 3.0% - - -
h =~y 2.199 -107% 2.265 - 102 3.0% - - -
h— Z~ 1.541-1073 1.587 1073 3.0% - - -
h—o Wtw™ 2.059 - 1071 2.120- 1071 3.0% - - -
h—ZZ 2.570 - 1072 2.646 - 1072 3.0% - - -
H — bb 1.236-1073 1.057-1073 -14.5% 6.653- 104 6.342 - 104 4.7%
H—7Tr~ 1.641-107% 1.335-107% -18.7% 2.988 - 107° 2.707-107° -9.4%
H—ptp~ 5.805- 1077 4.611-10"7 -20.6 % 1.057 1077 9.352.10"° S115%
H—s5 4.655-1077 3.897-10"7 -16.3% 2.563 - 107" 2.391 107" -6.7%
H—ce 6.044 - 1070 5.012-107° S17.1% 5.829 - 107° 5.386 - 107° _7.6%
H—t% 5.399 - 1071 4.755 - 10! -11.9% 6.327 - 102 6.208 - 102 -1.9%
H-—gg 4.236 1072 3.802- 1072 -10.3% - - -
H— vy 1.816-107° 1.629-107° -10.3% - - -
H— Z~ 1.068 - 107° 9.580 .10~ ¢ -10.3% - - -
H-o>wtw™ 1.272-107 ¢ 1.191-10 ¢ -6.3% 2.314 - 1072 2.416 - 1072 14.4%
H—22Z 5.900 - 1072 6.650 - 102 12.7% 1.074-1072 1.349 - 102 25.6 %
H— AA 1.190 - 1010 1.068-107°  10.3% - - -
H— hh 2.680 - 1071 3.337-10" 1 24.5% 4.879 - 1072 6.769 - 102 38.7%
H—ZA 1.709 - 1074 1.533-107% -10.3% - - -
A= bb 7.263 1074 6.831- 10 % -6.0% 8.953-10" % 8.366 - 104 -6.6%
A— Tt 9.737-107° 8.639 - 107° -11.3% 4.019 -107° 3.542 1070 -11.9%
A= utp 3.443 - 1077 2.983 .10 7 -13.4% 1.421-1077 1.223-1077 -13.9%
A= s5 2.603 - 1077 2.379 - 1077 -8.6% 3.447 1077 3.129-1077 29.2%
A ce 3.671-107° 3.322-107° -9.5% 7.841-107° 7.050 - 107° -10.1%
A tE 9.622 10" ¢ 9.710 - 10~ ¢ 0.9% 1.782-107 1 1.786-10" 1 0.3%
A= gg 9.650 - 102 9.714- 1073 0.7% - - -
A yy 3.973-107° 4.000 - 107° 0.7% - - -
A= Z~ 6.741-10"° 6.785 - 10~ ¢ 0.7% - - -
A= Zh 2.723 . 1072 1.846 - 1072 -32.2% 1.124-1072 7.570 - 1072 -32.7%
HY 5 ¢b 6.671-1077 6.537 1077 -2.0% 2.042 1076 1.925 1076 -5.7%
HT =770, 4.986 - 107° 4.720-107° -5.3% 4.746 - 107° 4.322-107° -8.9%
HT = uto, 1.763 - 1077 1.631-1077 -7.5% 1.678 - 1077 1.493-1077 -11.0%
HT 5 ub 4.772-107° 4.579 -107° -4.0% 1.409 - 1078 1.300- 1078 17 %
HY S us 6.672- 1072 6.498 - 1079 -2.6% 2.052- 1078 1.922 1078 -6.3%
HY - cd 8.766 - 10 8.493 1077 3.1% 4.662-10~° 4.345-10"° -6.8%
HT = cs 1.663-107° 1.608 - 1072 -3.3% 8.815-107° 8.200 - 107° _7.0%
HT 5 tb 9.702 - 107! 9.660 - 10! -0.4% 9.203 - 107! 8.815-10" 1 -4.2%
HT Sts 1.659 - 107° 1.651-10"° -0.4% 1.573-1073 1.507-107° 42%
HT 5 td 7.795-107° 7.786 - 1077 -0.1% 7.394.107° 7.105-107° -3.9%
HY S wth 2.600 - 1072 3.012- 1072 15.8% 2.475 - 1072 2.758 - 1072 11.4%
HY 5 wtH 5.028 - 1077 5.227 - 1077 4.0% - - -
HT s wta 1.918.107° 1.994-103 4.0% - - -

Table 7.2.: Higher-order BRs excluding and including electroweak contributions as well
as electroweak parial decay widths at tree level and one-loop order for all decay channels
implemented in 2HDECAY as calculated for the parameter set “P1” defined in Eq. (7.4). The
relative sizes ABR and AT'®W of the BRs and electroweak partial decay widths are defined in
Eqgs. and , respectively. For the computation of all BRs including the electroweak
corrections as well as for the one-loop partial decay widths, the scalar mixing angles are
renormalized in the OS-pinched scheme “pOS°”, cf. Table
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Figure 7.1.: Scenario “P2”: BRs of the heavy CP-even Higgs boson H as a function of mpy
(left) and the CP-odd Higgs boson A as a function of m4 (right) into various OS final states
including both the electroweak and the QCD corrections. For the computation of all BRs,
the scalar mixing angles are renormalized in the OS-pinched scheme “pOS°”, cf. Table

moderately by —6.3 % to —2.2 % compared to the tree-level widths. The computed BRs, both
including and excluding the newly computed electroweak contributions, are compatible with
the BRs of the Higgs boson of the SM, cf. Table 11.3 of [98].

For the other Higgs bosons of the 2HDM, the electroweak contributions to the partial decay
widths and BRs are considerably larger for some decay channels. In the following, we restrict
the discussion to the relative change of the BRs since the discussion about the change of
the electroweak partial decay widths is analogous. In the considered scenario, the decay of
the heavy Higgs boson H is dominated by OS decays into a top quark pair, followed by OS
decays into a pair of SM-like Higgs bosons h as well as into pairs of W* bosons, with BRs
at the level of tens of percents for all three decay channels. Due to the mass values of the H
and A Higgs bosons, the former does not decay OS into A A and hence, this decay mode is
realized only off-shell with a very small BR of (9(10_10). The electroweak corrections change
the BRs relatively by —20.6 % to 24.5 % and are hence sizeable. For the CP-odd Higgs boson
A, the dominant decay mode by far is the decay into a top quark pair. Moreover, the scenario
provides an OS decay of A into a Z boson and the SM-like Higgs boson h with a BR in the
percent level. Like the heavy CP-even Higgs boson, the electroweak corrections to the BRs
of the CP-odd Higgs boson range from —32.2 % to 0.9 % and are sizeable in particular for the
decay into Z h. The charged Higgs boson H* decays dominantly into a top-bottom quark
pair with a BR of 97 %, while the scenario additionally allows for an OS decay of H* into
W h, with a BR at the percent level. In the parameter set “P1”, the decays of HT into W+
and ecither H or A are realized only off-shell with BRs of O(107°) and O(1073), respectively.
The electroweak contributions shift the BRs by —7.5% to 15.8%. The analysis shows that
the electroweak corrections to the partial decay widths and to the BRs are not negligible.
In contrast, especially for the additional Higgs bosons of the 2HDM with respect to the SM,
they can be of relevant size. Consequently, the inclusion of the electroweak corrections is
mandatory of a more precise calculation of the Higgs boson observables.

In order to analyze the sensitivity of the BRs on the 2HDM-specific input parameters and
to compare the electroweak one-loop partial decay widths computed within different renor-
malization schemes for the scalar mixing angles, we consider the second parameter set “P2”
as defined in Eq. . The scenario features a heavy Higgs boson H and a pair of charged
Higgs bosons H* both with masses of O(300 GeV) as well as a comparatively heavy CP-odd
Higgs boson A with a mass of O(500 GeV). Due to the distribution of the masses, the scenario
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Figure 7.2.: Scenario “P2”: Relative correction AT*W as defined in Eq. 1D between the
one-loop and tree-level electroweak partial decay width of the decay channel H — ZZ as a
function of my (left) and of the decay channel A — Zh as a function of m 4 (right) for several
renormalization schemes (for a definition of the abbreviations used, cf. Table .

allows, among other decay modes, for an OS decay of the heavy CP-even Higgs into a pair of
SM-like Higgs bosons h as well as for an OS decay of the CP-odd Higgs boson into tt, Z h and
W*HT final states. In order to analyze the dependence of the BRs on the 2HDM-specific
input parameters, we perform a variation of the masses of the heavy CP-even and the CP-odd
Higgs boson separately, in the ranges specified in the preceding Sec. 6.

Figure shows the electroweak-corrected BRs of all decay modes of the heavy CP-even
Higgs boson H and of the CP-odd Higgs boson A as a function of either my or m4 on the
left-hand and right-hand sides of the figure, respectively, where the color code denotes the
various final states. The dashed vertical lines indicate the value of the respective Higgs mass
corresponding to its initial value defined in the parameter set “P2”, cf. Eq. . As can be
inferred from the plots, the BRs strongly depend on the chosen values of my and m4. For
increasing masses, additional decay channels are realized OS and their corresponding BRs
potentially suppress those of other decay modes. This is the case e.g. for the decay of the
CP-odd Higgs boson A into the Z h final state, with the corresponding BRs exceeding the
BRs of all other decay modes for intermediate values of my between 220 GeV and 330 GeV,
and for the decay of the A boson into the final state Z H for values m4 > 450 GeV. The
heavy CP-even Higgs boson H dominantly decays into pairs of W* or Z bosons for values
of my below 250 GeV. For mpy = 2my, the OS decay of the heavy CP-even Higgs into two
SM-like Higgs bosons becomes kinematically allowed and hence, the BR for this decay channel
becomes relevant for masses my up to approximately 400 GeV. In particular, for scenario
“P2”, this decay channel is the dominant one with a BR of 57%. For values of mpy larger
than 400 GeV, the BR for the decay into W HT final states exceeds the BRs of all other
decay channels.

In order to analyze the dependence of the size of the electroweak one-loop corrections to the
partial decay widths on the renormalization scheme of the scalar mixing angles, we again
perform a numerical analysis with the input parameter set “P2” with the same variations of
the masses my and ma as before. For the analysis performed in this work, we compute the
relative correction ATV defined in Eq. as a function of my and my4 for two specific
decay channels, namely for the decay channels H — Z Z and A — Z h, and for five different

26For some of the figures presented in the following, however, we reduce the range for both parameters for a
better legibility of the plots.
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Figure 7.3.: The difference ATEWX a5 defined in Eq. between the one-loop electroweak
partial decay width of the decay channel H — ZZ computed in several renormalization
schemes “x” (cf. Table for a definition of the abbreviations used) with respect to the one-
loop width as computed in the p,-pinched scheme “p?”. The difference is presented for the
decay channel H — Z Z as a function of my (left-hand side) and for the decay channel
A — Z h as a function of m4 (right-hand side). For the calculation of all values in the plots,

the input parameters were set according to the set “P2”.

renormalization schemes. For each of the five schemes considered in this analysis, the tree-
level and one-loop decay widths entering the calculation of AT*W are always defined in the
same input renormalization scheme. For a direct comparison of the decay widths calculated
within the different schemes, we convert the input parameters as described in Sec. In
Fig. we present the relative deviations ATV between the one-loop and tree-level decay
widths of the two decay channels as a function of my and m4 on the left-hand and right-
hand sides of the figure, respectively. The vertical dashed line indicates the values of mpy
and m4 corresponding to the respective initial values defined as the parameter set “P2” in
Eq. . As can be inferred from the plots, the sizes of the electroweak one-loop corrections
are sensitive on the choice of the renormalization scheme for a large range of the Higgs boson
masses. For the mass values corresponding to the set “P2” for instance, the relative size of the
one-loop corrections AT™W to the process H — Z Z varies between 9 % and 20 % and for the
process A — Z h between —3 % and 7% for the different renormalization schemes considered
here.

In order to get a rough estimate of the remaining theoretical uncertainty of the partial decay
widths due to missing higher-order corrections, we compare the decays widths computed in
different renormalization schemes “x” with the reference scheme that we choose here to be
“p2”. We hence compute the relative difference AT™W* defined in Eq. , where we again
compute the tree-level and one-loop partial decay widths in the same renormalization scheme
“x” for each of the considered schemes. In Fig. we show the relative difference ATEWX
for the same two decay channels analyzed before, i.e. for H — Z Z as a function of my on
the left-hand side and for A — Z h as a function of m4 on the right-hand side of the figure.
As can be inferred from the plots, the relative difference between the widths computed in the
different schemes varies between approximately —4 % and 1% for the former decay channel
and between approximately —1 % and 2 % for the latter decay channel over the whole range of
varied masses presented in the plots. We want to emphasize again that for the computation
of the widths within different renormalization schemes, a parameter conversion as described
in Sec. is performed in 2HDECAY which allows for a consistent comparison of the widths
computed within these different schemes. From the plots, it can be inferred that the relative
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Figure 7.4.: Parameter Set “P3”: The relative size of the electroweak corrections AT*W

as defined in Eq. between the one-loop and tree-level electroweak partial decay width
of the decay channel Ht — W™ h as a function of the tree-level electroweak decay width
Flﬁ?r’svvzh for two different scales on the AT™W axis and for different renormalization schemes
used for the computation of the one-loop widths (left and right).

uncertainty on the one-loop electroweak partial decay widths, estimated from a change of the
renormalization schemes, is of the order of a few percent for the decay channels and points
in parameter space considered.

As briefly mentioned in Sec. some renormalization schemes for the scalar mixing angles
considered in this thesis can lead to numerical instabilities, i.e. their application can lead
to large one-loop contributions to the electroweak partial decay widths. On the one hand,
this numerical instability of the one-loop results can appear in certain regions of parameter
space of the real 2HDM if e.g. the mixing angles o and 5 are set to such values that cer-
tain combinations of these two mixing angles become very small. Since these combinations
typically appear in the denominators of either the genuine one-loop vertex corrections or of
certain CTs of the partial decay widths, such a choice of a and 5 leads to an enhancement
of uncanceled one-loop contributions. On the other hand, an unsuitable choice of mixing
angle CTs can lead to an artificial increase of the one-loop partial decay widths if the mixing
angle CTs themselves become very small or large, leading to uncanceled contributions to the
partial decay width. While the former effect of numerical instability is restricted to certain
corners of parameter space, the latter appears more generally for a large variety of different
parameter sets.

In order to disentangle these two effects for a categorization of a renormalization scheme with
respect to its numerical stability, we perform a numerical analysis on the relative size of the
electroweak one-loop corrections, again quantified through AT®W as defined in Eq. 1} for
15000 different input parameter sets randomly distributed in the parameter space of the real
2HDM denoted by the set “P3”, cf. Sec. The electroweak tree-level and one-loop partial
decay widths are again calculated within the same input renormalization scheme. In contrast
to the analyses performed before, we consider the reference scheme of the mixing angles to
be equal to the input renormalization scheme for each parameter point in the set “P3” and
for each considered renormalization scheme, separately. Consequently, no conversion of the
mixing angles between the different schemes is required since we do not compare the results
computed within the different renormalization schemes directly with each other but instead
analyze each renormalization scheme with respect to its numerical stability separately. In
Fig. we show the relative size AT™W of the electroweak one-loop corrections as a function

of the tree-level partial decay width FII‘{?F’S,VX,I for the decay of a charged Higgs boson H™ into
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a pair of W™ and h bosons for several different renormalization schemes of the scalar mixing
angles. For both plots in the figure, we exclude the region where the tree-level partial decay
width is vanishing since in this case, the measure AT™W becomes very sensitive to the one-
loop corrections and is consequently not a suitable quantity for the estimate of the numerical
stability of the renormalization schemes.

On the left-hand side of Fig. the difference ATV is plotted up to values of & 100 % as
a function of the tree-level width FIIJ{?’II::VVX;«L- The results for the MS scheme, defined in the
framework of the alternative FJ tadpole scheme, mostly lie outside the plotted region with
relative differences up to £ 10000 %. Hence, the MS scheme leads to one-loop corrections to
the partial decay widths that are orders of magnitude larger than the tree-level widths over a
large range of input parameter sets and the loop-corrected decay widths become unphysical.
This reconfirms the analysis performed in for the same decay channel and indicates that
the MS scheme of the scalar mixing angles is an unsuitable scheme for the computation of
partial decay widths and BRs for the decays of the Higgs bosons in the 2HDM?7. Analogously,
the process-dependent scheme “proc2” defined via the loop-corrected decay widths of the decay
channels A — 777~ and h — 77 7~ also leads to huge one-loop corrections. While in this
case the relative differences AT'®W are typically smaller than the ones computed in the MS
scheme, they nevertheless are as large as 1000 % over a large region of the parameter space.
Such huge corrections indicate that the decay widths need to be corrected by e.g. including
two-loop contributions or applying resummation methods, since corrections up to 410000 %
are unphysical at fixed one-loop order, as discussed in Sec. [6.2l Moreover, relative corrections
below —100 % correspond to negative one-loop partial decay widths, which is unphysical as
well. In these cases, the loop-corrected partial decay widths should be discarded and not used
for any phenomenological studies.

For the process-dependent scheme “procl” and the p,-pinched scheme “p2” on the other hand,
the relative corrections are typically orders of magnitude smaller. In order to analyze their
size further, we present on the right-hand side of Fig. again the relative electroweak
corrections ATPW as a function of the tree-level decay widths, but with a smaller range of
the AT®W axis. Apart from the “procl” and “p°” schemes also presented on the left-hand
side of the figure, we moreover present the numerical results for the OS-pinched scheme
“pOS®” and the rigid symmetry scheme “BFMS”. As can be inferred from the plot, the
results for the process-dependent scheme are relatively widespread and can become larger
than 25 % over a wide range of input parameter sets, while most of the results computed in
the two pinched schemes and the rigid symmetry scheme lie in a band within +25 %, with the
majority of the deviations AT®W being between —12 % and 10 %. Consequently, these three
renormalization schemes lead to numerically stable results for the considered decay channel
and for the parameter sets used for the analysis. While we do not show the numerical results
for the other renormalization schemes introduced in Sec. explicitly here, we have verified
that the relative corrections AT™W computed within the other PT-based schemes and the
physical OS schemes are of a similar size as the ones computed in the two pinched schemes
and the rigid symmetry scheme shown on the right-hand side of Fig.

7 Although we only present results for the MS scheme in the alternative FJ tadpole scheme here, we confirmed
that analogous conclusions can be drawn for the MS scheme defined in the standard tadpole scheme. However,
since the latter not only leads to numerically unstable results but moreover also to GFP-dependent partial
decay widths, we do not present the numerical results for this scheme here explicitly.



CHAPTER 8

Conclusion of Part Il

The key objective of Part [II| of this thesis was the calculation of the electroweak one-loop
corrections to the partial decay widths of all Higgs bosons of the 2HDM and the development
of the new computer program 2HDECAY, thereby increasing the precision of the partial decay
widths and BRs of all Higgs boson decays.

To that end, we presented the electroweak Lagrangian and the scalar potential of the 2HDM.
In the mass basis, the model features two CP-even Higgs bosons h and H, one CP-odd Higgs
boson A and the charged Higgs bosons HT together with the corresponding scalar mixing
angles o and f of the CP-even and CP-odd/charged sectors, respectively.

We presented the electroweak one-loop renormalization of the independent parameters of the
2HDM. For the renormalization of the scalar mixing angles, we presented several different
renormalization schemes based on MS conditions, (physical) OS-motivated approaches, rigid
symmetries, process-dependent definitions and on the application of the PT. We characterized
the different schemes with respect to the three desirable criteria of process independence, GFP
independence and numerical stability.

The electroweak partial decay widths of all Higgs bosons of the 2HDM at tree level and one-
loop order were calculated with the newly developed tool 2HDMCalc and the resulting decay
widths were consistently combined with the tree-level and loop-corrected widths provided by
HDECAY 6.52, including state-of-the-art QCD corrections, where applicable, to form the newly
developed Python program 2HDECAY. The program allows for the computation of the BRs and
partial decay widths of all Higgs bosons of the real 2HDM both excluding and including the
newly computed electroweak corrections to the Higgs decays. Being fast, 2HDECAY moreover
enables efficient phenomenological studies on the decays of the Higgs bosons of the real 2HDM.

We demonstrated a compact numerical analysis on the size of the electroweak corrections
implemented in 2HDECAY. To that end, we defined input parameter sets for the real 2HDM
which are compatible with most recent theoretical and experimental constraints. We showed
that the electroweak corrections to the partial decay widths and BRs, in particular for those of
the additional non-SM-like Higgs bosons of the 2HDM, can become sizeable and hence, they
are of importance for the calculation of the BRs and partial decay widths to highest precision.
We presented a comparison of the size of selected one-loop decay widths computed within
different renormalization schemes of the scalar mixing angles, thereby providing an estimate
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of the remaining theoretical uncertainties of the numerical results due to missing higher-order
corrections. For the considered decay channels, we found that the remaining uncertainty is
of the order of a few percent over a large range of chosen input parameter values. Moreover,
we compared the size of the one-loop corrections computed within different renormalization
schemes for 15000 different input parameter sets in order to categorize the schemes with
respect to their numerical stability. For the decay channel considered in this analysis, we
found that the MS and the process-dependent schemes led to numerically unstable results for
a majority of the considered input parameters. On the other hand, the analysis showed that
the PT-based schemes, the physical OS scheme as well as the rigid symmetry scheme lead to
numerically stable results for a majority of all input parameter sets considered.



Part IIl.

Electroweak One-Loop Corrections to
Higgs Boson Decays in the N2HDM






CHAPTER 9

A Brief Introduction to the N2HDM

Part of this thesis is dedicated to the calculation of the partial decay widths of all Higgs
bosons of the N2HDM at tree level and one-loop order in the electroweak corrections, with
the latter being calculated for OS and non-loop induced decays, and their combination with
the state-of-the-art QCD corrections implemented in N2HDECAY in form of a newly developed
program ewN2HDECAY, thereby enabling a more precise calculation of the BRs and partial
decay widths of the Higgs bosons of the N2HDM. In our work, we consider a CP-conserving
N2HDM with an additional discrete Zo symmetry which is softly broken.

We start in Sec. with the introduction of the electroweak Lagrangian of the N2HDM and
all its contributing terms. Since we consider the calculation of the electroweak corrections in
our work, we restrict the introduction of the N2HDM to its electroweak sector. In Sec.
we discuss the scalar potential of the N2HDM in greater detail, focusing on the differences
between the N2HDM and the 2HDM with respect to the extended scalar sector of the former
model. In the subsequent Sec. we briefly discuss the different realizations of the N2HDM
concerning the Yukawa couplings of the Higgs doublets to the fermion sector. This chapter
concludes in Sec. with an overview over the set of independent parameters which are used
for the calculation of the partial decay widths and branching ratios of the Higgs boson decays
in ewN2HDECAY.

9.1. The Electroweak Lagrangian of the N2HDM

We consider a general CP-conserving N2HDM with two additional discrete global Zo
symmetries, one of which is softly broken while the other one is retained as an exact symmetry
of the Lagrangian in the unbroken phase. In contrast to the CP-conserving 2HDM considered
in Part I, the N2HDM contains an additional real SU(2), singlet ®, with weak hypercharge
Y = 0. The electroweak Lagrangian of the N2HDM is given by

LXSom = Lym + Lr + L8PV + Ly + Lar + Lyp (9.1)

Most of these terms are formally equivalent to the ones present in the electroweak Lagrangian
of the 2HDM as defined in Sec. and their explicit forms are presented for the 2HDM
e.g. in from which their forms for the N2HDM can be directly inferred. As for the
2HDM, we use the class of R¢ gauges as a gauge-fixing procedure.
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The scalar Lagrangian EIS\IQHDM of the N2HDM contains the kinetic terms of the scalar fields
as well as the scalar potential. It comprises of all additional contributions stemming from the
gauge singlet which give rise to the additional scalar sector of the N2HDM in comparison to
the 2HDM. We describe these additional contributions to the scalar Lagrangian in detail in
the subsequent Sec. Due to the extended scalar sector and the resulting modified rotation
of the scalar fields from the gauge to the mass basis, the Yukawa Lagrangian Ly containing
the couplings between the fermionic and scalar fields is slightly modified in comparison to the
2HDM as well. We discuss these modifications and present the Yukawa coupling parameters

of the N2HDM in Sec.

9.2. The Scalar Potential

The scalar Lagrangian of the general CP-conserving N2HDM is an extension of the scalar
Lagrangian of the 2HDM presented in Eq. (4.3) which accounts for the additional SU(2),
singlet ®4 contained in the model. The explicit form of the Lagrangian is given by

2
LEIPM =3 (D, @) (DF®;) + (9,85) (9" Ps) — Viaron 4 (9.2)
i=1
where the covariant derivative D), is defined in Eq. (4.2). The explicit form of the scalar
potential is given by
L oog2 1 4, 1 T 2 1 T 2
Viaion = 3m202 + Xe®! + A7 (@@1) 2+ s (@2%) ®% + Vamp - (9.3)
The potential contains the real mass parameter ms and the three dimensionless coupling
constants \; (i = 6,7,8) which, together with the parameters mq1, ma2, mi2 and X\; (i =

1,...,5) stemming from the 2HDM potential Voppwm, are all independent parameters of the
tree-level scalar potential of the N2HDM in the gauge basis.

We impose two discrete symmetries Zo on the Lagrangian of the N2HDM. The first discrete
Zo symmetry is analogous to the 2HDM and corresponds to the invariance of the Lagrangian
under the simultaneous field transformations

(I)l — (1)1 R (I)Q — —‘I)Q R CI)S — (I)S . (94)

We break this symmetry softly by allowing the parameter m%Q to be non-vanishing. The
second discrete Zs symmetry corresponds to the invariance of the Lagrangian under the
simultaneous transformations

P — Dq s Py — Oy s P, —» —D, . (95)
In the realization of the N2HDM studied in our work, this symmetry is retained in the
unbroken phase of the potential.

Analogous to the 2HDM, we introduce two VEVs v; (i = 1, 2) for the two SU(2)1, doublets ®;
and additionally a VEV vy for the SU(2)r, singlet ®;. After EWSB the doublet and singlet
fields can be expanded as follows,

wi wy
D=l otptim | P2 | vtptin | o Pt (90)

V2 V2

where in comparison to the 2HDM we introduced the additional real scalar field ps; which
leads to the presence of an additional CP-even Higgs boson in the N2HDM. The CP-odd and
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charged sectors on the other hand do not change with respect to the 2HDM. Likewise, the
characteristic parameter describing the ratios of the VEVs is given by

_ U2

By inserting the doublet and singlet expansions of Eq. into the scalar potential in

Eq. , we obtain?®

P1
1
Vaerom = 5 (1 p2 ps) Mo | po | + Tip1 + Topo + Teps + -+ . (9.8)
Ps

The application of the minimum conditions leads to the tree-level conditions
T1|tree — Tz‘tree — Ts‘tree -0 (99)

for the three tadpole terms

1 1 1
T = m%lvl — mfgvg + 5)\11):1)) + 5)\345’01’0% + 5)\7’01@3 , (9.10)
1 1 1
T2 = m%QUQ — mfgvl + 5)\1’0% + 5)\3451)%1}2 + §>\8U2U§ s (9.11)
1 1 1
T, = mivs + 5)\61}2 + 5)\70%1}5 + 5)\8@%@8 , (9.12)

where A3y45 is defined in Eq. 1) The minimum conditions can be used to eliminate m%l,

m3, and m? in favor of the tadpole terms and the other parameters of the scalar potential.

The 3 x 3 mass matrix Mi introduced in Eq. is given by

Ty
m12 +>\1U1 —m%2+>\34501112 A7V1Vs o 0 0
T
Miz —m12+)\345v1212 m12 +)\2v2 Asvaug | T 1 O o 0 , (9.13)
T
A7U1Vs )\81}2?}3 )\67)3 0 O vfs
S

while the mass matrices /\/l% and M2 of the CP-odd and charged scalar fields are the same
as the ones presented for the 2HDM in Egs. (4.29) and (4.30), respectively. We transform
the scalar potential from the gauge basis to the mass basis by means of the CP-even 3 x 3
rotation matrix

Ca; Cas S Can Sas
R=1| - (Ca1 SazSaz t Salcas) Ca;Caz — Sa1SazSas CazSas ’ (9'14)
—CaiSasCaz T Sa;Sas  — (6041 Saz T Say 5a2ca3) CazCas

where we introduced the three CP-even scalar mixing angles «; (i = 1,2,3), as well as by
means of the CP-odd and charged 2x2 rotation matrices Rg, and Rg,_, respectively, generically

*8Here and in the following, we do not explicitly introduce a superscript “N2HDM?” for indicating that the
parameters, tadpole terms, etc. differ with respect to the corresponding quantities presented for the 2HDM in
Sec. Instead, the difference of the parameters between the two models is implicitly understood.
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defined in Eq. (4.31). Analogously to the CP-odd and charged sectors, the rotation matrix
R transforms the CP-even mass matrix into the diagonal form

m%h 0 0 TH1H1 TH1H2 TH1H3
EREM%RQ =1 0 my, O |+ |Twmw Toome Troms | - (9.15)
0 0 mjp, Thbs THyHs THyH],

where we introduced the squared masses m%{Z (i = 1,2,3) and rotated tadpole parameters as
T .
Thp, = Rleyl + RZ2R32 +Rz3R]3* (i, =1,2,3) . (9.16)

Per convention, we impose an ordering of the CP-even Higgs bosons with ascending mass,
H, < mmy, < mg; . (9.17)

The CP-even rotation matrix R transforms the fields in the gauge basis into the physical
Higgs boson fields H; via the transformation

H,y p1
Hy|=R|p| - (9.18)
Hj Ps

Together with the CP-odd Higgs boson A and the charged Higgs bosons H™, these form
the mass basis of the scalar potential. The dimensionless coupling constants \; (i = 1, ...,8)
of the unbroken scalar potential are connected to the parameters in the mass basis via the

relations

1
AL = 71)20% [Z m¥y, R} — m12] : (9-19)
1
)\2 = /UQS% ZmH R m12 5 (920)
Mg = — Z Rip + 2 L 2 (9.21)
= — m3 R R; mie — ——m , .
P2 | 58C8 = Hy 7l a2 H* spcp 12
1 r 2
M= — -2 9.22
4 U2 S8€C + mA mHi:| ’ ( )
1 [m?
Ae = — 12 2 92
i ] (9.23)
)\6 = 2 ZmH Rz3 y (924)
1
)\7 = v cﬂ Zm%{iRﬂRig y (925)
TP =1
1 3
)\8 = Zm%[iRiQRig . (9.26)

VUSSR
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RH,VV RH;VH
Hy CazCB—on —Caz$p—ay
Hy —50,503C8-01 + CaySB—a1  SasSazSp—ar T CazCh—ay
Hj TSaCa3Ch—ar T SazSf—ar  SaxCazSB—a1 T SazCh-ay

Table 9.1.: Definition of the coupling factors kp,vyv and Ag,yg which characterize the
interaction between a CP-even Higgs and two gauge bosons as well as pairs of WT H* and
Z A, respectively.

All other relations concerning the CP-odd and charged sectors are the same as in the 2HDM
and presented in Sec. Especially, the masses of the Goldstone bosons G° and G*, be-
fore and after the introduction of the gauge-fixing Lagrangian, as well as the masses of the
corresponding Faddeev-Popov ghosts and gauge bosons are unchanged.

Due to the extended CP-even sector in the N2HDM, the coupling constants between the Higgs
bosons and the gauge bosons are modified in comparison to the SM. The Feynman rules
corresponding to the tree-level interaction of a CP-even Higgs boson H; with two massive
gauge bosons V (V = W=, Z) is given by

LG KH,VV JhsnVV (9.27)

where gjg,,vv denotes the SM coupling factor, while for the interaction of a CP-even Higgs
boson H; with either Z A or WT H*, the Feynman rules are given by

m ~
TZ(pHi — PA)uRH,VH ; (9.28)
Timy ~
(PH, — PHE)uFHVH (9.29)

where p, (z = H;, A, HF) denotes the four-momentum of the corresponding particle. In

Table[9.1, we present the coupling factors kp,vyv and Ag,vy. For later convenience, we
)

moreover introduce the short-hand notations (’)gi H, (x = 1,2,3) for combinations of the
coupling constants between the Higgs bosons and the gauge bosons,

OWly, = v kv (9.30)
Oﬁ?Hj = KH;VV KH;VV , (9.31)
Oy = kv Fayve (9.32)

The 2HDM limit of the N2HDM is obtained by simultaneously applying the limits

ap — a+%, (9.33)
ay — 0, (9.34)
vs —> 00 . (9.36)

With this phase convention, the mixing angle a1 of the N2HDM is related to the mixing angle
a of the 2HDM and the Higgs bosons are assigned as H; — h and Ho — H. In the 2HDM
limit, all contributions stemming from the SU(2), singlet ®4 and the corresponding physical
Higgs boson Hs decouple and the particle spectrum of the 2HDM is obtained.
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N2HDM type Y] Yy vi v v Yy v¢ oy

I Rizfs;  Razfsg  Rsafsy  1fty  Rizfsy  Roafsy Rsafsg 1/t

11 Rll/cﬁ R21/Cﬁ 331/013 —tﬁ R11/c/3 R21/cﬂ R31/cﬂ —tg

lepton-specific  Riifes Raifeg  Rsifes —tg  Rizfsy  Roafsy  Razfsg 1t

flipped Rizfss  Raafsy  Rsafsy  1fts  Bufeg Rarfeg Rsife, —tg

Table 9.2.: Introduction of the Yukawa coupling parameters for each type of the N2HDM
considered in this work.

9.3. The Yukawa Couplings and the Four Types of N2HDMs

The Yukawa Lagrangian Ly, connects the scalar sector of the N2HDM with the fermion
sector. Since the singlet field @4 does not directly couple to the fermion doublets and singlets,
the description of the Yukawa Lagrangian is analogous to the corresponding Lagrangian in
the 2HDM as presented in Sec. Due to imposing the discrete Zy symmetry on the two
Higgs doublets, which is only softly broking in the case of a non-vanishing term m2,, there are
four different possibilities of coupling the two Higgs doublets to the fermions as presented in
Table [4.1l Analogous to the 2HDM, the softly broken Zg symmetry leads to the assignment
of exactly one Higgs doublet per fermion field type and consequently, the N2HDM considered
in our work is free of FCNCs at tree level.

While the Yukawa Lagrangians of the 2HDM and N2HDM are formally the same, the coupling
constants of the physical Higgs bosons H; to the fermions f nevertheless differ between the
two models due to the extended CP-even sector, parametrized by the CP-even rotation matrix
in Eq. . In our work, we parametrize the Yukawa coupling constants through Yukawa
coupling parameters Yif (i = 1,...,4) as defined by the corresponding terms in the Yukawa
Lagrangian,

24

3
m — m > _
Lyax D =y YDyt =L Y0 s A (9.37)
i=1

where [ ;(/f denotes the third component of the weak isospin of the corresponding fermion field
Yy. In Table we present the explicit values of Yif for each type of N2HDM.

9.4. Set of Independent Parameters

We conclude this chapter with a presentation of all independent parameters necessary for the
calculation of the electroweak one-loop corrections to the decay widths of the Higgs bosons in
the N2HDM with the newly developed computer program ewN2HDECAY, further described in
Chapter To that end, we combine the electroweak one-loop corrections with the state-of-
the-art QCD corrections implemented in the computer program N2HDECAY. As described in
Sec. for the 2HDM, N2HDECAY analogously requires the electromagnetic coupling constant
Qe (0) in the Thomson limit, the strong coupling constant a5 as well as the total decay widths
I'y and Tz of the W™ and Z bosons. These, together with the parameters required for the
evaluation of the electroweak one-loop corrections, are combined into the set of independent
parameters in the mass basis of the N2HDM as used in our work,

2
{Gr,as,T'w, Tz, aem, mw, mz,my, Vij, tg, mia, Vs, 1, 2, 3, MUE, , M Hy , MHS, (9.38)

ma, my+} .
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For the calculation of the electroweak corrections, most of these input parameters require
renormalization. In the subsequent Chapter we present the electroweak renormalization
of these parameters.






cHAPTER 10

The Renormalization of the N2HDM in a Nutshell

The calculation of the electroweak one-loop corrections to the partial decay widths of the
Higgs bosons of the N2HDM entails the computation of UV-divergent loop integrals. As
discussed in Sec. in general, we regulate these UV divergences by means of DREG. For
the renormalization of these UV divergences, we adopt the schemes applied to the independent
parameters of the 2HDM in Chapter [5/and extend them to account for the additional CP-even
Higgs boson in the N2HDM. Since these two models mainly differ with respect to their CP-
even sectors, we restrict the discussion of the renormalization of the N2HDM to the differences
arising through its extended scalar sector in the following.

Starting with Sec. we recapitulate the importance of the proper renormalization of the
minimum conditions of the scalar potential with respect to GFP-independent one-loop partial
decay widths. In the subsequent Sec. we present the renormalization of the gauge, scalar
and fermion sectors while the renormalization of the four scalar mixing angles of the N2HDM
is presented in Sec. Finally, in Sec. and Sec. we present the MS renormalization
of the soft-Zso-breaking scale m%z and the singlet VEV wv,, respectively.

10.1. Renormalization of the Tadpoles

As discussed in detail in Sec. for the 2HDM, the proper application of the minimum
conditions of the scalar potential beyond tree level is crucial for the formulation of GFP-
independent renormalization schemes for the scalar mixing angles as well as for obtaining
GFP-independent partial decay widths at the one-loop level. The corresponding treatment
of the vacuum structure of the scalar potential, or equivalently of the tadpole terms, can be
directly transferred to the case of the N2HDM. Since we discussed both the standard and the
alternative FJ tadpole scheme in detail in Sec. for the 2HDM, we only recapitulate the
key ideas behind the two approaches in the following.

In the commonly applied standard tadpole scheme, we introduce CTs for the tadpole terms
defined in Egs. (9.10) to (9.12) by splitting the bare tadpole terms into renormalized tadpole
terms and their corresponding CTs,

T, > T+ 6T, (i=1,2,5s). (10.1)
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The renormalization conditions imposed on the tadpoles in the standard tadpole scheme are
given by
T,=0G=1,2s) |, (10.2)

thereby minimizing the loop-corrected potential. As a consequence of this condition, no
explicit tadpole topologies have to be considered in a one-loop calculation with the exception
of the appearance of the rotated tadpole CTs 6Ty, n; (7,7 = 1,2,3) in the CTs of the scalar

mass matrices. We present their explicit forms in Egs. (C.5) to (C.11).

In the alternative FJ tadpole scheme, extended to the N2HDM for the first time in the course
of this thesis and published in , the proper minima of the scalar potential are defined
through the GFP-independent tree-level scalar potential. In order to account for the proper
minimization of the NLO potential, the VEVs receive the shifts

v = v +ov;  (1=1,2)s), (10.3)

with the VEV CTs dv;. In the alternative FJ scheme, we impose the renormalization condition
that the VEVs v; on the right-hand side of Eq. correspond to the tree-level VEVs which
represent the proper minima of the potential. Thereby, the CTs dv; of the VEVs are connected
to tadpole diagrams as shown in Eq. and as a consequence, tadpole diagrams have to
be considered in the calculation of all self-energies and vertex corrections. We summarize the
effects of this alternative treatment of the minimum conditions in App.|C.1

Since the VEVs defined in the alternative FJ tadpole scheme are manifestly GFP-independent
quantities, the mass CTs defined through these VEVs become GFP-independent as well.
In the alternative treatment of the tadpoles, a GFP-independent definition of the scalar
mixing angle CTs is required. Providing such GFP-independent renormalization schemes,
cf. Sec. allows for the calculation of partial decay widths at electroweak one-loop level
which become manifestly GFP-independent quantities as well.

10.2. Renormalization of the Gauge, Scalar and Fermion Sec-
tors

We perform the renormalization of the gauge, scalar and fermion sectors mostly in the OS
scheme. Due to the similarities of the gauge and the fermion sectors of the N2HDM and the
2HDM, we restrict the presentation of the renormalization to the differences between the two
models.

Renormalization of the gauge sector

The gauge sectors of the N2HDM and 2HDM are identical. As a consequence, we can directly
adopt the renormalization of the gauge sector in the latter model, presented in Sec. to
the N2HDM. The explicit forms of the corresponding CTs are given in App.|[C.2]

Renormalization of the scalar sector
The masses and the fields corresponding to the CP-even Higgs bosons of the N2HDM are
promoted to one-loop order by introducing CTs and WFRCs as follows,

m%{i — m%{i + 5m%{i , (10.4)
" |+ 0Zm e 0ZH H, 0ZH, H,

1 2 2 2 Hy
| - 521;}11 m 5ZI;2H2 521;2113 H | - (10.5)
Hj 5ZH3H1 5ZH3H2 1+ 5ZH3H3 Hs

2 2 2
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These CTs and WFRCs of the CP-even sector are directly given by applying the generic
formulae for the OS renormalization of scalar multiplets presented in Egs. to (3.14).
Since the CP-odd and charged sectors of the N2HDM do not change with respect to the
2HDM, they are promoted to one-loop order as described in Sec. The explicit forms of
the CTs and WFRCs of all scalar fields of the N2HDM are presented in App.|C.3

Renormalization of the fermion sector

The introduction of WFRCs for all fermionic fields and the promotion of the fermion masses
and the CKM matrix elements to one-loop order is exactly analogous to the 2HDM. For the
Yukawa coupling parameters defined in Table we introduce renormalized parameters and
their CTs as follows,

v/ - v/i+ev) (r=14d). (10.6)

The fermion WFRCs and mass CTs are renormalized in the OS scheme, while for the CKM
matrix elements, we adopt the manifestly GFP-independent scheme presented in [236]. The
explicit forms of all WFRCs and CTs of the fermion sector, together with explicit expressions
for the CTs of the Yukawa coupling parameters 5Yif (f =1,d), are given in App. .

10.3. Renormalization of the Scalar Mixing Angles o; and j3

We promote the scalar mixing angles a; (i = 1,2,3) and 8 to one-loop order by splitting
them up into renormalized mixing angles and CTs as follows,

a; — a; + day (Z =1,2, 3) , (10.7)
B—B+05. (10.8)

As for the scalar mixing angles in the 2HDM, renormalizing «; and 8 in the N2HDM is
non-trivial since there is no obvious renormalization scheme that connects the CTs to e.g. ob-
servables as it is the case for OS-renormalized masses. In our work, we adopt the three
desirable criteria for a renormalization scheme of the mixing angle 5 as presented in [23§],
namely GFP independence, process independence and numerical stability, and use them as a
guideline for the renormalization of all four scalar mixing angles in the N2HDM. Some of the
renormalization schemes for the mixing angle CTs considered in this chapter resemble the ones
presented in Sec. for the 2HDM. Hence, we only briefly present these adopted schemes in
the following. All renormalization schemes presented in this section are implemented in the
newly developed computer program ewN2HDECAY.

MS scheme

The simplest choice of renormalizing the angles «; and £ in the N2HDM is the renormalization
via MS conditions. As analyzed in for the 2HDM, such a scheme can lead to
one-loop partial decay widths which commonly become orders of magnitude larger than the
corresponding widths at tree level. Consequently, we expect similarly large NLO corrections
to appear in the N2HDM when the MS scheme is imposed on the renormalization of the mixing
angles. Moreover, we want to emphasize that the MS scheme in the framework of the standard
tadpole scheme leads to manifestly GFP-dependent one-loop decay widths. Nevertheless, we
implement this scheme in ewN2HDECAY as a reference for a numerical comparison with results
computed in other renormalization schemes. Technically, imposing MS conditions on the
mixing angle CTs da; and §8 is equivalent with allocating solely the UV-divergent parts
proportional to A as defined inEq. to them while setting their finite parts to zero.
As a consequence of these MS conditions, the mixing angle CTs become dependent on the
renormalization scale pr at which they are defined. The resulting CTs in the MS scheme are
presented in App. |C.5.1
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Adapted KOSY scheme

The KOSY scheme, proposed for the CTs of the scalar mixing angles of the 2HDM in ,
can be adapted to the extended scalar sector of the N2HDM in a straightforward way. The
key idea of the scheme is the connection of the scalar mixing angle CTs to off-diagonal scalar
WFRCs by temporarily switching between the gauge and mass bases of the scalar sector. As
a consequence, the CTs «; and § are connected to the off-diagonal WFRCs of the CP-even
and CP-odd or charged sectors, respectively. In the framework of both the standard and
the alternative FJ tadpole scheme, these WFRCs contain intricate GFP dependences which
remain uncanceled in the calculation of a decay amplitude containing either of the mixing
angle CTs. As a consequence, the adapted KOSY scheme leads to manifestly GFP-dependent
partial decay widths at one-loop order. Nevertheless, we consider this scheme in our work and
implement it in ewN2HDECAY as a reference, since the one-loop corrections to the decay widths
calculated in this scheme are typically of moderate size and hence, the scheme is considered
to be numerically stable. The explicit expressions for the CTs da; and § in the adapted
KOSY scheme, defined both within the standard and the alternative FJ tadpole schemes, are
presented in App.[C.5.2

ps«-pinched scheme

In order to retain the OS-motivated definition provided by the adapted KOSY scheme without
introducing intricate GFP dependences into the calculation of the one-loop partial decay
widths, the p,-pinched scheme, based on the pinch technique, can be extended from the
2HDM to the N2HDM as worked out for the first time in this thesis and as published in .
The scheme relies on the application of the alternative FJ tadpole scheme which requires
a manifestly GFP-independent definition of the scalar mixing angle CTs. By replacing the
self-energies appearing in the definitions of the CTs d«; and J8 in the adapted KOSY scheme
with the pinched scalar self-energies of the N2HDM, the mixing angle CTs become manifestly
GFP-independent quantities themselves and as a consequence, the one-loop partial decay
widths calculated in this scheme become GFP-independent as well. The pinched scalar self-
energies differ from the self-energies £ (p?) in the alternative FJ scheme by additional terms
Eadd(pz). However, at the p, scale defined in Eq. , these additional terms identically
vanish and as a consequence, the mixing angle CT's are solely defined through the self-energies
ytad (pf) In App. we present the explicit forms of the CTs da; and 45 in the p,-pinched
scheme.

OS-pinched scheme

The OS-pinched scheme differs from the p,-pinched scheme solely by the scale p? at which the
pinched self-energies are evaluated. In this scheme, the scales used in the off-diagonal WFRCs
resemble the scales used in the adapted KOSY scheme. Due to this, the aforementioned
additional self-energy contributions Eadd(pQ) contained in the pinched self-energies, derived
for the N2HDM for the first time in the course of this thesis and as published in , need
to be taken into account. In contrast to the 2HDM, these additional contributions are UV-
divergent by themselves. However, in the definition of the mixing angle CTs they appear
solely in UV-finite combinations and hence they retain the UV finiteness of the one-loop
partial decay widths. The analytic forms of da; and 65 in the OS-pinched scheme together
with the additional self-energy contributions %244 (p?) are presented in App.

10.4. Renormalization of the Soft-Z,-Breaking Parameter m?,

The soft-Zs-breaking parameter m%Q is promoted to one-loop order by splitting it into its
renormalized parameter and its CT,
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In our work, we choose to renormalize m3, in the MS scheme, i.e. dm?, contains only UV-
divergent parts proportional to A, cf. Eq. . Since m%Q is a genuine parameter of the
N2HDM potential in the unbroken phase, its CT is independent of the tadpole renormalization
and consequently, the UV-divergent terms allocated to (5m%2 do not differ in both tadpole
schemes. We present their explicit forms in App. m Due to the MS renormalization of m%Q,
both the CT of the parameter as well as the parameter itself depend on the renormalization
scale ug at which the parameter is defined.

10.5. Renormalization of the Singlet Vacuum Expectation Value
Vs

The last remaining parameter of the N2HDM that requires renormalization is the singlet
VEV v,. We split the parameter into its renormalized value and its CT according to

Vs = Vs + Avg (10.10)

where we used the notation Av, to distinguish the additional CT Aw of the tree-level VEV
vs from the shift of the tadpoles introduced in Eq. which accounts for the proper
minimum of the potential. This distinction is also applied for the doublet VEVs v and wvs.
Once these two VEVs are shifted via dv; and dvy through Eq. (10.3), they are connected to
the renormalized VEV v via Eq. . In the alternative tadpole scheme, the renormalized
VEV v™" corresponds to the tree-level VEV v which, by means of Eq. , can be
expressed in terms of the independent parameters myy and g as follows,

2mW tree

9

__ ,,tree

VM py =0 = (10.11)

After the shift of the VEVs is performed, the tree-level parameters myy and g still need to be
renormalized by replacing them with their renormalized values and their corresponding CT's,

ren+ 2my <5m12/V - 59)
FJ g \2my g

QmW tree

g

2myy
g

(10.12)

FJ

=Av

We want to emphasize that Av is unrelated to dv; and dvs, which can also be inferred from
their different divergent structures.

For the singlet VEV v, we similarly distinguish between dvs and Awvs. In the alternative
tadpole scheme, dvs corresponds to the shift of the singlet VEV as shown in Eq. and
the renormalized VEV v equals the tree-level VEV v°®. Subsequently, the tree-level VEV
is renormalized by the CT Aw, which we renormalize in the MS scheme. In the standard
tadpole scheme on the other hand, no VEV shift Jvy is introduced and only the additional
VEV CT Aw, needs to be specified. Within the standard tadpole scheme, it was shown in [266)]
that such an additional CT of the VEV can contain at most UV-finite contributions if the
Lagrangian contains a rigid symmetry with respect to the field which corresponds to the VEV.
In the N2HDM, this is precisely the case for the SU(2); gauge singlet 5. Consequently, in
the standard tadpole scheme Aw, is UV-finite and in this case, we choose to set the finite
part of the CT to zero. In App. [C.7, we present an overview of the definition of Avy in both
tadpole schemes.






cHAPTER 11

Calculation of Higher-Order Higgs Boson Decays with ewN2HDECAY

In this chapter, we present the calculation of the electroweak one-loop corrections to the
partial decay widths and BRs of all Higgs bosons of the N2HDM and present the computer
program ewN2HDECAY which allows for a subsequent numerical analysis on the size of the
electroweak corrections. Due to the numerous decay channels that are considered and the
large amount of Feynman diagrams contributing to the decay amplitudes at one-loop level,
their calculation is automated as much as possible.

In Sec. we present all Higgs boson decay channels considered in our work for the cal-
culation of the electroweak one-loop corrections. We briefly introduce the computer program
N2HDMCalc which allows for the automated calculation of the electroweak partial decay widths.
In the subsequent Sec. we describe the computer program ewN2HDECAY which combines
the electroweak corrections computed with N2HDMCalc with the state-of-the-art QCD correc-
tions from N2HDECAY. Since ewN2HDECAY is structurally very similar to 2HDECAY and the as-
pects of combining the electroweak corrections with the corrections implemented in N2HDECAY
is analogous to the connection with HDECAY for the 2HDM, we only briefly recapitulate the
key ideas of the combination here.

11.1. Calculation of the Electroweak Decay Widths with N2HDM-
Calc

We consider the OS decays of all Higgs bosons of the N2HDM that are not loop-induced,
i.e. for the calculation of the electroweak corrections, we consider the following decays at tree
level and one-loop order:

Hi/Hy/H3/A — ff  (ff=

H\/Hy/Hy — VV (VV = Z2Z, WEWT) |
H\/Hy/Hy — VS (VS =ZA WrHT) |
H\/Hy/H3 — SS (SS = AA H*HT) |

Hy — HiH; ,

s5, ce, bb tt, pput, T 1T)

)

Hy — HiH; ,
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Hy; — Hs Hsy ,

H3 — HiHy ,
e HY — VS (VS =W*H, WEHy, WEHs, WFA) |

HY — ff (ff=us ub,cd, c5 cbtd t5 thv,pu",v,7") |
e A — VS (VS=ZH,, ZH,, ZHs, WEHT) .

In N2HDMCalc, we moreover compute the decays of the Higgs bosons into pairs of first-
generation fermions:

o Hi/Hy/H3/A — ff (ff=wudd e e),
e HY — ff (ff =ud veeh)

Since these decays are overwhelmed by Dalitz decays S—f f(l) ~v (S = Hy,Hy, Hs, A, Hi),
induced e.g. by the off-shell v* — f f splitting, they are not considered for any computations
performed in ewN2HDECAY, however.

The calculation of the partial decay widths at tree level and one-loop order is analogous to
the corresponding calculations in the 2HDM, described in Sec. Therefore, we only briefly
recapitulate the key points of the calculation. All Feynman diagrams and corresponding decay
amplitudes of the Higgs decays are generated with the help of the Mathematica package
FeynArts 3.9 [248]. The FeynArts model file of the real N2HDM required for generating the
amplitudes is obtained from SARAH 4.14.0 with slight modifications added by hand
to account for the four different types of the N2HDM, cf. Sec. The traces over the spinor
structures and the reduction of all tensor integrals to the basic set of 't Hooft-Veltman scalar
integrals is performed with the help of FeynCalc 8.2.0 [250,251]. Moreover, all tadpole
and self-energy diagrams required for the definition of the CTs and WFRCs are generated with
FeynArts and simplified with FeynCalc, as well. All analytic results are combined to form
the electroweak partial decay widths at tree level and one-loop order according to Eqs.
and (3.23). For the numerical evaluation of the latter, we link LoopTools 2.15 [252]. For all
decays involving charged particles in the initial or final state, we moreover include the generic
formulae for the real corrections to the decay widths presented in [182}[183], applied to the
case of the N2HDM decays. The IR divergences stemming from the virtual massless photons
as well as from the radiated real photons are regulated by introducing a infinitesimal photon
mass as a regulator. The newly developed computer program N2HDMCalc allows for a semi-
automated computation of all aforementioned steps and automatically produces Fortran 90
code for all analytic results. N2HDMCalc can be downloaded from

https://github.com/marcel-krause/N2HDMCalc .

In the repository, we provide analytic results of all partial decay widths at LO and NLO,
including analytic formulae for the tadpole diagrams, self-energies and vertex corrections
through which the CTs and WFRCs are defined.

11.2. Description of ewN2HDECAY

The analytic results of the OS electroweak partial decay widths provided by N2HDMCalc are
integrated into the newly developed tool ewN2HDECAY which can be downloaded from

https://github.com/marcel-krause/ewN2HDECAY .
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It combines the electroweak corrections in a consistent fashion with all corrections already
implemented in N2HDECAY? , consisting of

e state-of-the-art QCD corrections to the partial decay widths, where applicable,

e the calculation of the loop-induced decays into the final states g g, v~ and Z -, where
apart from the final state Z v, higher-order QCD corrections are taken into account and

e the calculation of the following off-shell partial decay widths consisting of one particle
in the final state which is considered off-shell®’, denoted by an asterisk,

@)

@)

o

@)

Hi/Hy/H3/A — "1

Hi/Hy/Hy — Z*A |

Hy/Hy/H3/A — W HT |

Hy/Hy/H3 — WEWT* |

Hy/Hy/Hy — Z*Z*

H* — W* S (S=H, Hy, H3, A) ,
HY — ¢F (f=d,50) ,

A — Z*S (S=H, Hy, H3) ,

For the calculation of the decay modes containing off-shell top quarks in the final state, the
required total width of the top quark is calculated internally in N2HDECAY.

Structure of ewN2HDECAY

In Fig. we depict the flowchart of the program ewN2HDECAY, consisting of the main
wrapper file ewN2HDECAY . py written in Python. The wrapper iterates over all provided input
files. For each selected file, N2HDECAY is called first in a minimal run in order to convert the
provided MS charm and bottom quark masses to their OS values. These, together with all ad-
ditional input parameters provided in the selected input file, are then used for the calculation
of the electroweak partial decay widths at tree level and at one-loop order in the EW correc-
tions in the subprogram electroweakCorrections. Subsequently, the wraper calls N2HDECAY
in a second run in which all aforementioned state-of-the-art QCD corrections are computed
and consistently combined with the electroweak corrections. Finally, the wrapper produces
two output files for each selected input file. One file containing the BRs with and without
electroweak contributions and one file containing the OS and non-loop-induced partial decay
widths at tree level and one-loop order in the electroweak corrections, denoted by “BR” and
“EW” in Fig. respectively. The latter file is particularly useful for studying the renor-
malization scheme dependence of the electroweak one-loop corrected partial decay widths.
As described generically in Sec. the consistent comparison of the electroweak one-loop
corrected partial decay widths evaluated within different renormalization schemes requires
the conversion of the input parameters between the compared renormalization schemes. In
ewN2HDECAY, 10 different renormalization schemes for the scalar mixing angle CTs are imple-
mented. Moreover, the MS input parameters m?3, and v, (and and also the mixing angles «;
(i =1,2,3) and f8 in case that an MS scheme is chosen for their renormalization) are defined
at an arbitrarily chosen renormalization scale pr, while the computation of the partial decay
widths is performed at the arbitrarily chosen scale pout. In case that the two scales are chosen
to be different, an additional scale evolution of the MS parameters from pp to poyt is required.

The program package N2HDECAY can be downloaded from https://www.itp.kit.edu/ "maggie/N2HDECAY/.

3ONote that in N2HDECAY, the calculation of Higgs decays including off-shell Higgs bosons is disabled. These
decays are included in HDECAY for the approximation that the off-shell Higgs bosons dominantly decay into bb
final states, which is not justified for the additional Higgs bosons of the N2HDM in all ranges of parameter

space.
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analytic results
N2HDMCalc.py
I —————— e T — X
5 t GNZHDECAY }
ewN2HDECAY .py
Y
N2HDECAY
(minimal run)
|
|
| 4
! LO
! > _ EW 1-loop
! electroweakCorrections
[ —— »]
Y
output file (BR) LO
Output ﬁle (EW) _______ NQHDECAY QCD
(full run) f)ﬁ_SheH
: loop-induced
I
i loop-corrected
1

Iterate over all input files

List of output files

Figure 11.1.: Flowchart of ewN2HDECAY. The program consists of a main wrapper file
ewN2HDECAY . py which iterates over all input files provided by the user. For each input file,
the wrapper calls the subprograms N2HDECAY and electroweakCorrections. The program
creates two output files for each input file, one containing the electroweak partial decay widths
(EW) and one containing the BRs with and without the electroweak corrections (BR).

Combination of the electroweak corrections with N2HDECAY

Comparing the flowchart with the one of 2HDECAY in Fig. reveals the narrow relationship
between the two programs. In fact, large parts of the program code of ewN2HDECAY are directly
inherited from 2HDECAY. Moreover, due to the similarities of the codes N2HDECAY and HDECAY,
the combination of the electroweak corrections with N2HDECAY can be analogously described
as in Sec. for 2HDECAY. Consequently, we only briefly recapitulate the important aspects
of the combination in the following.

While the electroweak corrections use the fine-structure constant aem(myz) at the Z boson
mass as independent input, N2HDECAY requires the Fermi constant G g for the calculation of the
state-of-the-art QCD corrections. For the conversion between the two schemes, higher-order
corrections in the conversion formulae would need to be included. Since these conversion
formulae are not implemented yet, we chose instead a pragmatic approximate solution in
ewN2HDECAY where we do not implement a full conversion between the two input schemes
but instead calculate the Fermi constant G%‘?lc as a function of the gauge boson masses myy
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1D Scheme Abbreviation Tadpole scheme day Y53
1/2  Adapted KOSY  KOSY®/*® standard (C.26)-(C.28) (C.29)/(C.30)
3/4 Adapted KOSY  KOSY?¢  alternative FJ  (C.31)-(C.33) (C.34)/(C.35)
5/6 ps-pinched pi/c alternative FJ  (C.36)-(C.38) (C.39)/(C.40)
7/8 OS-pinched pOSo/c alternative FJ  (C.42)-(C.44) (C.45)/(C.46)

9 MS MS(stand) standard (C.24) (C.25)

10 MS MS(FJ) alternative FJ (C.24) (C.25)

Table 11.1.: Renormalization schemes of the four scalar mixing angles a; (i = 1,2,3) and 8
of the real N2HDM used for the numerical analyses in Sec. together their abbreviations
and the equations through which the mixing angle CTs are defined in each scheme.

and mz and aem(myz) by means of Eq. . We expect the numerical differences for the
decay widths calculated within the two schemes to be small. For consistently matching the
electroweak decay widths with the ones computed in N2HDECAY, we consequently rescale the
latter by powers of GS¢/G ., where applicable. As for 2HDECAY, the fully combined partial
decay width is then given by Eq. , where we again assume that both the electroweak and
the state-of-the-art QCD corrections factorize. Since we calculate the electroweak corrections
only for non-loop-induced OS decays while the state-of-the-art QCD corrections implemented
in N2HDECAY moreover contain decay widths for off-shell and loop-induced decays, we want to
emphasize that the factorized electroweak contributions 6V given in Eq. are only taken
into account if the considered decay channel is OS and not loop-induced. In all other cases,
only the state-of-the-art QCD contributions d9°P are taken into account and the partial
decay widths are calculated as given by Eq. . The calculation of the partial decay widths
for all of the aforementioned cases is presented as an overview in Table for 2HDECAY which
analogously applies to ewN2HDECAY as well. The BRs of all decay channels are subsequently
calculated separately without and with the electroweak corrections by N2HDECAY via analogous
relations as the ones shown in Egs. and for 2HDECAY, respectively.

Input file format

Since the input file format of ewN2HDECAY is similar to the one of 2HDECAY presented in
App. we restrict the presentation of the former to the differences with respect to 2HDECAY
in the following. The key difference between the input files of the two programs lies in the
extended scalar sector of the N2HDM with respect to the 2HDM. In the following listing, the
relevant differences in the input file are shown, together with the corresponding line numbers
in the input file:

N2HDM

10 =1

80 MH1 = 125.09D0

81 MH2 = 286.094DO0
82 MH3 = 648.564D0
83 alphal = 0.909079D0
84 alpha2 = -0.155397D0
85 alpha3 = -1.54459D0
86 V_SING = 2440.84DO0

The input parameter N2HDM is analogous to the parameter 2HDM for 2HDECAY and in order
to calculate the BRs and partial decay widths for the N2HDM in ewN2HDECAY, the value
N2HDM = 1 has to be set. In contrast to 2HDECAY, the input value PARAM = 1 is always set
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Line Input name Name in Chapter ‘9‘ Allowed values and meaning

80 MH1 MH, mass of the CP-even Higgs boson Hy in GeV
81 MH2 mp, mass of the CP-even Higgs boson Hy in GeV
82 MH3 MH, mass of the CP-even Higgs boson Hs in GeV
83 alphal %t CP-even Higgs mixing angle a; in radians
84 alpha2 o CP-even Higgs mixing angle ay in radians
85 alpha3 o3 CP-even Higgs mixing angle a3 in radians
86 V_SING Vs singlet VEV in GeV

Table 11.2.: Relevant physical input parameters for the calculations performed in
ewN2HDECAY which differ from the ones used in the input file of 2HDECAY, cf. Table The
table is adopted from .

in ewN2HDECAY since the BRs and partial decay widths are always calculated as functions
of the masses of the physical Higgs bosons and the CP-even scalar mixing angles a; (i =
1,2,3) and not in terms of the N2HDM potential parameters, cf. Eq. (9.38). The reference
renormalization scheme REFSCHEM and the renormalization scheme REFSCHEM in which the
electroweak partial decay widths are evaluated are specified by the IDs as shown in Table [11.2|
The N2HDM-specific physical input parameters are shown in Table together with their
line numbers in the input file as shown in the listing above, the corresponding parameters
as introduced in Chapter 9] and their allowed values and meanings. These parameters are
entered into the input file in FORTRAN double-precision format. All other input parameters
required for running ewN2HDECAY are analogous to the ones presented in Sec. for 2HDECAY.

Output file format

For each input file, ewN2HDECAY provides one output file for the BRs of all implemented decay
channels as well as one output file containing the electroweak partial decay widths of the OS
non-loop-induced decay modes in case that OMIT ELW2 = O is set. The format of the output
files is analogous to the format of the output files of 2HDECAY as shown in App. with the
only difference between the output format of ewN2HDECAY being that in each block containing
the BRs or partial decay widths, the values of the three scalar mixing angles «; (instead of «
in the 2HDM) and additionally the value of the singlet VEV v in the renormalization scheme
RENSCHEM and at the scale uqyut are printed out. Apart from this difference, the output files
provided by ewN2HDECAY follow the format as described in Sec. for 2HDECAY.

Caveats

We want to point out that the electroweak partial decay widths calculated by ewN2HDECAY
can become very large or negative for certain points in the parameter space of the N2HDM.
The origin of these large contributions is analogously explained as in Sec. for 2HDECAY,
i.e. unsuitable renormalization schemes can lead to numerical instabilities in the partial decay
widths, the electroweak one-loop corrections can be parametrically enhanced in case that
some coupling constants of the N2HDM become very large or small or the one-loop decay
widths become larger than the tree-level widths if the latter are more suppressed than the
former by small tree-level couplings. In these cases, the very large or negative partial decay
widths become unphysical and should hence be discarded and not used for phenomenological
analyses.



CHAPTER 12

Numerical Analysis with ewN2HDECAY

In this chapter, we present numerical analyses on the electroweak corrections to the BRs and
partial decay widths of the Higgs bosons of the real N2HDM by using ewN2HDECAY 1.0.1.

Beginning with Sec. we briefly describe the scan procedure over the parameter space of
the real NMSSM for determining the input parameter sets that are used for the calculation
of the results presented in this chapter. In the subsequent Sec. analyses on the BRs and
partial decay widths for selected Higgs decay channels are presented. Moreover, a comparison
of the size of the electroweak corrections computed within different renormalization schemes
of the scalar mixing angles is performed and the different schemes are analyzed with respect
to their numerical stability for selected decay channels.

12.1. Input Parameters

For the computation of all BRs and partial decay widths of the Higgs bosons of the N2HDM
with ewN2HDECAY, we set the values of the SM-like parameters to the ones presented in Sec.
for the performed numerical analyses with 2HDECAY. The generation of the input parameter
sets compatible with up-to-date theoretical and experimental constraints is achieved by scan-
ning through the parameter space of the real N2HDM. To that end, initial parameter sets
are generated by randomly choosing values of the N2HDM-specific parameters in the ranges
presented in Table[12.1] while demanding that one of the three CP-even Higgs bosons H;
(i = 1,2,3) corresponds to the SM-like Higgs boson with its mass given by Eq. . Subse-
quently, the thereby created initial parameter sets are checked against several theoretical and
experimental constraints with help of the tool ScannerS [57}[260}261). Since all constraints
and additional conditions applied for the scan of the real N2HDM are analogous to the ones
applied for the real 2HDM, we do not state them here again explicitly and refer to Sec.
and moreover to for a detailed description about the scan procedure. Out of all valid
parameter sets generated by the scan, we choose the following sets for the numerical analyses
performed in this thesis.
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mpg,;a  mp+ (II/flip.)  mpy= (I/lep.-sp.) mi, Vs o ts
min 30 GeV 580 GeV 80 GeV 0GeV? 1GeV -m/2 025
max 1500 GeV 1500 GeV 1500 GeV 100000 GeV? 1500 GeV /2 35

Table 12.1.: Allowed ranges of the input values of the real N2HDM for the parameter scan,
where ¢ = 1,2,3. Each parameter is separately varied between its corresponding minimum
and maximum value.

Parameter set “P1”.
For the SM-like parameters, we use the input values presented in Egs. (7.1) and (7.2), while
the N2HDM-specific parameters are set to

my, = 76.524 GeV my, = 125.00GeV ,  (12.1)

M, = 185.782 GeV my = 304.936 GeV

mgs = 298.729 GeV | m2y(mpg,) = 1712.82 GeV? |
Vs(Mpgy) = 1454.24 GeV e = 0.334442 |

asl,, = 1.35266 GeV | asl, = —0.726926,

t5|p3 = 2.38525 , N2HDM type = I,

where for m?, and v, the arguments in brackets indicate that these input values are defined
at the scale g = myg,,. The subscripts denote that the four scalar mixing angles and their
CTs are given in the p,-pinched (odd) scheme, defined through Egs. to , which
is used as the reference renormalization scheme for this set. The renormalization scale pout
at which all electroweak partial decay widths are evaluated is set to the mass of the decaying
particle for each decay mode, separately.

Parameter set “P2”.
The SM-like parameters are again set to the values presented in Eqgs. (7.1) and (7.2) while
the N2HDM-specific parameters are set to the values

my, = 91.123 GeV , my, = 125.09GeV ,  (12.2)

my, = 696.389 GeV | mag = 766.781 GeV |

mygr = 672.106 GeV , miy(Mpgy,) = 208 360.0 GeV? |
vs(Mpgy,) = 2196.48 GeV | al, = 0.697912 ,

aal,, = = —145921GeV asl,, = 1.51615 ,

tole = 0.950614 , N2HDM type = 1T,

where the MS parameters are again defined at the scale ur = mpg,, and the four scalar mixing
angles are given in the p,-pinched (odd) scheme. Moreover, we perform a variation of some
of the N2HDM-specific input parameters in order to analyze the sensitivity of the BRs and
partial decay widths on these parameters:

e Variation of mp, € [500GeV, 800 GeV], while all other parameters are given by the
fixed values in Eq. (12.2).

e Variation of my+ € [580 GeV, 1200 GeV], while all other parameters are given by the
fixed values in Eq. (12.2).

e Variation of my € [300GeV, 1100 GeV], while all other parameters are given by the
fixed values in Eq. (12.2).
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For all input parameter points defined in set “P2”, the renormalization scale poy at which
the partial decay widths are evaluated is set to the mass of the decaying Higgs boson for
each decay channel, separately. The variation of the input parameters as presented above
potentially leads to the generation of parameter sets that do not fulfill all the experimental
constraints anymore. We nevertheless use them for the purpose of the numerical analysis on
the size of the electroweak corrections computed within different renormalization schemes in
this work.

Parameter sets “P3”.

In order to systematically analyze the size of the electroweak corrections to the partial de-
cay widths computed within different renormalization schemes for a larger sample of input
parameters, we use 15000 input parameter sets, collectively denoted by “P3”, that fulfill
all of the aforementioned theoretical and experimental constraints. All parameter points in
the set correspond to an N2HDM type II and feature a large variety of different values of
the N2HDM-specific masses, mixing angles, m%z and vg. In contrast to the other two input
parameter sets, the mixing angles in set “P3” are defined for each renormalization scheme
separately as a reference scheme for the numerical analysis and hence, their values do not
require a parameter conversion from one scheme to the other. As for the sets defined above,
the renormalization scale oy at which the partial decay widths are evaluated is set to the
mass of the decaying particle for each decay channel separately. For the majority of all input
parameter sets generated, the lightest CP-even Higgs boson H; corresponds to the SM-like
Higgs boson with its mass given in Eq. (7.3). However, the set “P3” also features a few
scenarios in which H;j is lighter than the SM-like Higgs boson which in all these scenarios
corresponds to Hs. Due to the large amount of different points considered for this set, we do
not present the values of the N2HDM-specific input parameters for all points here explicitly.

12.2. Numerical Results and Analysis

For the quantification of the numerical results, we use the same measures as introduced in
Sec. i.e. we adopt the definitions of the relative size ABR of the electroweak contributions
to the BRs from Eq. and of the relative size AT®W of the electroweak corrections to
the partial decay widths for OS and non-loop induced decays from Eq. . Moreover, we
adopt the definition of the relative difference ATFW* of the electroweak one-loop partial
decay widths computed within different renormalization schemes with respect to a defined
reference renormalization scheme from Eq. .

We first analyze the BRs and electroweak partial decay widths of all decay channels im-
plemented in ewN2HDECAY for the parameter set “P1”. For the calculation of all electroweak
corrections to the OS and non-loop-induced decays, we renormalize the four mixing angle CT's
in the p.-pinched scheme “p2”; cf. Table Since the input values of the mixing angles
in the set “P1” are defined in the same scheme, no input parameter conversion needs to be
applied for them3!. Shown in Table are all BRs excluding and including the electroweak
corrections as well as, where applicable, the tree-level and one-loop electroweak partial decay
widths for all decay channels implemented in ewN2HDECAY for the parameter set “P1”. In the
table, we additionally present the quantities ABR and ATEW as measures for the relative size
of the electroweak contributions to the BRs and partial widths, all for the OS and non-loop
induced decays.

For the lightest CP-even Higgs boson Hi, the relative one-loop contributions AT*W to the
electroweak decay widths are rather small, ranging from —5.4% to —0.7% and hence, their

310f course, the MS parameters mfg and v, are nevertheless automatically converted from pr to pout for each
decay channel, separately.
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Decay channel BR&@XIXQ) BR%@fi‘;‘; ABR ;g’(f}‘("; in GeV Fﬁ}(?fzw in Gev  ADPEW
Hy — bb 8.319 .10 ! 8.260- 10 ¢ S0.7% 2.098 - 107° 1.985-107° 54%
Hy — 7T+~ 8.091 - 10”2 8.300 - 10~ 2 2.6% 9.611-10"" 9.398 - 10~ 2.2%
Hy »ptp™ 2.870 - 104 2.881-10"4 0.4% 3.410-107° 3.263 - 1077 -4.3%
Hy — 55 3.144 - 1074 3.275.10"% 4.2% 8.269 - 1077 8.210 - 1077 0.7%
Hy > ce 4.078 - 1072 4.230 - 1072 3.7% 1.877-107° 1.856-107° 11%
Hi > gg 4.055 - 1072 4.254 1072 4.9% - - -
Hy — v~y 3.415 - 1073 3.582. 107 ° 4.9% - - -
H - WTw 1.471-107° 1.543.107° 4.9% - - -
Hy— 22 4.095-10"% 4.296 - 104 4.9% - - -
Ho — bb 5.923-107! 5.828 - 107! 1.7% 5.824-1072 5.532-.1072 5.0%
Hy —» 7777 6.382 - 1072 6.300 - 102 -1.3% 2.634 - 104 2.512- 104 -4.6%
Hy - ptp 2.260 - 1074 2.181-10"4 -3.5% 9.324.1077 8.699 - 1077 6.7%
Hy — 55 2.237. 1074 2.253 - 1074 0.7% 2.261-10"° 2.201 10" -2.7%
Hy — ce 2.902 - 1072 2.904 - 1072 0.1% 5.141-10"4 4.972-1074 -3.3%
Hy - gg 7.778 - 1072 8.048 - 102 3.5% - - -
Hy — v~ 2.053 1072 2.125.107° 3.5% - - -
Ho — Z~ 1.506 - 1073 1.558 - 1072 3.5% - - -
Hoy - WT W™ 2.067 - 1071 2.139 - 1071 3.5% - - -
Ho > Z 2 2.580 - 1072 2.670 - 1072 3.5% - - -
Hs — bb 1.880-107 ¢ 1.833-10 ¢ -2.5% 1.553-107% 1.499 - 1073 -3.5%
Hy > 777 2.184 - 1072 2.065 - 1072 5.4% 6.991-107° 6.545-107° -6.4%
Hs - ptu™ 7.725-107° 7.143-107° -7.5% 2.473 107" 2.264 - 1077 -8.5%
Hs — s3 7.087 -107° 6.869 - 107° 31% 5.999 - 1077 5.756 - 1077 41 %
Hs > cé 9.197 - 107° 8.839- 1073 -3.9% 1.364-1074 1.298 -107% -4.8%
Hs > gg 5.876 - 1072 5.935 - 1072 1.0% - - -
Hs — v~ 7.840 - 107° 7.919-107° 1.0% - - -
Hs — Z~ 3.478 - 1076 3.513.1076 1.0% - - -
Hy > wtw~™ 1.218 - 1072 2.911 1072 139.0 % 3.898 - 1077 9.226 - 107° 136.7 %
Hy — Z Z 2.526 - 1073 3.269 - 1073 29.4% 8.087 - 1078 1.036 1072 28.1%
Hs — Hy Hp 7.073 - 1071 6.953- 1071 S1.7% 2.265 107 ° 2.204 - 1072 -2.7%
A —bb 1.187-107% 1.104 1073 -6.9% 2.536 - 102 2.272.107° -10.4%
A—rtr 1.551-10"4 1.391-10"4 -10.3% 1.138-10% 9.830-107° -13.6%
A—ptu~ 5.484 - 107" 4.800-1077 -12.5% 4.025-10""7 3.392-10"7 -15.7%
A— 55 4.251-10"7 3.927 1077 -7.6% 9.762 - 1077 8.683 - 1077 S11.1%
A= ce 5.996 - 107 ° 5.485 - 107° -8.5% 2.221-10"% 1.956 - 1074 -11.9%
Attt 1.083-107° 1.125-107° 3.9% - - -
A= gg 4.638 1073 4.817-1073 3.9% - - -
A= yy 1.434-107° 1.490 - 107° 3.9% - - -
A— Z~ 2.811-107° 2.920 - 1076 3.9% - - -
A— ZH, 1.957 .10 % 1.958 - 101 0.1% 1.436- 10"t 1.384-10" % 3.6%
A — Z Ho 1.176 - 1073 5.442 - 1074 -53.7% 8.629 - 104 3.846 - 104 -55.4%
A — Z Hsg 7.960 - 1071 7.964 - 1071 0.1% 5.842 .10 1 5.628 - 1071 -3.7%
A-wtu™ 8.446 - 107° 8.771-10"° 3.9% - - -
AW~ HT 8.446 - 107° 8.771 - 107" 3.9% - - -
HT = cb 6.543 - 107" 6.251- 1077 -4.5% 4.797 1078 4.216 - 1076 S12.1%
HT 5T, 4.624-107° 4.266-107° 7.8% 1.115-10"4 9.471-107° -15.1%
HY >0ty 1.635- 1077 1.471-1077  -10.0% 3.943. 107" 3.267 - 107" -17.2%
HY 5 ub 4.683 - 10 4.379 - 107° -6.5% 3.309 - 1078 2.849 - 1078 -13.9%
HY S us 6.547 - 107° 6.211-10"° 51% 4.821-1078 4.211-1078 -12.7%
HT - cd 8.601 - 10" 8.101-10" 7 -5.8% 1.095-107° 9.499 - 10~ -13.3%
HT > s 1.632-107° 1.537-107° -5.8% 2.071-1074 1.796 - 104 -13.3%
HT - b 6.613 - 1071 6.472-1071 -2.1% 1.400 1.262 -9.9%
HT 5 ts 1.131-107° 1.107-107% 21% 2.393.107° 2.156 - 107° -9.9%
HY 5 td 5.314 - 107 ° 5.203 - 107° 21% 1.125 1074 1.014 1074 -9.9%
HY 5> wtH, 5.942 - 1072 6.162 - 1072 3.7% 1.433 .10 % 1.368 - 101 -4.5%
HY 5wt H, 3.617 - 104 3.534-10"% -2.3% 8.723- 104 7.845 .10 4 -10.1%
HY 5> wt Hy 2.777 .10 1 2.896 - 107! 4.3% 6.696 - 10! 6.429 - 10~ ¢ -4.0%

Table 12.2.: Parameter set “P1”: Higher-order BRs without and with electroweak corrections
as well as tree-level and one-loop electroweak partial decay widths for OS and non-loop-
induced decays as computed by ewN2HDECAY. For the computation, the scalar mixing angles
are renormalized in the p,-pinched scheme “p?”. ABR and AT™W are defined in Egs. (
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Figure 12.1.: Parameter set “P2”: Shown are the BRs of the charged Higgs boson HT as
a function of mpy+ (left) and the BRs of the CP-odd Higgs boson A as a function of my
(right). The BRs contain the newly computed electroweak one-loop corrections to all OS
decay that are not loop-induced. For the calculation of all BRs, the four scalar mixing angles
are renormalized in the p,-pinched scheme “p%”, cf. Table

inclusion changes the BRs of the decay channels of the H; boson between —0.7 % to 4.9 %.
The H; boson dominantly decays into bb with a BR of 83 % and subdominantly into 77 77,
cc and gg, with BRs of the order of a few percent. The BRs for the off-shell decays into
WT W™ and Z Z are very small since the corresponding coupling between the H; boson and
the two gauge bosons is suppressed due to the sum rules of the gauge boson couplings in the
N2HDM. For the Higgs boson Hs, which in the input parameter set “P1” corresponds to the
SM-like Higgs boson with mass 125.09 GeV, the relative corrections to the electroweak decay
widths are rather small as well and range between —6.7% and —2.7% and consequently,
the change of the BRs is rather small as well, ranging between —3.5% and 3.5%. As can
be inferred from a comparison with Table 11.3 of , the BRs of Hj, both excluding and
including the electroweak contributions, are compatible with the BRs of the Higgs boson of
the SM.

For the heaviest CP-even Higgs boson Hj, the inclusion of the electroweak corrections to the
partial decay widths leads to mostly moderate relative corrections to the electroweak decay
widths between —8.5 % and —2.7 % and to the BRs between —7.5 % and 1.0 %, with exception
of the decays into Z Z and W* WT where the relative corrections to the electroweak decay
widths become as large as 28.1 % and 136.7 %. For these two decay channels, the large one-
loop corrections stem from the mixing angle CTs and the off-diagonal WFRCs of the CP-even
Higgs bosons which appear together with a specific combination of tree-level scalar mixing
angles in the one-loop decay width of the two decay channels. In the parameter set “P1”,
these contributions are parametrically enhanced and hence lead to large one-loop corrections
to the rather small tree-level decay width. Due to the mass values in the parameter set “P1”,
the scenario allows for the OS decay of Hs into a pair of H; Higgs bosons, which with a BR
of approximately 70 % is the dominant decay channel for the heaviest CP-even Higgs boson,
followed by the decay into bb.

For the decays of the CP-odd Higgs boson A, the relative electroweak corrections are sizeable,
ranging from —55.4% to —3.6 % and hence, the relative corrections to the BRs between
—53.7% to 3.9 % are sizeable as well. The large electroweak one-loop corrections to the decay
A — Z Hs stem from parametrically enhanced contributions from the mixing angle CTs and
WEFRCs in the parameter set “P1”, as it was the case for the decays of the Hs boson into
the gauge bosons. As can be inferred from the table, the A boson dominantly decays into
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Figure 12.2.: Parameter set “P2”: The relative one-loop corrections AT™W as defined in

Eq. 1j for the decay channel Hy — bb as a function of my, (left) and for the decay channel
H™ — tb as a function of mpy= (right) for four different renormalization schemes as specified
in the figure. For a definition of the abbreviations used to identify the schemes, cf. Table

Z Hs and Z H;. Since the masses of the CP-odd and charged Higgs boson are close to each
other, the decays of A into W* HT and are not possible OS and hence, the BRs for these
off-shell decays are very small. For the charged Higgs boson HT, the relative corrections to
the electroweak decay widths range from —17.2% to —4.0 % and the corrections to the BRs
between —10.0% and 4.3 % and are hence sizeable. The charged Higgs dominantly decays
into a top-bottom pair and W+ Hj. The numerical analysis for the parameter set “P1” shows
that the electroweak corrections to the electroweak partial decay widths and BRs of the
Higgs bosons of the N2HDM, in particular for the non-SM-like bosons, can become sizeable.
Consequently, the electroweak contributions provided in this thesis are relevant for a more
precise evaluation of the BRs and partial decay widths of the N2HDM Higgs bosons.

For an analysis of the sensitivity of the BRs on the N2HDM-specific parameters, we consider
the input parameter set “P2”, featuring a CP-even Higgs boson H; which again is lighter
than the SM-like Higgs boson Hy. The masses of the heaviest CP-even, CP-odd and charged
Higgs bosons are rather large. In order to analyze the behavior of the BRs with respect to
a change of the masses of the Higgs bosons, we perform a variation of mpy+, ma and mpy,
separately®?. We show in Fig. the BRs of the charged Higgs boson H™ as a function of
mpy+ as well as the BRs of the CP-odd Higgs boson A as a function of m4 on the left-hand
and right-hand sides of the figure, respectively. All BRs presented in the plots contain the
newly computed electroweak corrections to all OS decays that are not loop-induced, computed
within the p,-pinched scheme “p?”. The dashed vertical lines indicate the masses of the two
Higgs bosons corresponding to the original definition of the parameter set “P2” where no
variation is applied. As can be inferred from the plots, the BRs show a strong behavior on
the two varied masses. The charged Higgs boson dominantly decays into t b over a large range
of the mass my+ and only for larger values above about 1TeV the BRs of the decays into
W™ Hz and W A exceed the ones of all other decay channels. The BRs of the decays into
W*H; and W Hy are similarly small over the whole range of chosen values of m+. For the
BRs of the CP-odd Higgs boson A shown in the right-hand side of the figure, the threshold
of OS tt production is clearly visible for m = 2m;. Above the threshold, this decay mode
is the dominant one for the A boson over a large range of its mass until values of m 4 about

32\We want to emphasize again that while the variation of the masses potentially leads to the definition of input
parameter sets that do not fulfill the theoretical and experimental constraints anymore, we only perform the
analysis of the BRs implemented in ewN2HDECAY to investigate the size of the electroweak corrections provided
in this thesis.
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Figure 12.3.: Parameter set “P2”: The relative difference AT*W* of the one-loop partial
decay widths evaluated in the renormalization scheme “x” in comparison to the ones computed
in the “p?” scheme, cf. Eq. , for the decay channel Hz — bb as a function of my, (left)
and for the decay channel H™ — tb as a function of my+ (right).

1 TeV are reached, where the BRs of the decays into Z Hs and W+ HT exceed the BRs of all
other decay modes.

For the analysis of the size of the electroweak-corrected one-loop partial decay widths with
respect to the choice of the renormalization scheme for the scalar mixing angles, we again
consider the parameter set “P2” together with a variation of the masses of the Hs and H +
Higgs bosons. To that end, we compute the relative one-loop corrections AT'*W for the decay
of the heaviest CP-even Higgs boson Hs into bb and for the decay of the charged Higgs boson
H™ into tb for the four different renormalization schemes “pg/ “ and “pOSO/ ¢ of the scalar
mixing angles. For each of the four renormalization schemes, both the tree-level and the one-
loop partial decay widths that enter APW are calculated for the same renormalization scheme.
In case that this scheme differs from the reference scheme “p?” in which the mixing angles are
defined in the parameter set “P2”, their values are converted from the reference scheme to the
input renormalization scheme in ewN2HDECAY. In Fig. we show the corresponding relative
corrections AT*W for Hs — bb as a function of m i, on the left-hand side and for H T 5tb
as a function of my+ on the right-hand side of the figure, respectively. The relative one-loop
corrections are sensitive to the change of the masses of the two Higgs bosons. Depending
on the renormalization scheme, they range from approximately —21 % to —8 % for the decay
Hjz — bb and from —20 % to 3% for the decay H™ — ¢ b and hence, they are sizeable for the
two decay modes and the parameter set “P2” used for this analysis.

For a rough estimate of the remaining theoretical uncertainty of the partial decay widths due
to missing higher-order corrections, we define the “p2” as a reference scheme and compute the
difference ATEWX cf. Eq. 1} between the one-loop partial decay widths computed within
any other scheme “x” with respect to the one computed in the reference scheme. As before,
the tree-level and one-loop electroweak decay widths are evaluated in the same renormaliza-
tion scheme for each considered scheme “x” and the mixing angles are converted from the
reference scheme to scheme “x” via the parameter conversion routine that is implemented in
ewN2HDECAY. Figure shows the difference ATPW*_ again for the decay channel Hs — bb
as a function of my, and for H™ — tb as a function of mpy=+ on the left-hand and right-
hand sides of the figure, respectively. As can be seen in the plots, the difference between the
one-loop corrections computed within the different variations of the pinched schemes is only
below the percent level over the range of mpy, and mpy+ that is considered. This serves as
a rough indicator that the estimated remaining theoretical uncertainty for the two consid-
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Figure 12.4.: Parameter set “P3”: The relative one-loop corrections ATV as defined in

Eq. for the decay channel A — ZH; as a function of the electroweak decay width
FI;%HI at tree level. The results are presented for two different scales of the AT®W axis and
for different choices of the renormalization schemes used for the computation of the one-loop
widths (left and right).

ered decay channels and for the input parameters as defined in set “P2” is small. In order
to formulate more general statements about the remaining theoretical uncertainties due to
missing higher-order corrections, it is required to analyze all decay channels implemented in
ewN2HDECAY for a large amount of different input parameter sets, however.

As analyzed e.g. in for selected decay channels of the Higgs bosons of the N2HDM,
some renormalization schemes of the scalar mixing angles presented in Sec. potentially
introduce large uncanceled one-loop contributions to the partial decay widths and hence
lead to numerical instabilities in the sense that the one-loop partial decay widths become
orders of magnitude larger than the tree-level widths. In order to systematically categorize
the different renormalization schemes implemented into ewN2HDECAY with respect to their
numerical stability, we perform a numerical analysis on the electroweak one-loop corrections
to the partial decay widths of the sample decay channel A — Z Hy. To that end, we use the
15000 different parameter sets collectively denoted by “P3”, for all of which the decay channel
is OS. For each parameter set, we compute the relative one-loop corrections ATEW for several
different renormalization schemes of the scalar mixing angles, where again the tree-level and
the one-loop partial decay widths are calculated in the same input renormalization scheme.
In contrast to the analyses before however, the reference scheme of the scalar mixing angles
for each of the 15000 points is always set to the considered input renormalization scheme.
Hence, the mixing angle CTs are not converted from one scheme to the other which is not
required since we focus on the size of the relative electroweak corrections AT™W computed
for a large amount of input parameters for each renormalization scheme separately and we
do not directly compare the results computed within the different schemes with each other.
The results of the analysis are presented in Fig. as a function of the electroweak partial
decay width of the process at tree level for two different scale choices of the AT*W axis and
for different choices of renormalization schemes presented on the left- and right-hand sides of
the figure, respectively.

On the left-hand side of Fig. we present the relative difference AT®W in the range of
4100 % as a function of the tree-level width FIA%EYV. For the MS scheme, defined in the
framework of the alternative FJ tadpole scheme, the relative differences become as large as
+10000 % and lie outside of the plotted region for most of the input parameter points. Con-

sequently, the MS scheme yields huge relative one-loop corrections that are not sensible at the
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fixed one-loop order. Moreover, we analyzed that the corrections in this scheme are typically
negative and below —100% for a large amount of input parameter sets which corresponds to
negative and unphysical one-loop partial decay widths. Hence, the loop-corrected widths can
not be used anymore for phenomenological studies and should be discarded in these cases. As
discussed in , the origin of these large corrections stems from both the genuine one-loop
vertex corrections to the decay process as well as from the WFRCs, both introducing intro-
ducing here huge corrections that cannot canceled by finite contributions from the mixing
angle CTs. This reconfirms that the MS scheme for the scalar mixing angles is in general not
a well-suited renormalization scheme for the computation of electroweak corrections to the
partial decay widths of the N2HDM Higgs bosons. On the other hand, as can be observed on
the right-hand side of Fig. the KOSY scheme, p,-pinched scheme and the OS-pinched
scheme, all three defined over the charged sector for ¢, all yield relative one-loop corrections
that are mostly between +10% and consequently, the schemes are considered to fulfill the
criterion of numerical stability.






CHAPTER 13

Conclusion of Part Il

In Part of this thesis, we dealt with the calculation of the electroweak one-loop corrections
to the partial decay widths of all Higgs bosons of the CP-conserving (i.e. real) N2HDM and
presented the new computed program ewN2HDECAY which allows for a more precise calculation
of the BRs and partial decay widths.

We introduced the electroweak Lagrangian and the scalar potential of the N2HDM. The scalar
sector of the model contains the three CP-even Higgs bosons H; (i = 1,2, 3) together with
the three CP-even tree-level mixing angles «; as well as the CP-odd Higgs boson A and the
charged Higgs bosons H* with the tree-level mixing angle § of the CP-odd/charged sectors.

We presented the electroweak one-loop renormalization of the N2HDM and introduced several
different renormalization schemes of the four scalar mixing angles that are based the MS
scheme, OS-motivated approaches as well as on the PT. As for the 2HDM in Part [II, we
categorized these different renormalization schemes with respect to the three desirable criteria
of GFP independence, process independence and numerical stability.

For the automated calculation of all electroweak partial decay widths at tree level and one-
loop order, we presented the program N2HDMCalc. The resulting analytic formulae for the
partial decay widths were implemented in the newly developed program ewN2HDECAY which
combines the electroweak corrections with the tree-level and loop-corrected decay widths
already implemented in N2HDECAY, including off-shell decays and state-of-the-art QCD cor-
rections, where applicable. The program ewN2HDECAY allows for the fast calculation of the
BRs, excluding and including the electroweak corrections, as well as for the calculation of
the electroweak tree-level and one-loop partial decay widths of all Higgs bosons of the real
N2HDM.

In order to demonstrate the relevance of the newly computed electroweak corrections, we pre-
sented a numerical analysis on the BRs and electroweak partial decay widths with ewN2HDECAY.
To that end, we defined input parameter sets compatible with most recent theoretical and
experimental constraints. The size of the electroweak contributions to the BRs were ana-
lyzed and particularly for the additional non-SM-like Higgs bosons of the N2HDM, they were
found to be sizeable. A comparison of the electroweak partial decay widths computed within
different renormalization schemes of the scalar mixing angles allowed for a rough estimate of
the remaining theoretical uncertainties. For the two decay channels and the parameter sets
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considered, the remaining uncertainty was roughly estimated to be small. For a systematic
analysis on numerical stability, we analyzed the electroweak one-loop corrections for 15000
input parameter sets computed within different renormalization schemes of the scalar mixing
angles. For the decay channel considered in our analysis, it was found that the MS scheme is
numerically unstable, leading to one-loop partial decay widths that are orders of magnitude
larger than the corresponding tree-level widths. On the other hand, the four pinched schemes
implemented in ewN2HDECAY typically lead to moderate radiative corrections for the analyzed
decay channel and the input parameter sets used. The numerical analysis has shown that the
electroweak corrections to the partial decay widths of the Higgs bosons of the N2HDM, pro-
vided in ewN2HDECAY for the first time, are of relevant size and that they should be included
in order to make more precise predictions for the BRs and partial widths.



Part IV.

The O(a;) Corrections to Higgs Boson
Masses in the Complex NMSSM






CHAPTER 14

A Brief Introduction to the Complex NMSSM

The main objective of Part of this thesis is the calculation of the O(a?) two-loop corrections
to the masses of the Higgs bosons of the complex NMSSM, thereby allowing for a more precise
prediction. Since for the O(a?) corrections only a subset of the particle content of the complex
NMSSM contributes, we restrict the introduction to the parameters and particles relevant for
the calculations performed in this work.

Starting with Sec. we provide the Lagrangian relevant for our calculations and introduce
our notation. In Sec. we discuss the Higgs potential and describe the tree-level Higgs
spectrum of the complex NMSSM. Since the O(a?) contributions to the Higgs masses domi-
nantly stem from the top and stop sectors, we introduce their particle spectrum in Sec. [14.3|
Moreover, we introduce the chargino and neutralino sectors in the subsequent Sec. since
they also contribute to the two-loop corrections in our work. In Sec.[14.5] we present an
overview over all approximations applied for the calculation of the two-loop corrections to
O(a?). We conclude this chapter in Sec. with an overview over the full set of independent
parameters through which we parametrize the higher-order corrections to the Higgs masses
in our work.

14.1. The Lagrangian of the Complex NMSSM

The complex NMSSM is an extension of the simplest and well-studied SUSY theory, the
MSSM. Due to this, we first briefly introduce the MSSM and motivate its extension to the
NMSSM in the following. As depicted graphically in Fig. in the MSSM each field of the
SM acquires a superpartner whose spin differs by 1/2 with respect to the spin of the corre-
sponding SM field. Consequently, the fermions of the SM, i.e. the quarks and leptons, acquire
the spin 0 sfermions as superpartners, consisting of the squarks and sleptons. In contrast
to the SM with only one Higgs doublet, the MSSM contains two Higgs doublets, as further
described below. The superpartners of the Higgs fields contained in the doublets are spin 1/2
Weyl fermions called the higgsinos, while the gauge bosons of the SM acquire the gauginos
(consisting of the gluinos, winos and the bino) also with spin 1/2 as their superpartners. The
fermion and Higgs fields?® as well as their superpartners are combined into the chiral super-

33 We want to emphasize that in comparison to Parts [II] and of this thesis, we slightly alter the notation of
the Higgs fields in Part of this thesis to follow the convention that the subscripts u and d denote the quark
type to which the Higgs fields couple, cf. e.g. .
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names spin 0 spin % (SUB)e x SU(2), xU(1)y)
0 Qr=(ur,dy)" = (ug,dp)” 3,2,1
squarks and Q Q= (ug,dg) Qr = (ur,dr) (3,2,5)
quarks o i uy 3.1,-2)
(3 generations) R B
D dy, db, (3,1,1)
sleptons and L Lp=@.e)"  Lp=(ie)” (1,2,-3)
leptons
(3 generations) E eh eTR (1,1,1)
nggS and Hu Hu = (HJ7H8)T ﬁu = (ﬁj7ﬁ2)T (1727 %)
higgsinos _ ~ B
Hy Hg=(Hg,Hy)" Hy=(Hj Hp)" (1,2,-3)
singlet S S S (1,1,0)

Table 14.1.: Chiral supermultiplets of the MSSM (excluding the singlet multiplet S in the
last row) and the NMSSM (including S ) and the corresponding spin 0 and spin 1/2 fields which
form the superfields, adopted from . The last column denotes the gauge transformation
properties of the supermultiplets with respect to the three gauge subgroups.

multiplets presented in Table (where for the case of the MSSM, the singlet multiplet S
shown in the last row of the table is excluded), while the gauge boson fields and their super-
partners are combined into gauge supermultiplets as presented in Table In the former
table, the chiral superfields are indicated with a hat while all superpartners of the particles
of the SM are denoted with a tilde in both tables.

One fundamental building block of each SUSY model is the holomorphic superpotential W
which determines the most general forms of non-gauge interactions of the chiral supermulti-
plets of any SUSY extension [36]. The superpotential of the MSSM contains two Higgs su-
perfields in comparison to the SM with one Higgs doublet. In fact, trying to build a minimal
SUSY model analogous to the MSSM but with just one Higgs superfield leads to inconsisten-
cies due to the appearance of gauge anomalies and due to the fact that the requirement of
the holomorphy of the superpotential cannot be fulfilled in this case.

Both problems are avoided by adding a second Higgs superfield to the model. Per construc-
tion, one of the Higgs superfields only couples to the up-type superfields U while the other
one only couples to the down-type superfields D as well as to the leptonic superfields L. In-
specting Table reveals that this configuration resembles a type II 2HDM. Following from
these considerations, the superpotential of the MSSM is given by3?

Watssy = OV (@Teffu) — DyP (@Teffd) _EYF (E%E@ u (ﬁf effd) . (14.)

where € denotes the two-dimensional totally anti-symmetric tensor, the matrices Y/ (f =
U,D, E) denote the 3 x 3 Yukawa coupling matrices in flavor space and p is an additional
mass-dimensional parameter.

34For simplicity, we suppress all gauge and generation indices since they are not required for the following
discussions.



14.1. The Lagrangian of the Complex NMSSM 117

names spin 1 spin % (SUB)e x SU((2)L, xU(1)y)
gluons and gluinos g g (8,1,0)
W bosons and winos W*, W° Wi, wo (1,3,0)
B boson and bino B B (1,1,0)

Table 14.2.: Gauge supermultiplets of the NMSSM and the corresponding spin 1 and spin
1/2 fields which form the superfields, adopted from . For the charged W bosons, the
corresponding fields are already presented in the mass basis W*, cf Eq. . The last
column denotes the gauge transformation properties of the supermultiplets with respect to
the three gauge subgroups.

By deriving the tree-level spectrum of the MSSM it is revealed that the tree-level mass of the
lightest CP-even Higgs boson h is bounded from above by the mass of the Z boson due to
the SUSY relations between the Higgs and the gauge sectors,

(m%\L/ISSM)2 < m%cgﬁ , (14.2)

where the parameter 3, connected to the ratios of the VEVs of the two Higgs doublets, is
introduced in the subsequent Sec. Since the value of the Z boson mass is given by
91.1876 GeV [98], it is clear that the tree-level mass relation of Eq. cannot be fulfilled
if the lightest CP-even Higgs boson h is considered to be the SM-like Higgs boson with a
measured mass of 125.09 GeV . Instead, large higher-order corrections to the Higgs mass
mlf\fSSM are required in order to allow for an interpretation of h as the SM-like Higgs observed
at the LHC. The dominant contributions of these higher-order corrections stem from virtual
top and stop particles and rather large stop masses are required to match the calculated mass
m%\lASSM with the measured SM Higgs boson mass. However, a too large discrepancy between
the top and stop masses leads to a reintroduction of the hierarchy problem into the MSSM,
cf. Sec. From a theoretical point of view, this is unfavorable since the proposed solution
of the hierarchy problem is considered as a main theoretical motivation for the formulation
of the MSSM. But even if the stop masses turn out to be not too large, a closer look at the
superpotential of the MSSM reveals that the model is not capable of solving all fine-tuning
problems completely. The mass-dimensional parameter y contributes to the mass terms of
the Higgs superfields and for phenomenological reasons, it is expected to be of the order of
the electroweak scale or the SUSY scale. However, since y is in principle a free parameter of
the superpotential of the MSSM, there is no mechanism that would necessarily enforce the
parameter to be at these scales. This fine-tuning problem of the parameter p is referred to
as the p problem of the MSSM [271].

One possible solution to the p problem is to consider the u parameter to be generated dynam-
ically instead of adding it explicitly to the superpotential. This is the key idea realized in the
NMSSM. Extending the superfield content of the MSSM by an additional superfield S , con-
sisting of the singlet field S and the singlino S as component fields, allows for a replacement
of the p term in the superpotential with the new term

AS (ﬁg{ eﬁd> , (14.3)

where X is a dimensionless complex coupling constant. By assigning a non-vanishing VEV
(S) to the singlet field S, an effective p term

feff = A(S) (14.4)
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is generated in the vacuum state of the potential. Since the VEV is connected to the mech-
anism of EWSB, its scale and consequently also the scale of u.g are automatically of the
desired order. Hence, the NMSSM provides a solution to the p problem without relying on a
fine-tuning of the parameter.

The most general form of the superpotential of the NMSSM contains all combinations of
the superfields that maintain the holomorphy of the superpotential. In principle, this allows
for the appearance of terms which are linear or quadratic in the singlet superfield S ,and a
dimensional analysis reveals that the corresponding parameters proportional to these terms
would have positive mass-dimension. This in turn would reintroduce the p problem to the
NMSSM. In order to avoid these additional terms in the superpotential, the invariance under
an additional discrete Zs symmetry is imposed on the model, which forbids the appearance of
terms proportional to S and S? in the superpotential. For simplicity, throughout this thesis
we refer to this realization of the NMSSM as the NMSSM. Consequently, the Zs-conserving
superpotential of the NMSSM considered in this work is given by

Wanssm = UYY (@Tef[u) ~ byP (@Teﬁld) _EYF (fTeﬁd> +AS (ﬁg effd) (14.5)

L &3
+ 3/65’ .

The additional term cubic in the singlet superfield is in accordance with the discrete Zg
symmetry. A vanishing value of k would lead to an invariance of the superpotential under an
additional global U(1) gauge transformation, the so-called Peccei-Quinn symmetry .
As soon as the singlet field acquires its VEV through EWSB, this additional symmetry would
be spontaneously broken, giving rise to the Peccei-Quinn axion as the massless Goldstone
boson of the global symmetry breaking. The appearance of such an axion leads to strict
constraints on the parameters of the NMSSM through experimental data . Hence, in the
realization of the NMSSM considered in this thesis, a non-vanishing value of k is assumed
which prevents the appearance of the Peccei-Quinn axion.

In the NMSSM, the upper bound on the tree-level mass of the lightest CP-even Higgs boson
is elevated in comparison to the MSSM due to additional contributions stemming from the
term proportional to A,

(m%MSSM)? < m%cgﬂ + % A2 v2s§ﬁ . (14.6)
Consequently, the NMSSM allows for more moderate higher-order corrections to the Higgs bo-
son mass in order to assign hy to the observed SM-like Higgs boson with a mass of 125.09 GeV.
Moreover, while the spectrum of the complex MSSM at tree level does not allow for CP vi-
olation in the Higgs sector since all CP-violating phases can be rotated away or vanish due
to the minimum conditions of the potential , the complex NMSSM studied in this work
contains additional phases which introduce CP-violating terms in the spectrum even at tree
level. Hence, the complex NMSSM also provides a possible solution to the shortcoming of
the SM with respect to its insufficient amount of CP violation [141].

Apart from the favorabale theoretical features, the NMSSM spectrum is moreover interesting
from an experimental point of view. Due to its extended Higgs sector in comparison to the
MSSM, the NMSSM allows for additional Higgs bosons which can be substantially lighter
than the Higgs boson with a mass of 125.09 GeV observed at the LHC and whose existences
are not yet excluded by experimental constraints stemming from data taken at LEP, Tevatron
and the LHC. Moreover, the NMSSM, containing more than two Higgs bosons in its spectrum,
allows for cascade decays of the Higgs bosons which in turn can lead to interesting and exotic

signatures, cf. e.g. [142].
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The Lagrangian of the complex NMSSM consists of SUSY-conserving and symmetry-breaking
contributions. The Lagrangian can be expressed as

Lamssm = Lsusy + Lar + Lrp + Leoft - (14.7)

The SUSY Lagrangian Lsysy contains the kinetic terms of the particles of the NMSSM as
well as parts of the scalar potential and the Yukawa interactions. Its form follows from
the superpotential of the NMSSM, presented in Eq. , and from the transformation
properties of the superfields under gauge transformations. Analogous to the SM and its
doublet and singlet extensions, the Lagrangian is extended with the gauge-fixing and Faddeev-
Popov Lagrangians Lgr and Lgp respectively in order to remove the redundant unphysical
degrees of freedom from the model. Finally, the soft-SUSY-breaking Lagrangian Lg.¢ contains
terms that break SUSY softly, i.e. the coupling constants of the SUSY-violating operators
have positive mass-dimension. Due to this, these additional terms do not introduce additional
quadratically divergent contributions e.g. to the calculation of the higher-order corrections
to the Higgs mass, which in turn would reintroduce the hierarchy problem to the model.
The inclusion of the soft-SUSY-breaking terms is required due to the fact that we have not
observed superpartners with the same mass as their SM counterparts. The so far unknown
mechanism of SUSY breaking is parametrized by the introduction of the soft-SUSY-breaking
Lagrangian, given by

1 ~ ~ i .
Loot = =5 [MlBB + MaY, WW o+ M5y g9 + h.c.] (14.8)
— [AvYYU;(QYeH,) — ApY P Dy(QTeHy) — ApYPEj(L eHy) + h.c]

— [AA (H] eHy) S + 2 AkS% + hc]
- m%Q@ —m |Ug* =m% |Dr* —=miL'L —m% |Er|”

—m3y, HiH, —m3, H)Hy —m?|S|? .

In principle, any term that breaks SUSY only softly can be added to the Lagrangian. In
Eq. (14.8), the soft-SUSY-breaking terms included are

e the complex mass parameters M; (i = 1,2, 3) for the gauginos presented in the first line

of Eq. (14.8),

e the soft-SUSY-breaking trilinear terms A; (i = U, D, E,\ k) for the MSSM in the
second and for the singlet contributions in the third line of Eq. (14.8) which, together
with the Yukawa coupling matrices, are complex 3 x 3 matrices in flavor space,

e the complex hermitian 3 x 3 matrices m? (1 = @, U R, D R, E, ER) presented in the fourth
line of Eq. (14.8) which provide additional mass terms e.g. for the sfermions and

e the real soft-SUSY-breaking terms m? (1 = Hy, Hy, s) of the Higgs potential presented
in the fifth line of Eq. (14.8).

For the calculation of the genuine O(af) two-loop corrections to the Higgs boson masses
in the NMSSM performed in this work, we apply the approximation that the masses of all
SM fermions apart from the top quark vanish and we do not consider any flavor violation
in the quark sector. As a consequence, the Yukawa coupling matrices y/ (f =UD,FE)
simplify considerably and only a subset of the free parameters of the complex NMSSM yield
contributions to our calculations.
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14.2. The Scalar Sector and the Higgs Potential

The Higgs potential Vanmssm of the complex NMSSM consists of contributions from the SUSY
Lagrangian Lsygy as well as from the soft-SUSY-breaking Lagrangian L. In component
field notation, the potential reads

Vamssm = (APIS12 +m3, ) HIH, + (IN?[S]* + m%Id)H;Hd +m?2|S|? (14.9)

1 1
+ g(g"“ +¢%) (HIH, — HiHy)? + igg\qude

1
+ |\HTeHy) + S| + <A,\)\(H36Hd)5 + §Am53 + h.c.) :
where ¢’ and g are the coupling constants associated to the gauge groups U(1)y and SU(2)p,
respectively. Through the mechanism of EWSB, the two Higgs doublets H,, and Hy; as well
as the Higgs singlet S acquire non-vanishing VEVs*® v,,, vg and vs, respectively. The VEVs
of the two doublets are connected to the measured VEV v via

v? =02 + 02 ~ (246 GeV)? | (14.10)
and their ratio defines the characteristic parameter § of the NMSSM,

tg=— . (14.11)
The corresponding multiplets are expanded around their VEVs as follows,

vg + hg + iag Bt
4 u . vs+ hs +ia
Hy= V2 , Hy=e"" |y hy gy | 2 S=ET T ﬁ .

hy V2

where we introduced the neutral fields h;, a; (i = d,u,s) and the charged fields h (i = d, u)
as well as two additional phases ¢; (i = u, s) which account for the possible phase differences
between the multiplets®®. Since the doublet H,, couples to the up-type quarks, cf. Eq. ,
the phase ¢, is shifted to the Yukawa sector and hence it appears in the mass eigenvalues
and Yukawa couplings of the up-type quarks. In order to simplify the analytic calculations,
we redefine the up-type quark fields according to

, (14.12)

up — e W2y up — € 2yp . (14.13)

Through this redefinition, the phase ¢, is absorbed in the up-type quark fields and disappears
from the mass eigenvalues and Yukawa couplings of two up-type quarks, while for couplings
involving only one up-type quark, the phase now explicitly appears in the corresponding
coupling constants. Apart from the aforementioned phases, we could in principle express all
complex parameters of the NMSSM through their absolute values and their complex phases.
However, in order to comply with the SLHA, we express the soft-SUSY-breaking parameters
Ay and A, through their real and imaginary parts,

Ax =Re(A4)) + Im(A)) , Ax =Re(4x) +1Im(A,) , (14.14)
while the parameters A and x are expressed through their absolute values and complex phases,

A=A, Kk =e¥rk|. (14.15)

35The VEVs of the Higgs doublets of the complex NMSSM and of the 2HDM are related as vg <+ v1 and v, < va.

36T describe the phase differences between the three multiplets, two complex phases are sufficient. One phase,
e.g. the one of the doublet Hy, can always be absorbed through a redefinition of the fields and hence, only the
two phases ¢; (i = u, s) describing the relative phases between the multiplets are relevant.
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Together with ¢, and ¢g, the phases enter the spectrum of the complex NMSSM in the
combinations

Py = P — Pr + 205 — Pu (14.16)

Yuw = Pkt 3ps - (14.17)
The insertion of the multiplet expansion of Eq. (14.12)) into the Higgs potential in Eq. 1)
yields terms that are linear and bilinear in the fields h; and a; (i = d, u, s),

1
VmssM = (Thys Ths Thos Tags Tays Ta, )8 + 5 6T ME" + 6 TMG 00+ oo, (14.18)

where we present only the terms Ty, (¢; = ha, hy, hs, aq, ay, as) as well as M%M and M%ﬂr
linear and bilinear in the fields, respectively, since all other constant, cubic and quartic terms
are not relevant for the following discussion. In Eq. , we moreover introduce the neutral
and charged scalar field multiplets in the gauge basis of the complex NMSSM,

¢ = (ha hu, hs, ag, s as) " (14.19)
¢oT = ((hy)* )" . (14.20)

The terms linear in the neutral scalar fields are the tadpole terms whose explicit forms are
given by

ot = iy, ymens — 5 Wi ((wfenc, = Vs, Im(A4s) + Vae, -, Re(dy)

+ %|)\|2 (S%UQ +07) (14.21)
f,:; = m%{u — %mQch - ‘;’:: (\ﬁ|c¢yv8 — \/is%_wylm(AA) + \/§c¢w_¢yRe(A>\))

+ %]/\|2 (chv® +v7) | (14.22)
z;l:s =m? + |k|*0? + %|)\|2v2 + A'\’S/%Zitﬂ (s%_wylm(A)\) — Cyp—p,Re(Ay) — \/ivs\ﬁ|cwy>

+ \}5],%1)5 (c%Re(AH) - spwlm(A/@)) , (14.23)
fS; = é|>\|vs <—|/~£|vss¥,y + V205, Tm(Ay) + ﬂsww,wyRe(A,\)) : (14.24)
T, = ;Tad , (14.25)
To, = %’/\’CBSWQ (2’/4"1}5890y +V26,,-p,Im(Ay) + \@Ssaw—<pyRe(A)\)>

1
~ —5lAl} (C%Im(AH) + S%Re(An)) : (14.26)

where Eq. (14.25)) reveals that the tadpole parameters T, and Ty, are linearly dependent and
hence, the total amount of independent tadpole parameters is five. The minimum conditions

OVNMSSM _ 9VNmussm _ OVNmssm

= —0, (14.27)
OH, ’<Hd>,<Hu>,<s> OH, '<Hd>,<Hu>,<s> 95 ‘<Hd>,<Hu>,<s>

imply that the tadpole parameters vanish at tree level,

Th |tree — Th

d

’tree — Ths|tree — Tad|tree _ Tau|tree — Tas|tree =0. (14.28)

u
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Nevertheless, we explicitly keep the tadpole parameters in the following expressions since they
require renormalization and hence receive higher-order corrections. The tadpole parameters
in Eqgs. Q14.21D to q14.23b can be solved for m%{d, m%{u and m? which allows for eliminating
these three parameters in favor of the other Higgs potential parameters, while Eqs. (14.24)
and allow for eliminating Im(A,) and Im(A,). To summarize, we replace the five
Higgs potential parameters as follows,

T 1
m%{d % — 5625’/TLZ + = |/\|t/3’05 (|/{\c¢yvs — \/ilm(A,\)sw,pr + \fZRe(AA)c%,%>
1
— 5|A|2 (sgv® +02) | (14.29)

T 1 1A |v
2 hu S
myg, = vss +5 9 CapMm Z +5 2 5 (W%yvs - \/ﬁm(AA)Sm—wy + ﬁRe(f‘lA)csow—wy)

1
- 5|A|2 (chv® +v7) | (14.30)

T; 1 Im(A _,. — Re(A _
m? =21 |gf?0? — *I/\IQ ? — [Aegsgv? ( m(A)se. wi@v )ouen \nlwy>
S

s

f]/i\vs(Re(A,{)c% —Im(A,i)s%) , (14.31)

1 2
Ay) = T, S5 — V250 _0 Re(Ay) ], 14.32
m( /\) \/§C§0w_90y (U’Us|)\‘8,3 d+|/€‘v Spr \/>8‘PW o e( /\)> ( )

Im(A,) = V2 (3 wUr

2
m §|>\H/€|8565U VsSep, + Ts aqg — Tas> — tcpre(A;@) . (14.33)

The bilinear terms in Eq. (14.18) form the mass matrices Mfw and ./\/liJr 5— of the neutral and
charged fields. The analytic form of the former is further discussed below, while the one of
the latter is presented in App. The 2 x 2 mass matrix ./\/l,Qﬁ ,— is diagonalized by means
of the 2 x 2 rotation matrix

R

(14.34)
S8.  CBe

where 3. denotes the scalar mixing angle of the charged sector of the NMSSM. The rotation

matrix R® transforms the charged doublet from the gauge basis to the mass basis,

G* I
=R , (14.35)
H* hE

and the mass matrix ./\/liJr 5~ is transformed as follows,

2 2
Mgt MG+

Diy =RM;, R = , , (14.36)
Mp+tgt  Mp+
The four elements of this transformed matrix are explicitly given by
Ale§_p,v 1
mis = # <\/~f\vsc% + \@Re(AA)> - 5])\]%%,58112 + c%,ﬁcm%,v (14.37)
28Cp,—py

2
C w
+ /Bc Thu _|_ Bc T + B ﬁc S01‘/ ¥ Tad ,
VSp vCp ,BC/BU
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2 2 2 S8—28. C8—28.
mgge =th_gmipe — — 5 Th, + 5 Th, , (14.38)
B—Bc B—Bc
2 2 CB. 58 i
= —t5_ + Ty, — T, + —T,, , 14.39
Mt B-BMpx + s T oy Tha + ol ( )

At tree level, the mixing angle (. coincides with [ defined in Eq. and all tadpole
parameters vanish, cf. Eq. . Consequently, the three matrix elements szi, mQGi It
and m%[i c+ vanish, the transformed mass matrix D}Qﬁ - becomes diagonal and the charged
Higgs bosons acquire the squared mass m%{i. The analytic expression in Eq. allows
to eliminate one further parameter of the Higgs potential in favor of another. In our work,
we consider the choice whether to take m%{i or Re(A,) as independent input. In case of
the latter choice, m?{i can be calculated by means of Eq. as a function of the other
potential parameters, while choosing the former option implies that Eq. has to be
solved for Re(A)), yielding

2 2

528Cpu—¢ 2 L2 2 2 2 2 €B. 5B.

Re(Ay) = —=—————— | myz + =|\cz_g.v° — cz_g myy — Th, — T 14.41

) = oo (e P = oy — [ = [ )
2

_ CB—Bct‘Py—%T _ |Klvscg.,

s%cgu td N

which is then calculated as a function of the other parameters. For the neutral multiplet, we
split the rotation from the gauge to the mass basis into two consecutive rotations,

(hds by hs, a, a5, GO)T = R (hg, hu, s, aq, au, as)" (14.42)
(hla h27 h37 h37 h4a h57 GO)T = R(hda hu: h87 a, s, GO)T . (1443)

The basis on the left-hand side of Eq. (14.42)) is gained from the gauge basis by extracting
the Goldstone boson G° by means of the rotation matrix

’ 58, g, 0
1 _
RG = | ¥ 523 with =] 0o o 1|, (14.44)
O3x3 R
g, =58, 0

where the mixing angle 3, is introduced. The rotation matrix R® rotates the mass matrix
into the matrix M%Lh,

Miy, = REMG,ROT (14.45)

and the analytic forms of all elements of this matrix are presented explicitly in App.|D.1]
We want to mention already at this stage that while M3, is a 6 x 6 matrix, we restrict
the presentation of its elements in App. to the 5 x 5-dimensional sub-matrix in which
the admixture with the Goldstones is neglected. Hence, the corresponding modified 5 x 5-
dimensional mass matrix M%h used for calculating the loop-corrected neutral Higgs boson
masses accounts for the mixing of the neutral Higgs boson fields only, neglecting the Goldstone
boson contributions. Likewise, while the rotation matrix R introduced in Eq. isa6x6
matrix, we consider only a 5 x 5-dimensional modified rotation matrix R where the Goldstone
boson admixture is neglected for the calculation of the loop-corrected masses in Sec.[16.2]
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The complete mass basis of the neutral sector given on the left-hand side of Eq. (14.43) is
gained by a second rotation with the rotation matrix®” R,

Dj, = RM3,RT = diag (mj}, ,m},, m,zls, mfm,m%%, 0), (14.46)

where in this equation, the tree-level tadpole conditions from Eq. (14.28)) are applied together
with the fact that at tree level, the mixing angle (,, coincides with § defined in Eq. (14.11)

and moreover with 5. from Eq. (14.34)),

ﬁn’tree = Bc|tree = ﬂ|tree . (1447)

The physical neutral CP-mixed Higgs bosons h; (i = 1,...,5) are per convention sorted by
ascending mass,

m}%l < m%u < mid < mi4 < m%l5 . (14.48)
The effective p parameter ueg of the complex NMSSM, dynamically generated through the
VEV of the singlet field is given by

1 . .
Loff = —\vge'?s = ’ueﬁ|ez¢#eﬂ , (1449)

V2

where we defined the absolute value and the phase of pg as

1
|test| = ﬁ’/\“)s , (14.50)
Pres = Ps T P - (14.51)

The MSSM limit of the complex NMSSM is gained by letting the NMSSM-specific parameters
A and k vanish, i.e. by simultaneously taking the limits A — 0 and x — 0, while A/ and the
effective Higgs mass parameter peg in Eq. (14.4) are kept at a constant non-vanishing value.

14.3. The Quark, Lepton, Sfermion and Gauge Boson Sectors

The next sectors of the complex NMSSM we consider are the SM-like fermions, i.e. the quark
and lepton sector, the sfermions as well as the gauge bosons. In the following, we restrict
the presentation of each sector to the parts that yield contributions to the two-loop O(a?)
corrections to the Higgs boson masses.

Quark and lepton sectors

In the approximations used in our two-loop calculations, cf. Sec. for further discussions,
we consider all quarks and leptons to be massless apart from the top quark with a non-zero
mass my. Moreover, we neglect all generation mixing in the quark sector as well, i.e. we replace
the CKM matrix V with a unit matrix. Due to these approximations, only the massive top
quark and the approximately massless bottom quark are relevant for our calculations, while
all other quarks and leptons do not contribute at the O(a?) two-loop level.

Up-squark sector

Due to the aforementioned approximation in the quark and lepton sector, i.e. neglecting all
generation mixing and considering all quarks and leptons apart from the top quark to be
massless, the up-squark mixing matrix reduces considerably. Moreover, the since we apply
the gaugeless limit ¢ = g = 0 in our (’)(a?) two-loop calculations, the diagonal elements of

3"We do not introduce subscripts for the neutral mixing matrix in order to distinguish it from the one presented
in the N2HDM in Eq. 1| Throughout Part of this thesis, the matrix R denotes the one defined via
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the squark mass matrix simplify even further. With these approximations, the only non-zero
contributions stem from the superpartners of the top quark and the corresponding reduces
2 X 2 mass matrix reads

m% +m? my (A;‘fei@“ — M)
QS tﬁ

2 _
M= i ot 2 2
mye | Age®P* — mz +m;
tﬂ tr

where m2 and m»t% denote the only entries of the soft-SUSY-breaking mass matrices m%
and m~ which are relevant in this approximation and Ay is the soft-SUSY-breaking trilinear
couphng of the stop sector. The 2 x 2 matrix is diagonalized by the unitary matrix ;. The
corresponding eigenstates are the two physical stop squarks in the mass basis

({1,;2)T = Uy (tNL,%VR)T , (14.53)

and the diagonalized matrix contains the squared masses of the stop squarks,

(14.52)

2 _ 2.8 _ 1 2 2
D; =Us MU = dlag(mgl,mgz) . (14.54)

For later convenience, we additionally define the off-diagonal matrix element of the diagonal-
ized stop matrix,

= (u;/\/l%u}) L (14.55)

which vanishes at tree level according to Eq. (14.54) but receives higher-order corrections
through renormalization.

Down-squark sector

By applying the aforementioned approximations of vanishing quark and lepton masses (apart
from m;) and the gaugeless limit, the down-squark mass matrix simplifies considerably and
moreover, it is revealed that only the left-handed sbottom squark contributes to our calcula-
tions. The mass eigenstate of the first shottom squark corresponds to the left-handed sbottom
squark,

by« by, (14.56)
and the squared mass of the particle is given by
2 .2

The second sbottom squark gg, corresponding to the right-handed sbottom state, decouples
and does not contribute to our two-loop calculations at O(a?).

Gauge boson sector

The squared masses of the gauge bosons W* and Z, generated through the mechanism
of EWSB, are defined as in Eqgs. and . While the masses myy and myz of the
gauge bosons vanish in the gaugeless limit, they nevertheless yield non-vanishing contributions
through their renormalization as further described in Sec.[15.4]

14.4. The Chargino and Neutralino Sectors

Chargino sector
The mass matrix of the charged winos W* and the charged higgsinos H* wd I the gauge basis
W~ H ) and (W, H) is given by

M> V2e U s sy
Mes = ’ (14.58)

X
V2esmpy Heff -
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The physical eigenstates in the mass basis are given by the charginos %Zi (i =1,2). In the
gaugeless limit, cf. Sec. [14.5, the mass matrix simplifies to the diagonal form

M%i = diag(Mg,,ueﬂr) . (14.59)

The charged winos decouple and the charginos )zQi are directly connected to the charged
higgsinos. The diagonalization of the fermion mass matrix yields the masses of the charginos,

Dy= = diag(mg, , ms,) = diag(Ms, |pe]) (14.60)

where we absorbed the phase ¢, into the mixing matrix elements which, as a consequence,
leads to the reappearance of this phase in the chargino couplings. In the approximations that
we consider for the calculation of the two-loop corrections to the Higgs boson masses, the
charginos )?li decouple and only the charginos )?3[ contribute to our calculations.

Neutralino sector
In the gauge basis (B, WO H 3, HS ,5), the 5 x 5-dimensional mass matrix of the neutralinos
is given by

My 0 —cgmysw sBe_i‘P“stW 0
0 Mo cgmw —SQe_i“""mW 0
USB(BW“)\
MSZO = —CgMmzsw cgmw 0 — Heff _7\/§ , (14.61)
i . vsgelPu N
Spe upumZSW —Sp€ upumW _/'Le'ff 0 - ,6\/5
vsgerru\ vsgerru\ -
0 0 _°B _°B V20,65 K

V2 V2

where we use the short-hand notation sy = sin(Oy) for the Weinberg angle ©yy. The
diagonalization of the mass matrix yields the five neutralinos 2? (i =1,...,5). In the gaugeless
limit, the mass matrix reduces to a block-diagonal form consisting of two block matrices

Mzo = diag( MG, M) (14.62)
with the diagonal 2 x 2 gaugino mass matrix
M, = diag(My, My) (14.63)
and the 3 x 3 higgsino-singlino mass matrix
0 e s 56”“ A
V2
MB = e 0 _”856\/? (14.64)
_1)8/36“’0“/\ _1)8/36“’0“)\ NP
V2 V2
The already diagonalized form of Mgo,
Dgo = Mgo = diag(m%(f,m%g) = diag(Ml,Mg) , (14.65)

corresponds to the two neutralino eigenstates )Z? (¢ = 1,2). In our approximations, these
eigenstates decouple and do not contribute to our two-loop results at O(a?). On the other
hand, the diagonalization of the other fermion block matrix Mgo yields the three neutralinos

)?? (i = 3,4,5) which contribute to our two-loop results. The diagonalized mass matrix is
gained by applying the mixing matrix A to the mass matrix,

D)]%G = /\/’*M%{)NT = diag(m%g,mﬁ, mgg) ) (14.66)
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14.5. Approximations for the Two-Loop Calculations

For convenience, we provide an overview over all aforementioned approximations applied in
the calculation of the (’)(a?) two-loop corrections to the Higgs boson masses in the complex
NMSSM in this section and moreover present another approximation which we apply for the
calculation of the genuine two-loop Feynman diagrams. To that end, we first define the exact
meaning of denoting the two-loop corrections by O(a?). We define the coupling constant oy
as

== ——=, (14.67)

where we defined the top Yukawa coupling constant ; for convenience. In general, the
notation O(ajoy---) used in this thesis implies that only certain powers of the coupling
constants «;, a;, ... defined via relations analogous to Eq. , are taken into account.
Consequently, the notation O(a? ) implies that only diagrammatic contributions proportional
to a? are taken into account. Strictly speaking however, we actually calculate contributions
proportional to m?a? in this work and hence, our two-loop results are of O(m?a?). In order
to comply with the conventional notation however, we nevertheless refer to our two-loop
calculations as being of O(a?) throughout this thesis.

Concerning the independent input parameters, we apply the approximations that

e in the gaugeless limit, the gauge couplings ¢’ and g of the gauge subgroups U(1)y and
SU(2)r, respectively and consequently also the gauge boson masses vanish®®,

g—=0, g—=0, my—0, my—0, (14.68)

e all quarks and leptons, apart from the top quark, have vanishing mass,

my#0, my— 0 (all other quarks and leptons) , (14.69)

e no mixing of generations in the quark and lepton sectors are present and especially, the
CKM matrix V equals a unit matrix,

Vii — dij . 14.70
J J

As a consequence of these approximations, only a reduced amount of particles compared to
the full particle content of the complex NMSSM as shown in Fig. are relevant for the
O(a? ) two-loop corrections to the Higgs masses. These particles are given by

e the top quark ¢ and the bottom quark b,

the stop squarks #; (i = 1,2) and the sbottom squark by,

the neutral CP-mixed Higgs bosons h; (i = 1,...,5) and the charged Higgs bosons H*,

the neutral Goldstone boson G° and the charged Goldstone bosons G*,

the chargino XQi and the three neutralinos X\ (i = 3,4,5) and

e the W* and Z gauge bosons.

Apart from these approximations, we moreover simplify the calculation of the genuine two-
loop Feynman diagrams by taking the limit of vanishing external momentum, i.e. we evaluate
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h,
Higgs boson
~70
2 X/ 1
Higgs boson neutralino
( ( ( ( ( (
h ~ ~ ~ ~ ~70
u C t g , u C t g X,
(charm \top (gluon Higgs boson (sup | scharm (stop (gluino neutralino
( ( ( ( ( ( (
d s | b als|e)Elx
Y 1 3
(down |strange (bottom (photon i (sdown (sstrange (sbottom (chargino \neutralino
( ( e ( ( ( (
||| il z || %] %
[T 1 2 [ > 1
(electron (muon tauon W boson (selectron (smuon (stauon (chargino neutralino
( ( e ( (
~ ~ ~0
e U T Z e W T X5
L& neutrino (it neutrino (t neutrino (Z boson Higgs boson L& sneutrino A | 1 sneutrino M | T sneutrino neutralino

Figure 14.1.: Particle content of the complex NMSSM in the mass basis. In the complex
realization of the NMSSM, the five Higgs bosons h; (i =1, ...,5) represent CP-mixed states.

the genuine two-loop diagrams in the limit p> — 0. In this limit, the calculated Feynman
amplitudes correspond to their counterparts derived in the effective potential approach.

We want to emphabize that we apply all aforementioned approximations only for the cal-
culation of the @(a?) two-loop corrections to the Higgs boson masses. For the numerical
evaluation presented in Chapter [17| on the other hand, we also evaluate the Higgs boson
masses at full one-loop order, without any approximations applied, and at O(a;as) two-loop
order, with the same approximations applied as for the calculation of the (’)(af ) corrections.

14.6. Set of Independent Parameters and Particle Content

In the following, we present the independent input parameters relevant for the (’)(a?) correc-
tions. For practical reasons, we include in this set only the parameters which are relevant
for the O(af) two-loop corrections to the Higgs masses when all approximations in the pre-
ceding Sec. are applied. When choosing mpy+ as an independent parameter, Re(A)) is
calculated as a function of the other parameters of the scalar potential through Eq.
and the set of independent parameters is given by

{T¢i,v, sw,e,tg, |Al, |K|, vs,my+, Re(Ay), P Mt M, M At} , (14.71)

where ¢; = hg, hy, hs, aq, ay,as and j = A\, K, u, s. If we instead choose Re(Ay) to be an inde-
pendent parameter, qui is calculated as a function of the other Higgs potential parameters
by means of Eq. (14.37) and the set of independent parameters is given by

{T¢i,v,sw,e,t5,|)\|,|f£|,vs,Re(AA),Re(A,{),goj,mt,m m;R,At} . (14.72)

Q3

3 We want to emphasize here already that while g’, g, mw and mz all vanish in the gaugeless limit, constants
defined over the ratio of these quantities, e.g. the VEV v or the sine and cosine of the Weinberg angle Ow,
are unaffected by these limit and remain at their constant non-zero values.



CHAPTER 15

The Renormalization of the Complex NMSSM for the O(a?) Corrections

The computation of the higher-order corrections to the Higgs boson masses necessitates the
evaluation of one- and two-loop integrals which in general contain UV divergences. Conse-
quently, the independent parameters presented at the end of the preceding Chapter [14|require
renormalization. In contrast to Parts |II and of this thesis, where we considered correc-
tions at the one-loop level, the two-loop corrections require the renormalization of the relevant
parameters not only at one-loop level but additionally also at two-loop order. Throughout
this chapter, the definition of the one- and two-loop CTs of the independent parameters
is restricted to contain only contributions which are relevant for the genuine O(a?) two-
loop corrections and for all approximations which are used in the course of the calculations,
cf. Sec. The resulting CTs are implemented in a new version of the computer program
NMSSMCALC which is used for the numerical computation of the higher-order corrections to
the Higgs boson masses in the complex NMSSM. The discussion of the renormalization which
is required for the computation of the O(af ) two-loop corrections presented in this chapter
closely follows the recent publication [82].

Starting with Sec.[15.1] we introduce CTs for all independent parameters of the complex
NMSSM that are relevant for the calculations performed in our work. In Sec. we present
the renormalization of the top and stop sector which is of particular relevance for the O(a?)
corrections. In the subsequent Sec. we present the renormalization of the scalar sec-
tor including the definition of the CTs for the neutral Higgs mass matrix, the WFRCs of the
scalar fields as well as the renormalization of the charged Higgs boson mass and ¢3. Moreover,
we discuss the renormalization of the minimum conditions of the scalar potential and define
the tadpole CTs required for the higher-order corrections to the Higgs masses. Subsequently,
we present in Sec. the renormalization of the gauge sector of the complex NMSSM. Fi-
nally, we discuss the renormalization of all remaining independent parameters of the complex

NMSSM in Sec. [15.51

15.1. The Counterterms for the O(a?) Corrections

In the first section of this chapter, we first formally introduce the CTs of all independent
parameters given by either of the two sets in Eqgs. (14.71) and (14.72). For each indepen-
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dent parameter, we split the bare parameter into a renormalized value and its corresponding

genuine one- and two-loop CTs as follows®,

Ty, — Ty, + 09Ty, + 09Ty, , (15.1)

v — v+ 0% + 6% , (15.2)

e = e(1+0YZ.+46°Z,) , (15.3)

sw — sw+ 0w + 69sy (15.4)
miy, — miy +09mi, 4+ 69mi, (15.5)
m% — m%+69m% + 69m% | (15.6)
mie — mye +069my. +6%mi. (15.7)
mQGiHi — méiHi + 5®mZGiHi + 5(2)m2GiHi , (15.8)
(M%h)@%‘ — (Ml%h)dh‘tﬁj + (5(1)Mf2lh)¢i¢j + (5(2>M%h)¢i¢j ’ (15'9)
tg — tg+0%z+ 6%, (15.10)
Re(A4)) — Re(4)) +6YRe(Ay) + §9Re(A)) , (15.11)
Al = (A 4+ 8V + 69N, (15.12)

k| — |k] + 8% |k| +69|k|, (15.13)

vy — vs + 0% + 6%, , (15.14)
Re(A:) — Re(Ay) +0%Re(Ay) + 0%Re(Ay) , (15.15)
0i = pi+0% +8%; (i =wu,s,\K), (15.16)

frefi = feft + 0% et + 02 et (15.17)

my — my +0%my (15.18)
m%g — m%3 —1—5®m%3 : (15.19)
mi = mi +89m? (15.20)
A = Ag+94, (15.21)

mi — mi+8%mI (i=1,2), (15.22)
mi = md +80me (15.23)

Yy = Yi+0YY;, (15.24)

with ¢ = hg, hy, hs, ag, ay, as for Eq. (15.1) and ¢;, ¢; = hq, hy, hs, a, as for Eq. (15.9). For
later convenience we additionally introduced CTs of the squared gauge boson masses my;, and
mQZ, for the effective parameter pog defined in Eq. (14.49), for the off-diagonal entry m2Gi o+

of the diagonalized charged Higgs mass matrix defined in Eq. (14.39), for the neutral mass
matrix elements (M%Lh)¢i¢j as given in App. as well as for the additional parameters m%
(i=1,2), m%l and Y} of the top and stop sectors which are promoted only up to one-loop

order, since the two-loop CTs are not required in our calculations.

In order to incorporate the newly calculated O(a?) contributions consistently with the full
one-loop and O(aa,s) two-loop corrections for the complex NMSSM already implemented in
NMSSMCALC | , we adopt the mixed DR-OS scheme used in these computations, i.e. in
case that m7+ is chosen as independent input the independent parameters of the complex

NMSSM are renormalized as follows,
T(z,i,m%{i,v, e, sw,tg, ||, vs, |K|, Re(Ax), Pi, M, M, My Ay (15.25)

OS scheme

DR scheme OS/DR scheme

31n Part we introduce the CT §® p of the parameter p required for the two-loop calculations with a super-
script (n) denoting the n™ loop level at which the CT is defined.
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where OS /DR denotes that the parameters of the top and stop sectors are renormalized either
in the OS or in the DR scheme as described in the subsequent Sec. If instead Re(Ay) is
considered as input, then the CTs in the mixed DR-OS scheme are ﬁxed according to

Ty, v, €, 8w, 13, | A, vs, |k|, Re(Ar), Re(Ak), pi, me, m Ay, (15.26)

Q3 m?R’

OS scheme DR scheme OS/DR scheme

In the subsequent sections, we present the renormalization conditions imposed on the differ-
ent sectors of the complex NMSSM in more detail and present the resulting CTs explicitly.
However, we want to emphasize again that we restrict the presentation and definition of all
CTs solely to the terms which contribute to the newly calculated two-loop corrections to
the Higgs masses at (’)(a?). For the one-loop corrections to the Higgs masses implemented
in NMSSMCALC on the other hand, the full CTs including contributions from all independent
parameters are considered. We do not show these full one-loop CTs in this work and instead
refer to for their presentation.

15.2. Renormalization of the Top and Stop Sectors

The first sector considered for renormalization in the complex NMSSM is the top and stop
sector of the theory. The relevant parameters of the top/stop sectors are split into renormal-
ized parameters and one-loop CTs as presented in Egs. (15.18)) to (15.21). In our work, we
proceed along the lines of [81] and consider the two possibilities of renormalizing the top/stop
sector either in the OS or in the DR scheme. In case the former is chosen, it is more practical
to directly define the CTs for the masses of the two stops #; (i = 1,2), for the sbottom by
as well as for the off-diagonal mixing element Y7 of the stop sector as defined in Eq. 1}
These additional CTs are introduced analogously by splitting the bare parameters into the
sum of the renormalized parameters and their CTs as presented in Eqs. (15.22) to (15.24).

We first consider the case that the parameters of the top/stop sectors are renormalized OS.
For the OS conditions of the top/stop sector, we adopt the scheme definitions of the CTs

presented in [276,277]. The four CTs are given by

§0m, = @Re [Zg)’L( 2y 4 2By )+2Z(1)S(mf)} , (15.27)
59m2 = Re [291 (m%l)} , (15.28)
§9m2 = Re [2(” (mi)} : (15.29)

5<1>Y; - Re (=0, (m

tit5

m3,) + Tp (m i)] 7 (15.30)

where the superscripts denote the left-chiral (L), right-chiral (R) and scalar (S) projections
of the unrenormalized one-loop top quark self-energies in terms of the chirality projectors w+
(cf. e.g. [183] for more details). The terms ES)H ,(p?) (i,j = 1,2) denote the unrenormalized

one-loop self-energies of the stop tran81t10ns t, — tj* and Re implies that the real part is
applied only to the loop integrals but not to the coupling constants of the complex NMSSM
appearing in the stop self-energies. For the calculation of the O(at) two-loop corrections,
only the subsets of self-energy diagrams shown in Fig. [15.1]and Fig. [15.2/for the top and stop
self-energies, respectively, are required. The CTs of the soft-SUSY-breaking masses, trilinear
coupling constants and of the squared sbottom mass are derived as functions of other CTs as
follows,

(Up) 11 (Up) (5(” —6%m )+(u;)n(u;)§2(5®Yt~)* (15.31)
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Figure 15.1.: Generic one-loop self-energies of the top quark relevant for the O(«y) renor-
malization of m;. We implicitly sum over the indices a = 1,...,5, b= 1,2 and ¢ = 3,4,5 of
all internal particles.

* iou u*ﬁ e*i@uu*ﬁd(l)tﬁ e~ Pu (6(1)Iueﬁ)*
+ (U;)m(ul?)mé@}/t — <At€2<P — t;) (5<1>mt] _ tg 4 >

SO = Q) P60 m + ()16 m2 4 W) (V) 6VY; + (U) (U)5 (87Y)"  (15.32)

— 2mt5(1)mt s

00m2 = |(Us)uxP00m2 + (U)o [P00m2 + U)oU) 7207 Vi + (U)oU) 5, (57YD)"  (15.33)
— 2mt5(1)mt 5

() O}

) m =9 ng (15.34)

where 5(1)155 and § e are defined in the upcoming Subsec. 15.3.4/and Sec. respectively.

For the two-loop calculations, we need to expand the one-loop CT 6%p for any parameter p
a priori up to O(e) terms*’ as follows,

1
09p® = ~6"paiy + 0% ppa +£0%pe | (15.35)

where the subscripts denote the divergent (div) and finite (fin) parts of the CT as well as
the part which is proportional to . While the latter terms can in principle be included in
the calculation, cf. , it turns out that all e¢§¥p. terms of each OS-defined CT do
not contribute to the O(a7) two-loop corrections of the Higgs masses, which was checked
explicitly by us. As a consequence, we set the parts proportional to € of all OS-defined CTs
to zero and consider only the expansion up to the finite part in the following,

1 .
5<1>pOS — 786<1>pd“’ + (5®pﬁn . (15.36)
The DR CT on the other hand is given by

00pP = —g0pt. (15.37)

According to the SLHA, the top quark mass used in the higher-order computations of the
Higgs boson masses is understood as the pole mass while the soft-SUSY-breaking mass terms
m% and m~ as well as the soft-SUSY-breaking trilinear coupling A; are parameters defined
in the DR DR scﬁeme at the renormalization scale pr = Msusy, where Mgygy denotes the SUSY
mass scale. In our work, we consider both possibilities that the top/stop sector is renormalized
either through OS or DR conditions. Since we apply the SLHA, this, however, requires that

in both cases, some of the parameters need to be converted from one scheme to the other:

The O(e) terms of the CTs are relevant when calculating one-loop Feynman diagrams with CT insertions at
e.g. one of the vertices of the diagram. The O(e) terms of the CT can combine with the UV-divergent O(e™")
terms of the one-loop integral and hence contribute at two-loop order to the finite part of the diagram.
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Figure 15.2.: Generic one-loop self-energies of the stops relevant for the O(«;) renormaliza-
tion of the stop sector. We implicitly sum over the indices a = 1,...,5, b=1,2 and ¢ = 3,4,5
of all internal particles.

e In case the DR scheme is chosen for renormalizing the top/stop sector, the DR-defined

parameters m%g, m%R and Ay are taken as they are, but the pole mass m; needs to be

converted to the DR top quark mass m,l? R For this, we follow the approach as described
in detail in App. C of .

e In case the OS scheme is chosen for renormalizing the top/stop sector, the top quark pole
mass my is taken as input while the DR parameters M, My, and A; are converted to
their corresponding values in the OS scheme by applying the generic formula presented
in Eq. to the case of the three DR parameters,

ASS = APT% — 50 Afin | (15.38)
(m%3)os _ (m%3)DR _ (5<1)m%3)ﬁn 7 (15.39)
(mth)os _ (mth)DR _ (5a)mth)ﬁn . (15.40)

In contrast to Eq. (3.31) however, we evaluate the finite parts of the CTs on the right-
hand sides of Eqgs. dl5.38b to d15.40b with the OS parameters AYS, (m%S)OS and (ng)oS

i ?
instead of the DR parameters. But since these are defined through these equations, this

requires an iterative procedure for solving Eqgs. (15.38)) to (15.40) for the OS parameters,
as discussed in Sec. In NMSSMCALC, such an iterative procedure is implemented for
the conversion of the DR parameters M, My, and A;.

Both the OS and the DR scheme of the top/stop sectors are implemented in NMSSMCALC and
the user can decide in the input file which renormalization scheme is chosen. Since both
schemes differ by finite terms in the CTs of the top/stop sector, the resulting computed
higher-order corrections to the Higgs masses differ between the two schemes, as well. We
discuss this in more detail in Chapter

15.3. Renormalization of the Scalar Sector

The next sector considered for renormalization is the scalar sector of the theory. This com-
prises of the renormalization of the scalar field multiplets, the treatment of the tadpoles at
one- and two-loop order and the renormalization of the charged Higgs boson mass m g+ and
tg. We discuss each of these sectors separately in the following subsections.

15.3.1. The Scalar Wave Function Renormalization Constants

As discussed for scalar field multiplets in general in Sec. the scalar fields of the complex
NMSSM receive higher-order corrections due to which the bare fields are rescaled to form the
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renormalized fields. We introduce one WFRC for each Higgs doublet and singlet*!, expanded
up to two-loop order as 