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CHAPTER 1

Introduction

Even centuries before the advent of high-energy physics, the concept that ordinary matter
might consist of smaller building blocks has driven scientific and philosophic curiosity alike.
The ancient Greek word dtomos, literally translated to “indivisible” , is a remnant of this
belief which was applied in the last two centuries in chemistry by structuring the atoms of the
periodic table of elements as the fundamental components of all matter. It was not until the
end of the 19" century that scientists realized that atoms are not truly indivisible, but consist
of smaller building blocks themselves. The electron was the first of these sub-atomic particles
to be discovered and the detection of protons and neutrons soon followed, enabling a complete
explanation of the inner structure of atoms in the picture of the Rutherford model .

Due to the development of quantum mechanics in the early 20" century, the duality between
particles and waves became clear, and the division between particles according to one of their
intrinsic quantum mechanical properties, called the spin, was presented in a mathematically
rigorous way. Subsequently, the unification of quantum mechanics with the theory of physical
fields was achieved in the form of quantum field theories. The first of these theories to be
mathematically complete, called quantum electrodynamics, explains among other phenomena
the electromagnetic interaction of charged particles and photons .

The enormous success of quantum electrodynamics led to the search for more general field
theories, trying to explain not only the electromagnetic interaction, but additionally, the
weak interaction, which explains radioactive decays, and the inner structure of the nuclei,
described by the strong interaction. In the middle of the 20h century, the development of
particle accelerators allowed for the observation of particle collisions at higher energies. This
in turn led to the observation that all baryons, e.g. protons and neutrons, are composed of
quarks as their fundamental elementary particles, and the interaction between those particles
is mediated by photons 7, electroweak gauge bosons Z°, W and gluons ¢ as the carriers of
the fundamental forces [3].

In order to arrive at a more fundamental theory of particle physics, the electromagnetic and
weak interactions were unified to the so-called electroweak interactions. This theory, together
with quantum electrodynamics, was used in the late 1970s to build up the Standard Model
(SM) of particle physics [6H8]. Within the SM, all interactions and particles of nature known
to date (apart from gravity) arise in a mathematically rigorous way [3}[5].



2 1. Introduction

Through the course of the second half of the 20" century, every component of the SM was
observed at a variety of collider experiments, and with the discovery of the top quark in
1995 @ and of the 7 neutrino in 2000 , the observation of the lepton, hadron and
gauge boson sectors of the SM was completed. The last missing piece of the SM was a scalar
particle, called the Higgs boson, being predicted as a fundamental building block of the SM
as early as 1968 . Over four centuries later, such a scalar particle was discovered at
the Large Hadron Collider (LHC) in 2012 , finally completing the Standard Model of
particle physics.

Although the theory of the SM turned out to be successful in the last decades and electroweak
precision measurements suggest a so-far very good agreement with SM predictions [19H26],
several phenomena exist that are not explainable with our current understanding of particle
physics. Among these is the dominance of matter over antimatter in our universe and the
absence of a valid candidate for dark matter within the SM framework, while experimental
data establish an abundance of dark matter with respect to ordinary matter in our universe
28]. Therefore, it is necessary to explore physics beyond the Standard Model (BSM) in order
to propose solutions to the so-far open problems within the SM.

The Two-Higgs-Doublet Model (2HDM), which is investigated in this thesis, is a BSM theory
which is capable of solving some of the problems mentioned above while still preserving the
good agreement between the SM and experiments. The 2HDM provides a simple extension
of the SM through the introduction of an additional scalar doublet in the Higgs sector, giving
rise to a possible candidate for dark matter and mechanisms to explain the dominance
of matter over antimatter [31]. Due to the second Higgs doublet, the phenomenology and
scalar particle content is extended in comparison to the SM, containing one light and one
heavy neutral CP-even Higgs boson (h0 and HY, respectively), one neutral CP-odd Higgs A°
and two charged scalar Higgs bosons H* .

With the LHC now being operated in run II at 13 TeV, the exploration of the scalar sector is
expected to reveal more details. In a theory with an extended Higgs sector like the 2HDM,
the decay of charged Higgs bosons is expected to produce good signals at the LHC. The com-
parison between theory and data requires precise predictions obtained through higher-order
calculations. To achieve this goal, the first important step is the complete renormalization of
the 2HDM.

This thesis focuses on the electroweak sector of the 2HDM and its renormalization. Due to
the rotation of the scalar fields from the gauge basis to their mass eigenstates, the 2HDM
requires the renormalization of two scalar mixing angles o and 8 . The renormalization
of these mixing angles is a subtle task, since there is no natural way of defining them through
a physically motivated renormalization scheme. Additionally, an unsuitable choice of scheme
might introduce gauge-dependences in the one-loop amplitude and consequently in physical
observables, thus breaking gauge-invariance of next-to-leading order calculations .

Within the Minimal Supersymmetric Standard Model (MSSM), where the scalar mixing angle
B needs to be renormalized, a “no-go theorem” was discussed which states that a renor-
malization scheme for § may not be simultaneously gauge-independent, process-independent
and numerically stable. Within this thesis, this discussion is extended to the two scalar mix-
ing angles and different renormalization schemes for a and 8 are analyzed with respect to
these three properties. Additionally, we consider different renormalization schemes for the
2HDM parameter A5, which is proportional to the fields in the 2HDM potential that softly
violate a discrete Zo symmetry. Hence, the purpose of this thesis is to compare different
renormalization schemes and propose a numerically stable, gauge- and process-independent
renormalization scheme of the scalar mixing angles for the 2HDM, as well as a suitable renor-
malization scheme for Aj.



The thesis is structured as follows.

Chapter [2| presents an introduction to the Two-Higgs-Doublet Model. In Sec. we will mo-
tivate the exploration of physics beyond the Standard Model and particularly the 2HDM. To
that end, it is necessary to take care of several theoretical and experimental constraints on any
new physical theory, as discussed in Sec. In Sec. the complete electroweak Lagrangian
of the 2HDM is presented. It contains the scalar potential of the 2HDM, whose parametriza-
tion, rich vacuum structure and particle content is presented in Sec. as the main part of
the introduction to the 2HDM. In the subsequent Sec. [2.5| the full scalar Lagrangian and
the electroweak symmetry breaking within the 2HDM are analyzed. The interaction with
fermions is discussed in Sec. where additionally, mechanisms for avoiding flavor-changing
neutral currents are introduced. The necessary gauge-fixing of the Lagrangian is implemented
in Sec. followed by the full set of parameters of the 2HDM.

In Chapter |3, we discuss the connection between decay amplitudes, following from field the-
oretical calculations, and partial decay widths as observables at a collider experiment for
one-to-two decay processes. This discussion is presented for tree-level calculations in Sec.
and at next-to-leading order in Sec. in a generic way, so that it can be applied to a variety
of decay processes.

The renormalization of the Two-Higgs-Doublet Model in Chapter|4]forms the main part of this
thesis. We start with an overview of the appearance of divergences in higher-order calculations
in Sec. and their regularization and renormalization in Sec. In Sec. we present
the on-shell renormalization of scalar fields for the 2HDM as an exemplary renormalization
method. In spontaneously broken gauge symmetries, special care has to be taken with respect
to the renormalization of the tadpole terms in order to preserve the minimum conditions of
the potential to all orders. This is discussed in Sec. In the subsequent Sec. 4.5/ to Sec.
the generic results of the on-shell renormalization procedure are applied to the gauge boson,
fermion and scalar sector of the 2HDM. In Sec. different renormalization schemes for the
2HDM-specific scalar mixing angles o and 5 are discussed with respect to gauge-dependence
of the one-loop amplitude. The last independent parameter of our parametrization of the
2HDM, As;, is renormalized in two different schemes in Sec. and the chapter closes with
a discussion about the renormalization of the gauge-fixing Lagrangian in Sec. [4.10]

The subsequent three chapters introduce 2HDM-specific decays of the heavy CP-even Higgs
H° and the charged Higgs H', namely the decays H™ — W™ hO/H0 in Chapter ,
HY — Z° Z° in Chapter @ and H° — 1% A” in Chapter For all processes, the
calculation of the tree-level and next-to-leading order partial decay width is presented and
the gauge-dependence of the one-loop amplitude for the different renormalization schemes
of the scalar angles and As are discussed. In the case of the first process, we additionally
discuss the infrared divergence of the one-loop amplitude and its regularization as well as the
cancellation of all infrared divergences through the inclusion of real corrections.

In Chapter |8, the numerical evaluation of the next-to-leading order partial decay widths is
presented. To this end, we present the software packages as well as the 2HDM input parameter
sets that we use for our analysis. Subsequently, the numerical results for all processes intro-
duced in the previous three chapters are presented. The different renormalization schemes
for the scalar mixing angles and A5 are compared with respect to numerical stability of the
next-to-leading order partial decay width.

Chapter 9 gives a summary of the previous chapters and the results that were obtained.
A renormalization scheme for the 2HDM is presented that is gauge-independent, process-
independent as well as numerically stable. Finally, suggestions are proposed for a further
investigation of the renormalization schemes, especially of As, as well as for a subsequent
numerical analysis of the results.






CHAPTER 2

Introduction to the Two-Higgs-Doublet Model

2.1. Motivation

The phenomenology of the gauge boson and fermion sector of the electroweak Standard
Model of particle physics has been well investigated so far. The detection of the Higgs boson
in 2012 enabled the exploration of the scalar sector of the theory for the first time,
and with run IT of the LHC now being in full swing, taking data at a center-of-mass energy
of 13 TeV, the Higgs couplings will be measured in even greater detail.

The SM uses the simplest of all possible scalar structures (apart from a singlet), namely one
complex SU(2), doublet , being referred to as the minimal Higgs structure . From
an experimental point of view, the detected Higgs boson is so far well compatible with this
minimal Higgs structure and electroweak precision measurements show a very good
agreement with the SM [19421], so naturally, the question arises why investigations of any
BSM physics should be strived. Despite good agreement between theory and experiment,
there are several reasons speaking for the existence of an extended BSM sector.

From a theoretical point of view, the introduction of the Higgs mechanism is an elegant way
to explain the generation of mass in the otherwise massless gauge theory of the SM while
still preserving its gauge symmetry. However, higher-order corrections to the physical Higgs
boson mass introduce a strong dependence on the renormalization scale of the theory .
As a consequence, the Higgs boson mass is expected to be of the order of a scale where new
physics appears, for instance the Planck scale, but instead, the Higgs mass differs from this
scale by astonishing 17 orders of magnitude. This so-called hierarchy problem can be solved
through the cancellation of the large loop contributions in the framework of supersymmetry
(SUSY), which is amongst the most popular and well studied theories for BSM physics. Due
to the structure of the SUSY superpotential, it is not sufficient to consider only one Higgs
doublet. Instead, two doublets are needed in order to give mass to both up- and down-type
quarks ,. Within the scope of this thesis, we do not consider a SUSY theory but
restrict ourselves to an extension of the scalar sector in the form of two SU(2). doublets,
giving rise to the 2HDM, without any additional SUSY relations or particles. While the
2HDM does not have the advantage of SUSY models to solve the hierarchy problem, the
theory is still interesting, since it offers solutions to other unsolved problems of the SM.
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Measurements show that the ordinary baryonic matter accounts only for roughly 15% of the
total matter in the universe, with the other 85% being so-called dark matter . A
special case of a 2HDM, the Inert Two-Higgs-Doublet Model (IDM) establishes an unbroken
Zy symmetry for one of the two Higgs doublets, so that the vacuum expectation value of this
doublet vanishes. As a consequence, one of the doublets provides the SM-like Higgs boson,
while the other doublet does not couple to quarks and leptons, but still has a non-vanishing
mass. This inert doublet serves as the dark matter candidate of the IDM ,.

Another cosmological observation that is not explicable within the SM is the dominance of
matter over antimatter in our universe. As one of the three Sakharov conditions necessary
for baryogenesis in the universe, the gauge theory describing nature must provide methods
for violation of charge and parity (CP) symmetries that are strong enough to account for the
dominance of matter over antimatter . Within the SM, a source of CP-violation comes
through the non-vanishing phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [42}/43],
however, it is not strong enough to fully explain baryogenesis . Through the extended
scalar sector of the 2HDM, it is possible to introduce new sources of explicit and spontaneous
CP-violation in order to explain baryogenesis .

2.2. Constraints on Theories Beyond the Standard Model

2.2.1. The p Parameter

Focusing on an extension of the scalar structure of the SM, one has to be careful not to violate
several theoretical and experimental constraints. If we consider the electroweak SU(2); X
U(1)y gauge theory with n scalar Higgs doublets ®;, with their weak hypercharges Y;, weak
isospins I; and vacuum expectation values v; (i = 1,..,n), then one of the most restrictive
constraints can be formulated by introducing the p parameter [32]

Sy v [AL(1 + 1) = V7]
it QYiQUi '

The constraint on any scalar extension of the Standard Model is the experimental fact that
the p parameter is very close to 1 :

b= (2.1)

Pexp = 1.00040 = 0.00024 . (2.2)

For the Standard Model with only one complex SU(2)r doublet with weak isospin I = 1/2
and hypercharge Y = 1, Eq. (2.1) reduces to

2

m
1% -1 2.3
ps m?, cos?(Ow) ’ (23)

with mz and my being the masses of the Z° and W* gauge bosons and Oy being the
Weinberg angle. In the SM, Eq. is automatically fulfilled by the theory [47]. However,
the minimal Higgs sector of the Standard Model is not the only way to realize p = 1 from a
theoretical point of view. In fact, there are infinitely many possible realizations of the Higgs
sector [32], as long as the combination of isospins, hypercharges and vacuum expectation
values are such that the p parameter in Eq. is within current experimental bounds.

While in principle there are complicated extensions possible, e.g. by adding the representation
I=3and Y =14 , the simplest extensions are those where doublets with weak isospin
I; = 1/2 and hypercharge Y; = 1 are added. In that sense, the simplest extension of the scalar
sector of the SM is the addition of just one other complex SU(2)r, doublet, giving rise to the
2HDM.
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2.2.2. Flavor-Changing Neutral Currents

Many BSM theories introduce the possibility of flavor-changing neutral current (FCNC) pro-
cesses, i.e. processes that involve the change of the particle flavor without a coincident alter-
ation of its electric charge. Experimental data puts very strict constraints on the branching
ratios of FCNC processes [48,49]. Within the Standard Model, FCNC reactions are auto-
matically ruled out on tree level and appear only in higher-order calculations, where they
are suppressed by the Glashow-Tliopoulos-Maiani (GIM) mechanism [50]. Therefore, any
new physical theory beyond the SM must either prohibit the existence of FCNC at tree level
or provide mechanisms to suppress FCNC reactions. The 2HDM provides such a mecha-
nism, thus ensuring not to violate the strict experimental constraints on the observation of
flavor-changing neutral currents , as will be discussed in Sec.

2.2.3. Unitarity Constraints

While the constraints mentioned so far are set up mostly due to experimental data, there
is another constraint that emerges purely from theoretical aspects of electroweak symmetry
breaking, called the unitarity constraints of the theory. The scattering of longitudinal vector
bosons ViV, — VpVp (with V € {Z° W*}) and fermions to longitudinal vector bosons
f+fr — ViVi (where the subscript + stands for fermions with positive helicity) leads to
partial decay widths that potentially grow infinitely with an increase of the center-of-mass
energy, thus violating the unitarity of the scattering. Within the SM, this problem is solved
through electroweak symmetry breaking, which leads to a set of non-trivial cancellations
between Feynman diagrams containing the vector bosons, fermions and the Higgs boson. Since
electroweak symmetry breaking gives rise to the Higgs coupling ggww (with H being the SM
Higgs boson), these cancellations are ensured automatically by the theory, thus preserving
the unitarity constraint [32].

In a theory with an extended Higgs sector composed of additional doublet and singlet Higgs
fields, the unitarity constraints still have to be preserved. For this it is sufficient that the
Higgs sector (with the BSM Higgs bosons h;) fulfills the following sum rules of the couplings
between fermions, vector bosons and Higgs particles [51]:

> Gy =ghvy (2.4)
i

> Oh vV InF = 9HVV I ST - (2.5)

1

Through the structure of the electroweak symmetry breaking, the 2HDM exhibits the sum
rules given above, thus preserving the unitarity contraints.

2.3. The Electroweak 2HDM Lagrangian

In comparison to the Standard Model, the 2HDM consists of two complex SU(2);, doublets
®; (i = 1,2) with hypercharge Y = +1 instead of just one. In this thesis, the focus lies
on electroweak corrections to 2HDM-specific decays, only. Therefore, it is sufficient to give
the full electroweak Lagrangian of the 2HDM and quantum chromodynamics (QCD) is not
considered. Explicitly, the fully quantized electroweak Lagrangian reads

L5%m = Lym + L + Ls + Lyuc + Lar + Lrp - (2.6)

The first two terms consist of the Yang-Mills Lagrangian Lyn and the kinematic terms of
the fermion sector and the couplings between fermions and gauge bosons, L. Since they do
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not introduce any new physics when changing from the SM to the 2HDM and their explicit
form is not needed later, these terms will be kept implicit in the Lagrangian. For reference,
their explicit form can be found e.g. in .

The third term of Eq. introduces the 2HDM-specific scalar Lagrangian Lg, which con-
tains the kinetic terms of the two Higgs doublets and the scalar potential Voppy. Given its
rich vacuum structure and particle content, the scalar potential will be investigated separately
from the scalar Lagrangian in Sec.[2.4] The full scalar Lagrangian, as well as the mechanism
of electroweak symmetry breaking within the 2HDM, is discussed in Sec.

In analogy to the SM, the interaction between the extended scalar sector of the 2HDM and
the fermionic fields is described within the Yukawa Lagrangian Lye. In contrast to the SM,
however, the Yukawa theory of the 2HDM potentially gives rise to flavor-changing neutral
currents at tree level. Since FCNCs serve as a strict constraint for any BSM theory, as
discussed in the previous section, the procedure of isolating and eliminating FCNCs from the
2HDM will be discussed in Sec.

Lastly, the quantization of the electroweak Lagrangian requires the introduction of a gauge-
fizing term Lgr in order to isolate unphysical degrees of freedom, as well as the corresponding
Faddeev-Popov Lagrangian Lrpp which removes these redundant degrees of freedom from the
theory. Both Lagrangians will be discussed in Sec.

2.4. The Scalar 2HDM Potential

The most general 2HDM potential is constructed out of all possible combinations of SU(2)p,
invariants ((‘Iﬂ@l), (<I>£<I>1), (<I>£<I>2), ...) of the two complex SU(2)r doublets ®; (i = 1,2)
such that the potential is still renormalizable. In the most general form, such a potential
contains 14 free parameters, is explicitly CP-violating and exhibits minima that can be CP-
conserving, CP-violating or charge-violating . While a CP-violating 2HDM potential gives
rise to a possible explanation for baryogenesis , as it was mentioned in Sec. the phe-
nomenological analysis of this thesis restricts itself to a CP-conserving 2HDM. Additionally, a
discrete Zo symmetry of the form ®; — —®; is imposed on the potential to suppress FCNCs
in the tree-level Yukawa couplings , as discussed in further detail in Sec. With these
restrictions in mind, one way of parametrizing a general CP-conserving 2HDM potential is

given by
Vaou (1, ®2) = m3; (9[@1) +m3, (21,) —md, [(9[02) + (ala, )]
£ 2 (@]e)) 4 22 (afw,) 1 xg (2]0) (#han) 27)

+ M (@{@2) (@}pl) + % [(@1%)2 + (@5@1)2] .

The potential contains five real-valued, dimensionless parameters \; (i = 1,...,5) and three
real-valued mass parameters mi1, mo2 and mis, so that the full CP-conserving 2HDM poten-
tial has eight free real-valued parameters . For convenience, the parameters Az, A4 and
A5 are often combined to a single parameter

A345 = A3+ A+ A5 . (2.8)

Although a discrete Zo symmetry was imposed on the 2HDM potential to avoid FCNCs,
Eq. still contains a term that explicitly breaks this symmetry. If mqo is non-vanishing,
the potential is not invariant under the transformation ®; — —®;. But since mq2 has mass-
dimension, this form of symmetry breaking is only soft. Therefore, the parameter may be
kept in the potential as long as phenomenologically its effect on FCNC is limited [54].
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The parametrization of the potential in Eq. exhibits several phenomena of the 2HDM in
an elegant way and is thus used in this and the next chapter to explore the vacuum structure
and scalar sector in detail. For calculations of 2HDM-specific processes, we will switch to an
alternative form of the 2HDM potential given in App. [Al It is this form of the potential that
is also implemented in the tool FeynArts [55], which will be used later on in the computation
of the decay amplitudes.

The 2HDM potential in Eq. (2.7) exhibits two CP-conserving, neutral minima (®1), (®2) of
the form

0 0
@)= o, |+ (@)= 4 |- (2.9)

V2 V2

with v and vg being the vacuum expectation values (vevs) of the doublets @1 and P9, respec-
tively. By introducing eight real fields wii, pi and n; (i = 1,2), the doublets may be expanded
around these minima, taking the form

+ +
w1 Wo
Q1= oy + p1+im | > o= | vy + p2 + 12 (2.10)

V2 V2

The mechanism of breaking SU(2)r x U(1)y down to U(1)en is equivalent to breaking three
gauge symmetries, analogous to the Higgs mechanism of the SM [12[14]. Each broken sym-
metry corresponds to the existence of a would-be Goldstone boson, through which the gauge
bosons acquire mass (and thus, their longitudinal polarizations) [5]. In contrast to the SM,
where only one free Higgs field is left after the spontaneous symmetry breaking, there are
five fields in the 2HDM, corresponding to five Higgs particles. Two of them form a CP-even
doublet, two are charged and one is CP-odd.

Inserting Eq. (2.10) into the 2HDM potential in Eq. (2.7) generates, among others, terms
that are linear in the two fields p;. In order for the doublets ®; to have their minima truly
at (®;), the two minimum conditions

OVaupMm ~0, OVaupMm _0. (2.11)

001 (@, (@) 0P} (@), (@2)

have to be fulfilled. This is equivalent to the requirement that the two terms linear in the
fields p; and pa,

1 1
R 2 2 3 2
T1 :=m7;v1 — Migv2 + —A1v] + = Az45v105

: g (2.12)
Ty .= m§2v2 — mfgvl + 5)\21):23 + 5)\3451)%’02 ,

called the tadpole terms of the potential, must vanish at tree level:
Tl‘tree = TQ’tree =0. (213)

This requirement is analogous to the statement that the vacuum expectation values represent
the true minima of the two Higgs doublets ®; and ®5 in the tree-level potential. Note that
there are no terms linear in the fields wf and w; due to charge conservation, and since we are
considering a CP-conserving 2HDM, terms linear in the fields 7, and 7, are absent as well.
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The tadpole conditions in Eq. (2.13) allow for the elimination of two parameters of the 2HDM

potential in favor of the other parameters of the 2HDM. The parameters m?; and m3, can

therefore be replaced as

V2 1 1
m%l = m%QU— 5)\1’0% — 5)\3451)% y
Ul ) ) (2.14)
1
m%Q = m%Q > 5)\27)% — 5)\3450% .

Additionally to the terms that are linear in the fields, the insertion of the doublet expansions
in Eq. into the 2HDM potential generates terms that are bilinear in the fields wii, Di
and 7;. Since these bilinear terms contribute to the propagators of the eight fields, they give
rise to mass terms. All bilinear terms in the 2HDM potential can be brought into the form

1 2 [ P1 1 o [M
Vo | = 2 (,01 p2> M, T35 (Tll ?72> M
bilin 02 -
(2.15)
1 wy
wylar )M ]
Wy
with the explicit form of the non-diagonal mass matrices given by
V2 T1
miy— +Avi  —mia + A3a50102 — 0
M = o o B I (2.16)
—miy + A3a5v102  mig— + Agv3 0o ==
V2 V92
2 Tl 0
2 _ 21
m (%) V102
My = (12 - 5) ol o (2.17)
v1v2 —V1V2 v% 0o —
V2
2 Tl 0
2 _ 21
2 m A+ A5 U3 V1V
M, = (mlf - R O I (2.18)
12 —V1V2 V] 0o —
V2

Note the explicit appearance of the tadpole terms in the mass matrices. Usually, the tree-level
condition in Eq. is applied, so that the mass matrices simplify and the tadpole terms
T; do not have to be taken into account. However, a correct treatment beyond tree level
requires to keep the tadpole terms explicitly in the mass matrices. This will be investigated
in more detail in Sec. [4.4l

To have physical, propagating particles in the 2HDM, it is necessary to consider eigenstates
with specific masses. This can be achieved by diagonalizing the matrices in Egs. (2.16) —
, which means that for any of the matrices M 3, Mg and ij, matrices R, and Rg must
be found such that

D2 =RyM:R,, (2.19)
D} = RyM;Rg (2.20)
D2 = REM2Rg , (2.21)

are diagonal matrices (note that Mg and Mf} are proportional to each other, therefore, the
transformation matrix Rg is the same for both). The spectral theorem ensures that for the
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real-valued, symmetric matrices in Egs. (2.16) — (2.18), the transformation matrices R, and
Rg are orthogonal. The matrices can be parametrized by two angles o and /3, defined over
the explicit form of the transformation matrices’,

C —S C —S
Ra=| " |, Re=[" 7" (2.22)

Sa  Ca sg cg

By applying the diagonalizing procedure to the 2HDM potential, the bilinear terms can be
cast into the form

HO GO

(2.23)

The fields w;t, p; and n; in the gauge basis have been transformed into physical fields

HY\ gr(Pr) Z [ e se) [/ (2.24)
= R, = , .
h° P2 —Sa Ca P2
GY Uil cg  sg\ [m
= R = : (2.25)
A 2 —Sg €3 2
+ + +
G _ RT wl _ CB SB wl (2 26)
H* g wE —8 C wi
2 &) B 2

The mass matrices in Egs. (2.19) — (2.21) are diagonal in this basis, therefore, the correspond-
ing fields are commonly referred to as the mass basis of the 2HDM potential. The entries of
the mass matrices are then interpreted as the masses of these physical fields,

2 2 2

m 0 m 0 m 0

pr= | , p2= . D2=| ¢ . (227
0 mio 0 mQAo 0 m%[i

Since they are needed in Sec. the explicit dependences of the masses on the 2HDM pa-
rameters shall be given. Their form is automatically determined through the diagonalization
procedure as the eigenvalues of the mass matrices in Egs. (2.16) — (2.18)). With the definition

v? =0 + 0, (2.28)

"Here and in the following, the short-hand notation s, := sin(z), ¢, := cos(z) and t, := tan(z) will be used.
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the tree-level masses of the particles in the mass basis are given by

1
o = 5 |0+ 0+ /(O - O + 10508 . @229
1
mio = 3 {(M,f)u + (M) — \/((M3)11 — (M2))* + 4(M3)%2} ; (2.30)
mgoe =0, (2.31)
m2
m%e = v (vlz - )\5) , (2.32)
mée =0, (2.33)
2
Myt =0 <U1U2 — ) , (2.34)

with (Mg)ij (1,7 = 1,2) being the entries of the first part of the mass matrix Mg in Eq. 1}
i.e. without the tadpole parameters. The massless particles G° and GT are the three would-be
Goldstone bosons of the 2HDM. The particles H° and h° form the CP-even doublet, A° is
the CP-odd Higgs and the two particles H* are the charged Higgs bosons.

For completeness, it should be noted that the diagonalization procedure connects the two
angles a and f3, introduced in the transformation matrices in Eq. (2.22)), with the 2HDM
parameters through the following tree-level relations:
v
tg=— , (2.35)
U1

M? — \3450°
b = 52 ust”) , (2.36)

g (M? = Ajo?) — s% (M? — Xav?)
where we introduced the parameter
2
M? .= :;(1:; (2.37)

which is often used as an alternative to m?, for the parametrization of the 2HDM .

The inverse of the transformation in Egs. (2.24) — (2.26)) can be used to transform the whole
2HDM potential to the mass basis. This also generates terms that are trilinear and quartic in

the physical fields. Such terms give rise to trilinear and quartic couplings in the scalar sector.
Examples of this will be presented in Sec. and Sec.

2.5. The Scalar Lagrangian

The condensation of the two scalar SU(2), doublets ®; into symmetry-breaking vacua with
non-vanishing vacuum expectation values v;, cf. Eq. , gives rise to the rich vacuum struc-
ture and particle content of the 2HDM, as described in the previous section. The symmetry
breaking further induces the mass generation in the gauge sector, in analogy to the Higgs
mechanism of the Standard Model . Local gauge-invariance of the 2HDM Lagrangian is
implemented through the covariant derivative?

Lot . Y
D, =0,+ zg?WH (x) + zg’EBu(x) , (2.38)

where Wi (a = 1,2,3) and B, are the SU(2)L, and U(1)y gauge boson fields in the gauge
basis, respectively. Note that we use Einstein’s sum convention for the index a. The constants

2Note that our sign convention for the covariant derivative follows the sign convention for MSSM and 2HDM
models that is used in [57], while the Standard Model usually introduces opposite signs for the SU(2)r, term [52].
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g and ¢ are the coupling constants of the gauge boson fields Wﬁ and B, respectively, and
the Pauli matrices 0 and the weak isospin Y are, together with a factor of 1/2, the generators
of the respective groups. The scalar Lagrangian of the 2HDM is then given by

Ls = (Du@1)1 (D'®1) + (D,,@2)" (D'®5) — Vorpm (D1, P2) (2.39)

In order to preserve local gauge-invariance, the 2HDM Lagrangian is not allowed to contain
explicit mass terms for the gauge bosons. Instead, the generation of mass is achieved through
spontaneous symmetry breaking. By inserting Eq. into Eq. , the terms bilinear in
the gauge boson fields can be isolated in the scalar Lagrangian,

& a T b 0
V; o Y o y
£S|bilin = E (0 \/%) <92W5 + g'QB#) <g2|/]/l‘ub 4 g/QBH> v

=1 \/5

2

_ “’3(0 1) 9B+ Wi g(Wy—iWg)\| [0 (2.40)
= 24 g(Wi+iW?)  ¢'By—gW; 1
1 2

= 21[QQIW;‘Q"‘QQ‘WE‘?-F\—gWi’Jrg’Bu}Q] ,

which is the same as the result of spontaneous symmetry breaking in the Standard Model
as long as the vacuum expectation value v, introduced in Eq. , is interpreted as the
measured value of v ~ 246 GeV . By diagonalizing the last line of Eq. , the gauge
boson fields are shifted from the gauge basis to the mass basis through the relations

1
+ 1 T2

W, = 7 (W, Fiw;) , (2.41)
Z0 ¢ —s w3

O I SN (2.42)
T sw cw B,

with the short-hand notation cy := cos(Ow) and sy := sin(Oy ) for the Weinberg angle
Ops. The four physical fields Wf, Zg and vy, correspond to the W* and Z° boson and the
photon ~. The diagonalized form of Eq. exhibits the mass matrices of the physical
fields, with the squared masses of the gauge bosons given by

2 2 2 v’
mz = (9" +9") T (2.44)
m? =0 (2.45)

The diagonalization procedure further gives a mathematical definition of the Weinberg angle
as a derived parameter,
m
aw = —2 | (2.46)

which ensures the p parameter to be unity at tree level, cf. Eq. (2.3). For completeness, we
note that the electric charge e may be expressed through the coupling constants of the gauge
groups by

/
S ——— (2.47)

= gsSw
/92+g/2
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2.6. The Yukawa Lagrangian and FCNCs

The interaction of the fermions and scalar bosons of the 2HDM is determined by the form of
the Yukawa Lagrangian. The fermionic particle content of the 2HDM is the same as of the
Standard Model. The fermions can be grouped into triplets in flavor space in the form

U d Ve e
S U=1¢|, Di=1]s|, N:= Vu | s L= n , (2.48)
t b Uy T

where L stands for the charged leptons, N for the neutrinos and U and D for up- and down-
type quarks, respectively. In order to correspond to the gauge structure of the electroweak
Lagrangian, all fermionic fields ¥ are projected onto their left-handed (LH) and right-handed
(RH) states® via Uy, = w_W and W = w, ¥. The chiral projection operators have the explicit

form
1Fs

2 )
where the subscript — stands for LH and + for RH chirality. In analogy to the SM, all RH
fermions of the 2HDM are grouped into SU(2)r, singlets of the form

wy = (2.49)

UR dr eR
UR = CR 9 DR = SR 9 LR = HR ) (250)
tr br TR

while the LH fermions are grouped into SU(2);, doublets

UL ur, cr, tr)t Ny, VeL, VaL, VrL) "
QL = — ( )T . Lp:= = Ve, v T’T) . (2.51)
Dy, (dr, s, br) Er, (er, pr, L)

The most general Yukawa Lagrangian is formed out of all possible charge-conserving combi-
nations of the SU(2), doublets ¥, from the fermionic and ®; » from the Higgs sector as well
as the SU(2), singlets U in such a way that the Lagrangian remains invariant under SU(2)r,
transformations. If we denote with €;; the totally antisymmetric tensor in two dimensions in

matrix form,
0 1
€ij) = , 2.52
(es) (_1 0) (2:52)

and use the short-hand notation @, := (€ij)®; (k = 1,2), the most general Yukawa La-
grangian fulfilling these criteria is given by

Ly = — QL |:YU,1£IV)1 + YU,2(T)2] Ur — QL [YD,1<I’1 +Ypo®P2| DR
(2.53)
— I_/L [YLJ(IH + YL,2®2:| Er+ (h.c.) ,

(C3X3

with the Yukawa coupling matrices Yy 1, Yy 2 € in flavor space and with (h.c.) being

the Hermitian conjugate of the three preceding terms.

3Apart from the neutrinos, which are considered to be massless for simplicity. As such, they exist in a LH state,
only.
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In the SM, the Yukawa matrices appearing in the mass terms of the fermions are proportional
to those appearing as the coupling matrices between the flavor triplets. As a result, the
matrices can be diagonalized simultaneously, giving rise to the masses my of the fermions as
well as ruling out any FCNCs at tree level. In contrast to that, a general 2HDM introduces
the possibility of having flavor-changing neutral currents even at tree level. The diagonalized
form of the Yukawa matrices Yy 1, Yy o appearing in the mass terms will, in general, differ
from the diagonalized form of the Yukawa coupling matrices. As a consequence, the Yukawa
coupling matrix will not be diagonal in flavor space, which results in tree-level couplings like
dsh; (where h; is a neutral Higgs boson), leading to FCNC reactions e.g. in the form of Kaon

mixing .

While it is still possible to construct a viable 2HDM with FCNC being present at tree level ,
within the scope of this thesis we restrict ourselves to a model which prohibits FCNCs. The
transformation from a general to a flavor-conserving 2HDM can be achieved naturally* by
imposing a discrete or continuous symmetry. This follows from the observation that the
FCNCs vanish at tree level if fermions with the same quantum numbers, i.e. those that
potentially mix, couple only to the same Higgs doublet . Mathematically, this is achieved
by imposing Zy symmetries on the Higgs doublets ®; and ®,, additionally to the SU(2)y x
U(1l)y symmetry that is demanded from the Lagrangian. In the 2HDM, there are four
independent possibilities to implement such symmetries, out of which the two most commonly
used shall be presented here [32/[33].

Type | 2HDM: Imposing the discrete Zo symmetry &1 — —®; enforces all quarks and lep-
tons to couple only to the Higgs doublet 5, but not to ®;.

Type Il 2HDM: Imposing the Zs; symmetries &1 — —®;, D — —Dpr and Fr — —FEpg
simultaneously enforces all RH up-type quarks to couple only to ®o, while the RH
down-type quarks and RH charged leptons couple only to ;.

The scalar sector of the MSSM contains a type II 2HDM. Choosing one of the types fixes the
Yukawa couplings between the fermions and the Higgs bosons. In tools like FeynArts, the
coupling constants are kept in a generic form, so that the decision of choosing a type I or II
2HDM is postponed until an actual numerical evaluation.

2.7. Gauge-Fixing Procedure and Faddeev-Popov Ghosts

The Yang-Mills Lagrangian contains the gauge bosons in the form of vector fields. The
degrees of freedom exhibited by these vector fields exceeds the degrees of freedom of the
physical gauge fields, thus giving rise to gauge-freedom. The quantization procedure of the
electroweak 2HDM Lagrangian requires the specification of a gauge in order to parametrize
the redundant degrees of freedom. For the calculations performed in this thesis, the set of
linear R¢ gauges is the most convenient one, since the set is also implemented in tools like
FeynArts. If we introduce the terms

1
FWj: = — [8"Wj F wamwGi] s

Vew

1 0 0
Fy = E |:6MZM —&zmzG :| , (2.54)
F, = L8‘“14u ,

NG

“The term “naturally” is used in the sense that the flavor-conservation is not achieved by fine-tuning the
parameters of the theory in order to rule out FCNCs.
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the gauge for each field is fixed through the gauge-fixing-parameters (gfp) &y for the W+ and
G¥ bosons, & for the Z° and G° bosons and & for the photon «y. Gauge-fixing is implemented
in the full electroweak Lagrangian in the form of the gauge-fixing Lagrangian [52]

1
Lar = —5 | 2Fw+ Fw- + [Fz|* + B (2.55)

The functional integral of the electroweak theory remains unchanged under a shear in field
configuration space that corresponds to the local gauge transformations [5]. In order to
compensate the effect of the unphysical degrees of freedom in the gauge-fixing Lagrangian,
the method developed by L. Faddeev and V. Popov can be used. The introduction of the
Faddeev-Popov-Lagrangian via a variation of the gauge-fixing terms Fy, in Eq. (2.54)) with
respect to corresponding Grassmann fields 03(z) (a, 3 € {W™*, Z,~4}),

O0F,
665(x)

Lrp = U (2) ug(x) , (2.56)
enables the separation of the physical part of the functional integral from the one that remains
unchanged under gauge transformations . Note that Einstein’s sum convention is used
in Eq. (2.56). This introduces so-called Faddeev-Popov ghost fields uy +, uz and ., to the
electroweak theory, with their own set of corresponding Feynman rules. These ghost particles
violate the spin-statistic theorem, since they are defined over scalar, yet anticommuting fields.
As such, they are considered to be unphysical particles, appearing only internally in loop
calculations. Nevertheless, the ghost particles are necessary to restore unitarity within the
theory, since they serve as negative degrees of freedom to ensure the cancellation of the
unphysical gauge-freedom of the vector fields [5].

2.8. Set of Independent Parameters

The discussions in the previous sections allow us to give the full set of independent parameters
of the CP-conserving 2HDM. It is most convenient to have such a set at hand when turning
from tree-level calculations to higher-order corrections, since it enables an efficient bookkeep-
ing of all parameters that need to be renormalized.

The full set of 2HDM parameters is given by the form of the potential in Eq. , together
with all free parameters of the Standard Model as well as the Yukawa couplings Yy of Sec.
Additionally, the minimum conditions in Eq. (2.12) can be exploited to replace m?; and m3,
with the tadpole parameters, as shown in Eq. . This gives the full set of free parameters
in the gauge basis of the 2HDM:

{ A1, A2, Az, Mg, s, mag, T, T, o1, v, g, ¢, Yo } . (2.57)

While renormalizing the 2HDM in the gauge basis is in principle possible, it is more prac-
tical to transform the parameters to the mass basis. Doing so enables us to use as many
physical parameters (i.e. masses) as possible as input parameters. Additionally, we use the
alternative form of the potential, given in App. |A] since it is this form of the potential that
is implemented in the FeynArts model file, which will be used later on for the calculation
of the decay amplitudes. Denoting with my all fermion masses and with Tj0 and Tgo the
tadpole parameters 77 and 75 in the mass basis, the full set of free 2HDM parameters in the
mass basis is given by:

{mho, mgo, Mao, Mg+, @, B, A5, Tho, Tgo, €, my, mz, My } . (2.58)




CHAPTER 3

Partial Decay Widths of One-to-Two Processes at Next-to-Leading Order

If we wish to make theoretical predictions of observables at the LHC, we have to find a way
to connect the results of calculations of a field theory, e.g. decay amplitudes, with observables
at a collider, i.e. partial decay widths. In the following, this connection shall be presented in
a generic way, so that it can be applied to all decay processes that were considered within
the scope of this thesis. The generic formula for calculating the partial decay width can be
generalized from leading-order to next-to-leading order without dealing with renormalization
first. Therefore, we want to present this generic result in this chapter and postpone the
renormalization of the 2HDM to Chapter

3.1. Kinematics of Decay Processes at Leading-Order

Consider a generic decay process of one initial particle fi; into two final states fo and f3,
with their four-momenta and masses being p; and m; (i = 1,2, 3), respectively, as depicted
in Fig. The four-momentum conservation holds, so that we have

p1=Dp2+ps . (3.1)
Additionally, we consider the decay process to be on-shell, so that p? = mf holds.

At leading-order (LO), the decay amplitude for the process fi — f2 f3,
iA?S%J% =i A0 (fi — f2f3), (3.2)

is obtained by applying the Feynman rules for the three-particle vertex, taking into account
the respective Lorentz or spinor structure of the decay. It is common practice to drop a global
factor of ¢ in the amplitude, so that here and in the following, AIfIOfQ 7, will stand for the LO
amplitude reduced by a factor of ¢, as it would be generated by FeynArts when using the
default configuration.

The complex-valued decay amplitude delivers the absolute square, AIfScQ 3 }27 which, in the
center-of-mass frame, is proportional to the differential cross-section , and thus a necessary
ingredient for the calculation of the decay probability. If the external particles allow for
additional degrees of freedom, e.g. spins for fermions or polarizations for vector bosons, which




18 3. Partial Decay Widths of One-to-Two Processes at Next-to-Leading Order

f2
D2

fi

p1
ps
f3

Figure 3.1.: Generic one-to-two decay. Feynman diagram of a generic decay of one initial
particle f into two final states f2, f3, with masses m; and four-momenta p; (i = 1,2,3),
respectively. The arrows indicate the flow of momentum.

are neither prepared in the initial nor observed in the final state in an experiment, we have
to average over all initial and sum over all final degrees of freedom. Additionally, if particles
in the final state are indistinguishable, a statistical factor S has to be taken into account
(e.g. S = /n! - 1/mi for n photons and m neutral Higgs bosons h° in the final state) \| For
this, we will use the short-hand notation

S Z ‘Af1f2f3 : (3'3)

d.o.f.

The partial decay width of the process is connected to the decay amplitude by an integration
over the two-body Lorentz-invariant phase space [5]

d3pr 1
/dH2 11 / f 2Ef (2m)* 6™ (p1 — p2 — p3) (3.4)
f=r2.f3

with E being the energy of the final particle f € { f2, f3}. For all decay processes considered
in this thesis, the integrand, Eq. , is independent of the four-momenta p; after applying
all polarization or spin sums and assuming on-shell external particles. Therefore, the Lorentz-
invariant phase space can be integrated out,

1672 my (3.5)
A (m%, m%, mg ,
87rm% )
where we introduced the Kéllén phase space function
My, 2) = Va2 +y2 + 22 — 2oy — 2wz — 2yz . (3.6)

The partial decay width for the process fi — fo f3 is given by the integration of the
squared amplitude, Eq. (3.3)), over the two-body Lorentz-invariant phase space [5]:

LO
Ff1f2f3 - 2m /dH2 S Z ‘Af1f2f3

dof

A (mZ,m ,m32
=4 1167”73 4 Z Al
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f2 f2 fa
b2 b2 b2
bil bil bil
p1 P 1
ps3 b3 ps3
I3 I3 JE!
CT leg,1
Af1f2f3 Af1f2f3 ‘Aflfzfs
Je f2
D2 D2
1 fi
b1 b1
I3 f3
leg,2 leg,3
Af1f2f3 Af1f2f3

Figure 3.2.: NLO virtual contributions to a generic one-to-two decay. Generic
diagrams contributing to the NLO corrections Aﬁ afst Vvirtual vertex corrections Af1 o fss Uhe

counterterm Aﬁ f.f, and external leg corrections .Aljfg]; 5 (1=1,2,3).

3.2. Partial Decay Width at Next-to-Leading Order

At next-to-leading order (NLO the LO decay amplitude receives additional one-loop contri-
butions as depicted in Fig. These are the sum of all virtual vertex corrections .A}/lcf2 a0

the vertex counterterm 'Afl 7., and virtual external leg corrections .Afe gJ} fs that contribute at

the one-loop level,

lloop . leg,i
‘Aflf2f3 : Af1f2f3 f1f2f3 + ZAflfog : (3.8)

Although the corrections of the external legs have to be considered in general, these con-
tributions will vanish in all three processes that are considered in this thesis, either due to
the on-shell renormalization conditions as presented in Sec. or due to Ward and Slavnov-
Taylor identities. This will be investigated in more detail in the following sections, as soon
as we consider specific processes. In general, the full NLO amplitude to the generic decay
process fi — fo f3 reads

NLO ._ 4LO 1loop
‘Af1f2f3 T Af1f2f3 + ‘Af1f2f3 : (3.9)

In order to calculate the partial decay width at NLO, the absolute square of Eq. has
to be taken. Doing so generates NLO contributions of order O (042), where the fine-structure
constant « is the coupling in which the perturbative expansion is performed. Additionally,
the absolute square of the NLO amplitude contains next-to-next-to-leading order (NNLO)
terms Onnr,o which are above the order O (oz2). These terms will be neglected at NLO,

NLO |2 1loop * 1loop
‘Af1f2f3‘ ’Af1f2f3‘ [‘Aflfzfs <‘Af1f2f3> (Af1f2f3) Af1f2f3:| + Onnro

~ | ALO, 242 Re [(ALO, )" Alloor .
fifafs e[( Fhate)” f1f2f3} ’
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so that the squared NLO amplitude consists solely of the squared LO amplitude and the
interference term between the LO and NLO amplitude. For the calculation of the partial
decay width, the sum and average over all degrees of freedom has to be taken,

S 3 AL (311)
d.o.f.
which is the NLO equivalent of Eq. , with the same statistical factor S to account for
indistinguishable particles in the final state. If it turns out that Eq. is independent of all
momenta p; after integrating out all degrees of freedom and applying the on-shell conditions,
as it is the case for all processes considered in this thesis, then Eq. can be directly
generalized to the one-loop level, giving the NLO partial decay width

NLO NLO 2
I‘f1f2f3 - /dH2 ) Z |"4f1f2f3
d.o.f.
A (mf, m3, m3) LO |2 LO \* 41l
=5 167rm:f Z <‘Af1f2f3‘ +2 Re [(Af1f2f3) Afl(.)f(;l}3:| ) (3.12)
d.o.f.

2,02 02
A (mf, m3, m}

) .
Z 2 Re [(Agl(;zfs) A}llofozl}s} :
d.o.f.

Ff1f2f3 + S 167rm‘i’

In case that some of the external particles are charged, the NLO amplitude A%I}Qoh will in

general contain infrared divergences which stem from internal photon propagators. Since the
photon is a massless particle, its propagator develops a pole at vanishing loop momentum.
These infrared divergences have to be regularized and incoherently summed with additional
real corrections in the form of soft photons in such a way that it is consistent with the NLO
of the squared amplitude. This procedure will be illustrated in Sec. when dealing with a
2HDM-specific process that contains external charged particles.

In general, this incoherent sum leads to a modification of the observable partial decay width
in the form

NLO NLO 1
I‘flfzf3 — 11f1f2f3_’_F;e;}zf;a’ (3'13)

real

where I't%, . is the additional contribution to the NLO partial decay width due to real
corrections, necessary for the cancellation of all IR divergences.



CHAPTER 4

Renormalization of the Two-Higgs-Doublet Model

It is a general feature of quantum field theories to contain divergent amplitudes as soon as
higher order corrections are taken into account. Without proper treatment, these divergences
manifest themselves at the worst possible place of the theory, namely in the calculated results
of scattering amplitudes or decay widths. Since any physical quantity should be free of
singularities, the powerful tool of renormalization has to be used to make sense of the divergent
results, leading to finite observables in a self-consistent way.

4.1. Divergences in Classical and Quantum Field Theories

Before presenting the renormalization program for the 2HDM, we want to give a brief histor-
ical overview of the appearance of divergences which persist in physical theories since the late
19" century. Applying classical electrodynamics to a point particle, e.g. an electron, allows
for the calculation of its classical electromagnetic mass in natural units,

2

class __ €

m _ —_———
€ dmr,

(4.1)
with the classical electron radius r, . Although classical electrodynamics is a consistent
theory explaining many different phenomena, it is obvious that the theory has its flaws if the
electron is considered as a point particle. As such, the electron radius vanishes, leading to
a divergence in Eq. , although the electron mass at the left-hand side of the equation
remains a finite, observable parameter.

With the development of quantum electrodynamics (QED), this problem was partly solved
by giving the classical theory a new interpretation. Within QED, the electron is consistently
treated as a point particle with a bare electric charge eg. Due to higher-order corrections,
the vacuum around the electron gets polarized. This leads to the creation of electric dipoles
that align along the electric field that is induced by the bare charge, as it is shown in Fig.
What is observed by an experiment is not the bare charge, which would be infinite due to
the electron being a point particle, but rather the charge cloud around the bare charge that
is induced by vacuum polarization. This way, the electron is given an effective, classical
radius and an effective, finite charge. Increasing the momentum in scattering experiments is,
through Heisenberg’s uncertainty principle, equivalent to resolving the electron at a smaller
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Figure 4.1.: Screening of the electron charge. The infinite bare charge ey of the point-
like electron is screened by vacuum polarization contributions due to higher-order corrections
in QED, depicted as one-loop bubble diagrams. Increasing the scattering momentum ¢’ > ¢
enables the penetration of the charge cloud, leading to the measurement of a higher electric
charge ’e" > |e|. The dependence of the electric charge on the scattering momentum is called
the running of the coupling constant.

length scale. Doing so enables us to penetrate the charge cloud around the bare electric
charge, which leads to a measurable increase in the physical electric charge. In QED, this
phenomenon is called the running coupling constant of the theory .

While QED enables us to give sense to the divergences appearing in classical electrodynamics,
the theory itself is not free of divergences, either. In fact, divergences are omnipresent in
quantum field theories, showing up in most higher-order corrections to physical observables.
Consider the following integral that has to be solved in a quantum field theory, like QED, at

the one-loop level:
dil 1
/(27-(-)4l2 . (4-2)

If we naively try to solve the integral, we realize that it diverges as soon as the loop momen-
tum [ goes towards infinity. Since this divergence appears in the region of high momentum,
or equivalently, high frequency, the integral contains a so-called ultraviolet (UV) divergence,
referencing to the famous ultraviolet Rayleigh—Jeans paradox appearing in the classical treat-
ment of blackbody radiation [64]. The integral in Eq. contains an additional divergence
in the region of integration where I — 0. Since this region corresponds to low momenta or
low frequency, it is called an infrared (IR) divergence. The IR and UV divergences are of a
very different nature within quantum field theories and have to be treated separately from
each other. In this chapter, we focus on the treatment of UV divergences, while in Sec.
the nature and cancellation of IR divergences is discussed.

In a sense, the problem of divergence was not solved by QED, but it was rather shifted from
the classical to a more fundamental theory. Although many physicists, most prominently
Paul Dirac, openly criticized the treatment of divergences in QED , it was pointed out
by Freeman Dyson that UV divergences are of a very basic nature in a quantum field
theory and as such, their appearance is inevitable. To some extent, the existence of these
divergences is a result of our lack of a more fundamental theory that would enable us to



4.2. Regularization and Renormalization 23

describe physics at the smallest length scales in a non-continuous way . Nevertheless,
quantum field theories led to successful theoretical predictions, and especially QED counts as
one of the most stringently tested physical theories to date [67H69].

4.2. Regularization and Renormalization

As we have seen in the previous section, the appearance of divergences is in general inevitable
for higher-order calculations in quantum field theories. In order to still calculate sensible
predictions out of these theories, we must find a way to eliminate the divergences in a mathe-
matically well-defined and self-consistent way. To that end, it is first necessary to isolate the
divergences and make them explicit. This process is called regularization.

Considering again the typical loop integral in Eq. (4.2), it was already pointed out that
the divergence occurs in the region where the loop momentum goes to infinity. One way of
treating this UV divergence is to regularize the integral by adding an additional term,

d4l 1 regularized d4l 1 1
X! [r wp
2n)i 2 i |2~ 2 - A2

where A is an additional mass term that is arbitrarily high, yet finite. It is exactly this mass
term that serves as the regulator, and the divergence becomes explicit in the limit A — co. In
the region of low loop momentum, this regularization method gives (12 — A?)™' ~ —A72 ~ 0,
so that the second term that was added in Eq. vanishes again. In the region of high loop
momentum however, this gives (l2 — A2)_1 ~ 172, so that both terms cancel, thus leading to
a finite result of the integral. This procedure is called Pauli- Villars regularization , and it
leads in fact to the proper isolation of all UV divergences in some theories. However, due to
the introduction of the artificial high mass A, the Pauli-Villars regularization breaks gauge
covariance , and can therefore not be used in all theories.

Another method of isolating the UV divergences is the so-called cutoff reqularization, where
the integrals are evaluated only up to an upper bound /.« in the loop momentum. In this
case, the chosen upper bound is the regulator, and the divergence becomes explicit in the
form of terms that diverge when taking the limit [, .« — 00. This form of regularization has
the side effect of breaking translational invariance in the loop integrals, which renders their
calculation more complicated. Due to this, the method is not widely used. However, it still
leads to a correct cancellation of all UV divergences if applied consistently .

Among the most commonly used schemes today is dimensional regularization . If the
integration over the loop momentum in integrals like Eq. is not performed in physical
four space-time dimensions, but instead in D = 4 — 2¢ dimensions (with € being arbitrarily
small), then it turns out that the integrals become well-defined and may be formally solved,
without running into immediate singularities. In this scheme, the dimensional shift € serves
as the regulator. The UV divergence becomes explicit in the limit of ¢ — 0 due to the
appearance of the term

1

in the solution of the integral, where g stands for the Euler-Mascheroni constant. Dimen-
sional regularization preserves gauge covariance, unitarity and allows for shifts in the loop
momentum , therefore avoiding the problems of the other regularization schemes above.
If the integral contains a spinor structure, the momentum shift leads to a change of the Dirac
algebra, which has to be applied consistently . The only subtlety one has to be aware of
is the case in which the integrand contains the Dirac matrix 5. Since this matrix cannot be
converted trivially from four to D dimensions , it is possible to run into axial anomalies
that have to be treated appropriately [75.[76].
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As soon as all divergences are regulated, they have to be cancelled against each other in a
consistent way in order to obtain a finite result. This procedure is called renormalization of
the field theory. The main idea of renormalization is that each parameter of the field theory
is to be considered a bare parameter that has to be fixed order-by-order by experimental data
to render the field theory calculations finite.

In practice, this means that each of the n free bare parameters p;o (i = 1,...,n) of a renor-
malizable field theory is split up into n renormalized parameters p; and n counterterms dp;
according to

pio = pi+0p; . (4.5)
Both the bare parameters as well as the counterterms are considered infnite, while the renor-
malized parameter is finite. After splitting up all n free parameters, n renormalization condi-
tions have to be applied. It is exactly the demand that the renormalization conditions hold,
that leads to the cancellation of all divergent terms, giving a finite result [5].

Consistently applying this procedure to a renormalizable field theory will render all S matrix
calculations finite, to every order of perturbation theory, separately . In addition to the
free parameters, the k different bare fields ¢;0 (j = 1, ..., k) can be renormalized by a similiar
procedure. Using the factorization

5Z¢>j
2

d’j,O = Z(bj(bj i~ <1 + ) (bj s (46)

the bare fields are multiplicatively split up into physical fields ¢; and the field strength
renormalization constants |/Z,.. On the right-hand side of Eq. {i we expanded /Z,

around unity up to NLO, introducing the NLO counterterms 67, . Fixing these counterterms
by k renormalization conditions leads to the cancellation of all UV divergences in the fields,

as well [5].

Before turning to the renormalization conditions, it should be noted that the procedure for
cancelling all UV divergences as described above can only be applied for renormalizable field
theories!. If the theory is unrenormalizable, an infinite number of counterterms would be
needed in order to render the calculations finite . However, it has been shown that QED,
based on the gauge group U(1)em, is renormalizable , and so is the Standard Model of
particle physics, based on the gauge group SU(3)c x SU(2)r, x U(1)y [73]. Since the 2HDM
differs from the SM only in the scalar potential, where all additional terms are renormalizable,
the 2HDM is renormalizable, as well .

4.3. On-Shell Renormalization

In order to consistently remove the UV divergences from the field theory, it is not enough
to regularize them. The second step necessary for achieving a field theory with finite predic-
tions and calculations is the specification of a renormalization program of the field theory.
Within the scope of this thesis, we adopt the so-called on-shell (OS) renormalization of
the 2HDM. The name of the renormalization scheme refers to the particles of the theory
being on their mass-shell, i.e. the particles are considered to be physical in the sense that
they obey Einstein’s energy-momentum relation, which describes hyperbolas (the “shells”) in
momentum-space . The OS renormalization scheme can be applied throughout almost all
sectors of the 2HDM. Therefore, a general description of the scheme is given in this section
and the application of it to the scalar, fermion and gauge boson sectors is explicitly stated in
the following sections.

1S‘crictly speaking, the procedure can be applied to unrenormalizable field theories as well. However, in such
theories the number of counterterms needed for the cancellation of all divergences increases order-by-order.
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Figure 4.2.: Definition of the one-particle irreducible self-energy. The 1PI self-energy
Z'E(p2) consists of all self-energy diagrams that cannot be split into two distinct diagrams
by cutting a single internal line. While iE(pQ) contains contributions from all orders of
perturbation theory, the two diagrams shown are the only relevant diagrams at the one-loop
level for our toy theory with only one scalar particle.

In order to illustrate the OS renormalization scheme, we consider a simple field theory with
only one spin 0 particle with bare mass mg, represented by the bare scalar field ¢y. The
motion of the particle through space-time can be described by the so-called bare propagator
Go (p2) of the particle in momentum space p, which corresponds to the causal Green’s function
of the equations of motion of the scalar field. In that sense, the propagator represents the
probability of the particle to move from one point in space-time to another . If we denote
by |©2) the vacuum state of the scalar field theory and T' the time-ordering operator, then the
bare propagator is given as the integral over all space-time configurations x,

Golp?) = / 0z (9 Téo(x)65(0) |2

V7 [ dis@ITewe 0)19) V2 (4.7)
AN

In the second line, the field strength renormalization constants according to Eq. have
been inserted and as a consequence, in the third line, the renormalized propagator é(pQ)
has been introduced. In order to distinguish physical from bare quantities, renormalized
quantities are indicated with the hat symbol ™ in this section.

On the other hand, the bare propagator can be described by the two-point function. In the
language of Feynman diagrams, this can be identified as the all-order self-energy contributions
of the scalar particle ¢. We denote with % the sum of all truncated one-particle irreducible
(1PI) self-energy diagrams depicted in Fig. i.e. diagrams that cannot be separated into
two distinct diagrams by a simple cut of one internal line? . With this definition, the full
bare propagator, to all orders of perturbation theory, is expressed through a geometric series
by?

e TR M b @@+ -

. . . . . 2
1 1 1 1 1
= + i2(p? + (isz ) + ... (48
Pt o e P g
i —N(p? () \? i
= 2 5 | 1+ (p)2+<2 (p)2> t o= 2 2
p?—m p?—mg  \p?—mg p? —mg + X(p?)

2This definition is not completely accurate: tadpole diagrams, which could be separated into two distinct
diagrams by a single cut, are part of 1PI topologies, as well . However, in most cases they are removed
through an appropriate renormalization condition, as explained in Sec. Therefore, it is convenient to
exclude them from the 1PI self-energies from the start.

3Throughout this thesis, the necessary contour-shifting parameter +ie is not explicitly stated in the denominator
of the propagator, since it does not contribute to the derivation of the renormalization program.
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The bare propagator still contains the bare mass squared mg, which, according to Eq. | ,
has to be split up into the physical mass squared m? and a mass counterterm dm?. With
this modification in mind, the full renormalized propagator is obtained in a compact form by

inserting Eq. 1' into Eq. 1’ and solving for G (p?):
1
N [pQ —m?2+X(p?) — 5m2} N
(4.9)
]
o

~

In the second line, we inserted the expansion of Eq. (4.6)) for the field strength renormalization
constants and combined all quantities into the renormahzed self-energy E( %). Within the
scope of this thesis, we consider only NLO corrections at the one-loop level. Therefore, terms
of order O(6%) as well as interference terms of renormalization constants and the 1PT self-
energy (that is at the one-loop level by itself) have to be neglected. This fixes the renormalized
self-energy to be of the form

7y .

S(p?) = 2(p?) — om? + 50 = m?) + (0 =m0

5Z¢>

4.10

f (4.10)

With this compact result at hand, the inverse of the renormalized propagator, called the two-

point correlation function of the scalar particle, is directly given by (the minus sign follows
from the normalization of the propagator):

D(p?) = G710 = i[p? = m? + 507

O%(p?)

af(pQ) (4.11)
Op? '

~i(p? —m?) [ 1+ = i(p® — m?)(—i) a2

p2=m2 p2=m?2

The second line is an expansion of the correlation function around its root, corresponding to
2

an expansion around the pole of the propagator at the on-shell value p? = m?2.
Up until now, we considered a toy theory with a single scalar field. The 2HDM, on the
other hand, offers an extended scalar sector with eight scalar fields that are paired into the
doublets of Egs. — (2.26). The scalar particles within each doublet have the same
quantum numbers and thus, they can mix at the one-loop level. In order to account for
this mixing, the structure of the field strength renormalization constant in Eq. has to be
adjusted to the doublet structure of the fields. To keep the notation generic, we denote with ¢
and ¢ two scalar particles of the same doublet. For these, the field strength renormalization
constant is in general a matrix \/Z € C**2, which multiplicatively separates the bare field
doublet from the renormalized one:

. =7 o %<12x2+6§¢) ” - (4.12)
P2 ®2 ®2

0

The NLO expansion involves the 2 x 2 matrix 6 Z,, which has four distinct field renormalization
constants as its entries:

57 0Zg1¢1  0Zg140

il 2 2 . (4.13)

2 5Z¢2 1 5Z¢2 P2
2 2
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At NLO, it is sufficient to consider the real matrix 67, € R?*2 as the most general form of
the field strength renormalization. Each scalar doublet of the 2HDM contains four distinct
renormalization constants § 74,4, (4,7 = 1,2), which have to be fixed by four renormalization
conditions.

It is straightforward to generalize the two-point correlation function of Eq. (4.11) to account
for the matrix structure of the fields:

S 92 Lgio0 (pQ) L6 (p2)
Ly(p?) = | _ b - ,
Lg162(07)  Tog(P7) (4.14)

= Z'\/Z(z,Jr p2]12><2 — Di + Z¢(p2) — 5D35:| \/Zd, ~ 7;|:p2]12><2 — D; + i(b(pQ) s

where the diagonal mass matrices Di are given in Eq. (2.27). The expansion of the correlation
function around its root in the second line of Eq. (4.11)) is generalized to the matrix structure,

as well:

~ ) S 4(p?
Ly(p®) =i (p°laxa — Di) Loxo + ;pg)
p2=mj
~ (4.15)
T 4 (p?
=i (p*laxa — Di) (1) 5;52 )
p2=m}

Note that the two-point correlation function in Eq. (4.14) is explicitly symmetric. The matrix
form of the renormalized self-energy in Eq. (4.14) is given by

§¢(p2) — i1 (pZ) E¢,1¢2(p2)
S 2 o 2
L6261 (P7) T (p7) (4.16)
5Z) 57,
= Sy (p®) — 6D + Td) (p°1ax2 — D) + (p*laxa — Di) Td) )

where 5D§5 is a symmetric 2 X 2 matrix whose specific form is determined in Sec. and Xy is
a symmetric 2 X 2 matrix containing the 1P self-energies of the scalar doublet (¢1, ¢2). Since
the two-point correlation function is now a matrix, the propagator is obtained by inverting
the negative of the matrix structure:

t f 202 ? _f 192 °
Go(p?) = T ' (p*) = — — 920 #") e #) : (4.17)
(_Z) det <F¢(p2)> _P¢1¢2 (p2) F¢,1¢1 (p2)

with the determinant of the two-point correlation function given by

(—i) det (Ts(p?)) = —i [ﬁmm (00, (0%) = (Tor0 @2))1 . (1.18)

After splitting up all fields and masses into physical parameters and counterterms and ex-
pressing the two-point correlation function and the propagator in terms of these quantities,
the last necessary step for a successful renormalization is to fix the counterterms with a set
of renormalization conditions. In the OS scheme, the mass parameters are fixed through the
fact that the physical masses of particles are the poles in their correlation functions, which
directly follows from the K&llén—Lehmann spectral representation of the field theory .
For the 2HDM, these OS renormalization conditions can be formulated as follows:



28 4. Renormalization of the Two-Higgs-Doublet Model

1) Mixing of fields: The mixing of fields of particles with the same quantum numbers
vanishes at p? = m%j (j=1,2).

2) Physical mass: The mass parameters me,; (j = 1,2) are defined as being the real
parts of the poles of the renormalized propagator @¢(p2).

3) Field normalization: The physical fields ¢; (j = 1,2) are properly normalized through
fixing the residue of the propagator at its pole to .

The first of the three conditions can be applied to the explicit form of the propagator in
Eq. (4.17), which translates to the following two conditions for the off-diagonal two-point
correlation functions:

Re[(=i)Tg02(m3,)] = Re[(=i)Tgu0(m3,)] £ 0 (4.19)
2 Re[Sh,0,(m3,)] = Re[Sy0,(m3,)] =0 (4.20)

The second renormalization condition is equivalent to the vanishing of the real part* of the
determinant in Eq. (4.18) on the mass shell, which, together with Eq. (4.19), delivers the
following two conditions for the diagonal parts of the renormalized self-energies:

Re[(—i)mm (m3,) } - Re[(—i)f¢2¢2(m§2) ] L0 (4.21)
<= Re [ibum (mél)} = Re [§¢2¢2(m3§2)} =0. (4.22)

The effect of the third renormalization condition is best observed by considering the residue
of the two-point correlation function in Eq. (4.15), where the proper field normalization,
equivalent to the residue being equal to i, leads to the following two conditions:

or 2 ] I or
Re (—Z) M = Re (—Z) ¢2¢22(p ) ; 1 (423)
Op I dp 2,2
p*=m; p=m
1 - - b2
o% ox
Re | PZere (17 _ Re | 90202 (P) —0. (4.24)
op? o s Op? -
p2=m pe=m
[ = b2

The two renormalization conditions in Eq. (4.22) can be used to fix the diagonal elements of
the counterterm 6Di:

Re [5D§1¢1] — Re [2¢1¢1 (mil)} : (4.25)

Re [5D§2¢2] = Re [E@@(mgb)} . (4.26)

The four independent conditions in Eqgs. (4.20) and (4.24) are used to obtain explicit expres-
sions for the four field strength renormalization constants §Z,4, by inserting Eq. (4.16):

“The imaginary part accounts for the finite width of the particles , which is of no interest in the scope of this
thesis. A detailed analysis can be found e.g. in [83].
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%, ()
0Zp ¢y = —Re [(%212 L (4.27)
p2:m¢1
2 2 2
0Zpypy = m2 —m2 Re [2¢1¢2(m¢2) - 5D¢1¢2} ) (4.28)
$1 2
2
0 Zpogy = mi — qub Re [E¢1¢2(m351) - 5D351¢2} ) (4.29)
2 1
9,9 (pz)}
07, = —Re | —222- 7 . 4.30
P22 € [ op? a2 ( )

While we use the conditions in Eq. to explicitly fix d Dy, 4, and § Dy, 4, , so far we did not
elaborate what these counterterms actually mean. Since 6D3) is a direct generalization of the
mass counterterm introduced in the sense of Eq. , it is expected that the diagonal parts
of 5D35 appear as the counterterms of the physical masses, as well. However, the meaning
of the off-diagonal parts of (5D3) is far from clear. It turns out that the exact form of 5D§5
depends on the treatment of the renormalization program of the tadpoles, which is elaborated
in the next section.

The renormalization of fermion and gauge boson fields is achieved in an analogous way as
for the scalar fields presented in this section. In many cases, the expressions for the field
strength renormalization constants is formally the same as in Egs. - , apart from
slight modifications that account for the different Lorentz structure of the fermions or gauge
bosons. In Sec. and Sec. we will take a look at the gauge boson and fermion sector,
respectively.

4.4. Tadpole Renormalization

In order to derive counterterms of physical observables that are manifestly gauge-independent,
it is crucial to treat the renormalization of tadpole contributions at higher orders properly.
To this end, the tadpole terms in Eq. that are linear in the fields p; and ps in the
tree-level potential are considered as bare parameters 77 o and T3 9. At NLO, they receive a
shift that corresponds to the change of the vacuum state of the potential through electroweak
corrections. While such a shift by itself is not problematic and may take an arbitrary value,
it is most convenient to renormalize the tadpoles in such a way that the vacuum expectation
values represent the same minimum as at tree level. This can be achieved by applying
a renormalization condition in the form that the one-loop renormalized one-point function
vanishes again:

iTy =Ty —i0Ty =0, Ty =iTy —idTh =0 . (4.31)

The terms 17 and iT5 represent the sum of all one-loop tadpole contributions to the fields
p1 and p2 in the gauge basis. The application of the renormalization condition fixes the
counterterms to

STy =Ty, 6Th=T,. (4.32)

In Fig. (a), this renormalization condition is stated pictorially for the fields in the gauge
basis. Since we perform all calculations in the mass basis, it is convenient to transform the
tadpole parameters according to the inverse of Eq. (2.24)):

0T _ Ca —Sa 6Tr0 _ Ca0T o — 8a0T)0 ‘ (4.33)
0Ty Sa  Ca 0Ty Sa0T o + codTho
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X

iTl/Q Z(STl/Q iTHO/hO ’iéTHO/hO
(a) (b)

Figure 4.3.: Renormalization condition for the tadpoles. The tadpoles are renor-
malized such that the tadpole counterterms i7" precisely cancel against all one-loop tadpole
contributions i7" (depicted by a gray blob) in the (a) gauge and (b) mass basis.

The renormalization conditions in Eq. (4.32) are transformed to the mass basis accordingly,
where the tadpole terms 10 and i1} represent the tadpole diagrams of the physical Higgs
fields H° and h°. In the mass basis, the renormalization condition is shown in Fig. (b).

The renormalization conditions depicted in Fig. namely that the proper vacuum expecta-
tion values v, and vy represent the true minimum states of the potential, are gauge-invariant
to all orders of perturbation theory . Therefore, the counterterms of physical quantities
that are fixed through these conditions would be expected to be gauge-independent. The
question, however, is what the proper vevs of the potential actually are. There are two dis-
tinct approaches to solve this problem, which lead to two distinct ways of renormalization
of the tadpoles. These schemes, and their differences, shall be explored in the next two
subsections.

4.4.1. Standard Tadpole Scheme

The first possibility of treating the tadpoles can be found in a variety of literature for the SM
(e.g. [52]) and for the 2HDM (e.g. [56/[85]), therefore, we refer to this as the standard tadpole
scheme. In order to keep the discussion clear, we limit ourselves to the scalar sector.

The bare mass of every particle of the 2HDM is split up into a physical mass and a countert-
erm, as presented generically in Eq. (4.5). The vacuum expectation values v; and v (and,
through Eq. , consequently v) are fixed at the one-loop level such that their values in
the tree-level mass relations for the scalars in Egs. - lead to the proper physical
masses of the particles at the one-loop level. Therefore, the shift from the bare parameter to
the physical one-loop value is fully contained inside the mass counterterms.

For the scalar particles of the 2HDM, there is an additional subtlety that has to be taken
into account in order to derive the correct form of the mass counterterms in this scheme. The
form of the mass matrices in Eqgs. — reveals that the tadpole parameters appear
explicitly in the diagonalized mass matrices for all three scalar doublets ¢,

) 0 Ty 0
m —
2 ¢1,0 T v
qu— ) —i—R(p 1 Tho R@ (4.34)
0 m¢2’0 0 71)2

where ¢ = a for the CP-even or ¢ = 3 for the CP-odd and charged doublets, respectively. At
NLO, the bare masses and tadpole parameters are replaced by their physical values together
with their respective counterterms. Taking into account our renormalization condition for
the tadpole parameters in Eq. , this generates a counterterm for the mass matrix,
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6Ty
2 - 2
5D§N omyg, 0 +RT| w 50 R. = omg, 0 X 0Tg16,  0T10,
~ ® T2 Y — )
0  omj, 0 = 0 om3, 6T p1 65 6T o0
(4.35)

where we neglected all terms of order O(d¢dT;) (i = 1,2), since they contribute only from the
two-loop order onwards. Note that the mass matrix counterterm in Eq. is symmetric
and consequently, 67, 4, = 01,4, holds. The explicit form of the second matrix depends on
the scalar doublet. After rotating the tadpole parameters from the gauge to the mass basis
with the help of Eq. , the tadpole counterterms explicitly read:

3 3
0T o0 = CQSZ’S_;_CZOCC’B oT SQZS;_Q(STho , (4.36)
T o = ﬂ:ﬁfﬂ—am{o n SZZ;;—“ T (4.37)
3., o3
Ty = By — ) el B (4.38)
US23 v8gCp
§T0g0 = =% 6Ty + =25, | (4.39)
v v
0T o g0 = _%-a 0T o + Cb-a 0Tho (4.40)
v v
CaSy + SaCh SaS3 — CoCl
0T g0 40 = : ’L[ngCﬁa 55 'Ho — %(ﬂho , (4.41)
Mg+ = Cﬂv_a 0T g0 + s/j;a 0Tho (4.42)
5T gy = —Sﬁv‘“ o 4 Cﬂv‘“ T , (4.43)
CaSh + 8aCl 885 — CaCl
0T = %HHO — %(mo : (4.44)

Inserting Eq. (4.35) into our results given in Eqgs. (4.25) — (4.30) gives the generic form of the

field strength renormalization constants and mass counterterms for the scalar sector:

5)> 2
6Z4,4, = —Re {%%(p)] , (4.45)
P p2=m2
P1
6744 = ——Re [2 (m2,) — 0T, ] (4.46)
D1p2 mil — mgh P12 gy P12 | > .
2
8244, = ———-—Re|Z 26T, 4.47
b2¢1 m?ﬁz _mél e[ 102 (1, ¢1¢2] ’ (4.47)
0295 (P°)
0Zgp,p, = —Re | — 25— 4.48
D202 e [ (3p2 o > ( )
omg, = Re [me (mg,) — 5T¢1¢1] : (4.49)
57)’%2 =Re [E¢2¢2 (m?@) - 5T¢2¢2] . (4.50)
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It is straightforward to generalize these formula to the fermion and gauge boson sector. There,
the tadpole counterterms disappear, since the tadpole terms are not part of the tree-level
mass relations. Additionally, the formulas are adjusted in order to account for the additional
degrees of freedom in the form of chirality for fermions and polarizations for vector bosons.

The standard tadpole scheme is a valid approach for the renormalization of the field theory,
since it leads to a successful cancellation of all UV divergences in the scattering amplitude.
However, the counterterms introduced in Eqs. — are in general gauge-dependent.
This, by itself, is not a problem of the theory, as long as in the end, all gauge-dependences
cancel against each other to deliver an overall gfp-independent amplitude.

This cancellation is normally ensured by the Becchi-Rouet-Stora-Tyutin (BRST) formalism
of the gauge theory ,. In the 2HDM however, it is possible to introduce additional
gauge-dependences in the angle counterterms, which spoil the overall gfp-independence of the
one-loop amplitude. Additionally, terms like Eqs. and serve as counterterms to
physical masses, i.e. observables, which are by definition gauge-invariant. As a consequence,
the unobservable bare mass becomes gauge-dependent, as well (cf. Eq. ) From a theo-
retical point of view, it would be more appealing if the bare mass, the physical mass and the
mass counterterm are gauge-independent, by themselves, since it would simplify the book-
keeping of all gauge-dependences in a one-loop amplitude. It turns out that these problems
are tightly connected to the treatment of the tadpoles, and by means of an alternative tadpole
treatment, these problems can be solved.

4.4.2. Alternative Tadpole Scheme

An alternative treatment of the tadpoles, the alternative tadpole scheme, is based on the work
of J. Fleischer and F. Jegerlehner . Since their work is based on the Standard Model, and
the 2HDM provides an extended scalar sector, this alternative treatment shall be worked out
for the latter model in detail in the following.

The alternative tadpole scheme uses the same renormalization condition for the tadpoles,
depicted in Fig. As it was already mentioned at the beginning of this section, this
renormalization condition is manifestly gauge-invariant to all orders of perturbation theory.
However, the counterterms that are defined by this condition, e.g. mass counterterms, are
gauge-independent if and only if the bare mass appearing in Eq. is given the proper
value. Since all masses in the 2HDM are generated through the mechanism of electroweak
symmetry breaking, this proper value is determined by the proper vacuum expectation values
v1 and wve, which have to be determined order-by-order in perturbation theory . To that
end, we consider a shift of the vevs when going from leading-order to the one-loop level®

v1 — v+ 0v1, vy — vy + dvg . (451)

The tadpole parameters in Eq. explicitly depend on the vevs. Taking seriously that
the position of the minima is changed when turning from tree level to NLO, this leads to
shifts® in the tadpole parameters T} and Tb, themselves. After the shifts have been performed
consistently in the parameters, the tree-level relations in Eq. can be applied to eliminate

SFor better readability, the shift from tree level to the one-loop level is indicated by a replacement rule in this
subsection instead of using subscripts as in Eq. . As a consequence, the parameters appearing after the
replacement rule are considered to be the physical parameters.

SWe emphasize that the term “shift” strictly refers to the application of the shift of the vevs in Eq. to
the parameters that we consider in the following, i.e. to the tadpole terms and masses of the 2HDM particles.
Hence, these shifts have to be differed from the counterterms of the parameters, which are considered later on
after having worked out all effects of the vev shifts.
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the redundant parameters m3, and m3, again from the parameter set. The vev shifts induce
the following shifts of the tadpole parameters at NLO:

(%
Tl — Tl + <m%2v2 + )\11)%) 51}1 + ( - m%2 + )\3451)17)2)(51}2 = Tl + 5T1 y (4.52)
1
v
T, — Ty + ( — m%g + )\3451)11)2) ovy + (m%zvl + /\205)51}2 =T+ 6Ty . (4.53)
2

On the right-hand side of both equations, we identified the shift of the tadpole parameters,
as induced by the shift of the vevs, with the counterterms §7; and 07> which are fixed
through the renormalization conditions stated in Eq. (4.32). The diagrammatic form of the
counterterms 677 and 75 is given by Fig. In order to derive expressions for the vev
shifts dv1 and dva, we compare the coefficients of the shifts in Egs. (4.52) and (4.53) with the
elements of the CP-even mass matrix in Eq. (2.16), which reveals the following identity:

0T o1

2
plTi=0
0Ty 09

(4.54)

Therefore, the tadpole shifts are diagonalized by the same matrix R, in Eq. (2.22) that
diagonalizes the mass matrix of the CP-even fields p; and ps, so that the vev shifts can be
expressed in the mass basis of the CP-even Higgs fields:

T g0
OV 0 2
Y= M | (4.55)
6’Uh0 6Th0
m2,

By applying the renormalization condition depicted diagrammatically in Fig. this shift
can be interpreted as an explicit appearance of a diagram containing the Higgs tadpole or,
equivalently, a connected tadpole diagram which contains not only the Higgs tadpole, but
additionally the Higgs propagator with zero momentum transfer,

@) O

h; ) (4.56)

-7, —1 [ [
ovp, = —510Th, = —5- | |

my,. my, | |
h; )
where h; € {H 0 ho} stands for the physical Higgs particles. In order to consistently apply
the alternative tadpole scheme, the vev shifts introduced in Eq. (4.51) have to be applied to
all sectors of the 2HDM where the vacuum expectation values explicitly appear. Since the
calculation of the tadpole diagrams is usually performed in the mass basis, but the shift of
the vevs appear most conveniently in the gauge basis, it is useful to state the transformation

between the two basis. With the inverse of Eq. (2.24), we get:

5THO 5Th0
ovy 2 Ca— —35 Sa
= | "me o . (4.57)
0T, oT;
ova 72Hosa+ —goca
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The consequences of the alternative tadpole scheme are best observed by considering a specific
example. From that, we can generalize the result to the whole scalar sector and eventually,
to the complete Two-Higgs-Doublet Model.

Let us consider the NLO effects of the vev shifts on the mass matrix of the CP-odd doublet
in Eq. (2.17). Inserting the relations from Eqs. (4.51) — (4.53), this produces several terms in

each of the four entries of the mass matrix as a consequence of the shift:

0Ty 0
-2 9 B B
M2 N M2 + U1 + mie _ )\5 2”25'02 'Ul(SUQ ’0251]1
n n 5T2 V109
0 —_— —1)1(51)2 - 1)2(51)1 21)151)1
V2
Ty 60y (4.58)
_ mh <5U1+5”2) T T
156
V1v2 \ U1 V2 — 0109 ’U% 0 21)%7)2

In order to determine the effect of the vev shifts on the physical mass matrix of the CP-odd
sector, we have to rotate Eq. into the mass basis. To that end we note that since we
have applied the vev shifts completely in the CP-odd mass matrix, the minimum conditions
of the tadpole parameters given in Eq. can be applied again and as a consequence,
the last matrix in the second line of Eq. vanishes. Additionally, we demand that the
tree-level angle 8 diagonalizes the CP-odd matrix Mg again in the sense that the physical
masses méo and mio appear as its diagonal elements.

Therefore, the effect of the vev shift on the physical (i.e. diagonalized) CP-odd mass matrix
can be observed by inserting Eq. into Eq. (2.20). In order to bring the expression for
the shift into a compact form, we use the fact that only after the shifts have been performed
completely, the relations between the tree-level masses, parameters of the potential and the
vevs, given in Egs. — , hold again. Additionally, we use the relations from
Eq. to transform the remaining potential parameter m2, to As, as discussed in Sec.
In total, the mass shift of the diagonal CP-odd mass matrix is given by:

0T roqo 0T o 40 A 0 0
Dy=RIM2Rs — Dy+ [ CF TN = 222 (54501 + cgivs)
0T o0 0T 40 40 523 0 1
m2 0 sg0v] — cgdvs
4 Mo g ’ (4.59)
v 85(51}1 — Cg(51}2 2 (c551)1 + 85(51)2)
ADGogo ADG@AO
=D, +

ADgogo  AD 4040

In the last line, we introduced the terms ADgogo, ADgo 40 and AD 40 40 which contain all
effects of the vev shifts on the physical mass matrix D,. Their explicit form will be further
evaluated below. Note that when we inserted the second matrix from Eq. containing
the tadpole parameter shifts 677 and §7% into Eq. (2.20), we gained an expression which
is analogous to the rotation of the tadpole counterterms, as performed in Eq. in the
previous subsection. Therefore, we identify the physical tadpole parameter shifts d7Tzoq0,
0T o0 and 6T 40 40 in the first line of Eq. with the tadpole counterterms given in

Eas. (439) - (4.41)
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The mass matrix shifts can be further evaluated. To this end, it is useful to define the trilinear
coupling constants

. 2
—1Cl—_M
1gHoGoGo = —hmaTH , (4.60)
v
. 2
—1Sg—_aMm
ighOGOGO = % s (461)
) —1 S
1O A0 A0 = 7 (C,B—a (Qmio — m?io) + :+B (277’23{0 — ’U2A5) > y (462)
28
. —1 C
ZghOA()AO = 7 <SBOL (2m1240 - m}QLO) + :"‘Fﬁ (2m}210 - U2A5) ) 5 (463)
28
; —i88—a (o 2
igHoa0G0 = — (on — mHO) , (4.64)
. 1CQ_
igpo g0q0 = f) 2 (m%o —mio) - (4.65)

By using the explicit form of the tadpole counterterm d7 oo given in Eq. (4.39), the diagonal
part ADgogo of the shift gives a contribution to the vanishing Goldstone mass:

—iCg_ —1 —iSg_ —1
ADgogo = 5TGOG0 =3 2 amilo B} i(;THo +Z A amio 2 Z'(;Tho
v mHO v mho
O O (4.66)
=1 GO : HO GO + l GO : ho GU .

In order to arrive at the graphical interpretation of the second line, we identify the terms
in the first line that represent the connected tadpole diagrams according to Eq. (4.56). The
coefficients in front of these diagrams are precisely the trilinear coupling constants from

Egs. (4.60) and (4.61). Therefore, the calculated physical tadpole shift in the first line of
Eq. 1' represents the appearance of two tadpole contributions to the GYGP self-energy, as

stated in the second line of Eq. (4.66).

For the CP-odd Higgs boson A, the resulting shift AD 40 40 gives an analogous contribution
by inserting Eq. (4.41) and Eq. (4.57):

2
mAO

A 2
AD g0 40 = 0T 40 g0 — 250 (spov1 + cgua) + (cgdv1 + 830v2)
528

i s —i .
= 71— <Cﬁ—a (2777/1240 - m%o) + :;;f (2777,?_[0 - U2A5) > m2 ZéTHO

v

HO
1 Catp 2 2 —i
+i— | 85_q (230 — m20) + £ (2m?2 — v2A 0T, 4.67
v (6 a( A0 hO) 523 ( hO 5) mleo ho ( )
=3 ' o Ny 'po
A A TG &

The graphical interpretation is gained again by inserting the connected tadpole diagrams
according to Eq. and by identifying the coefficients in front of the connected tadpoles
with the trilinear couplings from Egs. and . Therefore, the shift AD 4040 can be
expressed as the appearance of CP-even Higgs tadpole contributions to the A’A° self-energy.
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Finally, the off-diagonal part ADgo 40 receives a non-vanishing contribution as well,

mio
ADgo0 = 6Tgo g0 + —2= (sgdv1 — cgdva)
v

—1Sg_ -7 . 1cg_ —17 .
=1 f-a (mio — m%lo) TZ(STHO —+1 B=a (mio — mio) TZdThO
v mHO mho
(4.68)
=1 o | HO o |t i a0 | hO A0 )

where we again identified the connected tadpole diagrams with the help of Eq. (4.56) and the
coupling constants according to Eqgs. (4.64) and (4.65) in order to derive the diagrammatic

representation.

This result can be easily generalized to the whole scalar sector of the 2HDM. If we consider
the full shift of the mass matrices (including the counterterm insertion for the bare masses),
then the mass matrix counterterm 5D35 for the scalar doublet ¢ in the alternative tadpole
scheme reads

om?> 0 AD AD
2R A B D I (4.69)
0 6m¢>2 AD¢>1¢>2 AD¢>2¢2

with the explicit form of the additional mass shifts
ADy,p, =i , :HO o +1 . | hO Y , (4.70)
J oy - J & - J

where 7,5 = 1,2. Note that in the alternative tadpole scheme, the tadpole counterterms
0711 and 75, introduced through the vev shifts in Eqgs. and , are part of the
shift parameters ADy, . of the physical mass matrices of the scalar sector. Therefore, in the
alternative scheme they do not appear explicitly as counterterms in Eq. . This is in
contrast to the standard scheme, where we considered 677 and §75 as counterterms, appearing
explicitly in 5D§), cf. Eq. . Consequently, the tadpole counterterms in Egs. @ —
do not appear in the definition of mass counterterms and wave function renormalization
constants within the alternative tadpole scheme.

In order to further illustrate the effect of the mass shifts, we recall the form of the renormal-
ized two-point correlation function in Eq. 1) where the renormalized self-energy E¢(p2)
explicitly appears. If we redefine the 1PI self-energy as

iszi?bj (p2) = i2¢i¢j (p2) - iAD¢i¢j > (4.71)

then it is straightforward to see that the insertion of Eq. (4.69) into Eq. (4.16) yields the
following form of the renormalized self-energy in the alternative tadpole scheme:

- gm3. 0 57} 57

Se(p?) = i (p?) — . i + —2¢ (P*12x2 — D3) + (p*Laxz — D3) 7“’ . (4.72)
0 m

®2

As a consequence, the counterterms and wave function renormalization constants derived at

the end of Sec. [4.3| namely Eqs. (4.25) — (4.30), change to:
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iXd(p?) = Q + +

Figure 4.4.: Modified self-energy in the alternative tadpole scheme. The self-energy
iytad (p2) consists of all 1PI self-energy diagrams together with the one-loop tadpole diagrams,
indicated by a gray blob. The self-energy is depicted in a generic topological way and has to
be replaced with the actual particle content and vertices of the 2HDM.

8ztad 2
674,46, = —Re "g‘f’;@)] : (4.73)
p p2=m2
¢
2
1 o2
2
0244 = ——— R [Etad 2 } : 475
D201 miQ _ mil € 102 (m¢1) ( )
8Etad 2
0 Z 40y = —Re ¢5¢22(p )] : (4.76)
p p2=m2
$2
2 tad 2
5m¢1 = Re |:2¢)1¢1 (m¢1 ):| y (477)
om3, = Re[Tid, (m2)] . (4.78)

This result can be generalized to the fermion and gauge boson sectors. In general, the change
from the standard to the alternative tadpole scheme leads to a redefinition of the self-energy
in the form of Fig. Additionally, the tadpole counterterms d75,,, in the scalar sector drop
out of the definition of the field strength renormalization constants and mass counterterms.

The alternative tadpole treatment has another important implication. Consider e.g. the
coupling constants g0 4070 and ggo o040 for the coupling of two vector bosons Z° with one
or two heavy Higgses H®, respectively (for simplicity, we omit the Lorentz structure of the
associated Feynman rule):

2 ;2

g

. 2 .

1g~vCp— 7 .

o = g (Ca’Ul + Sa’l)z) 5 1gHO g0 7070 = ﬁ . (479)
w

2 = 5.2
2¢yy, 2¢yy,

1gH0Z070 =

The shifts from Eq. introduce a shift in coupling constants as well. In order to perform
this shift consistently, the couplings have to be expressed in terms of the vacuum expectation
values v1 and vo. Note however that when performing the shifts in the coupling constants, we
carefully have to differentiate between the angles o and § in the sense of mixing angles and
[ in the sense of the ratio of the vevs, cf. Eq. , and « as the ratio of 2HDM potential
parameters’, cf. Eq. . The vev shifts from Eq. only affect the latter two.

The quartic coupling in Eq. (4.79) does not contain the vevs. Therefore, it does not receive
a shift. In contrast to that, the trilinear coupling given in Eq. (4.79) contains « as a mixing

"The angle a only appears in the trilinear and quartic Higgs couplings partly in the sense of a ratio of 2HDM
potential parameters, cf. Eq. 1} In all other couplings, « is the mixing angle.
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angle, but 3 is precisely defined over the ratio of the vevs and thus receives a shift. At NLO,
this shift yields

a2

. . 2
1g07070 — LJH0 7070 + % (Ca(s’Ul + Sa(SUQ)
w
- 2
B g (STHO 5Th0
= 1907070 + F |: (Ci + Si) m2 + (Saca — Saca) mT]
w HO hO
. 2 .
. ? -7 .
= 1907070 + %TZCSTHO (480)
Ciy M0
Q z°
HY
0 \
:igH020Zo+ ‘H‘----<
A trunc

The subscript “trunc” stands for the truncated Feynman diagram, meaning that the external
Lorentz structure of the vector bosons as well as the Lorentz structure of the quartic coupling
is not explicitly stated in the diagram. Note that we used the explicit form of the quartic
coupling constant in Eq. together with the form of the connected tadpole diagram
according to Eq. to identify the calculated shift in the third line of Eq. (4.80) with the
diagram in the last line.

The shift of the vevs, which is induced by the alternative tadpole scheme, leads to a modifi-
cation of the Feynman rules of the vertex in the form of the explicit appearance of a Higgs
tadpole. As a result, the tadpole diagram depicted in the last line of Eq. has to be
taken into account, even though the tadpoles were renormalized away by our renormalization

conditions in Eq. (4.31).

This result can be generalized to the whole 2HDM. The change from the standard to the
alternative tadpole scheme introduces additional virtual vertex corrections in the form of
tadpole vertex diagrams. As a rule of thumb, every 2HDM trilinear vertex receives these
additional tadpole vertex corrections if the resulting quartic coupling constant, consisting of
the three original particles of the trilinear vertex and additionally, the Higgs tadpoles, exists
within the 2HDM. In the case discussed above, the trilinear coupling constant ggozozo in
Eq. receives an additional tadpole contribution with the heavy CP-even Higgs HP,
since the resulting quartic coupling ggogozoz0 exists within the 2HDM. But note that the
vev shifts do not lead to the appearance of a tadpole diagram containing the lighter CP-
even Higgs h°, since the coupling ggoz0400 does not exist within the 2HDM due to internal
symmetry relations. These symmetries make their appearance in Eq. as well and lead
to the cancellation of the term proportional to d7}0, thus preventing the lighter CP-even
Higgs from appearing as a vertex tadpole diagram in the last line of Eq. (4.80).

As another example, consider the coupling constant of the charged Higgs boson H™, the W~
boson and the light Higgs h°, which reads

. —igcg_
LInoWw - H+ = 7g25 =, (4.81)

where the Lorentz structure of the associated Feynman rule has been omitted again for
simplicity. The coupling constant does not explicitly contain the vevs v; and vy and both
angles o and 3 which are contained in Eq. appear in the coupling in the sense of
mixing angles. Therefore, the coupling constant is unaffected by the shift of the vevs and the
coupling in Eq. receives no additional tadpole contributions when changing from the
standard to the alternative tadpole scheme.
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The only difference between the two tadpole renormalization schemes is the exact definition
of the bare mass and its counterterm. In the standard scheme, the mass counterterms are
generated through the mass relations in Egs. — after the minimum conditions
of the potential have been applied. The tadpole terms appearing explicitly in the tree-level
mass matrices receive tadpole counterterms at NLO.

In the alternative scheme however, the proper vacuum state is taken into account. The
shift of the vacuum expectation values generates additional terms through the proper tree-
level values of the mass matrix before the minimum conditions are applied. As a result, the
tadpole parameters do not appear in the counterterms any more, but the 1PI self-energies,
over which the counterterms are defined, are shifted to self-energies that contain the tadpole
contributions. Additionally, tadpole contributions to the vertex corrections have to be taken
into account. In summary, the change to the alternative tadpole scheme has the following
implications on higher-order calculations in the Two-Higgs-Doublet Model:

Self-energies: The self-energies appearing in the definitions of the wave function renor-
malization constants and counterterms are changed such that they contain addi-
tional tadpole contributions: X(p?) — Etad(pz) .

Tadpole counterterms: The tadpole counterterms 675, 4, (7,7 = 1,2) in the scalar sector
vanish: 67,4, — 0.

Vertex corrections: The virtual vertex corrections change to contain additional tadpole
contributions if the resulting coupling exists within the 2HDM.

Both schemes use the manifestly gauge-invariant renormalization condition shown pictorially
in Fig. however, only the alternative tadpole scheme, that considers the proper vacuum
state of the 2HDM, yields mass counterterms, cf. Egs. and (4.78), that are manifestly
gauge-independent, as well. This will be investigated further in the following sections, when
we consider the actual particle content of the 2HDM.

4.5. Renormalization of the Gauge Sector

The renormalization of the gauge sector encompasses the fixation of all counterterms to
the coupling constants that belong to the weak sector. With the chosen parameter set of
Eq. (2.58), this introduces the three counterterms

m%/v,o = miy + omiy, | (4.82)
m2Z70 = m% + om% (4.83)
eo=(1+dZ)e, (4.84)
go =g +0dg (4.85)

Note that the weak coupling constant gy is a redundant parameter in this list, since it can
be expressed through the other three parameters by means of Egs. (2.46) and (2.47). Never-
theless, it is practical to keep it in the list, since it is often more convenient to express the
couplings through g instead of e.

Additionally, in higher-order calculations, the gauge bosons fields acquire field strength renor-
malization constants. Keeping in mind that the Z° boson and the photon ~ form a doublet
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which allows for mixing, the field strength renormalization constants at next-to-leading order
are introduced through

8z
£ WWw +
Wiy~ (1 + ) Wi, (4.86)
Z Z
70 142 - ° | (2
~ 570 57 (4.87)
M/, =y ACH

The form of the field strength renormalization constants and mass counterterms in the gauge
boson sector depends on the chosen tadpole scheme. In order to present the explicit form of
the counterterms in a convenient way, it is necessary to introduce the two-point correlation
function of the gauge bosons. In general R, gauge, the renormalized two-point correlation
function of the gauge bosons V;,V; € {Wi, Z°, v} can be written as ||

14

~Lv . p/l‘p .p.u‘py 1
) = = (o = Z20) (2 - md) oy — 25 (- v ),

2
ppp ) o P v (4.88)
—i (g - PV RN - PRSP

where the superscripts 7' and L denote the transverse and longitudinal components of the
renormalized gauge boson self-energies, respectively.

In order to fix all renormalization constants, the on-shell prescription from Sec. can be
applied directly to the gauge sector. However, in order to fix the counterterm 67, in Eq. ,
an additional condition is needed. Since the electric charge e has been well-observed before the
rise of quantum electrodynamics, the physical value is usually fixed in the so-called Thomson
limit, i.e. the limit of vanishing photon momentum in the Thomson scattering between a
photon and an electron [5].

The application of the two tadpole schemes of Sec. reveals that only the mass counterterms
depend on the choice of scheme. All other field strength renormalization constants, as well
as the counterterms of the electric charge and weak coupling constant, are tadpole-invariant,
i.e. invariant under the change of tadpole scheme®. In order to illustrate the effect of the
alternative tadpole scheme, we consider the effect on the tree-level mass of the W¥ bosons
as given in Eq. . Performing the shift, we get”

. @ @
myy — myy + ) Wi |1;[0 Wi + ) Wi |h0 W:t . (489)
/VMV\N\ ’V\NW

Considering the form of the two-point correlation function in Eq. (4.88)), this leads to a
modification of the 1P self-energies shown pictorially in Fig.

SHEY = S50t sheY) - spe?) . (4.90)

In summary, the field strength renormalization constants and counterterms of the gauge sector

read:

8The self-energies involving vy and 'yZO are invariant since the photons do not couple to the CP-even Higgs
bosons. The diagonal field strength constants d Zww and §Zzz are invariant since the derivative of the tadpole
diagrams vanishes, and finally, §g is invariant due to an invariant combination of 5m%v and 6m2Z.

“Note that for the calculation of Eq. 7 we use that the polarization vectors of the gauge bosons are
normalized as £(p) - " (p) = —1.
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Standard tadpole scheme

omy, = Re [E%W (m%v)] ,  0m%=Re [Egz (mQZ)] . (4.91)

Alternative tadpole scheme

miy = Re {EE?C%/T (m%v)] ,  0m% =Re [zt;gf (m%)} : (4.92)

Tadpole-invariant
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Note that the sign in front of the second term of Eq. is equivalent to the sign of the
SU(2)r, term in the covariant derivative in Eq. (2.38). Therefore, a change of the sign of
this term is required if one chooses to follow the SM convention of the covariant derivative.
The modified real part Re takes the real part of the loop integrals, but not of any coupling
constants (like CKM matrix elements for quark mixing). If these are chosen to be real, the
replacement Re — Re is valid at the one-loop order .

The wave function renormalization constants in Eq. and Eq. contain gauge-
dependent parts, while the counterterms dg and 67, are manifestly gauge-independent. The
mass counterterms (5m12/V and 5m2Z are gauge-independent only if the alternative tadpole
scheme is chosen, which has been checked both numerically and analytically. In the standard
tadpole scheme, the mass counterterms in Eq. contain a residual gauge-dependence.

4.6. Renormalization of the Fermion Sector

For the renormalization of the fermion sector of the Two-Higgs-Doublet Model, in principle
all constants and fields introduced in Sec. have to be considered. However, the renormal-
ization of the fermion sector does not differ much between the SM and the 2HDM. Hence,
we restrict ourselves only to the 7& particle, since we need the results later in Sec. 4.8.4
for a process-dependent definition of the scalar mixing angles. A treatment of the complete
fermion sector can be found e.g. in [52].

In the on-shell basis, the relevant parameter that needs to be renormalized is the mass of the
r* particle:
Mmro =ms +dm, . (4.97)
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The mixing between charged lepton fields is either absent in nature or strongly suppressed
,. Therefore, we consider the 7 field to be a lepton number eigenstate, so that the left-
and right-handed bare fields are split up according to

VA

TLO = <1 + 2TT> TL (4.98)
VA

TRO = <1 + 2”) R - (4.99)

The two-point correlation function of the 7 particle accounts for the spinor structure of the
fermionic field. Using Feynman slash notation, it is given by

Trrp) = i(p = me) + i [po- S5 (07) + gy S5 (02) + me(w- +w)S5,07)], (4.100)

where the superscripts L, R and S stand for the left-handed, right-handed and scalar parts
of the renormalized self-energies, respectively [52]. The explicit form of the spinor structure
in the correlation function is instructive for an unambiguous extraction of the three different
self-energies Y2 (p?), B2 (p?) and £2_(p?) of the 7 fields.

In general, the renormalization of the fermion sector depends on the chosen tadpole scheme.
In the previous section, we saw that the change from the standard to the alternative tadpole
scheme shifted the tree-level vertex couplings such that they contain additional tadpole con-
tributions. In the 2HDM (as in any other renormalizable field theory) however, no vertex
of two fermions, one CP-even Higgs boson and one additional particle exists. Therefore, the
change from the standard to the alternative tadpole scheme does not introduce any additional
tadpole diagrams to the tree-level couplings of the fermion sector.

By applying the shift of the vacuum expectation values of Eq. (4.51), the mass of the 7
particle receives a shift, as well. Independently on the type of the 2HDM, this shift reads

@) @)

me = mei| o L EY R R B : (4.101)
.« -

trunc trunc

in complete analogy to the scalar and gauge boson sector. Note the subscript “trunc”, in-
dicating that the external spinor structure is omitted in the diagrams. Inserting this mass
shift into the two-point correlation function in Eq. reveals the modification of the 7
self-energies in the alternative tadpole scheme:

SLPY) = SE0%), SRR - SEeY), IR0 - =R, (4102)

since the tadpole diagrams that have to be added to the fermion self-energies contain no
spinor structures of the form pw_ or pw; and hence, are purely scalar. Consequently, the
left-handed and right-handed components of the 7 self-energies are invariant under a change
of the tadpole scheme, and only the scalar component differs between the two schemes.

The full set of field strength renormalization constants and mass counterterms for the 7
particle in the standard tadpole scheme is derived in [52], while for the alternative tadpole
scheme, Eq. can be applied. In summary, the explicit form of the renormalization
constants is given by:

Standard tadpole scheme

m —~
dmr = —IRe| T, (m]) + 7 (m7) + 257 (m7)| - (4.103)
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Alternative tadpole scheme

Smy = %f’{é[zg(mz) + 3R (m?) + 25ted:S (mz)] . (4.104)
Tadpole-invariant
= — [0ZL.(p*) | OZE(p*) %2 (p%)
L _ L 2 _ 2 T TT TT
§ZL = —Re [ETT(mT)} mTRe[ T e T2 ]pQng . (4.105)

028 = ~Re[Elt (m2)] — miFe |

L (2 R (2 5 (p?
OETT(P ) + aETT(p ) 4 QaETT(p ) . (4106)
op? op? N PR

As it was the case for the gauge boson sector, the wave function renormalization constants of
the 7 particle as well as the mass counterterm dm, in the standard tadpole scheme contain
gauge-dependent parts. The mass counterterm in the alternative tadpole scheme, Eq. ,
is manifestly gauge-independent.

4.7. Renormalization of the Scalar Fields and Masses

The renormalization of the scalar sector of the 2HDM introduces the counterterms of all
scalar masses:

m12L1070 =m0 + M3 (4.107)
Mo o = Mo + 0mio (4.108)
miqo =m%o + dm%o | (4.109)
Mipe o = M+ + 0mys . (4.110)

The scalar fields of the Two-Higgs-Doublet Model are transformed to the NLO expansion, in-
troducing the field strength renormalization constants. Since the scalar sector forms doublets
that allow for mixing (cf. Sec. , the field strength renormalization is most conveniently
presented in a matrix structure:

HO 1 + (SZHOHO (SZHOhO _HO
= 2 2 (4.111)
hO (SZhOHO (SZhOhO 0 ’
s i R = AN
0 2 2
o 14 0Zcoco 0Z o 40 Qo
= 2 2 : (4.112)
AO 5ZAOG0 1+ 5ZA0A0 AO
0 2 2
ot 14 0L+ 0Lt g+ ot
-7, ;2 . (4.113)
Hi . H;gi 14 H;Hi Hi

The renormalization procedure of the scalar sector was discussed extensively in Sec. in a
generic way. Additionally, in we investigated the differences between the standard and
alternative tadpole scheme regarding the form of the counterterms. This generic discussion
allows us to give the explicit form of all renormalization constants for both schemes:
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Standard tadpole scheme

2
§Zpop0 = ————Re [EHoho(mho) (STHoho} : (4.114)
M0 — mh0
2
200 = —ﬁRe[zHoho(mHo) 5THoh0] : (4.115)
M0 — mhO
2
5ZGOA0 = Re |:EGvOA0 (on) (5TGOAO} 5 (4116)
mAO
2
0Z yoqo = ——Re [EGOAO (0) — 6TGOA0:| , (4.117)
m%o
9
0 gyt = — Re [ZgiHi (m2s) — 5TgiHi:| , (4.118)
mHi
2
§Zyige = —5—Re [zgiHi (0) — 5TgiHi} : (4.119)
i
oo = Re| oz (o) — 6Tio Ho} : (4.120)
5m,210 = Re _Ehoho (mio) — 5Th0h01| s (4121)
SmZo = Re 2 1040 (m20) — 6T 40 Ao} : (4.122)
5m§{i = Re _EHiHi (mHi) — 5THiHi] o (4123)
Alternative tadpole scheme
8 Zopo = %Re [E}%ho (mho)} : (4.124)
mHO - mho
2
Znnn = = R [ztad } : 4125
RO HO m%m — mio €l & pgopo (mHO) ( )
2
5ZGOA0 = —TRG [EgbdAo (on)} s (4126)
mAO
2
6Za060 = —5—Re[S310(0)] | (4.127)
mAO
2 ~
§Zgeps = ——5—Re [zgﬁ e (mHi)] , (4.128)
mHi
2
§Zyiqe = —5—Re [zgﬁ - (0)} , (4.129)
Myt
(Sm%o = Re E?gHo(quo)} 5 (4130)
6mZo = Re[Tilo (m)| | (4.131)
5mio = Re Engo (on)} s (4132)
Sm%. = Re Eggi Hi(m%i)] . (4.133)
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Tadpole-invariant
) 2
§Zoo = —Re H;H;(p)] , (4.134)
L p p2=m?2
H
) 2
§Zp0p0 = —Re ’%”02(1))] : (4.135)
L p p2=m?2
ro
) 2
6ZGOGO = —Re GOGG(; (p ) 5 (4136)
L p p2—0
) 2
§Z 40 40 = —Re “‘;A(;(p)] , (4.137)
L D p2:m20
A
— [ox 2
0t = —Re GEGZ (v )] : (4.138)
L p p2:0
— [ox 2
0t = —Ro HiaHi (v )] (4.139)
L p p?=m?2 |

The scalar wave function renormalization constants are in general explicitly gauge-dependent.
The mass counterterms in the alternative tadpole scheme in Egs. (4.130) — (4.133) are mani-
festly gauge-independent.

4.8. Renormalization of the Scalar Mixing Angles a and [

Until now, the renormalization of the parameters and fields of the Two-Higgs-Doublet Model
was achieved entirely through the on-shell scheme, enabling us to provide physical masses as
sensible input parameters. If we choose to perform the rotation from the gauge to the mass
basis of the fields in the tree-level 2HDM potential of Sec. before turning to higher-order
calculations, it is necessary to renormalize o and § in the sense of mixing angles, as well.

Another choice would be to first renormalize and then rotate to the gauge basis. In that case,
the angles o and 8 do not appear in the sense of mixing angles, but rather as functions of the
parameters of the 2HDM potential. Therefore, they are only renormalized as such, but not
in the sense of angles that diagonalize the mass matrices of the scalar doublets. While the
latter approach is perfectly valid and possible within the 2HDM, we choose to perform the
renormalization after rotating to the mass eigenstates of the scalar fields. Hence, the scalar
mixing angles are split up at next-to-leading order according to

ap = a+da (4.140)
Po=B+dp. (4.141)

The renormalization of the scalar mixing angles is a subtle task within the 2HDM. In contrast
to the masses, the angles are not considered as physical parameters in a sense that they can
be directly observed. Consequently, there is no suitable way of fixing them with the help
of physical observables, as it was done in the on-shell renormalization procedure of Sec.
Due to the renormalizability of the Two-Higgs-Doublet Model, the UV-divergent parts of d«
and & necessarily have to be the same for all schemes. However, the UV-finite parts may
differ between the schemes, and due to the choice of an unsuitable scheme, it is possible
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to introduce additional gauge-dependences into the UV-finite parts. In the following, we
will present different renormalization schemes for the scalar mixing angles, and discuss the
gauge-dependence that is introduced through them in the one-loop amplitudes.

4.8.1. Minimal Subtraction Scheme

Among the most intuitive schemes for renormalizing the scalar mixing angles is the minimal
subtraction (MS) scheme [89]. It relies on the fact that in dimensional regularization, diver-
gences of one-loop integrals appear explicitly as poles in the regulator e, cf. Sec. In any
one-loop amplitude, where apart from the angle counterterms, all fields strength renormal-
ization constants and physical counterterms are fixed, the angle counterterms are determined
such that they exactly cancel the residual divergence in the amplitude.

The modified minimal subtraction (MS) scheme is a more widely implemented adoption of
the MS scheme. Within the MS scheme, the counterterms are chosen such that they cancel
the residual A term of the amplitude, with A being defined in Eq. (4.4). Therefore, the
counterterms do not only cancel the pole, but additionally some finite constants which appear
universally in all one-loop integrals .

The MS scheme is per definition a suitable scheme for achieving an overall UV-finite decay
amplitude at higher-order calculations. However, it has been shown in a previous work
that within the 2HDM, the application of the scheme to the scalar mixing angles leads to one-
loop corrections to partial decay widths which are orders of magnitude higher than in other
schemes. It has been checked explicitly that this happens for a large set of possible 2HDM
parameters. The reason behind this is that in general, the wave function renormalization
constants introduce large finite contributions to the one-loop amplitude, which need to be
cancelled by the finite parts of the angle counterterms. However, the latter are set to zero in
the MS scheme, thus preventing the cancellation . Additionally, the angle counterterms
might contain an explicit gauge-dependence, according to whether the residual amplitude
(i.e. the amplitude without the angle counterterms) contains a gauge-dependence that needs
to be cancelled or not. Since the MS scheme is is potentially gauge-dependent as well as
numerically unstable in most cases, it will not be used in this thesis as a renormalization
scheme for the mixing angles.

4.8.2. Kanemura’s Scheme

One idea of defining the angle counterterms was formulated by S. Kanemura et al. [56}[85],
which we refer to as Kanemura’s scheme. It enables the derivation of the angle counterterms
by connecting the usual OS conditions of the scalar fields with the internal relations between
the gauge and mass basis of the 2HDM.

Consider the scalar doublet (¢1, ¢2) in the mass basis, which is connected with its gauge basis
(51,52) through the rotation matrix Rg with mixing angle 6 (cf. Eq. ) At next-to-
leading order, the approximation

Rj o~ RigRj (4.142)

is valid. By temporarily switching between the two bases, the NLO expansion yields :

1 1 $1 ¢
=Rjo | - | =~ RyRg\/Z3ReRg ; = |/ ZKen , (4.143)
2

®2 G2 ®2

0 0

where the matrix 4/ Zgan connects the bare and renormalized fields in the mass basis. The field

strength renormalization matrix of the scalar fields in the gauge basis, Zd; is considered
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to be a real symmetric matrix, therefore containing three free parameters for each scalar
doublet at NLO that need to be fixed through renormalization conditions. Alternatively, the

Kanemura field strength renormalization matrix ,/ngan can be considered, which is defined

through Eq. (4.143) as an NLO expansion [56,91]:

14— 5Cy
[7Kan ~ pT pT [ _ pT 2 2
Z¢ ~ R(;QR@ Z¢R9 - Ré‘@ 60 1 + (5Z¢2¢2
5z ” 2 (4.144)
1+ % 5C4, + 60
~ 67
0Cp, =80 14 =2

The wave function renormalization matrix Zg has been rotated to the mass basis, so that

1/255{3“ contains the three free parameters dZg,4,, 0Z4,¢, and dCy, that need to be fixed

through renormalization conditions, together with the counterterm 66 of the mixing angle.
For the scalar fields of the 2HDM, this translates to the following explicit forms of the field
strength renormalization:

0Z g0 go

HO 1+ 5 dCho + b HO

= 5 Z,on0 e (4.145)
W) §Cho — b 14 —=02H2 )\ py
GO 1+ 5Z§°G° 5C a0 +68 )\ [G°

= 57 100 e (4.146)
A) o\ dCw -8 1+ =0 ) A
G* 1+ ‘SZG% §Cys +368 | [GF

] - 57 s X (4.147)
HE) 0Cy= — o5 1+~ | \H

In order to remain within the framework of on-shell renormalization as much as possible, the
diagonal field strength renormalization constants can be fixed via the pole conditions from
Eq. (4.23). This leads to the same form of these constants as given in Egs. (4.134) — (4.139),
all of which are explicitly tadpole-invariant.

The other counterterms appearing in the off-diagonal matrix elements can be fixed by de-
manding the field mixing to vanish on the mass shell, which is equivalent to identifying
the off-diagonal elements of the Kanemura field renormalization matrix with the ones from
Eq. (4.13). For the CP-even sector, this leads to the identities

5Zh0HO !

0ZHom 51 = 6Ch —dar,

2

< 5C}0 + dar | (4.148)

where 0 Zpop0 and 6 Z,0 o are the tadpole-dependent field strength renormalization constants
given in Egs. and or Egs. and , depending on the tadpole
scheme that is chosen. The two equations allow to solve for §C},0, which is not present in any
one-loop calculation and may therefore be omitted, and the angle counterterm da.

For the CP-odd and charged sector, Kanemura’s scheme requires fixing three free parameters
0C g0, 6CHx+ and 05, since both sectors are diagonalized by the same mixing angle. The
amount of free parameters in the off-diagonal parts of Eqs. (4.112) and (4.113) for the CP-
odd and charged sector is four, however. If we choose to apply the on-shell renormalization
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conditions to the CP-odd and charged sectors, it is necessary to choose which off-diagonal
two-point correlation functions shall vanish, since not all CP-odd and charged fields can be
on-shell at the same time. Out of four possible options, the same two as in are chosen.
Which of the definitions is used within the renormalization of a decay process depends on
the external CP-odd or charged particles that are present in the considered process and that
hence shall be renormalized OS. In summary, the angle counterterms in Kanemura’s scheme
are given by:

Standard tadpole scheme

_ 1 2 2
60( = mRe [EHO}LO (mHO) + EHOhO (mho) 25TH0}10:| ) (4149)
1
55(1) = —72Re |:EG0A0 (mio) + Xgo 40 (O) - 25TG0AO} ) (4150)
mAO
1
55(2) = o2 Re |:EGthi (m%;[i) + Y+ (0) — 25TGiHi} . (4.151)
M+

Alternative tadpole scheme

1
HO ho
1
56 = ———Re (S840 (m%0) + 29800(0)] | (4.153)
A0
1
3p = Tomi, [ZtGagHi (miy=) + TGy (0)} : (4.154)
H

Among the considered processes in this thesis in Chapter |5 to Chapter |7, only one contains
an external H™ particle, while all other processes do not contain external CP-odd or charged
Higgs bosons in the initial or final state. Therefore, we choose the charged fields to be
completely on-shell, which results in the usage of 55(2) in this thesis.

The angle counterterms defined according to Kanemura’s scheme are explicitly gauge-de-
pendent, both for the standard as well as the alternative tadpole scheme. If we use the
notation of Eq. and Eq. for the reduced scalar integrals, one way of presenting
the gauge-dependence'® of 64 (2) i

583 =832 }
¢=1

2
0 w) o= L [ m) = B 0] (4.155)

+mis [5WH0 (M=) — Buwno (m%i)] +mo [/BWHO (0) = Bwmo (mii)} } ;

where the short-hand notation £ € {&w,{z,&} is used here and in the following. The form
of the gauge-dependence is independent of the tadpole scheme that is chosen. Due to the
structure of the integrals in the second and third line of Eq. , the gauge-dependent
part is UV-finite by itself. Therefore, Kanemura’s scheme introduces a gauge-dependence
through 5ﬁ(2) in the UV-finite part of the amplitude only.

9The decomposition into gauge-dependent and -independent parts is not unique. Therefore, the presented form
is only one of many possible ways of isolating the gauge-dependence.
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For da, the gauge-dependence is more intricate and depends on the chosen tadpole scheme.
In the standard tadpole scheme, the gauge-dependent parts can be isolated in the form

5asta — 5asta‘€:1
—(1—¢&w)

A5m2Z05_a55_a

3272 (m%lo — mio)

A5m%,vc5_a85_a

16m2(m3,0 — m3,)

2
9 Cp—aSp— 2 2 2
1= ) S Loy [0 mi) — o)

aw — (1 —-¢z)

+mipo [5Z£Z (mF0) — 28740 (m%]O)} — mio [Bzgz(mio) — 28740 (mio)} } (4.156)

2
+ (o) D2 Lo (B () — B ()]

+ o | Bwew (i) — 2B (o) | = mis [ Bwew (ms) — 28uars (mi)| } :

where the superscript “sta” indicates the standard tadpole scheme. When changing from the
standard to the alternative tadpole scheme, the gauge-dependence reduces to

5aalt _ 5aalt

¢=1

2
9 Cs-aSp—a
(1) Letien Lo [ i) — Bt

+ M2 [5Z§Z(m12qo) — 28740 (m%,o)} - mio {Bzgz<mio) — 28440 (mio)} } (4.157)

2
+(1- éw)gcf;;;ﬁ_a{%?{i [5WHi (m3po) — Bw = (mio)}

+ m%{ﬂ [5W£W(m%{0) - 2/3WHi(m%IO)} - mio [5W£W(m20) - 25WHi(m%0)} } )

where the superscript “alt” now indicates da in the alternative tadpole scheme. Compared to
the standard tadpole scheme, the second line in Eq. (4.156) is cancelled by the shift of the
vevs.

The explicit appearance of gauge-dependent terms in the angle counterterms threatens the
necessary gauge-independence of the one-loop amplitude. In the processes that are considered
in this thesis, the gauge-dependence in the angle counterterms as defined in Kanemura'’s
scheme will not cancel completely, as we will see e.g. in Sec. Consequently, the angle
counterterms in Kanemura’s scheme are not only explicitly gauge-dependent by themselves,
but additionally, they lead to a gauge-dependent one-loop partial decay width.

A later paper [85] proposes a way to remove the gauge-dependence from the angle coun-

11

terterms The condition that the field strength renormalization matrix Zg introduced

in Eq. (4.143) is symmetric is omitted. This increases the number of free parameters in the
Kanemura field strength renormalization matrix of Eq. (4.144), effectively leading to two
different off-diagonal renormalization constants dCy, and dCy,.

In [85], it is suggested to use the additional degree of freedom to define 63 in such a way
that it contains only the gauge-independent parts. All gauge-dependent parts are shifted into
the two constants dCy, and 0Cy, which do not appear in any one-loop calculation and are
thus not observable. A look at Eq. shows that this approach would in principle work,

"This paper discusses the gauge-dependence of 3, only.



50 4. Renormalization of the Two-Higgs-Doublet Model

since all gauge-dependent parts of §3 form a UV-finite subset, and can thus be removed from
the angle counterterm. However, the isolation of the gauge-dependent parts is not unique
and presents no unambiguous way of defining what parts should be contained in §3 and
what parts are shifted into 6Cy, and 6Cy,.

An even more serious problem arises when trying to apply this approach to the angle coun-
terterm da. The second line of Eq. contains integrals that are UV-divergent by
themselves. Therefore, the gauge-dependent parts of da in the standard tadpole scheme are
UV-divergent. Due to the renormalizability of the 2HDM, these UV-divergent terms have
to appear in any other renormalization scheme of d«, as well. Defining these UV-divergent
parts into the unobservable counterterms dCy, and dCy,, which are not part of any one-loop
calculation, thus inevitably leads to an overall UV-divergent one-loop amplitude. Therefore,
the approach to remove the gauge-dependence of the angle counterterms presented in [85]
cannot be applied to da in the standard tadpole scheme. In the alternative tadpole scheme,
it is possible to remove the gauge-dependence from dca, since all integrals from the second
to the last line of Eq. are UV-finite. However, the same problem as in §3 remains,
namely that the division of gauge-dependent and -independent parts is ambiguous.

4.8.3. Pinched Scheme

Eradicating the deficiencies of Kanemura’s scheme is equivalent to using a renormalization
scheme that leads to an overall UV-finite and gauge-independent one-loop amplitude on the
one hand and stating an unambiguous definition of the gauge-independent parts of the angle
counterterms on the other hand. This can be achieved by using the pinched scheme which is
based on the pinch technique (PT) [92H97]. A short introduction to the PT is presented in

App.

In , the sfermion mixing angle counterterm 06 was defined through the requirement of a
gauge-independent residuum in a one-loop scattering amplitude of sfermions and Z° bosons
within the MSSM, which is analogous to the argumentation presented in . In , 00
is defined in a completely different approach by use of the pinch technique. However, both
schemes lead to the same form of the sfermion mixing angle counterterm, indicating the
equivalence of both approaches within the MSSM. Additionally, a method for the definition
of the CP-even mixing angle counterterm d« within the MSSM is presented in [100] with the
help of the PT.

Since the PT has been analyzed thoroughly in the SM and in the MSSM [100], we
want to use it to derive an unambiguous gauge-independent definition of the scalar mixing
angle counterterms. In order to keep the discussion clear, we will present the application of
the PT within the 2HDM in App. [C| In this subsection, we will only use the results of this
discussion for a definition of the angle counterterms over the pinched self-energies.

The main idea of the pinched scheme is to improve the definition of the angle counterterms
in Kanemura’s scheme by using the pinched self-energies of the scalar sector instead of the
self-energies ¥ in the tadpole scheme. In general, the pinched self-energies of the scalar
doublet (¢1, ¢2) have the form
inch /2 d 2 dd 2

O 07) = [S5%,00)] _ + 207 (4158)
where the superscript “add” denotes additional terms whose explicit forms depend on the
scalar doublets that are chosen. The proper derivation of the pinched self-energies requires
self-energy contributions from all topologies shown in Fig. cf. App.|Cl Therefore, the PT

is only consistent in a scheme which uses the alternative tadpole renormalization of Sec. [4.4.2]
but not the standard tadpole scheme .
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The explicit form of the additional terms for the CP-even, CP-odd and charged off-diagonal
self-energies, which are needed for the definitions of da and 45, read

2 2 2
9°S8_aCh_ M0 + Mo
S6ho (0%) = 2 Papra <P2 - Hh) { [Bo(p*; m%, m%0) — Bo(p*;m%, m%)]

3272c2, 2
+ 2cfy [Bo(p?;miy, m¥re) — Bo(p? miy, miy )] } , (4.159)
2 2
9°S3—aCh— m
i) = Lo (12 = T2 ) [BaGPsw ) - o)), (4160)
W

2 2
g*sp_aCh_ m2, .
sadd (%) = % <p2 - g) [Bo(p*; miy, m30) — Bo(p*miy, m7e)] . (4.161)

The only freedom in the definition of the angle counterterms through the PT arises in the
choice of scale at which the self-energies are evaluated, which is nothing else than the definition
of what finite parts the angle counterterms will contain. If one sticks to the on-shell approach,
a suitable scale would be the masses of the scalar bosons. We will refer to this scheme as OS-
pinched scheme. A look at the momentum dependence of the additional terms in Eqs.

— (4.161)) suggests another scale, namely
2 2
_ Mg, + My
2

2

P (4.162)

This sum of mass squares scale is especially convenient, since all additional terms vanish at
p? = p2. In reference to || we refer to this choice of scale as the p,-pinched scheme. In
summary, the angle counterterms for both schemes explicitly read:

Alternative tadpole scheme, OS-pinched
Re| [Si28,0(mio) + T80 (m2o)] o + Z385ho (m¥o) + D30 (m2o)]
oo = 2 (2, —m2)) , (4.163)
HO hO
Re| [S¢ 40 (m%0) + 2G040 (0)] ey + Tt (M) + 10 (0)
(1) GO0\ 4 GOA e=1 GO0\ 4 GOA
580 = — P , (4.164)
A0
- Re| [Z8 pra (mps) + T84 0 (0], + D2 prs (m2a) + 20,1, (0)]
B = — 52 . (4.165)
Myt

Alternative tadpole scheme, p,-pinched

1 2 2
bo= 5 Re|siad (T T Mo , (4.166)
M0 — Mo 2 &=1
1 2
m4o 2 &=1
1 2
5@ = ——Re |Dtd ., (mHiﬂ . (4.168)
M+ 2 =1

The angle counterterms in the pinched schemes are per construction manifestly gauge-in-
dependent, although a look at Egs. (4.163) — (4.168) might suggest the opposite, since the
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Feynman-'t Hooft gauge is emphasized in the definition of the angle counterterms. This how-
ever is a direct result of the application of the PT. In App.|C] it is discussed that the pinched
self-energy is the result of adding all pinch parts to the usual self-energy X% calculated in
general R, gauge. The parts on the right-hand side of Eq. are exactly the parts that
remain after all gauge-dependences have been cancelled. In that sense, the emphasis of the
Feynman-'t Hooft gauge is not a result of choosing a specific gauge, but rather the outcome
of the cancellation of the gauge-dependences. Additionally, it shows the deep connection
between the PT and the background field method (BFM) [101H104] for a specific choice of
background-field gauge-fixing-parameters [93], cf. App.

The usage of the PT for the calculation of S-matrix elements has been discussed and critized
[105,106]. The major points of criticism include that

e the extension of the PT from one-loop to higher orders is neither unique nor trivial,

the process-independence of the PT is not generally proven, but only shown for specific
examples,

the PT is not generally applicable to all possible one-loop Green’s functions,
e the PT is technically involved.

The aforementioned papers suggest to use the BFM instead of the PT in order to avoid
these problems from the start, since the BFM is by construction applicable to all orders of
perturbation theory. Additionally, it serves as a generalization of the PT and delivers an
infinite set of possible vertex functions fulfilling QED-like Ward identities . Since this
criticism affects our choice of using the pinched schemes for renormalizing the scalar mixing
angles, we want to discuss the points mentioned above.

Within the scope of this thesis, we deal with the gauge-independent renormalization of the
angle counterterms only at the one-loop level. While the extension of the PT to the two-loop
level and above is of no interest for us, it should be mentioned that the PT has been applied
not only at two-loop level for the SM , but an unambiguous generalization to all orders of
perturbation theory in the electroweak sector for the SM has been presented, as well .

The process-independence of the PT is indeed not proven in general, which has to be accepted
as one of the major weak points when using the technique. While the gauge-independence
of the pinched self-energies is ensured by the BRST symmetry [93], a process-dependence of
the PT might result in different forms of the additional gauge-independent terms presented
in Eqgs. — (4.161). However, the PT was applied to a variety of different toy processes,
so far yielding a universal result . As a consequence, the process-independence of the
PT is postulated until falsified with a suitable counter-example.

Lastly, the PT is indeed technically involved even at the one-loop level, especially when dealing
with the CP-odd and charged scalar sector of the 2HDM, but nevertheless, it is possible to
unambiguously derive the pinched scalar self-energies, as presented in App. While the
PT might not be suitable for deriving all possible gauge-invariant Green’s functions, it is
applicable to the scalar sector of the 2HDM. In conclusion, the PT can be used for an
unambiguous manifestly gauge-independent definition of the mixing angle counterterms at
the one-loop level.

It should be mentioned that the BFM has some drawbacks on its own. If one considers the
calculation of current correlation functions or Wilson loops, the BFM cannot be applied .
The PT on the other hand is suitable for such calculations and delivers unambiguous results

[95,[110)-
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Figure 4.5.: NLO virtual corrections to the decays A — 7% 7=. The one-loop

amplitude ./411418:1; consists of all virtual vertex corrections Axng the vertex counterterm

AQOTTT as well as the external leg corrections Af%jT (1=1,...,5).

Additionally, while the BFM provides n-point functions that are manifestly gauge-invariant
(i.e. they fulfill tree-level-like Ward identities), they are still gauge-dependent, since the n-
point functions contain an explicit dependence on the background-field gauge-fixing-parameter.
In theories with spontaneous symmetry breaking, this dependence induces unphysical thresh-
olds in the BFM Green’s functions for any other background-field gauge than the Feynman-
't Hooft gauge. But in this gauge, the BFM Green’s functions usually coincide with the PT
Green’s functions [93)].

As a conclusion, the PT and the BFM should not be considered as two rivaling approaches
of defining gauge-invariant Green’s functions, but rather as complementary tools. If the PT
Green’s functions coincide with the BFM Green’s functions for the Feynman-'t Hooft gauge of
the background-fields, which has to be checked explicitly for any possible Green’s function [93],
then the PT automatically adopts all desirable properties of the BFM Green’s functions,
e.g. process-independence and gauge-invariance, since these properties are independent of
the choice of the gauge-fixing-parameter within the BFM framework . The connection
between the Green’s functions in the PT and the BFM has been analyzed in detail in QCD

[111], in the electroweak theory of the SM and in the MSSM [100}[112].

4.8.4. Process-Dependent Scheme

The last renormalization scheme of the scalar mixing angles presented in the scope of this
thesis is a process-dependent scheme. The main motivation for such a renormalization scheme
is the fact that the definition of the mixing angles over a process allows for a more physical
interpretation of the otherwise unphysical (i.e. unobservable) mixing angles. In this sense,
the process-dependent scheme is analogous to the renormalization of the electric charge in
the Thomson limit in Sec.

Within the MSSM, a definition of the angle counterterm 643 via the process H™ — 77 v,
was proposed in order to decouple the definition of the counterterm from the vevs of the scalar
potential . However, this process has the disadvantage of containing IR divergences which
need to be combined with real corrections in order to gain an IR-finite result. Due to the
tight connection of the process with the underlying SU(2); symmetry, the IR-divergent and
UV-divergent parts of the one-loop amplitude are intertwined. Thus, the definition of the
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Figure 4.6.: All NLO vertex corrections to the decays A — 77 7=. All virtual
vertex corrections AXOCT+T, are shown, grouped by their topological structure. The diagrams
contain contributions from fermions F', scalar bosons S and gauge bosons V. Diagrams

involving an internal photon contain IR divergences.

angle counterterm 65 over this process will contain IR-divergent parts. As a consequence, 63
will depend on experimental cuts on the phase-space of the real photon emissions, cf. Sec.
which is unacceptable .

In the 2HDM, the process HT — W1 H? was used as a process-dependent definition of
the combination of mixing angle counterterms §(5 — «) in the approximation of heavy top
and bottom quarks . While such a scheme works fine as long as the one-loop vertex
corrections contain only the top and bottom quarks, it introduces the same difficulty as the
process mentioned above as soon as the full electroweak vertex corrections are taken into
account. In that case, the definition of §(5 — «) would again necessarily contain IR-divergent
parts.

What has instead been proposed in || is the definition of §3 over the process A° — 7+ 7.
While in the paper the process is considered within the MSSM, we will adopt the scheme
in order to renormalize 05 in the 2HDM. The process has the advantage that the QED
corrections form a UV-finite subset by themselves. Since it is exactly the QED subset of the
amplitude that contains the IR divergences, the idea is to isolate the purely weak corrections
from the QED corrections and only use the former for the process-dependent definition of the
angle counterterm.

We consider the on-shell process A° — 77 77. Using the generic notation of Chapter
we denote with u(ps) the adjoint spinor of the outgoing 7~ with momentum ps and spin s3
and with v(p2) the spinor of the outgoing 7 with momentum ps and spin so. The LO decay
amplitude is given by

iem;Ys _

ARG, = mu(p3)75v(p2) : (4.169)

The factor Y3 contains the Yukawa coupling as given in Sec. whose specific form depends
on the 2HDM type that is chosen. In order to calculate the LO partial decay width, we insert
the LO amplitude into Eq. (3.3). The spin configuration of the fermions in the final state is
of no interest for us, therefore, we use the spin sum

> a(ps)y v (p2)v(p2) (=7 Julps) = Tr [—(}7’2 —me)y° (p, + mr)ﬂ =2m%  (4.170)

52,53
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T+

(a) (b) (©)

Figure 4.7.: Diagrammatic contributions to the UV-finite QED subset. Shown are
all diagrams of the QED sector that have to be excluded in the process-dependent definition
of the mixing angles. Diagram (a) appears in the definition of the counterterms ém., 5Z£T
and 6Z2 | while (b) and (c) are parts of the vertex corrections .AHOOP and AHOOP respectively.

to sum over all degrees of freedom. Inserting the LO amplitude into Eq. (3.7) and using this
spin sum yields the LO partial decay width of the process A° — 77 77

2Y2m2m 4m2
rio = 9 osomal T (4.171)

TT 327wmyy, m4o
At NLO, the one—loop amplitude consists of all virtual vertex corrections AYS A0, the vertex
counterterm ASY _ and all virtual external leg corrections AlegZ (¢ =1,..,5) as shown in

Fig. The first three external leg corrections vanish due to the on-shell renormalization
conditions presented in Sec. and Sec. The fourth external leg corrections vanishes
due to CP-conservation for the on-shell A boson and the fifth correction vanishes because of
a Slavnov-Taylor identity . Hence, the one-loop amplitude consists of the virtual vertex
corrections and the vertex counterterm. In both amplitudes, the LO amplitude of Eq.
factorizes out, yielding

11
AAS:E AAOTT AAOTT = ‘AAOTT [ AOTT FAOTT] : (4.172)

The form factor ]:XOCTT of the vertex corrections is determined by the sum of the diagrams
shown in Fig. while the form factor of the vertex counterterm has the explicit form [52/[79)]

g om, omP, 1+Y2 6Z 040 1 6Zgoge 628 §ZR
]:-CT _ 79 T w 3 5 AVA0 L O4GOA TT T (4.173
Aorr =" 2m?, Ty, bt v, 2 2 T3 ( )

Note that we demand that both form factors contain contributions from the weak sector
only , meaning that for the definition of the counterterms dm., 5ZL and 5Z71_D‘T, the self-
energy diagram of Fig. (a) has to be excluded, while for the vertex corrections, the diagram
of Fig. (b) is omitted. The sum of these diagrams contains all IR divergences of the
process and forms a UV-finite subset in Eq. , which has been checked analytically and
numerically. Therefore, this subset can be omitted without spoiling the overall UV-finiteness

of the process, thus removing all IR divergences from the amplitude.

Inserting the LO and one-loop amplitude into Eq. (3.12) yields the NLO partial decay width,
which simplifies due to the fact that the LO amplitude factorizes completely:

I‘i};g_weak - FAOTT (1 +2 Re [‘FAOTT FAOTTi|> (4174)

The superscript “weak” indicates that the form factors contain contributions from the weak
sector only, with all QED contributions being omitted. The counterterm 65 can be defined
via the process by demanding that the one-loop contributions to the partial decay width shall
vanish, so that

I_‘AOTT ; FNLO weak (4175)

A0t
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Figure 4.8.: NLO virtual corrections to the decays H® — 77 7. The one-loop

amplitude AUOOP consists of all virtual vertex corrections .AHO the vertex counterterm

TT?

AHOTT as well as the external leg corrections Aleg’ L (i=1,..,5).

holds. Inserting Egs. (4.173) and (4.174)) into this renormalization condition allows us to solve
for the angle counterterm:

-Ys [_ve 89 dm: dmd,  6Zgom0 1 8Zgog 6ZE SZR
6B = F = - - 7 T\ (4.176
=1 + Y2 Ao T g m; 2m? 2 Ys 2 5 T2 ( )

In contrast to the MSSM, where only the mixing angle 8 needs to be renormalized, the 2HDM
requires an additional process in order to fix the angle counterterm da. Following the same
arguments as above, we choose the decay H — 7+ 77, since the QED contributions form
a UV-finite subset in this process as well. The LO amplitude of the decay is given by

—em;Ys

'AHOTT - @(pi%)v(m) ) (4177)

2myw sw

where Y5 is the Yukawa coupling constant defined in Sec. For the calculation of the LO
partial decay width, we use the spin sum

S lps)o(p2)(p2)u(ps) = Tr [(p, — me)(p, + mo)] = 2mipe — 8m2 . (4.178)

Inserting the LO amplitude into Eq. (3.7) and using the spin sum, the LO partial decay width
explicitly reads

3
_ Yy mimn (1 - 4m3> " . (4.179)

FHOTT - 2

2
32mmyy, M50

Analogous to the decay of the pseudoscalar Higgs boson A%, the one-loop amplitude of the
process H — 77
virtual external leg corrections, all shown in Fig. The latter vanish completely due to
the same reasons as for the external leg corrections of the process A — 77 77, and again,

the LO amplitude factorizes from the vertex corrections as well as the counterterm, giving:

7~ consists of the virtual vertex corrections, the vertex counterterm and

11
’AH(())(;I;- AHOTT AHOT’T 'AHOTT[ HOTT ‘FHOTT] : (4180)
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Figure 4.9.: All NLO vertex corrections to the decays H* — 7+ 77. All virtual
vertex corrections AE%T+T, are shown, grouped by their topological structure. The diagrams
contain contributions from fermions F', scalar bosons S and gauge bosons V. Diagrams
involving an internal photon contain IR divergences.

The form factor of the vertex corrections, f}/[gﬂ, has to be determined via the calculation of

all diagrams shown in Fig. while the form factor of the counterterm explicitly reads

0Z go go ﬁ(thOHO
2 Yo 2

‘FHOTT -

bg  om. omd Y,
o= W L5+ Ve +
m+ 2mW Y2

sz §ZR
2 * 2

with the Yukawa coupling Y7 being defined in Sec. The counterterm §3 appearing in the

vertex counterterm is fixed through Eq. . As it was the case for the previous process, we

exclude all QED contributions to the one-loop amplitude , meaning that for the definitions

of m,, 6Z% and 6Z% | the self-energy in Fig. (a) has to be excluded, while the vertex

corrections do not contain the diagram in Fig. (c). Applying the renormalization condition

(4.181)

FLO ; FNLO,Weak (4182)

HOrT HOrT

allows for a process-dependent definition of the scalar mixing angle by solving for da. In
summary, the two angle counterterms read:

Standard / alternative tadpole scheme
—Y3 VC (59 6m7 5m%,v 6ZAOAO 1 (SZGOAO 5ZL (5ZR
58 = s _ o TT TT
P 1—|—Y32[AOTT+g+mT omz, T 2 B 2 2 2 |
(4.183)
Y2 VC (Sg 5m7 5m%,v 5ZHOHO Yl (thOHO 5zL 5ZR
oo = — | F — - Y30 — o T
o Y1[HOTT+g+mT Qm%/VJr 3008 + 5 +Y2 5 + 5 + 2
(4.184)

The headline in the box indicates that the definition of da and d 5 is valid for both the standard
and the alternative tadpole scheme. So far, we did not specify which tadpole scheme is used
for the process-dependent definition of the angle counterterms. The form factors ]:XOCTT and
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]-'};gjﬁ of the virtual vertex corrections are invariant under a change of the tadpole scheme,
cf. Sec. However, the counterterms dm., 5m124/, 0Z o g0 and 9 Zj,0 o depend on the chosen
scheme and as a consequence, the actual expressions appearing in da and d3 change with the
chosen tadpole scheme as well. The form of the angle counterterms stated in Eqgs. (4.183)
and is kept in a generic way, so that the choice of tadpole scheme is kept implicit
through the actual form of the counterterms dm,, dmsy, 6Zgo0 and 6Zyopo appearing in
those equations.

After having derived the explicit forms of da and §3, we want to discuss their gauge-
dependence. Since these counterterms are defined over a physical process, one might in-
tuitively assume that they should be manifestly gauge-independent. This is the case for §3,
as it was already mentioned in [36]. The form of 68 changes when switching from the standard
to the alternative tadpole scheme, and with the change of the scheme, some of the countert-
erms in the definition of §3 receive additional gauge-dependent contributions. However, the
combination of counterterms in Eq. is such that all gauge-dependent parts precisely
cancel. Therefore, the identity

68 = 6Ble_, (4.185)

holds for all gauge-fixing-parameters £ € {&{w,&z,&,} and independently of the tadpole
scheme that is chosen, so that the gauge-independence becomes manifest. This has been
checked both analytically and numerically.

The gauge-dependence of da on the other hand differs in the two tadpole schemes. In the stan-
dard tadpole scheme, the definition of da in Eq. (4.184) contains a residual gauge-dependence
which is not cancelled. Explicitly, the gauge-dependence in this scheme reads

A5m%VCB_a55_a A5m2Zc5_a55_a

_(1—
167r2(m%[0 —mio)aw ( gZ)SQWQ(mQ —m?2,)

5asta _ 5asta’£:1 . (1 _SW) ayz (4.186)

HO — Mo

with the superscript “sta” indicating the standard tadpole scheme. Note that this is equivalent
to the second line of the gauge-dependence of da in Kanemura’s scheme, Eq. . The
fact that this line was cancelled in Kanemura’s scheme when switching from the standard to
the alternative tadpole scheme foreshadows what will happen when we consider the process-
dependent definition of d« in the alternative tadpole scheme. Indeed, the shift of the vevs in
the alternative scheme is such that all gauge-dependences in da cancel, yielding

sttt = salt , (4.187)
=1
valid for all £ € {{w, €z, &}, with the superscript “alt” now indicating the alternative tadpole
scheme.

As a summary, the process-dependent definition of 3 is manifestly gauge-independent for
both tadpole schemes, while da is gauge-independent if and only if the alternative tadpole
scheme is chosen. The fact that da is gauge-dependent in the standard tadpole scheme
does not necessarily spoil the overall gauge-independence of the one-loop calculation. It just
means that the residual gauge-dependence in Eq. must be cancelled by other gauge-
dependences within the one-loop amplitude. That this is in fact the case will be discussed in

Sec. Sec. [6.3] and Sec. 7.3 for three different processes.

4.9. Renormalization of Aj

The last missing parameter of the 2HDM parameter set in Eq. (2.58) that needs to be renor-
malized is A5, appearing in the scalar sector of the 2HDM, i.e. in Higgs-to-Higgs decays. One
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such decay will be considered in Chapter|7l At NLO, the bare parameter is split up according
to
A570 = A5 +0A5 . (4188)

Similarly to the mixing angles, the renormalized Ajs is a residual parameter of the potential
and as such, it has no physical meaning in the sense of e.g. masses. Therefore, there is no
intuitive way of fixing the counterterm dAs through an on-shell condition. In the following,
we present three different renormalization schemes for As.

4.9.1. MS Scheme

Fixing the parameter dAs over an MS condition is analogous to the MS condition of the
scalar mixing angles presented in Sec. Such a renormalization scheme for §A5 has been

adopted e.g. in 12.

The counterterm §As is chosen such that it cancels any residual UV divergence in a one-
loop amplitude. Since we consider an MS scheme instead of an MS scheme, this means that
the remaining terms proportional to A, as defined in Eq. (4.4)), will be absorbed in §As, thus
leading to a UV-finite NLO amplitude. We will not state the explicit form of the counterterm,
since it is rather lengthy, and use instead the symbolic notation

Standard / alternative tadpole scheme

6As = 6A5(A) |55 » (4.189)

where the right-hand side of the equation indicates all terms proportional to A that are
necessary to cancel the dependence on A of the rest of the amplitude.

The gauge-dependence of §A5 depends on the tadpole scheme that is chosen. Since the count-
erterm is directly proportional to A and thus contains no UV-finite parts per definition, any
gauge-dependence in § A5 manifests itself in the UV-divergent part of the counterterm. When
considering the gauge-dependence of the Higgs-to-Higgs decay amplitude in Sec. we will
realize that the residual amplitude without A5 contains gauge-dependent UV-finite and UV-
divergent parts within the standard tadpole scheme. Consequently, the pure MS condition
of A5 cannot cancel the UV-finite gauge-dependent parts and has to be modified to contain
those terms as well in order to yield a gauge-independent NLO amplitude. If instead the
alternative tadpole scheme is chosen, then the MS condition will lead to a manifestly gauge-
independent definition of JAs.

4.9.2. Improved MS Scheme

While the renormalization of the parameter As in an MS scheme works fine with respect to
the cancellation of all UV divergences, it could lead to numerical instability, as it was the case
for the mixing angle counterterms if defined over an MS condition, cf. Sec. . In Chapter
we will consider the 2HDM decay process H? — h° h° that involves 6A5 at NLO. As
it will turn out in the numerical evaluation of the process in Sec. the MS condition of
A5 can be considered numerically stable if the standard tadpole scheme is chosen. However,
a change to the alternative tadpole scheme will reveal that the MS scheme for A5 is not a
suitable scheme, since it leads to numerical instability.

2Note that in this paper, the soft-Zs-breaking mass M of Eq. 1) is renormalized instead of the parameter
As. However, both parameters are proportional to each other according to Eq. 1}
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As soon as we look at the NLO decay amplitude of the Higgs-to-Higgs decay in Sec. we
will realize that the whole amplitude is not invariant under a shift of the vevs when changing
from the standard to the alternative tadpole scheme if Aj is renormalized in the usual MS
approach. Since dAs5 is renormalized by an MS condition, containing only UV-divergent
parts, the UV-finite part of A5 is unaffected by the shifts of the vevs and still equals zero
after the shifts have been performed. Since the residual amplitude, with A5 being set to
zero, will receive large UV-finite terms through the Ay integrals contained in Eq. when
performing the shift, this means that these large additional contributions cannot be cancelled
by the counterterm dAs in a pure MS scheme.

Therefore, we will improve the MS condition in a way that is consistent within the internal
relations of the 2HDM, so that the scheme can be considered numerically stable even within
the alternative tadpole treatment. To that end, we use Egs. and in order to
express the parameter As through my, g, 5 and the parameter mio of the 2HDM potential
given in Eq. (2.7), noting that the angle 8 appearing in this expression has to be considered
as defined over the ratio of the vevs, ¢f. Eq. (2.35), but not as a mixing angle:

2,2
As =22 (4.190)
mwsw

In order to consider the shifts that dAs receives when changing from the standard to the
alternative tadpole scheme, we use not only 6As as a purely MS defined counterterm, but
we include the counterterms 5m%4,, 06 and dg which appear in Eq. when changing
from LO to NLO™. Consequently, the MS counterterm §As in the alternative tadpole scheme
explicitly reads

Alternative tadpole scheme

dg  2cp (5m12/V
0As = 0A5(A) g + A5 [2—= — 06 — . 4.191
5 5(A)|gg + As o B = ( )

Through the appearance of the counterterms dg, 68 and 5m%v, the large contributions ap-
pearing in the NLO amplitude when changing from the standard to the alternative tadpole
scheme are cancelled, leading to a numerically stable result. The term JA5(A) ‘WS is defined
to cancel any residual UV-divergent parts in the NLO amplitude. The counterterm J3 can
be chosen to be defined in the gauge-independent pinched scheme of Sec. and all other
counterterms appearing in Eq. are all gauge-independent in the alternative tadpole
scheme, as well. Therefore, §A5 is manifestly gauge-independent if the residual UV divergence
of the amplitude is gauge-independent. That this is the case will be discussed in Sec.

4.9.3. Process-Dependent Scheme

In order to define the counterterm in a more physical way, it is possible to use a process to fix
0A5. Demanding the decay process to occur on-shell, the scalar sector of the 2HDM provides
four processes'® that can be used to fix dAs:

HY — O n,
H — HYH ™,
R0 — A AV
HY — A% A0,

(4.192)

13By choosing m?, instead of As as our independent parameter, we could have avoided this problem from the
start. Nevertheless, we stick to As since this parameter is included in the 2HDM model file in FeynArts.

A fifth 2HDM process, namely n® — HT H, is ruled out on-shell, since experimental data restrict the
scalar masses to myg+ > myo, see e.g. for a type 11 2HDM.
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Figure 4.10.: NLO virtual corrections to the decays H® — A% A°. The one-loop

amplitude AE%CX)O o consists of all virtual vertex corrections AXI% 40 40, the vertex counterterm

AST 10 40 as well as the external leg corrections AIE%’AO a0 (E=1,..,5).

The first process is the one we want to renormalize in Chapter |7, therefore we cannot use
it in order to fix the counterterm of As. The second process should be avoided due to the
appearance of IR divergences, while the third gives a very strict kinematical bound to the
mass of the pseudoscalar Higgs boson A°. Therefore, we will use the decay H® — A° A°
as the least-restrictive process in order to fix dAs.

The LO decay amplitude of the process is given by the coupling constant of the heavy Higgs
HY to the two CP-odd Higgses A°, which reads

S m2
Ca(2mZe — mip) + —2F2 (2m§,0 — 4?’%” . (4.193)
mw 528 g

AI&%AOAO = gH0A0A0 = 9
The LO partial decay width is determined by inserting this amplitude into Eq. (3.7). The
scalar particles of the process have no additional degrees of freedom. However, the two final
A° bosons are indistinguishable, therefore the statistical factor S = 1/2 has to be considered.
This yields the LO partial decay width

2
dm
rto - lgmoaonl” i A 4.194
HOAA 32mm go m ( )

At NLO, the one-loop amplitude consists of all contributions shown in Fig. The first
three virtual external leg corrections vanish due to the on-shell renormalization of the scalar
fields, presented in Sec. while the last two leg corrections vanish due to a Slavnov-Taylor
identity . Therefore, the full one-loop amplitude is given by:

ARoor o = AV q0 40 + ASE 4o 40 - (4.195)

The virtual vertex corrections AXIE 4040 are the sum of all diagrams shown in Fig. |4.11
Note that the last four tadpole diagrams have to be included only if one chooses to use
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Figure 4.11.: All NLO vertex corrections to the decays H° — A° A°. All virtual
vertex corrections AX,%: 40 40 are shown, grouped by their topological structure. The diagrams
contain contributions from fermions F, scalar bosons S and gauge bosons V. The tadpole
diagrams are included only if the alternative tadpole scheme is chosen.

the alternative tadpole scheme. Otherwise, they are omitted. In order to derive the vertex
counterterm, we introduce the two Higgs couplings

2
g 2 2 Ca+pB 2 myy
Gho A0 A0 = _2mW SB,a(zon — mho) + ;);B <2mh0 — 492A5> :| s (4196)
Sg_
grogoa0 = — 2= (m2) — m2p) . (4.197)
2mW

The counterterm is generated from the relevant part of the bare Lagrangian that, after the
field renormalization has been performed, is proportional to the renormalized fields H°A°A°,

Lintrel = %thgAg + WHgAgAg + WHSGSAB
NL:O —ighvoAo (5Zh0H0 —1g 70 40 40 6ZH0H0
- 2! 2 91 <5ZA°A° Ty (4.198)

—’igHogvo 5ZG0AO

H°A%A°
1! 2 '
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In order to derive the counterterm, we perform a functional derivative,

o § O .
50 5.40 50 (i) (4.159)
and add to it the counterterm of the tree-level coupling,
dmwAs sars ) |09 6m12/v
0gmogon0 = | gosono — ——— | |— — 2
g S23 g 2miy,
g 2Sa+p ) 2 2 Amisais
———— | | —= —cg_a )| IMF0 + 2c5_a0Mm50 — ——0A5
2y [ ( sogp ) CHO T et T g (4.200)
4mZ, A
+ (85_a(2mie — m2o) + 2 (2m2, — WD) ) 5q
828 g
2 4mZ, A
+ [ —85-a(2mZo — m%0) + <Ca+5 _ Dot map > <2m§{0 Sl ] 5) 38| .
523 52/3 g
In total, the full vertex counterterm to the process H® —s A% A% at NLO reads:
Y4 A4
A 4040 = Gno 40 40 hZOHO + G110 40 40 (5ZA0A0 + h;HO) + 9060 400 Z o A0 (4.201)

+ 0gE0 40 40 -

The NLO partial decay width is now given by inserting the virtual vertex corrections and the
counterterm into Eq. (3.12):

2 2 2
rNLO - _pLO A (M0, m%0, m%0)
HOADA HOALA 327Tm§_10

2 Re [(Af01040) Afochopo] - (4202)
In order to fix the counterterm §As5, we use the process-dependent renormalization condition

!
FIﬁ%Avo = F%%SOAO ) (4.203)

which finally translates to the definition of the counterterm:

Standard / alternative tadpole scheme

gs2p

0As = —
2mWSa+B

Re {A\Ig%jAOAO + [A%EAOAO]MFO] : (4.204)

The gauge-dependence of the counterterm of As depends not only on the chosen tadpole
scheme, but additionally, on the choice of renormalization scheme of the angle counterterms
o0 and d8. Using the alternative tadpole scheme and e.g. one of the pinched schemes of
Sec.[4.8.3|or the process-dependent definition of the angle-counterterms presented in Sec.[4.8.4,
the definition of dA5 in Eq. becomes manifestly gauge-independent, which has been
checked numerically.

In the standard tadpole scheme, §A5 is gauge-dependent. Due to the complicated structure of
the scalar self-interactions in the 2HDM, the explicit form of the gauge-dependence is rather
intricate and will thus not be presented here.
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4.10. Renormalization of the Gauge-Fixing Lagrangian

For the renormalization of the gauge-fixing Lagrangian in Eq. (2.55), we follow the arguments
presented in [79]. In the SM, the scalar Lagrangian produces a kinetic term of the form
imyy (8”WM_ )G, which spoils the proper definition of the propagators of the charged sector.
However, the mixing term arising from the gauge-fixing Lagrangian contains a term of the
form —imw (0"W,; )G, which precisely cancels the one from the scalar Lagrangian. In the
SM, this cancellation holds for the bare and the renormalized Lagrangian, to all orders in
perturbation theory.

In the 2HDM however, the situation changes, since introduces a mixing of the charged
scalar doublet when the fields are renormalized. If the same approach as in the SM is applied
to the 2HDM, the terms arising in the gauge-fixing and scalar Lagrangian would cancel against
each other again. However, this would also cancel a counterterm that is necessary for the

WTH" two-point correlation function to vanish on-shell .

To circumvent this problem, it is possible to consider the gauge-fixing Lagrangian of Eq.
as being already renormalized, i.e. to contain only renormalized fields . Doing so ensures
that the mixing terms of the scalar Lagrangian still produce the necessary counterterm for the
WTH™ propagator to vanish on-shell, while the other non-mixing terms in the renormalized
fields cancel against each other again. The same arguments hold for the CP-odd sector, as
well. As a consequence, the vanishing of the on-shell WrH™ and Z°A° propagators can be
expressed through the use of Slavnov-Taylor identities .



CHAPTER D

The Decays Ht — W' h%/H" at Next-to-Leading Order

The decays Ht — Wt p° /H 0 at NLO have been discussed extensively in , where the
full electroweak corrections were calculated in Feynman-’t Hooft gauge and different renor-
malization schemes were presented. Among those renormalization schemes are Kanemura’s
scheme as well as an MS scheme. As discussed in Sec. the former scheme is explic-
itly gauge-dependent, while the latter is numerically unstable in most cases, cf. Sec. [4.8.1]
Therefore, the task is to implement the other renormalization schemes from Sec. and
Sec. that are both gauge-independent, and check for numerical stability. In order to
compare these schemes with results presented in , the decays HY — W+ A0 /H 0 are
considered within the scope of this thesis, as well.

~
~
~
~
~ ~ ~

I /H0 h° /H0 h°/HO
leg,1
A\;IC+W+h0/H0 A%T+W+h0/H0 ‘A;Ig+W+h0/H0
Wt W+ Wt
ol
I /’JJ - Gl e M
A ON RN ~.
ho ) HO ho/HO ho/HO
leg,2 leg,3 leg,4
AHg+ W+h0/HO Alﬁr W+ho/HO AHg+ W+h0/HO

Figure 5.1.: NLO virtual corrections to the decays H™ — W™ h%/H. The one-

loop amplitude A lio‘f‘), 10/ HO consists of all virtual vertex corrections A\Iﬁw+ 1O/ HO the vertex

counterterm AL H+WHR0/Ho 88 well as external leg corrections Alee (i=1,..,4).

H+W+ hO / HO



66 5. The Decays HT — W+ hO/H0 at Next-to-Leading Order

5.1. The Partial Decay Width at LO

At LO, the decay amplitudes are given by the application of the Feynman rules for the scalar-
scalar-vector vertices of the 2HDM. Using the generic notation of Sec. we refer to p; as
the momentum of the incoming H™, py as the momentum of the outgoing W™ boson and p3
as the momentum of the Higgs bosons h’ /H U depending on the process that is chosen. As
a vector boson, the W has additional degrees of freedom in the form of the polarization Ao,
which is accounted for with a polarization vector €3 := €},(p2). The LO decay amplitudes
for the processes Ht — W+ /H 0 are given by

—Y9C8—a *
ALO _ o
H+W+ho ) (pl + p3) €a.u (5‘1)
=—gcs—a(p1-€3) ,
gsﬁ_a *
ALO — o
H+W+HO 9 (p1+p3) €au (5.2)

= 9sg-a(p1-€3)
where in the second line of both equations, we used the four-momentum conservation, Eq. ,
as well as the transversality of the on-shell W™ boson, leading to py - €5 = 0. In order to
calculate the LO partial decay width, we take the absolute square of the amplitudes and sum
over all degrees of freedom. Since the polarization of the W™ boson in the final state is of no
interest, the degrees of freedom can be summed up by using the polarization sum

P2,uP2,
Z (pl ’ 62) (pl ’ 65) = péLplll 2527,&5;,1/ = plpr <_gy,l/ + 7’52”)
d.o.f. Ao w

1

2/ 2 2 2
= A2 A (mHi’mW’pB) .
w

(5.3)

The statistical factor of the process is S = 1, since the W boson is distinguishable from the
CP-even Higgs bosons in the final state. Inserting the amplitudes into Eq. (3.7) and using
Eq. (5.3) gives the LO partial decay widths for both processes:

2.2
9 C-a 2 2 2
ko S miy, M 5.4
H+W+h0 647”71[2/‘/7”%{jE ( HE W hO) > ( )
2.2
9783 _q
Lo =2 27 N3(m?..m? ,m2 . 5.5
H+W+HO 647rm12/vm§1i ( HE W HO) ( )

5.2. NLO Virtual Corrections

At next-to-leading order, the decay amplitude receives contributions from all virtual correc-
tions that appear at the one-loop level. Specifically, the amplitude is the sum of all virtual
vertex corrections, the counterterm and external leg corrections, as depicted in Fig.

As it was mentioned in Sec. the corrections to the external legs vanish in most cases. In

. . leg, leg,2 . . ..
this case, the corrections A; 7110 JHO and A, 77040 JHO which introduce a mixing of the

fields HYG*, h®HY and H°h®, vanish according to the on-shell renormalization conditions
presented in Sec. . The amplitude Afﬁﬁ/wr ho / HO vanishes due to the transversality of the

external on-shell W boson and the last external leg correction AE%:%H RO/ HO vanishes due to

a Slavnov-Taylor identity [115]. Therefore, the one-loop contribution to the decay amplitude

reduces to:
1loop _ 1VC CT
Arew+no 0 = Amrrwno o + Afrtw+no o - (5.6)
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-

H+ S’ \|

- \\ ;S
~- e

ho/HO ho/HO ho/HO

Figure 5.2.: All NLO vertex corrections to the decays H™ — W™ hO/HO. All
virtual vertex corrections A}/ﬁw+ ho /o are shown, grouped by their topological structure.
The diagrams contain contributions from fermions F', scalar bosons .S and gauge bosons V.

At the one-loop level, the vertex corrections consist of the sum of all diagrams shown in
Fig. In order to apply the gauge-independent renormalization schemes presented in
Sec. consistently and check for any residual gauge-dependence, the electroweak corrections
were calculated in general R¢ gauge. To this end, the amplitudes were automatically generated
with FeynArts 3.9 and calculated with FeynCalc 8.2.0 [118], enabling a reduction of
the amplitudes to the well-known 't Hooft-Veltman scalar integrals . It turns out that
the LO amplitude, together with its Lorentz structure, factorizes from the sum of all vertex
corrections,

Ve _ 4LO Ve
Aptwnoymo = Afrvwno o Frtw+no/mo (5.7)

where ]—"E(EW+ po/go 18 the form factor of the vertex corrections. Note that some of the di-
agrams in Fig. contain photons as internal particles of the loops. As it was mentioned
in Sec. such diagrams give rise to IR divergences since the photon is a massless particle.
Consequently, the one-loop integrals involved in calculating the amplitudes to the respective
diagrams develop poles at vanishing loop momenta. In order to cancel these divergences, we
have to include real corrections, which is described in detail in Sec. 5.3

Apart from real corrections, the only missing ingredient for the NLO amplitude is the vertex
counterterm. In both processes, the angle counterterms appear only in the form sg_, or cg_q,
resulting in the following NLO expansions:

08— R Cg—q (08 — dar)

dcg_aq R —Sg—q (08 — dar) . (5.8)
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The counterterms for both processes are given by

1) 07 0z 0z
A%£W+ho = AII}OJrW+h0 [g 4 VW TEHEAT hoh?
g 2 2 2
_ 0Z 0z 5.9
n Sg o < G+tH+ . HORO +6a . &8)] ( )
Ch—a 2 2
= AL]}?—{/{/-&-W fg’-{w-&-ho )
) 07 0z 07
Ag{wﬂqo = AIEIQWJrHo [g WW  ZOHTHE HOH?
g 2 2 2
o (07 57, 5.10
_Cg a( G+H++ hOHO—Féa—(Sﬁ)] ( )
SB—a 2 2

_ L0 oT
= Aifrw+go Farw+po »

where the vertex counterterm form factors .FEIIW+ RO/ HO have been introduced. Since the LO
amplitude factorizes from both the counterterms and the vertex corrections, the resulting NLO
width can be cast into a convenient form. By inserting Eq. and the vertex counterterms
into Eq. and using the polarization sum in Eq. for integrating out all degrees of
freedom, we end up with the NLO partial decay width,

Fgl‘g/{/‘FhO/HO = FIFJO‘FW‘*‘hO/HO <1 +2 Re [‘FXIgWJrhO/HO + ‘FEIIWJrhO/HO} > : (5.11)

So far, we did not specify the tadpole scheme that is used for the renormalization of the
processes. As it turns out, the decay H+ — WT AV JH ¥ is tadpole-invariant. We already
discussed in Sec. that the coupling constant gjoy - g+ is unaffected by the shift of
the vevs when turning from the standard to the alternative tadpole scheme. The same
argument is valid for the other coupling constant ggoy— g+ involving the heavy CP-even
Higgs. Therefore, the form factors fXEWJF RO/ FO of the vertex corrections are unaffected by
a change of the tadpole scheme, since the shifts of the vevs do not induce additional tadpole
diagrams.

On the other hand, the form factors fEIIWJr RO/ FO of the vertex counterterms depend on the
tadpole scheme, since the individual counterterms contained in the second lines of Egs.
and are not tadpole-invariant. However, their combination in the counterterm form
factors is such that all shifts in the counterterms precisely cancel, so that the form factors of
the counterterms are tadpole-invariant, as well'. Consequently, the virtual contributions to
the NLO partial decay widths of Eq. are tadpole-invariant.

On a technical side note, special care has to be taken when calculating amplitudes for diagrams
containing internal photons if the calculation is performed in general R¢ gauge. The longitu-
dinal part of the photon propagator appearing in any gauge if &, # 1 is chosen, cf. Eq. ,
introduces additional poles in the vertex corrections, which, when using FeynCalc, lead to
the appearance of scalar integrals

(1—&,) Co(0,mfy, m3y, 0,0, Ewmiy) (5.12)

which are numerically highly unstable?. The fact that these integrals appear proportional
to (1 —&,) makes it clear that this numerical instability is introduced by choosing not to

'This statement holds independently of the chosen renormalization scheme for the angle counterterms o and
68. The shifts of the angle counterterms through the vev shifts is the same for all schemes presented in Sec.

%It should be pointed out that this numerical instability is purely due to the structure of the scalar integral in
Eq. and not a consequence of using a numerically unstable renormalization scheme.
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Figure 5.3.: Infrared divergent one-loop amplitude. Feynman diagram for an ampli-
tude contributing to the processes H¥ — W+ p° /H 0. Due to the internal massless photon,
the one-loop amplitude contains an IR divergence.

perform the calculation in Feynman-'t Hooft gauge. In order to check if the appearance of
these integrals is due to an undetected bug in FeynCalc or if it is an inevitable subtlety
introduced by the R gauge itself, the vertex corrections were calculated independently by
the use of FormCalc 9.1 . Although both programs do not give the same analytic result
for the diagrams involving internal photons, it turns out that FormCalc produces numerical
instabilities for these amplitudes as well. The appearance of these instabilities threatens the
success of performing calculations in R¢ gauge. However, the same integrals appear when
calculating the field strength renormalization constant dZyw in R¢ gauge, and as it turns
out, all integrals of the form of Eq. cancel when summing up all vertex corrections and
the counterterms. Thus, for numerically checking individual amplitudes in R¢ gauge that
contain internal photons, one might as well set the Cj integrals in Eq. to zero by hand
without modifying the final NLO amplitude, avoiding the problem of these unstable integrals
from the start.

5.3. IR Divergences and Real Corrections

The decay processes HT — WT RO /H O contain charged particles in the initial and final
state. As it was mentioned at the end of Sec. such processes introduce infrared divergences
in the vertex corrections as well as in the corresponding counterterms of the charged particles
at the one-loop level. The treatment of the IR divergences of the given processes has been
carried out in great detail in , therefore, we give only a brief overview of the procedure of
dealing with these divergences and adopt the result from the previous work, since it is needed
for a correct numerical evaluation of the decay processes.

Shown in Fig. is one exemplary amplitude out of all possible virtual vertex corrections in
Fig. that contain an internal photon. If we neglect the exact form of the amplitude and
focus only on the propagator structure, then the one-loop integral has the form

/ 'l ! . (5.13)
@m)* 2 [(1+p1)?—m2.] [(L+p1—p3)? — Ewmiy]

The photon is a massless particle, causing the one-loop amplitude to develop a pole at van-
ishing loop momentum, i.e. in the infrared regime. The photon is usually given a small but
non-vanishing mass A as a regulator, so that the one-loop integral gets modified to

regularized d4l 1
/ (5.14)

(27r)4 [l2 — A2] [(l +p1)2 — m%{i] [(l +p1 — p3)2 - fwm‘%v} )
The IR pole is now shifted towards [ — A2, enabling the calculation of the regularized one-

loop amplitude. The result contains terms of the form In(A~2), which, for vanishing photon
mass A — 0, are an analytic quantization of the divergence of the integral. However, after
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W+ w+ w+ W+
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Figure 5.4.: Real corrections to the decays H+ — W' A’ /H 0 . The real correc-
tions needed for the cancellation of all IR divergences consist of Bremsstrahlung diagrams for
the incoming H' (a) and outgoing W™ (b), soft-photon emission from the GTW T v-vertex
(c) and a soft-photon emission form a 2HDM-specific vertex (d).

carefully regularizing all IR divergences and combining them with the real corrections from
diagrams containing the emission of one soft photon, it is ensured by the Kinoshita-Lee-
Nauenberg (KLN) theorem that all divergences cancel against each other, so that
in the end, the limit A — 0 can be taken without running into singularities.

The appearance of IR divergences is a very general phenomenon of a quantum field theory
[123] and not specific for the processes H* — W+ hO/H0 that were considered here. In fact,
IR divergences can appear in every process that allows for the emission of additional photons
through higher-order corrections. Since photons are massless, they can have an arbitrarily
small energy, meaning that for any detector with an energy threshold AFE, there will be an
arbitrary amount of photons with energies smaller than AFE that escape detection [124].

In order to account for the impossibility to detect photons with energies below the detector
threshold, real corrections involving additional photons have to be taken into account, as
well. The emitted photons of these additional corrections are considered to be soft, i.e. they
have energies lower than AFE. It is the sum of the virtual and real corrections that delivers
an IR-finite result . Note that for the cancellation of IR divergence to be consistent, only
real corrections that correspond to the chosen order of perturbation theory are considered.

Applying this procedure to the processes HT — W' h® /H 0 gives additional contributions
in the form of the Feynman diagrams shown in Fig. The first three amplitudes, (a) to (c),
are Bremsstrahlung and GTW™ vertex diagrams, while the fourth, (d), is a 2HDM-specific
vertex that contributes at NLO to the partial decay width, as well. In order to calculate these
contributions, the soft-photon approrimation can be used, meaning that the dependence on
the photon momentum in the real corrections can be neglected anywhere but in the regions
where it dominates the amplitude due to forming an IR pole .

Calculating all relevant real corrections in Fig. gives the soft-photon contribution to the
partial decay width. In order to express the results in a closed form, we switch to the rest
frame of the incoming H™' boson, determining the energy E, and momentum |[p3| of the
outgoing W boson to be

)\(m%{i ) m%{/apg)
2mH+

By = \/m?, + |pa|® . (5.16)

|pa| = : (5.15)
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The well-known integrals [119] involved when solving the real corrections can be brought into

a convenient form [52/[91],
4AE?
Iy =27 [ln <A2> —2] ,
UM LS )
Ipp=2n|ln| —— | + —=In | ———— 7
w2 (55 + e (5
_m B (B + |pa])? AAE? , ( Es — || (5.17)
aiCYENT R e sl BN vl Bl N
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E _ —
— 4 Lig <1_2‘€2’> :
By + |pa|

where Lis denotes the Spence dilogarithm function [125]. With these results at hand, the full
NLO soft-photon contributions to the partial decay widths are given by [91]:

I

2
Fl}fﬁ-w-kho = HFH‘*‘WHLO {i + E (Ill + 122 - 2112) (5 18)
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¥ w+po = TFQFH+W+H0 [mHi + e (I1 + I22 — 2112) 510
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)\(m%{i,m%{/, m}2q0) .

As it was noted in Eq. 1} the NLO partial decay widths of the decays HT — W™ hO/H0
are given by the sum of all virtual contributions in Eq. (5.11) and the soft-photon contributions

in Eq. (5.18) or Eq. (5.19), depending on the chosen process.

Note the explicit appearance of the detector threshold AFE in the soft-photon contributions,
meaning that the calculated NLO partial decay widths depend on the chosen value of the
energy threshold. However, if the soft photon approximation is valid, this dependence is in
general weak , and especially for the processes HT — W7T /H 0 it was shown ||
that a change of AF over a large range leads to changes in the total NLO partial decay width
of only up to a few permille. Compared to the electroweak corrections that are one to two
orders of magnitude higher, this dependence is negligible.

Through the integrals in Eq. , the soft-photon corrections explicitly depend on the
photon mass A, regularizing the IR divergent behaviour of the amplitudes in the limit A — 0.
Combining these real corrections with the IR divergent virtual vertex corrections considered
in Sec. leads to the cancellation of all A dependent terms, enabling us to take the correct
limit A — 0 in the final result. The cancellation of these terms was checked numerically

in [91).

5.4. Gauge-Dependence of the NLO Amplitude

Due to the fact that we calculated all components of the one-loop amplitude in general R
gauge, we can analytically check for its gauge-dependence. We already mentioned in Sec.
that the NLO partial decay width in Eq. is invariant under a change of the tadpole
scheme. However, if we are interested in the gauge-dependence of the angle counterterms
only, the two tadpole schemes differ.
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Consider e.g. the process HT — W hY in the standard tadpole scheme®. If we calculate
the complete virtual NLO amplitude, but set the angle counterterms da and 63 in Eq. (5.9)
to zero, then the gauge-dependence of the amplitude can be extracted as

ghsmiycs_ash_, (1 - €5)

ANLO,sta _ [ANLO,sta ] (1~ o
H+W+h0,6a=568=0 HYWHhO §a=56=0]¢_, ( §w) 167r2(qu ”— mio) w
2 2 *
gAsmicg_oss_, (p1-€3) (5.20)
—(1-¢2) R oz

32n2(m3,, — m3,)

where we indicate the standard tadpole scheme with the superscript “sta” and used the defi-
nition of ay and ayz according to Eq. . Through the explicit appearance of the gauge-
fixing-parameters £y and £z, the amplitude without the angle counterterms in Eq. is
manifestly gauge-dependent. Additionally, the integrals ayy and az are UV-divergent. Since
the full NLO amplitude has to be gauge-independent and UV-finite, it is clear that the resid-
ual UV-divergent and gauge-dependent terms in Eq. have to be absorbed by do and
06. As a consequence, a gauge-independent definition of the angle counterterms is impossible
within the standard tadpole scheme.

Within this standard tadpole scheme, we have discussed two possible choices of fixing the
angle counterterms: Kanemura’s scheme in Sec. and a process-dependent scheme in
Sec. Considering the latter scheme, we saw that the definition of 8 over the process
A% — 7% 77 leads to a manifestly gauge-independent angle counterterm §3. The definition
of av over the decay H — 71 77 gives a gauge-dependent angle counterterm, however.
If we insert the residual UV-divergent and gauge-dependent part of da from Eq.
into the counterterm in Eq. , we see that the angle counterterm gives exactly the same
gauge-dependent contributions as in Eq. , but with opposite signs, so that the gauge-
dependences cancel against each other. Consequently, the process-dependent definition of
the angle counterterms leads to a manifestly gauge-independent NLO decay amplitude of the
process HT — WT A0,

If we consider Kanemura’s scheme, the gauge-dependences of the angle counterterms are more
intricate. If we insert the explicit forms of Eqgs. and into the counterterm in
Eq. , we realize that the UV-divergent gauge-dependent terms in the second line of
Eq. cancel against the residual gauge-dependence in Eq. , as it was the case
with the process-dependent scheme. However, all other UV-finite gauge-dependent terms in
Eqgs. (4.155) and (4.156) remain within the NLO amplitude and consequently in the partial
decay width. Therefore, we have shown analytically that Kanemura’s scheme leads to an
overall gauge-dependent partial decay width, breaking the gauge-independence of the decay
amplitude at NLO. Additionally, a look at Eq. (5.20) makes it clear that a gauge-independent
definition of the angle counterterms, as proposed in [85], is not possible, since the gauge-
dependent terms proportional to the UV-divergent integrals ayp and ayz in Eq. are
necessary for the cancellation of all UV divergences. Therefore, we conclude that Kanemura’s
scheme is not a suitable scheme for the definition of the angle counterterms, since it violates
the gauge-independence of the NLO partial decay width.

While the NLO decay amplitude is tadpole-invariant, a change from the standard to the
alternative tadpole scheme affects the gauge-dependence of the amplitude if the angle coun-
terterms da and 6 are set to zero. In this case, the shift of the vevs introduces additional
gauge-dependent terms in the amplitude which precisely cancel the residual gauge-dependence
in Eq. . Explicitly, the amplitude without the angle counterterms reads

(5.21)

NLO alt _ [ gNLO.alt
HYWHRO 5a=58=0 — |/ HYW+Hh0,5a=88=0]_,

3The argumentation for the other process, H T wt HO s analogous and not stated in detail.
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where the superscript “alt” now indicates the alternative tadpole scheme. Note that Eq. (5.21)
holds for all gauge-fixing parameters & € {{w, &z, &4}, which means that the residual ampli-
tude, with da and d5 being set to zero, forms a gauge-independent subset by itself. As a
consequence, the alternative tadpole scheme does not only allow for a gauge-independent def-
inition of the angle counterterms, but it makes such a definition necessary in order to preserve
the gauge-independence of the NLO decay amplitude.

The pinched scheme from Sec. [4.8.3]introduces angle counterterms which are manifestly gauge-
independent by construction. Therefore, it is a suitable scheme for achieving an unambigu-
ous gauge-independent NLO partial decay width. The same holds for the process-dependent
scheme, where within the alternative tadpole scheme, the counterterms da and d5 are man-
ifestly gauge-independent, as shown in Egs. and . With respect to gauge-
independence, the process-dependent scheme is a suitable renormalization scheme for the
angle counterterms, as well.

On the other hand, the angle counterterms in Kanemura’s scheme are manifestly gauge-
dependent within the alternative tadpole scheme. The gauge-dependence of 3 is independent
of the chosen tadpole scheme and the same as before, explicitly stated in Eq. (4.155)), while
the gauge-dependence of dav in the alternative tadpole scheme is given by Eq. (4.157). It is
exactly the gauge-dependence of these two terms that will remain in the NLO partial decay
width. Therefore, Kanemura’s scheme breaks the gauge-independence of the NLO amplitude,
independently of the chosen tadpole scheme. However, a gauge-independent definition of the
angle counterterms in Kanemura’s scheme would in principle be possible within the alternative
tadpole scheme, since the integrals in Eqs. and are UV-finite, but as it was
mentioned in Sec. the extraction of these gauge-dependent parts would not be unique.






CHAPTER O

The Decay H? — 7" Z" at Next-to-Leading Order

The second process to be considered is the decay of the heavy Higgs boson H° into a pair of
Z° bosons. The partial decay width of the H® corresponding to this decay is proportional to
c%_a. As such, the decay is expected to be highly suppressed, since experimental data gives a
value of sg_,, very close to unity . As a second restriction, the mass of the heavy Higgs has
to be chosen such that the decay occurs on-shell. Nevertheless, it is still worth studying the
process, since it is the only process of the scalar-vector-vector topology that contains physical
particles and that could happen on-shell (together with H O — WT W, which we do not
consider here in order to avoid IR divergences).

A A A
HO HO HO Ho/ho
A A A
A\I{ICOZOZO AEIF%ZUZO Al;:jgdlZOZO
A A

leg,2 leg,3
AHOZOZO AHozozo

Figure 6.1.: NLO virtual corrections to the decays H® — 2% Z°. The one-loop

amplitude AE%?O 4o consists of all virtual vertex corrections A}/Ig 4070, the vertex counterterm

AT o 40 as well as the external leg corrections Afl%’izo 0 (1=1,2,3).



76 6. The Decay H* — Z° Z° at Next-to-Leading Order

6.1. The Partial Decay Width at LO

The LO partial decay width of the process is determined by the tree-level vertex H°Z°Z°.
With the generic notation of Sec. the process describes the decay of the heavy Higgs
boson H® with momentum p; into the two Z° bosons with momenta po, ps. The vector
bosons have the polarizations A2 and A3 and their Lorentz structure is given by polarization
vectors €5, = €}, ,(p2) and €3, = &), ,(p3), respectively. The decay amplitude at LO
explicitly reads

gc5 aMmw Nz

AHOZOZO - Tg €2 /1,83 v
W (6.1)
gCg_amW * *
= 2 (3 - €3)
w

In order to calculate the partial decay width, the absolute square of the amplitude has to be
taken. Since we are not interested in the polarization states of the outgoing Z° bosons, we
sum over all degrees of freedom by using the polarization sum

Y (e2-e3)(eh-€3) =99 Y 2 308,

A2,A3 A2,A3

_ Phph p5p3
= Guv9po ( g’ + mZ ) <_9VU + m22> (6.2)

4 2
M 0 M0

4 2
4mZ my

-3+

The partial decay width at LO is gained by inserting Eq. into the general formula in
Eq. and by using the polarization sum as stated above. The two Z° bosons in the final
state are indistinguishable, therefore, the statistical factor S = 1/2 of the process has to be
taken into account. Explicitly, the LO partial decay width reads:

2.2 2 4 2
9 Cp_aMw 2 2 2 Mo Mo
9 = _————A(m%o,m%,,m 3+ — . 6.3
H0Z02° 327rc4wm§{0 (Mo, mz,m7) 4m‘§ m2Z (6:3)

6.2. The Partial Decay Width at NLO

At NLO, from all possible contributions to the decay amphtude as shown in Fig. 6.1} only
a few are relevant. The external leg corrections .AHO 7040 introduce a mixing between the
H° and h° fields. This mixing vanishes due to the on-shell renormalization condition for the
H° leg, as presented in Sec. The other two external leg corrections, namely Al;%éo 20
and .Alfl%’zo 40, vanish due to the transversality of the external on-shell Z° bosons. Hence, the
only relevant terms for the process at one-loop level are the vertex corrections and the NLO
counterterm:

1loop VvC CcT
AHﬂzozo = ’AHOZOZO + Apoz0 0 - (6.4)

For the one-loop vertex corrections AYI((;ZO »0, all diagrams in Fig. have been calculated
with FeynArts and FeynCalc in general R gauge. Note that the H 07°7° vertex is not
invariant under the shift of the vacuum expectation values when changing from the standard
to the alternative tadpole scheme, as it was demonstrated in Eq. . Consequently, if one
of the renormalization schemes defined by the different treatment of the tadpoles in Sec.[4.4.2]
is chosen, the NLO vertex corrections of the process consist not only of all diagrams in
Fig. but additionally, the tadpole diagrams in Fig. have to be calculated and added

VvC
tO AHOZOZO .
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Figure 6.2.: All NLO vertex corrections to the decays H* — Z° Z% All virtual
vertex corrections A}/I(OJZO 4o are shown, grouped by their topological structure. The diagrams
contain contributions from fermions F', scalar bosons S, ghosts U and gauge bosons V.

In contrast to the processes that were considered in Chapter |5, where the LO amplitudes fac-
torized from the complete NLO vertex corrections, the process H — Z° Z¥ introduces an
additional Lorentz structure through some of the loops in Fig. To make these additional
terms explicit, the one-loop vertex corrections may be split up according to their Lorentz
structure,

Vel gcs—amw (p2-€3) (p3 - €3) ~vep
A\}/I(()Jzon = AlﬁcgzozofHozozo + fra C2 m2 2 ‘FHOZOZO ) (65)
wgo

. VG, 1 . VC,2 .
with F}670,0 being the form factor of the LO Lorentz structure and Fp0,0 being the
form factor of the Lorentz structure that is induced by the one-loop corrections. Due to
the appearance of this additional Lorentz structure, Eq. (6.2) is modified to account for the
different contraction of four-momenta into the polarization sum:

Y (e2-e3) (p2-23) (3~ €3) = 9™ DIDE Y e2483 pE3.055

)\2,)\3 )\27)\3
o p Voo
by p b3p
= GuvP2,0P3,p <_g,up + 2 22> <_gyg + 2 23 ) (66)
my mz
2 mio  3mipo

=m —
HO 4 2
8m7, 4m?,
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F =S U 1%
QO r r e O s
-« =)

A A A A

Figure 6.3.: NLO tadpole contributions to the process H — Z° Z°. Shown are
all tadpole diagrams which have to be added to the virtual vertex corrections A}/Igzo 4o if the
alternative tadpole scheme is chosen. The particle content of the tadpole diagrams consist of
fermions F', scalar bosons S, ghosts U and gauge bosons V.

In order to construct the counterterm, the same expansion as in Eq. (5.8) for the angle
counterterm dcg_, is used. With this expansion, the counterterm for the whole process

reads

5771,% 5m%v (5ZHOHO

dg
AHOZOZO AHOZOZO [g + m% 2m%v 2

—a (07
4 SB-a <5h°H° + 6o — 55)
Ch—a 2

CT
AHozozofHozozo )

+0Zzy

(6.7)

where we split up the counterterm multiplicatively into the LO amplitude, together with its
Lorentz structure, and the form factor ]-"SOTZQ 0. With all ingredients for the NLO partial
decay width at hand, we insert the vertex corrections and the counterterm — Eqs. and
(6.7), respectively — into the general formula for the partial decay width in Eq. and use
the two polarization sums in Egs. and . The process does not contain any charged
particles in the initial or final state and the virtual vertex corrections and counterterms
introduce no IR divergences at the one-loop level. Thus, the the full partial decay width for
the process H° — Z° Z° at NLO is given by:

Fg%(z)ozo = FI;{%ZoZo (1 + 2 Re [FXOCZIOZO + }—gg‘zozo]

4
mt ., — 6m2,,m% + 8m?
HO oMz Z_ Re []_-ng,zzozo}>

‘}{0 4mH0mZ + 12mZ

Note that F, 170 ZO 70 is the form factor of a Lorentz structure that is purely induced through
some of the loops in Fig.[6.2l This Lorentz structure is unique to those diagrams and is not
present in the counterterm of the process, nor in any other part of the NLO amplitude. As
such, this form factor must be UV-finite and gauge-fixing-parameter independent by itself,
both of which has been checked numerically. Additionally, f;/[g’zzo 4o 18 invariant under the
shift of the vacuum expectation Values since the Lorentz structure of the tadpole diagrams

in Fig. gives contributions to FY 0 ZO 40, only.

The notation of the partial decay width in Eq. is kept in a generic form, valid for
any renormalization scheme that is chosen. The actual choice of renormalization scheme
determines the content of the form factors F 170 ZO 40 and asty 170 70 70 Explicitly, the form factor
of the vertex corrections, FY 170 ZO 40, 18 determined by all vertex corrections in Fig. and, in
case that the alternative tadpole scheme is applied, additionally on the tadpole diagrams in
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Fig. The form factors of both the vertex corrections and of the counterterm depend on
the renormalization scheme of the tadpoles. However, the combination of both terms in the
first line of Eq. is such that all terms that are induced when changing from the standard
to the alternative tadpole scheme precisely cancel against each other. Therefore, the full NLO
partial decay width of the process H® — Z% Z° is tadpole-invariant.

6.3. Gauge-Dependence of the NLO Amplitude

As it was done in Sec. we analyze the NLO decay amplitude with da and §5 being
set to zero, allowing us to identify residual gauge-dependent parts which are introduced
though an unsuitable renormalization scheme of the mixing angles. Considering the NLO
decay amplitude in the standard (superscript “sta”) and in the alternative (superscript “alt”)
tadpole scheme, the gauge-dependences of the residual amplitudes take the form

ghsmwmyces o5, (€5 - €3)

ANLO,sta _ |:ANLO,sta } +(1— « a

HO0Z070 §0=63=0 HOZ0Z0,80=6=0] ¢, (1—¢w) 16772(mi[0 _ mio) w

ghsmwmcs—ash_, (€3 - €3)
+(1-¢&2) 32722 (m?2 _C;n2 ) @z, (6.9)
w Mo RO

NLO,alt [ «NLO,alt

A020 70 s0mbp=0 = ['AHOZOZO,&X:M:O} =1’ (6.10)

for all € € {&w,€z,&}, where we used the definition of ay and ayz from Eq. (C.8). The
discussion is analogous to Sec. In the standard tadpole scheme, the process-dependent
definition of the mixing angles cancels the residual gauge-dependence in Eq. , while
Kanemura’s scheme leads to a gauge-dependent NLO decay width. In the alternative tadpole
scheme, da and J5 have to be defined in a gauge-independent way, which is achieved by the
pinched and the process-dependent scheme, but not by Kanemura’s scheme. With respect to
the gauge-dependence, we have shown that also for the process H — Z° Z°, the pinched
and process-dependent schemes are suitable renormalization schemes for the mixing angles,
while Kanemura’s scheme breaks gauge-independence.






CHAPTER [

The Decay H — h° h” at Next-to-Leading Order

The last considered process is the decay of a heavy Higgs H® into two lighter Higgses h°. Such
Higgs-to-Higgs decays were rather scarcely found in literature for the 2HDM until recently,
since they have not been observed so far and their observation at colliders is in general
difficult. However, with the LHC now being operated at a center-of-mass energy of 13 TeV
and with an increase of luminosity in the long run, the Higgs-to-Higgs decays begin to receive
more attention. Despite the fact that the observed Higgs boson is in good agreement with the
SM [25/26], the Higgs self-interactions serve as an indicator for BSM physics, since especially
in the 2HDM, the NLO corrections to the self-interactions can become high and deviate
considerably from the SM [56}[126]. Additionally, the triple-scalar vertices of the 2HDM are
the only trilinear vertices containing As, which necessitates its renormalization at NLO.
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Figure 7.1.: NLO virtual corrections to the decay H — h° h°. The NLO amplitude
AE%%% po consists of all virtual vertex corrections Aﬁ%ho o, the vertex counterterm A%Eho ho s

well as the external leg corrections AE%’;ZO po (1=1,2,3).
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7.1. The Partial Decay Width at LO

The decay amplitude at LO equals the coupling constant gpopopo for the HYAPh? tree-level
vertex. Since all three particles are scalars, the vertex has the structure of a Lorentz scalar,
and is therefore particularly simple. Explicitly, the LO decay amplitude reads

LO
‘AHOhOhO = gHORORLO

_ 2 7.1)
9Cs—a 2 2 My (
S (2 (21 ) =2 =)

As spin 0 particles, the initial and final Higgses have no additional degrees of freedom. There-
fore, the sum over all external degrees of freedom in Eq. can be omitted. The statistical
factor is S = 1/2, since the final states are indistinguishable. The partial decay width of
the process at LO is directly given by inserting the absolute square of the amplitude into

Eq. :

2.2 2 2 2 2
g cs_ Mmoo, myo, mio) m?
LO B H h h 2 2
Fionono = 1;87rm12/vm3 Osgﬁ 820 (2Mjo + mipo) — 2 gIQ/V As (3s2a —s28) | . (72)
H

7.2. The Partial Decay Width at NLO

At NLO, we consider all one-loop contributions to the Higgs-to-Higgs decay given in Fig.
The external leg corrections consist of either off-diagonal or diagonal field mixing contributions
HOAO, B HY HOHC or h°h°, all of which vanish due to the on-shell renormalization conditions
of the external fields, as introduced in Sec. [4.7, Hence, the full one-loop contribution to the
decay amplitude is given by

1loop VC CcT
AHOhOhO = AHOhOhO + AHOhOhO . (73)

All vertex corrections of the process are shown in Fig. grouped by their topological
structure. Just as it was the case for the process considered in the previous chapter, the
vertex H°h°h? is not invariant under a shift of the vevs when changing from the standard
to the alternative tadpole scheme. As a result, additional tadpole diagrams have to be taken
into account if the alternative tadpole scheme is chosen. In that case, the relevant tadpole
contributions, as shown in Fig. have to be added to the vertex corrections A}’I%ho Bo-

Since the process H® —s h" kY contains only external scalar particles, the LO amplitude fac-
torizes from the one-loop vertex corrections. Calling the form factor of the vertex corrections
fl\;gjho po» the amplitude of the vertex corrections is decomposed as

vC LO VC
AHOhOhO = AHOhOhO‘FHOhOhO . (74)

In contrast to the other two processes, where the counterterms were adopted from the liter-
ature, the counterterm of the process H® — h° h” shall be derived here. By doing so, we
gain some insight on symmetry factors that play a role for constructing the whole countert-
erm, thus preventing a potential pitfall. To that end, it is useful to define the two triple-Higgs

coupling constants

39 mZW 9 9
= 4 As — 2 _ 7.5
Inonono = 5 5o ( 72 CatACB—alls — Mo (2Catp +52088-0a) | (7.5)
2
GHOFOR0 = m (Sga (mho + 2mHo) — 2gTA5 (352a + Szﬁ)) . (76)



7.2. The Partial Decay Width at NLO 83

It Ik It i
P 5 vt e
0 0 e 0 : 0 o
H . F H. o« g H o« iy Ho o 1%
S | o ~.
FN Shel U e S
ho 1o 1o 1o
ho ho 1o 1o

Ko ho ho Ko
K K ne, L,
o |4 ! HO |4 HO PEERN ,// o /’/
----- 1S —=--- Vv —----¢ .« -—-=-=- N
] \\—// \\ \\

V I\“~‘ V T -—a S \\\ V \\\
hO hO hO hO
ho ho

s

0 4 \ _
I\{“\ \ /'S [i—”’ ‘/ \15
‘\\‘Q’/\\\ S\\ ‘1
10 o

Figure 7.2.: All NLO vertex corrections to the decays H — h° h°. All virtual
vertex corrections A};%]ho o are shown, grouped by their topological structure. The diagrams
contain contributions from fermions F', scalar bosons S, ghosts U and gauge bosons V.

in addition to the already defined constant gHohoho in Eq. . In order to derive the
counterterm, the 2HDM potentlal in Eq is transformed to the mass basis via the
inverse of the relations Egs. } We con81der only the parts of the bare interaction
Lagrangian that contribute to the H"h 0 U vertex counterterm, i.e. the parts Wthh contain the
bare CP-even Higgs fields that have to be renormalized according to Eq. (4 . Omitting
the tree-level coupling and all terms that are not proportional to the renormalized fields
HOhOR®, the relevant part of the interaction Lagrangian reads

1910R0 L0 LG OO0 — 4G 50 FOp0
Eint,rel = #hohoh %thoho + Iéi‘HhHgthg
N’_I:JO —Zghohoho 35Zh0H0 —igHOhOhO 5ZHOHO
- 3! 2 o \OZnomo +— 5 (7.7)
+ 71915’,’”’” 5 Zo o}HOhOhO

The counterterm is derived through a functional derivative with respect to the three renor-
malized fields H’, h° and h°,
6 6 90

45H0 W m (iﬁint,rel) ’ (78)
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Figure 7.3.: NLO tadpole contributions to the process H — h° h’. Shown are
all tadpole diagrams which have to be added to the virtual vertex corrections A\[;gho po if the
alternative tadpole scheme is chosen. The particle content of the tadpole diagrams consist of
fermions F', scalar bosons S, ghosts U and vector bosons V.

together with adding the renormalized tree-level vertex dggopnopn0. Explicitly, the counterterm
of the process reads

07 0z
ASEron0 = gnonono —2 2 4 grropono <5Zh0h0 + HOHO) + 90000 Z o R0
2 2 (7.9)
+ 0gHORORO
with the NLO expansion of the coupling constant ggop0p0 given by
2A5ch5_a(382a — 825) (59 (5m%/V
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gsop g 2myy,
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_ %o |:282a5mio + S9a0m30 — i 2; 2ﬁ)5A5]
2mysag g (7.10)
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Inserting this counterterm and the factorized vertex corrections from Eq. (7.4) into Eq. (3.12)
results in the partial decay width for the process H —s h° h® at NLO:

Thohon0 = TEonopo (1 +2 Re [}—fzgh%o] )

7.11)
A(m2,o, m2o, m2 i} (
(0, 0 0) e [ (Alyo) A
HO

+ 16mm
We point out again that as with the previous processes, the generic form of the partial decay
width in Eq. is independent of the renormalization scheme. Choosing a scheme is
equivalent to determining the content of the vertex corrections form factor f;llocho po as well as
the counterterm A%Eho po- In any case, the former will contain all diagrams shown in Fig.
and if the alternative tadpole scheme is chosen, the tadpole diagrams in Fig. have to be
taken into account, as well. As for the previous processes, the decay H? —» h° h® is invariant
under the change from the standard to the alternative tadpole scheme if the counterterm JAs
is renormalized either in a process-dependent or in the improved MS scheme.

7.3. Gauge-Dependence of the NLO Amplitude

Due to the intricate structure of the vertex corrections and the vertex counterterm of the
process, we limit the discussion about gauge-dependence to a qualitative level, without stating
the explicit form of the residual gauge-dependences.
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If we calculate the complete NLO decay amplitude within the standard tadpole scheme, but
set da, 68 and JA5 to zero, we realize that this residual amplitude contains UV-divergent
gauge-dependent parts. Renormalizing the angle counterterms either through Kanemura’s or
the process-dependent scheme leads to the cancellation of some of the UV-divergent gauge-
dependent parts. The residual UV-divergent gauge-dependent parts are then cancelled by
dAs, defined either over the MS condition, cf. Sec. and Sec. or through the process
H? — AY% A° as discussed in Sec. However, the additional UV-finite gauge-dependent
terms in Eqgs. (4.155) and (4.156]) present in Kanemura’s scheme remain in the amplitude,
leading to a gauge-dependent NLO decay width when using Kanemura’s scheme.

Changing to the alternative tadpole scheme leads to the cancellation of the UV-divergent
gauge-dependent parts within the residual amplitude, which allows for a gauge-independent
definition of the angle counterterms da and §3 and for the counterterm dAs. The latter can
be achieved by the improved MS condition of Sec. and the process-dependent scheme of
Sec. while the unambiguous gauge-independent definition of the angle counterterms is
accomplished through the pinched scheme of Sec. or the process-dependent scheme of
Sec. Kanemura’s scheme leads to a gauge-dependent NLO width through Egs.
and in the alternative tadpole scheme, as well.

From these discussions we conclude that with respect to gauge-independence for the process
H° — 1% B0 suitable renormalization schemes for the mixing angles da and 68 are
the pinched scheme and the process-dependent scheme, both leading to an overall gauge-
independent NLO decay width. With these choices of the angle counterterms, the definitions
of §A5 through the usual or improved MS scheme or through a process-dependent scheme
lead to a gauge-independent NLO decay width. We point out that if besides achieving a
gauge-independent NLO decay width, we additionally require gauge-independent definitions
of the counterterms da, §8 and dAs5, the alternative tadpole scheme has to be chosen, and
Kanemura’s scheme is ruled out. If additionally the counterterms shall be defined in a process-
independent way, the only valid scheme for o and §3 presented in this thesis is the pinched
scheme, while for §As5, the improved MS scheme has to be chosen.






CHAPTER 8

Numerical Results

In the previous three chapters, we considered distinct 2HDM-specific processes and calculated
their NLO partial decay widths. In Chapter |4, we established several renormalization schemes
for the mixing angles o and 8 and for the parameter As, some of which are manifestly process-
and gauge-independent. For the MSSM, a “no-go theorem” was proposed which states
that a renormalization scheme for the mixing angle 8 may not be simultaneously gauge-
independent, process-independent and numerically stable. The question arises if such a “no-
go theorem” is applicable to the 2HDM as well. In the following, we turn to the numerical
evaluation of the partial decay widths of all processes considered in this thesis. This allows us
to compare the size of the NLO corrections between the different renormalization schemes for
da, 68 and As and to propose a renormalization scheme for the 2HDM which is simultaneously
process-independent, gauge-independent and numerically stable.

8.1. Used Software Packages

For the calculation of the NLO decay widths, the Python program 2HDMCalc was developed.
The program links the Mathematica package FeynArts 3.9 , which generates the
LO and NLO decay amplitudes for all processes considered in this thesis in general R¢ gauge
and with enabled CKM mixing. We used the model file for a CP-conserving 2HDM which
was already implemented in the package. Additionally, all tadpole and self-energy amplitudes
needed for the definition of the counterterms and wave function renormalization constants
were generated in general R gauge.

The calculation of all amplitudes is performed by linking the Mathematica package FeynCalc
8.2.0 [118] which resolves the Lorentz structures of the amplitudes and reduces all one-
loop integrals in the amplitudes down to the well-known ’t Hooft-Veltman integrals .
Within 2HDMCalc, the counterterms of the processes considered in this thesis are generated
dynamically out of the 2HDM Lagrangian by calling a Mathematica script. The counter-
terms, one-loop corrections and LO terms are then combined to the full partial decay widths
as presented in the previous chapters. In case of the decays of the charged Higgs H ™, the
real corrections to the partial decay widths were implemented by hand.

For the numerical evaluation of the partial decay widths, a C++ program is executed within
2HDMCalc. The program links the C++ library LoopTools 2.12 [120], which evaluates all
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't Hooft-Veltman integrals by using the specific parameter sets described in the next section.
The output of 2HDMCalc consists of the partial decay widths at LO and NLO for every
renormalization scheme of the mixing angles and of A5 that are considered in this thesis.

For all renormalization schemes, UV-finiteness of the NLO partial decay widths was checked
numerically by using the LoopTools function setdelta(A), which allows to set the UV-
divergent term A, as given in Eq. (4.4), to arbitrary values. Since the NLO decay width must
not depend on the value of A when all UV divergences are cancelled, this serves as a numerical
check for UV-finiteness. All renormalization schemes for the angle counterterms and As used
in this thesis were checked for UV-finiteness by varying the parameter A over ten orders of
magnitude and it was found that all schemes lead to UV-finite NLO amplitudes’. Therefore,
we did not consider UV divergences any more in the following numerical evaluations and set
the UV-divergent term A to zero in LoopTools, which is also its default value.

8.2. Input Parameter Sets

In order to evaluate the NLO partial decay widths numerically, we need to specify all input
parameters. These consist of the physical parameters given in Eq. , together with the
CKM matrix elements which show up in the NLO amplitude through internal quark loops. In
the following, we specify all input parameters that are necessary for the numerical evaluation
of the partial decay widths in 2HDMCalc.

e Masses of SM particles and the SM-like Higgs boson:

The masses of all SM particles are extracted from . Within the 2HDM, we con-
sider the lighter CP-even Higgs boson h° as the SM-like Higgs boson for all processes
considered in this thesis. The current value of the SM-like Higgs boson mass is adopted
from [129]. The table below lists all masses of SM particles and the SM-like Higgs.

Mass Value in GeV Mass Value in GeV
mw 80.398 My 0.190
my 91.1876 mq 0.190
M0 125.09 m 0.190

Me 5.10998910 - 1074 Me 1.4

my 0.105658367 myp 4.75

mr 1.77684 my 172.5

e The Weinberg angle:

With our set of 2HDM input parameters in Eq. (2.58), the Weinberg angle is a derived
parameter and can be calculated according to Eq. by using the gauge boson
masses myy and my stated in the table above. Since the 2HDM model file implemented
in FeynArts uses the sine and cosine of the Weinberg angle per default, we nevertheless
explicitly state their values for convenience:

cw = 0.88168 , sy = 0.47185 . (8.1)

Tn case of the MS scheme for As, the UV-divergent part of the counterterm dAs was extracted by using the
process H® —s A° A° and implemented as the counterterm by using the function setdelta(A), thus allowing
for a numerical check of UV-finiteness even when an MS scheme is chosen.
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e The elementary charge:

For the purpose of evaluating decay widths at NLO, it is sufficient to consider the
tree-level value of the electric charge. The most precise measurement is given by the
value of Sommerfeld’s fine-structure constant @y, in the Thomson limit, which currently

reads

1
Qem = 1377035999074 °

The FeynArts model file uses the elementary charge e instead of the fine-structure
constant as an input parameter. In natural units, the conversion, and hence the value
of e, is given by

(8.2)

e = V4maem = 0.30282212089 . (8.3)

e The CKM matrix elements:

The CP-violating phase in the CKM matrix is considered to be zero for all calculations
performed in this thesis. Consequently, we consider the matrix to be real. The values
of all entries of the CKM matrix are given by

Vid Vas Vi 0.97427  0.22536  0.00355
Vekm = | Vg Ve Vo | = | —0.22522 097343  0.0414 | - (8.4)
Via Vis Vi 0.00886  —0.0405 0.99914

¢ Yukawa coupling constants of the 2HDM:

The couplings between the fermions and the Higgs bosons is parametrized in the 2HDM
model file in FeynArts in the form of three Yukawa coupling constants Y7, Y2 and Y3.
The actual form of the constants is expressed through trigonometric combinations of
the mixing angles a and 8 and depends on the chosen 2HDM type. For the two 2HDM
types that we presented in Sec. the coupling constants explicitly read [57]:

2HDM type Y Y Y3

. Ca Ssa 1
Sg Sg tg

i ey
Cg  Cp

e Detector sensitivity AE: For the processes HT — W™ hO/HO, we included
real corrections into the NLO partial decay width in order to cancel all occurring IR
divergences, cf. Sec. As a consequence, we added the NLO soft-photon corrections
in Egs. and to the virtual NLO partial decay width. The former depend
explicitly on the detector sensitivity AFE. It was shown in that this dependence is
small. Within the scope of this thesis, we fix the value to

AE =10 GeV . (8.5)
The other parameters that have to be set are the missing masses of the extended scalar sector

of the 2HDM, namely mgo, m40 and my+, as well as the scalar mixing angles o and (3
and the parameter As. We consider those as our free parameters. In principle, we could set
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those parameters to arbitrary values, since we are only interested in an analysis of different
renormalization schemes for «, 5 and As with respect to numerical stability. However, an un-
physical combination of input parameters can lead to the violation of perturbativity bounds,
which results in the NLO corrections becoming very large independently of the renormal-
ization scheme that is chosen. This effect has to be differed from numerical instability in
the sense we are discussing it within the scope of this thesis, which is the result of choosing
an unsuitable renormalization scheme which yields very large NLO corrections for almost all
chosen input parameter set.

In order to isolate the two effects and analyze the different renormalization schemes only with
respect to numerical stability as the term is used in this thesis, we choose to use only specific
input parameter sets which are consistent with strict experimental and theoretical bounds.
Therefore, we consider only input parameters which are still not excluded by theory and
experiment. To that end, the tool ScannerS was used. The program scans through the
parameter space of the 2HDM and generates suitable input parameter sets, regarding several
theoretical and experimental constraints that shall be briefly discussed in the following.

From the theoretical point of view, by fixing one CP-even minimum of the tree-level 2HDM
potential, no additional charge-breaking or CP-violating vevs are allowed anymore [1314133].
This chosen CP-even minimum is required to be the global minimum of the potential [134].
Furthermore, tree-level unitarity has to be respected and the 2HDM potential has
to be bounded from below [137].

Every parameter set generated by ScannerS has to obey all theoretical constraints mentioned
above . Additionally, the parameters have to be consistent with current experimental
data. The 2HDM parameter sets generated by the program have to fulfill 95 % consistency
with the oblique S, T' and U parameters, therefore satisfying electroweak precision measure-
ments [19-21[139-142]. Additionally, LEP results and recent LHC results are
included, which restrict the mass of the charged Higgs to be above O(100 GeV), depending on
the type of 2HDM that is considered. For our scans, the current bound m g+ > 480 GeV
for a type II 2HDM is used. Furthermore, the generated parameter sets have to be compatible
with the LHC Higgs data. In order to check for compatibility, ScannerS is interfaced with
SusHi for the computation of the Higgs production cross sections through bottom quark
and gluon fusion at NNLO QCD, while all other production cross sections are computed at
NLO QCD ([138]. Furthermore, the 2HDM decays are adopted from HDECAY [147}[148]. All
electroweak corrections were neglected in the computation of these processes in order to be
consistent, since they are not fully available for the 2HDM yet.

In addition to all constraints mentioned above, we further restrict the parameter sets to obey
kinematic constraints dependent on the decay that is considered. Since we investigate a
variety of different decay processes within this thesis, we use different parameter sets for each
of the processes. In the following, we want to introduce these parameter sets and specify the
additional kinematic constraints.

e Parameter set Cs:

The first parameter set we want to specify was used in [91]. In order to prevent confu-
sion, we adopt the notation and refer to this set as Co. The kinematic constraints for
the parameters are given by
myg+ > mgo +myy
H " (8.6)
Mg+ > Mpo +my
thus allowing both processes HT — W A° /H O from Chapter 5/ to happen OS. The
parameter set Co was generated for a type I 2HDM. The values of the parameters are
stated in the following table.



8.2. Input Parameter Sets 91

mpy=+ in GeV  mpgo in GeV  m 40 in GeV B o As

2(mye — 250)2

2

[240, 310] mpg+ - 110 mpg+ - 50  1.50423 0.25099
vosgeg

The set Cy allows for a variation of mg+, mpo, m4o and A in arbitrarily small steps.
We choose to vary mpy+ between 240 GeV and 310 GeV with a step size of 0.07 GeV.
The set Co allows only the decay of the charged Higgs into the CP-even Higgses and
the gauge boson W to happen OS, but not all other processes that were considered
within this thesis. We want to note that many of the parameter points contained in
the set Oy are actually excluded by Scanners. Nevertheless, we use the set in order
to be able to compare our results from the ones presented in [91]. For a more detailed
analysis, we will choose the other parameter sets described in the following, all of which
are explicitly allowed by all theoretical and experimental constraints mentioned above.

e Parameter sets S to Sgo:

In order to allow all three decays considered in Chapters 5} [6/and|7]to happen OS simul-
taneously?, we generated sixty parameter sets with the following kinematic constraints:
Mg+ > Mpo +myy (8.7)
mgo > 2mpo .
Each of the sixty sets consists of 1000 parameter points generated for a type II 2HDM.
Within each set of 1000 points, only one scalar mass is varied while all other 2HDM
parameters are fixed. In the sets S1 to So, the running mass is myo, in the sets Ss; to
Si0 we vary my+ and in the last twenty sets Sy to Sgg, the variation is with respect
to m 0. The parameters are generated within ScannerS by using a mass as a starting
point from which the program moves away and searches for points that are still allowed
considering all constraints mentioned above. Consequently, the sets S7 to Sgy have the
advantage that we can consider the effects of different renormalization schemes with
respect to the variation of only one running mass, but the disadvantage is that we only
consider a narrow range of 2HDM parameters along certain “lines” in parameter space.

e Parameter sets Sg; to S7p:

In order to compensate the narrow range of parameters given by the sets S7 to Sgg, we
generated ten additional sets with a total of 10000 points, each of which are randomly
generated in the 2HDM parameter space. The kinematic constraints are the same as
for the former sixty sets and the points were generated again for a type 11 2HDM.

e Parameter sets S7; to Syp:

All sets mentioned so far have the insufficiency that the decay H° —s A% AY is
prohibited to happen OS in almost all generated parameter points, since within them,
the masses mgyo and myo are of the order of a few hundred GeV and rather close to
each other. Since we use the OS decay of the heavy Higgs into two CP-odd Higgses
for a process-dependent definition of dAs, cf. Sec. we generated twenty additional
sets for a type II 2HDM with 1 000 points each and with the only kinematic constraints
mpgo > tho s (88)
myo > 2m 4o .
As it was already mentioned in Sec. this imposes a strict kinematic limit on the
scalar masses of the 2HDM.

®Note that within these parameter sets, we restrict ourselves to the process HY —» W™ ho, and the decay
into the heavier Higgs H Y is not necessarily allowed to happen OS in these parameter sets.
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Figure 8.1.: Gauge-dependence of Kanemura’s scheme. Shown is the normalized
difference between the NLO partial decay width of the process HY — W™ h° for an
arbitrary value of &y and for the Feynman-'t Hooft gauge value &y = 1, cf. Eq. (8.9), in
Kanemura’s scheme. The calculations were performed for one fixed point characterized by
mpg+ = 296 GeV in the parameter set Cy. The four kinks correspond to threshold effects of
the loop integrals.

For a more detailed analysis, we consider specific parameter sets where only one scalar mass is
varied. For completeness, we want to state the 2HDM parameters within these sets explicitly
in the following table.

Set mpg+ in GeV  mpo in GeV  m 4o in GeV J6; o As

Se 700.354 (671, 804] 700.127 0.96978 —0.57038 14.18207
S1s 759.550 [598, 812] 720.501 0.80241 —0.80214 9.14651
S7o 617.936 607.461 [197, 208]  0.85304 —0.78038 1.02713

8.3. Numerical Results for the Decays H* — W' h'/H’

Before we start to analyze the different renormalization schemes with respect to numerical
stability, we want to investigate the gauge-dependence of the NLO partial decay width in one
particular scheme for the scalar mixing angles a and 3, namely in Kanemura’s scheme from
Sec. . For this investigation, we restrict ourselves to the process HT — W™ hY. The
results for the decay into the heavier Higgs H® are analogous.

We already worked out the analytic form of the gauge-dependence of §8® and da in this
scheme in Egs. 44.155D and 44.157D3. This gauge-dependence is contained in the partial decay

3Note that we refer to Eq. (4.157) for the gauge-dependence of ja independently on the chosen tadpole scheme,
since it was discussed in Sec. that the second line of Eq. (4.156)) is cancelled by the residual amplitude,
leaving precisely the same form as in Eq. (4.157) of the residual gauge-dependence of da in Kanemura’s scheme.
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Figure 8.2.: NLO corrections for the parameter set C5. Shown is the normalized differ-
ence AT between the NLO and LO partial decay widths of the processes (a) HT — W™ RO
and (b) HF — W HO, as defined in Eq. , as a function of the charged Higgs mass.
The calculations were performed for the full parameter set Cs.

width through Egs. (5.9) and (5.11). Now, we want to analyze the effect of the gauge-
dependence numerically. To that end, we introduce the quantity

[T o) e = [TE=S+n0) ey
[FNLO

, (8.9)
H+W+h0]§W:1

AF&W =

)

where the subscript “&y” indicates the evaluation of the NLO partial decay width for an
arbitrary value of £y, We analyze the gauge-dependence of the NLO partial decay width
only with respect to a variation of the gauge-fixing-parameter &yy. The results for a variation
of £ are analogous.

In Fig. the NLO partial decay width of the process HT — W™ h is shown for a
variation of &y for a fixed point in the parameter set Cs, characterized by the charged Higgs
mass mpy+ = 296 GeV. We focus on a small region of &y, where the behavior of the decay
width is particularly interesting.

The NLO partial decay width in Fig. features four distinct kinks. Each of the kinks
corresponds to threshold effects in the loop integrals given in Eqs. and or,
to be more precise, in the corresponding gauge-dependent By integrals through which the
f integrals are defined. The integral Bo(m?;m3,m3) features an OS threshold effect at the
kinematic point

mi1 = Mmoo +ms . (8.10)

Through the optical theorem, such a threshold can be connected to a corresponding one-to-
two process, with the invariant squared masses m? of the initial and m2 and m3 of the two
final particles. The mass configuration in Eq. corresponds precisely to the OS case of
the decay, leading to a resonance in the loop integral.

In Fig. each of the kinks can be traced back to one of the integrals contained in Egs. (4.155)
and (4.157) becoming OS and thus featuring a threshold effect:
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Figure 8.3.: Scatter plot for the process H¥ — W™ h’. Shown is the normalized
difference between the NLO and LO partial decay width of the process HT —s W+ A0
as a function of the LO partial decay width for all parameter sets S to S79. Kanemura’s
and the pinched schemes yield NLO corrections of the same order of magnitude, while the
process-dependent scheme leads to very large NLO corrections.
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The appearance of such kinks is a general feature of a perturbative calculation involving loop
integrals and not a speciality of a certain renormalization scheme. In the following numerical
results, we will therefore not analyze those kinks in detail, since they always correspond to
some of the many one-loop integrals contained in the partial decay widths becoming OS.

With the numerical results presented in Fig. F and the analytic formula of the gauge-
dependence of o and 6,8(2) in Eqgs. (4.155) and (4.157)), our analysis of the gauge-dependence
of Kanemura’s scheme is complete. The scheme inevitably leads to a gauge-dependent NLO
partial decay width. Although it is shown in Fig. that this gauge-dependence is of the
order of a few permille and as such, the gauge-dependence might be considered negligible,
the scheme nevertheless leads to a manifestly gauge-dependent NLO partial decay width,
which is unacceptable. Furthermore, for other input parameter sets we observed that the
gauge-dependence can become as high as a few tens of percents. Therefore, we conclude that
Kanemura’s scheme is not a suitable scheme for the renormalization of the scalar mixing
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Figure 8.4.: Central region of the scatter plot. Shown is the central region of the
scatter plot from Fig. depicting the difference between the NLO and LO corrections to
the partial decay width as a function of the LO partial decay width. Both pinched schemes
and Kanemura’s scheme yield NLO corrections that are within the same order of magnitude.

angles. Interestingly, with respect to numerical stability, Kanemura’s scheme seems to be
among the most stable schemes that were considered in this thesis. Therefore, we still include
the scheme in the following numerical analyses, since it serves as a good benchmark for
comparing the different schemes. Due to the gauge-dependence of Kanemura’s scheme, we
have to choose a certain gauge for explicit calculations. For the rest of this chapter, we
evaluated the NLO partial decay widths for Kanemura’s scheme in the Feynman-’t Hooft
gauge.

In order to quantify the size of the NLO corrections compared to the LO partial decay widths,

we define the quantity
FNLO _ FLO
f1fafs fifafs (8.11)

LO ’

fifafs

for any generic one-to-two process fi — fo f3. We start the numerical analysis by using
the parameter set Co, which was used in [91] as well.

AFflfoS =

Shown in Fig. is the normalized deviation of the NLO and LO partial decay widths, as
defined by Eq. , as a function of the charged Higgs mass mpy+, for the decay of the
charged Higgs H " into the W' boson and into (a) the lighter Higgs " and (b) the heavier
Higgs HY. Each of the plots features four curves for the different renormalization schemes
of the scalar mixing angles, indicated by “Kanemura” for the scheme presented in Sec. [4.8.2]
“p,-pinched” and “OS-pinched” for the two pinched schemes® of Sec. and “Proc.-dep.”
for the process-dependent scheme of Sec.[4.8.4

* Analogous to Kanemura’s scheme, were we used 6ﬁ(2) for all calculations, we use the definition of §3 through
the charged sector from Eqgs. (4.165) and (4.168|) for the two pinched schemes here and in the following.
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As it can be seen in Fig. Kanemura’s scheme and the two pinched schemes lead to
very similar NLO partial decay widths and their difference is only within a few permille to
percent. For the decay into the heavier Higgs, the process-dependent scheme yields similar
NLO corrections, as well. For the decay into the lighter Higgs however, the deviation of NLO
and LO partial decay widths differ more strongly from the other three schemes® and become
as large as 30 %. For the set Cy, this is an indicator that the process-dependent scheme for
the mixing angle counterterms da and §3 introduces large NLO corrections to the partial
decay width. On the other hand, the analysis within the parameter set Cy shows that the
two pinched schemes yield numerically stable NLO corrections.

In order to analyze the different renormalization schemes in a larger region of the parameter
space, we calculated the NLO partial decay width for all renormalization schemes of o and § 5
for all 70 000 points contained in the parameter sets S7 to S7g. Since we did not want to restrict
the parameter space too strictly, we restricted ourselves to the process HY —s W+ h% in
the following analysis, although for the decay into the heavier Higgs, we would find analogous
results.

In Fig. we plotted the deviation AT g+y+p0 as a function of the LO partial decay width
L g+y+po for all parameter points of the sets S; to S7g. The plot features a central region for
AT gr+y+p0 of £30% within which most results for Kanemura’s scheme and the two pinched
schemes are situated. Since the results for the OS-pinched and p,-pinched schemes are very
similar, we show in Fig. the same plot with a different scale on the AT g+yy+p,0 axis,
showing that all three aforementioned schemes yield NLO corrections of the same order of
magnitude. Note that AL j7+y+5,0 becomes very large for I'j+y+,0 — 0, since in this limit,
the definition of Eq. is ill-defined and diverges. Consequently, we restrict ourselves to
regions where the LO partial decay width is not too small when we draw conclusions about
numerical stability.

In contrast to that, it can be seen in Fig. that the process-dependent scheme yields
NLO corrections which are one to two orders of magnitude larger than in the other schemes.
The NLO corrections in the process-dependent scheme are of the order of a few hundred
percent, but electroweak corrections usually involve corrections of the order of a few up to
tens of percents. Since we have considered a large variety of different parameter points of
the 2HDM, we conclude that the process-dependent scheme is in general unsuitable for the
renormalization of the scalar mixing angles, since it leads to numerical instability. On the
other hand, by looking at Fig. we realize that both Kanemura’s and the two pinched
schemes lead to numerically stable results. Since the former is gauge-dependent, we conclude
that the two pinched schemes are suitable renormalization schemes for the mixing angles, since
they are process-independent, gauge-independent and numerically stable. Consequently, we
conclude that the “no-go theorem” established in for the MSSM is not applicable for the
renormalization of the scalar mixing angles in the 2HDM. The size of the NLO corrections
does not differ much between the p,-pinched and OS-pinched scheme, therefore, it is an
arbitrary choice which of the two pinched schemes is used in practice.

8.4. Numerical Results for the Decay H' — Z° Z°

The next process we want to analyze numerically is the decay H® — Z° Z°. We calculated
the NLO partial decay widths for all four renormalization schemes of the scalar mixing angles
as presented in Sec. for the parameter sets S; to S7g. For a comparison between the NLO
corrections and the LO partial decay widths, we use the quantity defined in Eq. (8.11]).

5The reason behind this difference for the two decays is the proportionality factor in the counterterms in
Eqgs. and . The counterterms da and §3 become in general very large in the process-dependent
scheme, but for the decay to the heavier Higgs, the angle counterterms in Eq. are proportional to cg_q,
which is suppressed compared to sg_, in all parameter sets which we used in this thesis.
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Figure 8.5.: NLO corrections for the parameter set Si3. Shown is the normalized
difference AT between the NLO and LO partial decay widths of the processes H? — 29 Z°,
as defined in Eq. , as a function of the heavy CP-even Higgs mass. The calculations
were performed for the full parameter set Sis.

In order to compare the four schemes directly with each other, we first focus on the parameter
set S13 which is specified at the end of Sec. In Fig. the normalized difference
AT goz0z0 between the NLO and LO partial decay width is shown as a function of the CP-
even Higgs mass mpo. The two pinched schemes as well as Kanemura’s scheme yield NLO
corrections of up to +20% which is still in the bounds which we consider as numerically
stable. The process-dependent renormalization scheme for the mixing angles, however, yields
NLO corrections that become up to one order of magnitude larger, as it was the case for the
processes considered in the previous section. We note additionally that the NLO corrections
for the OS-pinched scheme resembles the ones we get by using Kanemura’s scheme, while
the corrections in the p,-pinched scheme differ more significantly from Kanemura’s scheme.
This is not only true for the parameter set Si3, but for almost all parameter sets which we
considered in Sec.

In order to increase the statistics, we considered all 70 000 points of the parameter sets S1 to
S70. In the scatter plot in Fig. we show the difference AT go4040 as a function of the LO
partial decay width of the process H® —» Z° Z°. The scatter plot is very similar to Fig.
from the previous section. In the central region of AT 00,0 between + 40 %, most results for
the two pinched schemes and Kanemura’s scheme are situated, while the process-dependent
scheme yields NLO corrections that are approximately one order of magnitude higher. This
indicates that the process-dependent scheme leads to numerical instability in general and not
only for a few parameter sets and specific processes. This confirms our conclusion from the
previous section, namely that we consider the process-dependent scheme as an unsuitable
scheme for renormalizing o and §. Kanemura’s scheme and the two pinched schemes, on the
other hand, yield NLO corrections which are considered to be numerically stable.

8.5. Numerical Results for the Decay H — h° A’

The last process that we consider within the scope of this thesis is the Higgs-to-Higgs decay.
Since it includes the counterterm dA5; at NLO, we analyze the NLO partial decay width of the



98 8. Numerical Results

1000
e Kanemura
750 * p,-pinched
500 ¢  OS-pinched
NN e Proc.-dep.
g 250
N 0 ;-#i-ﬂ;l'
N .
.
~ -250
-500
-750
-1000 - . . : . : ,
0.0 0.5 1.0 1.5
LO .
[ in GeV

Figure 8.6.: Scatter plot for the process H' — Z° Z°. Shown is the normalized
difference between the NLO and LO partial decay width of the process H® — 2% Z°
as a function of the LO partial decay width for all parameter sets S7 to S79. Kanemura’s
and the pinched schemes yield NLO corrections of the same order of magnitude, while the
process-dependent scheme leads to very large NLO corrections.

process with respect to different renormalization schemes for dA5; and for the scalar mixing
angles separately.

We start by considering the usual MS condition for dA5 as introduced in Sec. We
calculated the NLO partial decay width of the process H — h% h® for all 70 000 parameter
points included in the sets S to S7g. In the scatter plot in Fig. the normalized differences
between the NLO and LO partial decay widths according to Eq. are shown as a function
of the LO partial decay width. We note that the AL o050 axis is presented in a logarithmic
scale. Since most of the differences Al'fon0,0 of Kanemura’s and the process-dependent
scheme were negative, we took the absolute of Al oy0p0 in order to present all results in the
logarithmic scatter plot in Fig. This does not change our interpretation with respect to
numerical stability, since for this, we are only interested in the absolute value of Eq. .

The scatter plot in Fig. shows two distinct results. First, in contrast to the previous two
sections, the NLO corrections for Kanemura’s and the process-dependent scheme are now of
the same order of magnitude and both are in general rather high. Second, the two pinched
schemes differ from Kanemura’s and the process-dependent scheme by two to three orders
of magnitude. We will discuss the former observation further below and consider first the
implications of the latter.

It was already mentioned in Sec. that the change from the standard to the alternative
tadpole scheme might lead to numerical instability when using the usual MS condition. The
change of the tadpole scheme introduces large UV-finite shifts in the NLO amplitude which
would have to be compensated by corresponding shifts in §As. Since the counterterm is
defined by an MS condition, those shifts are not present in §As, however, thus leading to
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Figure 8.7.: Scatter plot for the usual MS condition. Shown is the normalized dif-
ference between the NLO and LO partial decay width of the process H* — h? h? as a
function of the LO partial decay width for all parameter sets S; to S79. The counterterm
§A5 was renormalized by the usual MS condition. Note that the AT jopopo axis is depicted
in logarithmic scale.

numerical instability in the NLO partial decay width. We discussed in Sec. that for a
process- and gauge-independent definition of the scalar mixing angles, the pinched scheme
should be used, which requires the alternative treatment of the tadpoles. Consequently, the
usual MS condition cannot be used as a renormalization scheme for JA5 if we require a
numerically stable NLO partial decay width.

Instead, we choose to use the improved MS scheme as introduced in Eq. , which con-
tains additional shifts that compensate the effect of the vev shifts in the alternative tadpole
scheme. Additionally, the improved MS scheme is manifestly gauge-independent. In Fig.
we show the scatter plot for all renormalization schemes of da and 65 when using the im-
proved MS condition for §As. It can be seen that now, all renormalization schemes lead
to NLO corrections which are approximately of the same order of magnitude. Additionally,
Kanemura’s and the pinched schemes yield NLO corrections which are very similar, while for
the process-dependent schemes, slight deviations can be observed.

We already mentioned that in contrast to the previous processes, the NLO corrections to the
process H — A% h” can get as large as +400% for most of the parameter points even
in Kanemura’s scheme, which seems to be unacceptable with respect to numerical stability.
However, such large corrections were already previously observed in Higgs-to-Higgs decays
within the 2HDM . In the following, we present arguments that these large NLO cor-
rections are not the results of choosing numerically unstable renormalization schemes. They
are rather a speciality of the vertex corrections of the process H 0 5 pOR0 following from
freedom of the parameter choice within the 2HDM, which is not constrained by additional
symmetries as it is the case in e.g. supersymmetric extensions of the SM.
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Figure 8.8.: Scatter plot for the improved MS condition. Shown is the normalized
difference between the NLO and LO partial decay width of the process H® — h° hY as
a function of the LO partial decay width for all parameter sets S to S7g. The counterterm
§A5 was renormalized by the improved MS condition.

If we consider the expressions for the scalar masses of the 2HDM given in Egs. (2.29) — (2.34),
we realize that the masses of the Higgses ¢ € {HO, A°, Hi} can be written as |\

4
) v

mj = M? + Lin(Aw®) + O <M4> : (8.12)
where we used the definition of M? given in Eq. 1) We refer to M? as the scale of the
soft-Zo-symmetry breaking. The expression “Lin” stands for linear combinations of the 2HDM
potential parameters \; (i = 1,..,5) of Eq. 1' corresponding to the respective scalar mass
which is considered.

If our 2HDM input parameters, i.e. the scalar masses, the mixing angles and As, are chosen
such that M2 > A\v? holds, then the scalar masses and the soft-breaking scale M? are of
the same order of magnitude according to Eq. and the former depend only weakly on
the parameters A;. In this case, the 2HDM can be described by an effective theory with only
one scalar doublet in the SM limit , and the NLO loop effects in the vertex corrections
vanish in the limit of heavy masses mg due to the decoupling theorem [149]. In this regime,
the corrections to the triple-Higgs couplings are within the boundaries of the processes we
considered before. If we calculate the NLO corrections for the parameter set Sg, which
contains mass parameters which obey the limit M? > \v?, we observe in Fig. that
the normalized difference between the NLO and LO partial decay width is mostly below an
absolute value of 30 % for Kanemura’s and the two pinched schemes, which we still consider as
numerically stable. In contrast to that, we observe that the process-dependent scheme yields
very large NLO corrections. Analogously to the previous processes, we conclude that the
process-dependent scheme of the angle counterterms is an unsuitable renormalization scheme
with respect to numerical stability, in general.
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Figure 8.9.: NLO corrections for the parameter set Sg. Shown is the normalized
difference AT between the NLO and LO partial decay widths of the processes H° — h° b0,
as defined in Eq. , as a function of the heavy CP-even Higgs mass. The counterterm
dAs is renormalized by the improved MS condition. The calculations were performed for the
full parameter set Sg.

If the input parameter set corresponds to the other limit, namely M? < A2, and simulta-
neously large scalar masses are chosen, then the coupling constants \; have to adopt large
values according to Eq. . This corresponds to the strong coupling limit where the de-
coupling theorem does not apply. In this limit, the loop contributions in the scalar sector are
in general given by a power law in the scalar masses my . For the vertex corrections of
the process H® —» h° kO, the size of the corrections is a function of méo, which has been
checked explicitly for several parameter sets. Since we choose parameter sets with high Higgs
masses, the NLO corrections are very high in this regime. Most of the parameter sets 57 to
S7o correspond to this case. Consequently, the deviations between the LO and NLO partial
decay width that we observe in Fig. are very high.

We note that the Higgs sector of the MSSM corresponds to the decoupling limit M2 > \;v?,
since the coupling constants \; are fixed at (’)(gz) and consequently, large Higgs masses can
only be generated by choosing M? to be large . Therefore, the parameters of the MSSM
Higgs sector are protected by supersymmetric relations and automatically do not depend
strongly on large Higgs masses. In the 2HDM however, there is no corresponding symmetry
which restricts the parameter choice of the scalar sector.

We conclude from this that the large deviations between the LO and NLO partial decay
widths which we observed in Fig. are not due to numerical instability of our chosen renor-
malization schemes, but rather due to the freedom of the parameter choice within the 2HDM.
In Fig. we observe that parameters exist within current theoretical and experimental
bounds which yield moderate NLO corrections for Kanemura’s and the two pinched schemes.
Therefore, we suggest the renormalization of JA5 in the improved MS scheme together with
one of the two pinched schemes for da and §3 as a process-independent, gauge-independent
and numerically stable renormalization scheme for the 2HDM.

As the last analysis for the process H* — h° h°, we consider the numerical results for the
process-dependent definition of §A5. Since the counterterm is defined over the OS decay of
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Figure 8.10.: NLO corrections for the parameter set S7;. Shown is the normalized
difference AT between the NLO and LO partial decay widths of the processes H —s h° h°,
as defined in Eq. (8.11), as a function of the heavy CP-even Higgs mass. The counterterm
0A5 is renormalized in the process-dependent scheme. The calculations were performed for
the full parameter set S7o.

the heavy Higgs into two CP-odd Higgses A", we only used the parameter sets S7; to Sgo
which were generated with the appropriate kinematic constraints. However, it turned out in
the numerical evaluation that the parameter sets are not suitable for a detailed analysis in
the form of a scatter plot, since almost all parameter sets lead to NLO partial decay widths
which are negative for the process-dependent scheme of dA5. We note that these negative
results are not due to a bug in the used software, but rather the consequence of very large
negative NLO contributions which lead to an overall negative NLO partial decay width, since
at NLO, we consider in Eq. only the interference term of the LO and NLO amplitude,
but not the absolute square of the NLO amplitude.

The parameter set S7o is one of the few sets which contains enough parameters that lead
to a positive NLO partial decay width for the process-dependent scheme for éAs. Shown
in Fig. is the normalized difference between the LO and NLO partial decay width as a
function of the CP-odd mass. As it can be seen in the plot, the process-dependent scheme
of the scalar mixing angles leads to very large NLO corrections, while the corrections for
Kanemura’s scheme are moderate. The results for the two pinched schemes are numerically
more stable than for the process-dependent scheme, but with a deviation of 50 % still in a
region where they are rather high.

Since the parameter set S7o features only a small variation of m 40, we present only a pre-
liminary conclusion due to the lack of statistics. The fact that most parameter sets yield
negative NLO partial decay widths for the process-dependent scheme of A5 can be consid-
ered as an indicator that the scheme itself might be unsuitable. However, this has to be
investigated further in future work. For the parameters which yield positive NLO partial
decay widths, it can be seen that only Kanemura’s scheme is in the region of numerical sta-
bility, but this scheme is explicitly gauge-dependent. This result, together with the fact that
the process-dependent definition of A5 leads to very strict kinematic bounds on the 2HDM
input parameters, leads us to the preliminary conclusion that the process-dependent scheme
is an unsuitable renormalization scheme for the 2HDM parameter As.



CHAPTER 9

Conclusion and Outlook

This thesis has dealt with the complete renormalization of the CP-conserving 2HDM in the
electroweak sector. Despite its enormous success, the SM of particle physics does not explain
several observed phenomena, such as the dominance of matter over antimatter and the
abundance of dark matter compared to baryonic matter in our universe . The 2HDM,
as one of the simplest extensions of the SM, provides an extended scalar sector with an
enriched phenomenology, a possible dark matter candidate for a special type of 2HDM
and mechanisms of CP-violation necessary for the explanation of the matter-antimatter

asymmetry .

We presented the electroweak Lagrangian of the 2HDM. In comparison to the SM with only
one scalar SU(2), doublet, the scalar Lagrangian of the 2HDM contains two scalar SU(2)p,
doublets with non-vanishing vevs vy and wvg . Through the mechanism of spontaneous
symmetry breaking, the particles of the 2HDM gain mass, and the fields of the two scalar
doublets can be rotated with the two scalar mixing angles o and 8 from the gauge basis to
the mass basis. Through this rotation, five physical Higgs bosons arise: two CP-even Higgses
H° and h°, one CP-odd Higgs A and two charged Higgs bosons H*. Furthermore, the scalar
potential features a rich vacuum structure, parametrized by two tadpole parameters whose
vanishing represents the minimum states of the potential . These tadpole parameters,
together with the masses of the 2HDM, the two scalar mixing angles and the scalar potential
parameter As, are contained in our set of independent parameters of the 2HDM.

The first run of the LHC unveiled the existence of a scalar SM-like Higgs boson [17/[18]. Due to
the current run IT at a center-of-mass energy of 13 TeV, it is expected that the scalar sector will
be explored in even more detail. For a comparison of experimental data with BSM theories like
the 2HDM, precise predictions are needed. In order to refine these predictions by calculating
several decay modes at NLO, we need to specify the renormalization program for the 2HDM.
We presented a generic OS renormalization approach through which all mass counterterms
and wave function renormalization constants of the 2HDM were fixed. For the renormalization
of the vacuum conditions, namely that the vevs represent the true minimum states of the
two scalar doublets even at NLO, we presented two distinct approaches, the standard and
the alternative tadpole scheme. While the former is the scheme which is most prevalent in
literature , we emphasized the advantages of using the latter scheme , namely
that it allows for a manifestly gauge-independent definition of all counterterms of the masses,
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the scalar mixing angles and of A5. Additionally, we presented in detail the implications of the
alternative tadpole scheme on the explicit form of all renormalization constants. Within this
alternative scheme, the tadpole counterterms appearing in the mass counterterms and wave
function renormalization constants of the scalar sector vanish, while all amplitudes associated
with NLO calculations, i.e. vertex corrections and self-energies involved in the definitions of
counterterms, must include contributions from tadpole diagrams wherever they can appear
in the 2HDM.

Within the MSSM, a “no-go theorem” was established which states that renormaliza-
tion schemes for the mixing angle 8 are not simultaneously gauge-independent, process-
independent and numerically stable. For the renormalization of the two scalar mixing angles «
and § in the 2HDM, we presented several distinct renormalization schemes and analyzed them
with respect to gauge-dependence. One of the renormalization schemes of the scalar mixing
angles is Kanemura’s scheme which connects the definition of the counterterms d«
and 63 with the off-diagonal wave function renormalization constants of the scalar sector. We
have shown analytically that this approach leads to a manifestly gauge-dependent definition
of the two counterterms. By using the alternative tadpole scheme and the modified versions of
the CP-even, CP-odd and charged scalar self-energies gained by the application of the pinch
technique , we introduced the pinched scheme as a manifestly gauge-independent renor-
malization scheme for da and 5. Additionally, we presented a process-dependent scheme
for comparison with the other schemes, where the scalar mixing angle counterterms are fixed
through the OS processes A — 7+ 77 and H* — 7% 77. We have shown analytically
that within the process-dependent scheme, the counterterms of the scalar mixing angles are
gauge-dependent when using the standard tadpole scheme and manifestly gauge-independent
when the alternative tadpole scheme is used.

For the renormalization of the 2HDM parameter A5, we presented an MS scheme |\ When
using the alternative tadpole scheme instead of the standard one, we have shown numerically
that the counterterm dAs5 is manifestly gauge-independent. Furthermore, we discussed that
within the alternative tadpole scheme, the MS condition for §A5 has to be modified consis-
tently within the internal parameter relations of the 2HDM in order to yield a numerically
stable NLO partial decay width. As a comparison to the MS scheme, we additionally pre-
sented a process-dependent scheme for dA5, where the counterterm is fixed through the OS
process H? — A% A°,

For the application of the different renormalization schemes presented in this thesis, we con-
sidered several 2HDM-specific decays as exemplary processes. We introduced a generic for-
malism for the calculation of partial decay widths of one-to-two decay processes at LO and
NLO. This formalism was applied to the decays HT — W n° /H O HY — 2020
and H — K% Y. We calculated the full electroweak NLO corrections to all decays
in general R, gauge by use of the automatization tools FeynArts 3.9 and FeynCalc
8.2.0 . In case of the decays of the charged Higgs H™, we included real corrections
to render the NLO amplitude IR-finite [91]. By use of the tool LoopTools 2.12 [120], we
verified the UV-finiteness of the NLO partial decay widths for every process and all renor-
malization schemes numerically. Additionally, we analyzed the full NLO decay amplitudes of
all processes analytically and numerically with respect to gauge-dependence. We showed that
for the renormalization of the scalar mixing angles, Kanemura’s scheme inevitably leads to a
gauge-dependent NLO partial decay width, while the process-dependent and the two pinched
schemes yield manifestly gauge-independent NLO partial decay widths independently on the
chosen tadpole scheme. For the potential parameter As, we have checked numerically that
all renormalization schemes for A5 lead to an overall gauge-independent partial decay width
at NLO if the angle counterterms are defined by a gauge-independent scheme.
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In order to check for numerical stability, we implemented the SM input parameters
and generated several input files for the 2HDM-specific input parameters with the
help of the tool ScannerS . All generated scalar masses, mixing angles and A5 are
points in the 2HDM parameter space which are still allowed after the experimental and
theoretical constraints have been applied . The generated parameter points were used for
a numerical evaluation of the NLO partial decay widths of the processes Ht — W+ n? JH 0
and H® — Z° Z°. It was verified numerically that Kanemura’s scheme yields a gauge-
dependent NLO partial decay width. Furthermore, it was shown that the process-dependent
scheme for renormalizing the scalar mixing angles leads to numerical instability for almost
all parameter sets and processes that we considered. Therefore, both Kanemura’s and the
process-dependent scheme are considered to be unsuitable renormalization schemes. The
renormalization of the scalar mixing angles in the two pinched schemes yields moderate NLO
corrections to the partial decay widths for almost all parameter sets for the decays that
we considered in the thesis. In summary, it was shown that the two pinched schemes are
manifestly gauge-independent, process-independent and numerically stable renormalization
schemes for dar and 6, and a “no-go theorem” analogous to the MSSM is not established for
the 2HDM.

For the decay H® — h" h°, we have shown that within the alternative tadpole scheme, the
MS scheme for §A5 leads to numerically highly unstable NLO corrections, but the application
of the improved MS scheme leads to NLO corrections which are in the same order of magni-
tude as for the MS condition in the standard tadpole scheme and for the process-dependent
definition of As. The numerical analysis showed that the NLO corrections are in general large
for all renormalization schemes of the scalar mixing angles, which was explained as being a
general phenomenon of the freedom of parameter choice within the 2HDM instead of being
an indicator of numerical instability. Some of our generated parameter sets were in the region
of the strong coupling limit, in which large scalar masses contribute in the form of a power
law to the NLO virtual vertex corrections, consequently leading to numerical instability. We
have shown that for other parameter sets, the decoupling limit can be applied, where the
NLO corrections are only weakly dependent on large scalar masses, leading to moderate and
numerically stable NLO corrections for the improved MS scheme. The process-dependent
scheme for dAj5 yielded larger NLO corrections. However, only a few generated 2HDM input
parameter sets were suitable for an analysis of the scheme. Therefore, we did not conclude a
strong statement on numerical stability for this scheme.

In future work, it would be interesting to increase the statistics of the numerical analysis in
general and especially for the Higgs-to-Higgs decays by generating a larger amount of 2HDM
parameter sets. By separating the parameters of these sets according to their affiliations
to the strong coupling or decoupling limits or by a more systematic variation of the 2HDM
parameters, it would be possible to draw a stronger conclusion of the effects of the chosen
input parameter sets on the size of the NLO corrections. Additionally, the generation of more
suitable parameter sets for the process-dependent scheme for A5 would allow for a stronger
statement on the numerical stability of this scheme. Furthermore, the pinched scheme for
da and 68 as well as the improved MS scheme for §A5 should be applied to all possible
decays of the 2HDM at NLO. A numerical evaluation of all processes would show if these
schemes fulfill the criterion of numerical stability in general, additionally to being manifestly
gauge-independent and process-independent. If this was shown for all processes, the pinched
schemes for da and 63 and the improved MS scheme for §A5 could be established as the
preferred renormalization schemes for the 2HDM.






APPENDIX A

Alternative Parametrization of the 2HDM Potential

The form of the 2HDM potential introduced in Eq. is one of the most commonly used
ones in the literature , although, it is not the only way to parametrize the scalar sector.
Another form of parametrization is the one introduced in the Higgs Hunter’s Guide [32], which
is implemented in the FeynArts model file. Therefore, it is convenient to state this form
of the potential explicitly, as well.

The most general form of the 2HDM potential in the Higgs Hunter’s Guide parametrization,
restricted by a discrete Zo symmetry &1 — —&; that is only softly violated, contains seven
real parameters A; (i = 1,...,7), two real vacuum expectation values V;, V4 and one real CP-
violating phase £. Note that we use an upper case notation for the vevs in order to distinguish
them from those of the potential in Sec. The vevs for the two different parametrizations
of the potentials are connected through the relations

2 _ 2ViVh

U2
Vi= —, W
' V2 S5Cp

;o Vo=

(A1)

S‘c
[\D -

The minimum conditions are automatically fulfilled by the parametrization. In the CP-
conserving case, i.e. for A7 = 0 and £ = 0, the 2HDM potential is given by [150]

V= (@] - ‘/12)2 + Az (@f@; - 1/22)2 +As | (@]@r - v7?) + (oo, - Vf)r
+ Ay [(@{@1) (@;%) - (@{%) (@3@1)] +As [Re (qﬂ%) - vlv2]2 (A.2)

4 Ag [Im (@{%)] :
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A Alternative Parametrization of the 2HDM Potential

In the CP-conserving case, the parameters of the potential in Eq. (2.7) can be converted into

those of the potential in Eq.

and vice versa through [150]

(A.2) through the relations [150]

A= 2(A1<+.A3)
AQ 222(A2<+mA3),

A3 =2A3+ Ay,
As + A
M= Ay =
As — Ag (A.3)
rs = =20
mi = —2V72A — 2 (V2 +V3) As
miy = ViVhAs
A — A1 — A345 miy
1 — 2 P )
v2sgcp
Ay — A2 — A345 mi,
2 = 2 2 )
v SﬁCﬁ
Ao 345 mi,
3 2 v2spep (A4)
2m%2 ’
Ay = S AL —As
v2sgcg
2m%2
As = v2s5C
8B
92 2
A6 - # - 2)\5
v2sgcg

Note that m%l and m%z are absent in Eq. 1) since both parameters can be eliminated
from the 2HDM potential by using the tadpole conditions, as shown in Eq. (2.14).



APPENDIX B

Introduction to the Pinch Technique

In the following, we want to present a detailed introduction to the pinch technique. The main
focus of the introduction lies on the presentation of the principles of the pinch technique as
well as on the performance of actual calculations. Most of this introduction is adopted from
D. Binosi and J. Papavassiliou and can be seen as a brief review of some parts of their
work.

B.1. Motivation

The quantization of vector fields in quantum field theories gives rise to gauge-freedom. Such
a freedom is inherently unphysical in the sense that it introduces a gauge-dependence in
the results of many calculations within the field-theoretical framework. Since gauge-freedom
is purely unphysical, it is clear that all calculated physical predictions, e.g. partial decay
widths as observables, must be manifestly gauge-independent. However, it may happen that
intermediate parts of the calculations, e.g. self-energies or mass counterterms, turn out to
be gauge-dependent. It is then only the coherent sum of all these contributions that gives
manifestly gauge-independent results.

With the help of the pinch technique, it is possible to extract these gauge-dependences in
an unambiguous way. It turns out that the gauge-dependences are similar in structure, no
matter of their origins. In the language of Feynman diagrams, it can be shown that all gauge-
dependences of a certain process have structures like e.g. self-energies. The pinch technique
allows to isolate and extract these gauge-dependences in a unique way. It is then possible to
construct e.g. self-energies and mass counterterms which are manifestly gauge-independent
by themselves.

The main motivation for using the pinch technique within the scope of this thesis is the gauge-
independent construction of scalar mixing angle counterterms in the 2HDM. The concept of
the technique itself is independent of the considered model, however. For the introduction of
the pinch technique we will restrict ourselves to QCD since in this theory, many calculations
are simplified considerably.
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Figure B.1.: Topological contributions to the one-loop scattering amplitude. The
one-loop amplitude of the fermion-fermion scattering process consists of all box diagrams
Apox, triangle diagrams Ay,; and self-energy diagrams Ager. The diagrams represent only the
respective topologies and have to be replaced by the actual QCD diagrams for performing
the calculations.

B.2. Basic Principles of the Pinch Technique
B.2.1. Cancellation of Gauge-Dependences within One-Loop Amplitudes

We consider an elastic two-to-two scattering process of two fermions with masses m; and mo
as an exemplary scattering process. At the one-loop level, the scattering amplitude contains
contributions! from box diagrams Ay, triangle diagrams Ay and self-energy diagrams Age.
The topological contributions as well as the momenta of the fermions are depicted in Fig. B.1]
For convenience, we introduce the Mandelstam variables

s:=(r1 +p1)° = (r2 +p2)?, (B.1)
t:=(r1—r2)* = (p1—p2)°, (B.2)
wi=(ri —p2)® = (p1 —12)* . (B.3)

Each of the amplitudes shown in Fig. contains internal gluons. If we perform the gauge-
fixing of our theory in general R gauge, then the gauge-dependence in these amplitudes
appears through longitudinal components in the gluon propagators, parametrized by the
gauge-fixing parameter £ of the gluons. The full one-loop contribution to the fermion-fermion
scattering amplitude is simply the sum of all topological contributions,

Atloop (8,1, m1,m2) 1= Apox (s, t,m1,ma;§) + Awi(t, m1, ma; &) + Asaie(t; §) (B.4)

where in brackets, we stated the explicit dependence of the respective amplitudes on the
Mandelstam variables, the fermion masses and on the gauge-fixing parameter £&. On the
left-hand side of Eq. (B.4), we made explicit that the full one-loop contribution Ayieep is
manifestly gauge-independent?.

Due to the fact that the left-hand side of Eq. does not depend on &, it is clear that
the gauge-dependences of the box, triangle and self-energy diagrams in the right-hand side
of Eq. must cancel against each other. The main idea of the pinch technique is to
isolate the gauge-dependent parts of each topology and rearrange the amplitudes in such a
way that each amplitude in Eq. is manifestly gauge-independent by itself. That such a
rearrangement is in principle possible shall be outlined in the following.

Differentiating Eq. (B.4)) with respect to s and ¢ immediately yields

dQAbox(Sg ty ml) mz; 5)
ds d¢

=0. (B.5)

'For better readability, we omit a global factor of ¢ in all amplitudes in this section.
2The full scattering amplitude, i.e. the S-matrix element of the corresponding process, is gauge-independent
order-by-order in perturbation theory [5].
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Consequently, the sum of all box diagrams of the scattering process can be brought into the
form

AbOX(Sv t7 my, ma; 5) = “Zt\box(sy ta my, m2) + fbox(ty mi, ma; 5) ) (BG)

where the term frox contains all gauge-dependent parts which originate from the box dia-
grams, while Ay is manifestly gauge-independent. Since the contributions in f,ox have the
same dependence on the Mandelstam variables and masses as the triangle diagrams, we can
add the former to the triangle diagrams in Eq. by defining

Aui(t,mr, ma; €) i= Auwi(t, m1, ma; ) + foox(t, m1, ma; €) . (B.7)
Next, we differentiate Eq. (B.4) with respect to & and the masses m;, msg, which yields

A3 Ayi(t,m1, m05 €)
dmq dmsg d€

=0. (B.8)

This allows us to cast the triangle diagrams into the form
Awi(t,my,ma; €) = Ai(t,my,ma) + fui(t:€) (B.9)

where the quantity ﬁm is manifestly gauge-independent and all gauge-dependent parts of
the triangle diagrams were shifted into the term f;;. The latter has the same structure as
the self-energy contributions in Eq. , therefore, we combine both to create the modified
self-energy contributions

-’Z(self(t; f) = Aself(t; 5) + ftri(t; f) . (BlO)

As a last step, we differentiate Eq. (B.4)) again, now with respect to £ only, which yields
d-’z{self(t; é)

dg

This identity makes it clear that the modified self-energies are manifestly gauge-independent
by themselves:

~0. (B.11)

-/Z(self(t; 5) = -’Zt\self(t) . (B12)

The rearrangement of the gauge-dependent parts through Eqgs. , and (B.12) shows
that Eq. (B.4) can be written in an alternative, though completely analogous form as

Atoop (8, t,m1,m2) = Apox (s, £, m1, ma) + Aui (t, m1, ma) + Asa(t) - (B.13)

However, in contrast to Eq. (B.4)), this form of the one-loop scattering amplitude makes it
clear that all modified contributions from box, triangle and self-energy diagrams in Eq. (B.13)
form manifestly gauge-independent subsets by themselves.

We have demonstrated that the gauge-dependences of the box, triangle and self-energy dia-
grams cancel against each other in order to create the overall gauge-independent one-loop am-
plitude. On the other hand, we also have shown that the gauge-dependences of each topology
can be extracted in the form of the terms fyox and fi;. The combination of these terms with
the topological contributions of the amplitude allows for the creation of gauge-independent
subsets for each topology. The pinch technique is a computational tool which allows us to
determine precisely these terms f,o, and fiyi in an unambiguous way. As a consequence, the
cancellation of the gauge-dependences within a one-loop amplitude is made explicit. Further-
more, the pinch technique allows for the creation of a manifestly gauge-independent pinched
self-energy, which will be demonstrated in App.
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B.2.2. The Pinch Technique in Practice

In order to apply the pinch technique, we have to specify a toy scattering process involving
external fermions. We consider any external fermion with momentum p and mass m to be
OS, so that the Dirac equation holds:

(B.14)

If our goal is not only the analysis of the cancellation of all gauge-dependences within the one-
loop scattering amplitude, but furthermore the creation of a manifestly gauge-independent
pinched self-energy, we have to choose a process which contains the unpinched version of this
self-energy in the LO scattering amplitude in the form of a LO propagator.

We define the propagator for a fermion with momentum p,

iS(p) = zp(fj—r;r;) = 7 _Z — (B.15)

where the momentum is pointing in the direction of fermion number flow. Up to a factor of
1, the inverse of the propagator is given by

S_l(p):pfm . (B.16)

Many of the box, triangle and self-energy contributions in Fig. contain internal fermions
with momenta k + p inside loops, with k£ being the loop momentum, which appear in the
form of a fermion propagator S(k + p). The main idea of the pinch technique is to trigger
the elementary Ward identity

f=(F+p—m)—(p-m)

=57k +p) - 50) B

for any of these internal fermions inside the loop. If p is an external fermion momentum, then

the second part of Eq. (B.17) vanishes OS due to Eq. (B.14),
a(p)S~(p) = S~ (p)u(p) = 0, (B.18)

while the first part of Eq. (B.17) has the structure to cancel the internal fermion propagator,
i.e. the internal fermion is pinched out:

Stk+p)S ' (k+p) =S (k+p)Sk+p)=1. (B.19)

In the language of Feynman diagrams, this means that diagrams with internal fermion prop-
agators are reduced to diagrams with effective, unphysical vertices (i.e. vertices that are not
contained in the Lagrangian) in order to make the gauge-dependence explicit. In the end, all
gauge-dependent contributions of these diagrams cancel precisely when calculating the full
one-loop scattering amplitude.

In order to demonstrate this procedure, we will calculate the full one-loop contributions to
the quark-quark scattering amplitude in QCD and show how the pinch technique is applied
in order to unambiguously isolate the gauge-dependent parts.
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B.3. Gauge-Independent Quark-Quark Scattering Amplitude

B.3.1. Preliminary Remarks

Throughout our calculations, we need several identities of the color algebra as listed below.
We follow Einstein’s sum convention, meaning that we sum over repeated indices. The useful
relations are [5]

[t“, tb} — jfabese (B.20)
ifaberatt = —%CAtC : (B.21)
o0 = (Cf — ;CA> t (B.22)
pabe pabd _ ¢, gab (B.23)

where t* = tf (a = 1,2,...,8) are the generators in the fundamental representation, f% are
the structure constants and C; are the Casimir eigenvalues of the SU(3)¢, i.e. the invariants
of the representation r as defined by

trty = Crl (B.24)

for both the adjoint (r = A) and fundamental (r = f) representation.

For the calculation of the pinch contributions beyond LO, we define the short-hand notation

/k - / g:; (B.25)

for the integral operator appearing in the one-loop amplitudes. We want to emphasize that
the application of the pinch technique is independent of the regularization of the UV-divergent
one-loop integrals. Consequently, the cancellation of all gauge-dependent pinched parts within
the one-loop amplitude takes place before any UV divergences are regularized and renormal-
ized. For the purpose of demonstrating the cancellation of all gauge-dependences, we will not

solve any one-loop diagram. We will, however, make use of the following integral :
ky
E—0. (B.26)

K K

B.3.2. The Scattering Amplitude at LO

We choose the scattering of two quarks with equal masses m as depicted in Fig. as our
toy process. In order to perform the calculations by hand, we need the gluon propagator for
a gluon with momentum ¢ in general R¢ gauge, which reads \|

. 1 Quv | _ 1 qudv
iD (@) = ——= g — (1 = =" g — A , B.27
@) =~ | — (1= 22 ] y [gu - ] (B.27)

where we introduced the shorthand notation
Ai=1-¢. (B.28)

Since our toy process in Fig. is a t-channel scattering diagram, the kinematics of the
process is determined by

q=ro—r1=p1 —p2=Vt. (B.29)
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T2 1

D2 D1

Figure B.2.: Quark-quark scattering at LO. The scattering of two quarks, here depicted
at LO, serves as our toy process for introducing the pinch technique. Note that we are only
interested in the QCD-part of the scattering, i.e. the diagram that contains a gluon.

At LO, the scattering amplitude is given by
iALo = iT% A, (q)il% (B.30)

(r1,r2) (p1,p2) ?

where we defined the quark-quark-gluon vertex together with the contracted external spinor
structure [5],
G oy = 1(p1)gst ™y u(p2) , (B.31)

with " being the Dirac matrices, g5 the strong coupling constant and u(p;) and u(ps) the
(adjoint) spinors of the external quarks with momenta p; and pe, respectively. The form of

the other quark-quark-gluon vertex appearing in Fig. is analogous to Eq. (B.31).

Due to the appearance of the gauge-fixing parameter £ in Eq. , we would expect that the
scattering amplitude in Eq. is manifestly gauge-dependent even at LO. When inserting
Egs. (B-27) and (B.29) into Eq. however, we realize that due to the Dirac equation
in Eq. , the gauge-dependent part of the propagator is removed and the scattering
amplitude reduces to

. . _iguu .
IMiree = ZF((ZZ,TQ) 2 zl“?ll)’hpz) , (B.32)

which is manifestly gauge-independent as expected.

In the following, we want to apply the pinching procedure to the one-loop level. In order
to simplify the bookkeeping, we will investigate the distinct topological contributions from
Fig. of the one-loop amplitude separately.

B.3.3. Pinch Contributions from the Box Diagrams

We first consider the two NLO box diagrams shown in Fig. With the kinematics stated

in the Feynman diagrams, the sum of the two contributions reads

A = /k ()Y S (s — k) tu(ra) A (k — 0)A o (K)

(B.33)
- gou(pr) [vﬁt“S(pz + k)7t + 47t (p1 — k‘)vﬁt“] u(pa) -
Inserting the product of the two gluon propagators,
1 k—q)alk—q k ko
Aaﬂ(k - Q)Apa(k) = m [gaﬁg/w —A <( (k)—(q)2 )/ngff + 22 gaﬁ)
(B.34)

+ A2

(k —q)a(k — Q)ﬁkpka]
k2(k — q)? ’

into Eq. (B.33) allows for the separation of the box diagrams into three distinct contributions,

iAbox = [iAbox]gzl + [iAbox]A + [iAbox])\Q 5 (B35)
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Figure B.3.: One-loop box contributions. The one-loop box diagrams introduce several
pinching terms which contain the gauge-dependence. The kinematics is given in the diagram.
For the quarks, the direction of momentum flow is equivalent to the direction of fermion
number flow.

where we defined

. L 2_ aua b 9aBYpo
iAo ey 1= /k i S — Ky 1)

gZu(pn) V1S (D + Y+ TS (b1 — k)7 | u(p2) (B.36)
: L 2 - aga b (k - q)a(k — q)ﬁ koko
[tAbox]y = _)‘/kgsu(rlh t*S(ry — k)y"t"u(rs) < k2(k — q)* Gpo + mgaﬁ
- g3u(pi) [vﬁ tS(p2 + k)7t + 771" S(p1 — k)7’ t“} u(ps) (B.37)

, L na (k — @)a(k — q)skoko
iAbon] 2 = A /kgium)v t85(r2 = Ky thulrs) =

- g2u(py) [’y’Bt“S(pg + k)t + 47t S (py — k:)’yﬂta} u(p2) - (B.38)

The pinch technique is always applied if a contracted loop momentum § (or other combina-
tions § 4 ¢ containing the loop momentum) appears next to an internal fermion propagator.
To illustrate the procedure, we first focus on Eq. and take a look at the effect of the
loop momentum k, being contracted with the Dirac matrices in the second line of Eq. :

BogZu(p1) [771°S (b2 + Kyt + 7S (o1 — )771%| u(p2)
= gu(p) |4 S(ps + W) + S (p1 — k)Y ﬁta] u(p2)

P2 gZa(pr) (1S (e + ) (ST (o + k) = S (pa)
— (57N -k =57 >)t”s<p1 k)t u(po)

B2 g2apn) [ S (pa + K)S ™ (pa + )Y (B.39)
=7 o1 = K} (1 — W7t u(po)

"= a(pr ) [t“, tb} u(pa)

zgs alpr)7 F et ()

9T

Using Egs. (B.17) and (B.19) is precisely the application of the pinch technique. The inter-
mediate result in Eq. (B.39) has the form of a new effective vertex of two quarks and two

gluons, since the lower internal fermions in the two loops in Fig. are pinched out.
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In order to consistently apply the pinch technique, we have to pinch again, since the other
momentum k, can also be contracted with the Dirac matrix in the first line of Eq. (B.37):

kg (1)t S (r2 — k)"t u(r2)
= g2u(r)y*t"S (r2 — k)ft'u(r2)
= —g2u(r))y°t*S(ro — k) (571(7“2 —k)— Sil(rg)) tPu(ry)
= —g2a(r)y*t% u(ry) .
Combining both results gives the first part of the contribution to [iApey]y:
- )\/ggﬂ(rl)vataS(rg - k:)vptbu(rg)zlkpikg 9ap
k k(k — q)?
g2u(pr) [11S (p2 + k)Yt + TS (o1 = )77 | u(po)
- )\/k k4(l‘gaﬂ )295 (Tl) afathatb (T2)lr(§17p2)

B.41)
1y o GaB .z c cf (
= MO g g et )i, )

9ap eo e
/\QSCA/]Mzr(rl,TQ)ZF(Pl,P2)

. 9ap co c
= /\gsCA/kg(kJr) (r1, TQ)ZF(m,m)

In the last step, a shift of the loop momentum has been performed. The calculations of the
second contribution to [iApex], as well as of the contribution [iApey], proportional to A2 are
completely analogous. In total, the contributions read

(B.40)

- _ 2 gaﬁ R alee] . CB
[Z'AbOX]A = Ags CA/ kQ(k + q)4ZF(r1,r2)ZF(p17p2) ’ (B'42)
. Ca kokg . .
_ 2 2 ca cf
[ZAbOX] =AY 2 /k;‘l(k-{—q)‘lzr(rl,rz)zr(mmz) ) (B'43)

With these results at hand, the full box contributions from Eq. (B.35) can be cast into a
convenient form:

ZAbOX = I:ZAbox]g 1 + )\gS CA/ k2 ]{j + q) iF€g17T2)7:F€517p2)

2 2“A _ valvp o eB
A 2/, kA (k +q)4ZF(T1,T2)2F(p1,p2)
» B.44
= [Z-Abox]gzl ( )
CA kakg JoB y
i )\22/—)\20 /FCB
D 295 { T ikt T R gt @ )
. ca gocu v _igﬁu ¢
= [ZAbox]gzl +1 (r1,r2) q Elbiox( ) q2 ZF(P1,P2) ’

The gauge-dependence is completely shifted into the factor

Ca krEY gt
2.2 [y2 2 2
ok (4 %) =93q [)\ 75 . W — g CA/kkw} ) (B.45)

which has the structure of a self-energy, i.e. the factor depends only on ¢ = v/¢, but not on any
other Mandelstam variables nor on any external masses m. This is exactly the achievement
of the pinch technique. We started with gauge-dependent contributions originating from box
diagrams, but as it turns out, these gauge-dependent contributions have the structure of
self-energies.
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Figure B.4.: First part of one-loop triangle contributions. The first part of the one-
loop triangle contributions consisting of two triangle diagrams. Since both diagrams yield
equal pinch contributions, we calculate only the first diagram i.A¢i1,1 explicitly.

B.3.4. Pinch Contributions from the Triangle Diagrams

The next pinch contributions originate from the triangle diagrams depicted in Figs. and
We start with the calculation of the former two diagrams. The full amplitude of these
triangle contributions is given by

iA1= 1A + i Agi12 (B.46)

where the amplitudes corresponding to the two diagrams, iA¢qi1,1 and Ay 2, are defined in
Fig. The first of the two explicitly reads

iApin = / (r1)gay t"u(ra) Aas (@) A pe (k)a(p1) v 1" S (p1 + k)Y 1S (p2 + k)77t u(ps)
k

—i 1 kpko \ _ a o
= 2 L) 9 /9a5k‘2 <gpa - AZ@) a(p)yPtS (1 + k)Y 1S (p2 + k)7t u(ps)
= [tAwi11 -1 1 A1, ) '
[iAwin1le_y + [iAwina] (347

where we have split up the amplitude by defining

. — . an 9apBYpo _ a o
[1Awir ey = 2 L) % /k QZQP u(p1)y*1°S (pr + k)t S(p2 + k)Yt u(p) ,  (B.48)

. i aa koko _ a o
[iAtri1,1] = )\q il ) gg’/kgtlﬂkfu(pl)’yptbS(pl + k)y5t S(p2 + k) tu(pa). (B.49)

The calculation of the gauge-dependent part [i.A;yi1,1], is analogous to the calculations of the
box diagrams:

[iAwit 1], = /\ 0 0 / 998 a(p) kS (p1 + k)7t (p2 + k)Rt u(ps)

k4
(B.17] ac Ja - -
-Af T8y 08 [ Se2aton) (57 ) = 57 ) (o + )

VS (pa + k) (S (p2 + k) — S (p2)) thulp2)  (B.50)

-Bl ac Ja a
A— Tl ) 9 / kf a(p1)y 0t u(ps)

(B:22) Ca 9oB .1ap
- (T1,T2))\ 2gS (Cf )/ A F(th) '

If we repeat this procedure for the second diagram in Fig. by splitting the amplitude into
two parts,

iAgin2 = [iAwire)ey + [(Aai 2]y (B.51)
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Figure B.5.: Second part of one-loop triangle contributions. The second part of the
one-loop triangle contributions consists of two diagrams. Since these diagrams contain the
three-gluon vertex, they yield pinch contributions not only through internal gluons in the
loop, but additionally, through the three-gluon vertex itself.

we realize after a short calculation that the gauge-dependent part equals the one from the
first diagram:

[iAui12]y = [iAui1], = (B.50) . (B.52)

With these results at hand, the full contribution of the first two triangle diagrams in Fig.
is given by

iApil = [iAtril ey + [MAwin]y + [fAin2]em; + [1Awin2]y,
(B5
[Z-Atrll]g 1 +2- [ZAtI'l]. 1]
(B50) 9aB | =% .ap (B.53)
= [ZAtrll] =1 + ZF(T1 72) q2 gb |:)\ (CA —-2C ) / ]{4:| Tzr(pl,pQ)
s —igou v —198y . afB
= [Z.Atru] -1 —i—zF(Tl T2)7q2 Efml( ) 2 zl“(phm) )
We have shifted the full gauge-dependence into the factor
v g™
Zztrll( ) - gs A (CA -2 Cf) /k ﬁ , (B54)

which again has the structure of a self-energy, even though the gauge-dependent parts origi-
nated from triangle diagrams.

We turn to the second class of triangle diagrams shown in Fig. We calculate both
diagrams separately again by splitting up the amplitude according to

iAo := 1 Awrio 1 + 1 Awi2,2 (B.55)
and begin by calculating the former:
iAuio1 = —igs [ /k u(ry) Yt u(rz)u(p1)y"t" S (p2 — k)v"t™ u(p2) Aap(@) A (k)

Vgt 2k + q) — g”P(2q + ’fﬂ

l_|

1/1/’

gt Qf‘“"”/ kg(k+q) 1)yt u(r2)u(pr )y t" S (p2 — k)"t u(p2)gas

ks (k+ Qulk + Q) bk (k& @) (k + @)
. o — )\ nhp! ! , )\2 12349 7%
[g““g ( RO T g 9) T 20k + )

9™ (@ =R + g 2k 0) — g7 2+ )" | (B.56)
= [iAwiz 1]y + [iAwi2a]y + [(Awi2a]
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In the last step, we split the amplitude into three different parts:

1 1
. . 4 amn — aga — van o Ham
vl 1= il ™ [ )y o) S 02— B (o)

- GGt G [gﬁ“'(q — k)Y 4+ g"V 2k +q)® — ¢""P(2¢ + k)“'} , (B.57)

1
amn — o a — vin _ Haem
[iAgiza]y = —Aigs 2f /k2<k+q)2u(m)'y thu(r2)u(pr)y"t"S(p2 — k)v"t" u(p2)
o @R + g 2+ @) — g P 2q+ 7| (B5S)
kuku’ (k + Q)l/(k + Q)u’
*Jap < k2 Juv + (k: + q)Q Gup' | >
1 1
. . \2: 4 amn — aga — vin m
[iAgi2,1] 2 = A ng?f /kkg(k_i_q)gu(rl)”y t*u(re)u(pr)y"t"S(p2 — k)"t u(p2)
g =R + g 2k 0) — P 2q+ R (B59)
) kuku’(k +q)u(k+ q)u
PRk )2

With regard to the pinch technique, this triangle diagram provides a special case which we
did not encounter so far, since it contains a three-gluon vertex. We observe that it is not
only the parts proportional to A or A? that contain pinch parts through the application of
the Ward identity in Eq. . The term in Eq. which is proportional to A, i.e. the
term which remains in the amplitude if the calculation is performed in the Feynman-"t Hooft
gauge, contains loop momenta originating from the three-gluon vertex. Contracting these
loop momenta with the Dirac matrices in Eq. yields additional pinch contributions by
applying Eq. . For the moment, we will neglect these contributions, since we focus on
the gauge-dependent parts only. In App. we consider these contributions in detail and
present arguments for the inclusion of these additional gauge-independent terms in order to
make the pinch technique consistent.

The calculation of the parts proportional to A and A? in Eqs. dB.58D and QB.59D is completely
analogous to all calculations performed before. Therefore, we will directly state the results:

. aa kakﬂ 2 Jap JaB \ a8

[ZAtriQ 1] (r1, 742))\95 CA / (k4(]{7 T q)z’ +4q m k4 ZF(p1,p2) R (BGO)
; _ kakg rbp
[ZAtriQ,l])\z 7’1 r2) 7QSCA k‘4 k‘+q (p1,p2) . (B61)

In order to get the full result, we need to calculate the second diagram of Fig. as well.
The pinch contributions given by this diagram are exactly the same as the ones we calculated
before, so the full gauge-dependent part is easily obtained:

~Wap v ) 9By jpes (B.62)

ZAtr12 - [lAth]g 1 + ) (7'1 T'g) q2 (ter)( q2 (p17p2) )

where we defined
uv Lt eV guu
S () = g2 |2 (22 /92 /—2 /
? tr12( ) 9s9q |: ( q CA k2(k+Q)4 + CA kk4(k+Q)2 CA i :IC4

kHEY
_A2g2
A C/l&k—l—q}’

which again has the structure of a self-energy.
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Figure B.6.: One-loop correction to the quark self-energies. For a consistent calcula-
tion of the one-loop scattering amplitude, the one-loop corrections of the external quark legs
have to be considered as well. The pinch contributions are the same for all four external leg
corrections, therefore, we depict only the correction to one external leg.

B.3.5. Pinch Contributions from the Quark Self-Energy Diagrams

So far, we calculated all NLO box and triangle contributions to the quark-quark-scattering.
Next, we focus on self-energy contributions. In order to consistently apply the pinch tech-
nique, we need to include one-loop corrections to the external quark legs as depicted in
Fig. Note that all four diagrams carry a factor of 1/2 which originates from the correct
application of the LSZ reduction formula for the external leg corrections. The correction to
one external quark in Fig. is given by

1
i Aself,q,1 = 595 / (Tl)Watau(Tz)ﬂ(Pl)7[375&5(}?2)7’375175(1?2 + k)Yt u(p2) Aus () A po

w
II.

1 1
[Z-Aselfq, }g 1T in% Cf ga5?1 (m,r2) /k yﬁ(Pl)vﬁt“S(m)%S(m + k)Fu(p2)

B17 1 1 .
[iAs elf,q,1 } -1 +1)\ Cf gaﬁq2lr(r1 r2) /kkAU(pl)’YBt S(p2)u(p2)

: [5_ (p2 + k) — 25 (p2) + S™ (p2) S (p2 + k) S (p2)]
(B.26)

3 1
[iAseltq,1)—y i)‘%scf 9o 7 ra) /k u(p1)y t*S(p2) S~ (p2) (B.64)
1 B
(= 80a 4157 ) )

s —iGap | A o o [ 9" —tgsy . afB
= [Z-Aself,q7 ] -1 +ZF(T1 r2) q2 |:2gs qu /kk4:| q2 ZF(pl’m) .

Repeating the calculation for the other three external quark legs reveals that they all give the
same result with respect to the pinch technique. In total, the full one-loop quark self-energy
contributions, given as the sum of the four external leg corrections, reads

. L —ig, —i9py ap
iAsattq = [iAseitaley + TG ) qw Z(catq) (4 )TVZF?pI,m)’ (B.65)

where we defined w
il q(a®) = gid? [2)\Cf /k gkd . (B.66)
B.3.6. Pinch Contributions from the Gluon Self-Energy Diagrams

The only missing ingredients to the full one-loop amplitude of the quark-quark scattering are
the Feynman diagrams containing the gluon self-energy corrections, depicted in Fig. The
fermion loops do not introduce gauge-dependences and since gluons are massless particles,
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Figure B.7.: One-loop corrections to the gluon self-energy. The quark-quark scat-
tering amplitude contains contributions consisting of one-loop corrections to the gluon self-
energy. The corrections include loops with gluons, fermions and ghosts. Neither the fermion
nor the ghost loops introduce pinching parts.

the ghost loops introduce no gauge-dependent parts either. Thus, the only diagram we need
to pinch is the one with the gluon loop. The calculation is exactly analogous as the previous
calculations, thus, we shorten the presentation of the calculation and directly state the result.
Taking into account the symmetry factor of 1/2 for the gluon loop, the sum of all contributions

from Fig. reads
. 1 _ s _
iAseitg = =505 /k“(ﬁ)’y t*u(r2)u(p1) 7yt u(p2) Daar (9) Dp s (@) Dy (B) Dy (K + q)
_fmbnfman [gpﬁ’(k _ q)y _’_gﬁ’u(2q+ k),u _’_gu,u(_2k - q)ﬁ’]

: [g"'a' (¢ — k) + g™V (—2q — k)" + """ (2k + Q)a/}

+ [iASElfvg]fermion + [iAselfag]ghost
51 CA ve roaB / Yo' 9BB' o Kk (k + @) (k + q)u
= ——I I 5 'Gu + A
9s ) W)™ (1 pa) i kK2(k + q)2 urs G’ k2(k + q)?
kuk ' Juv! (k+Q)V<k+Q)u’g /
W AT ke B.67
< o (k +q)? (267

' {9"6'% —q)" + g7 (2q + k)M + g7 (—2k — Q)’Bl]
[ =07 + g7 (<2 Ky g 2k 4 |

+ [Z.Aselfvg]fermion + [Z.Aselfvg]ghost

. . _iga,u. v 2 _igﬁu. aB
:[Z'Aself’g]&:l+l ((17?;,7“2) 7 v selﬁg( ) q? ZF(11717102)’

where we defined

. Cha kFEY gH ALY g
vo2y 22 (42 2 2
i) = [P [ O [ (Pt g

(B.68)

which has the structure of a self-energy, as well. Analogous to the second class of triangle
diagrams, cf. Fig. the presence of the three-gluon vertex introduces pinching which does
not remove an internal fermion line but one or two internal gluon propagators, depending
if the separate terms in the pinch contribution in Eq. are proportional to ¢* or ¢,
respectively.

B.3.7. The Full One-Loop Scattering Amplitude

With every gauge-dependent one-loop contribution to the quark-quark scattering being calcu-
lated, we are now ready to calculate the full one-loop contribution to the scattering process.
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Figure B.8.: Generic result of the pinch technique. The application of the pinch tech-
nique allows for the extraction of all gauge-dependent parts originating from boxes, triangles
and self-energies. The extracted pinched parts always have the structure of self-energies i%!"
embedded into a generic tensor structure which consists of two gluon propagators and two
quark-quark-gluon vertices.

First, we observe that the application of the pinch technique to all box, triangle and self-
energy diagrams allowed us to split every amplitude into two parts,

- —op v 2y L9y raB
iA; = [iAi]e_y + 0 ) 2 % (q7) 2 L o) (B.69)
where the subscript “i” is a generic notation for all the amplitudes that we calculated in the
previous subsections. The terms containing the gauge-dependent parts, i%!' V(q2), are purely
self-energy-like, i.e. they depend only on the momentum transfer ¢, but not on any additional
momenta or external masses m. This result is depicted diagrammatically in Fig.

For the calculation of the full one-loop amplitude of the quark-quark scattering process, we
add up all diagrammatic contributions:

TANLO = i1Apox + T Awit + 1Az + iAself,q T P Aseltg - (B.70)

Since we calculated all parts of the one-loop amplitude explicitly in the previous subsections,
we insert our results from Egs. (B.44), (B.53), (B.62)), (B.65) and (B.67), which yields

iANLO = [iAbox]£ 1 + [Z.Atril]gzl + [iAtriQ]gzl + [iAself,q]gzl + [iAself,g] -1

Zg v
+ ZF(TI,TQ) q? au [ E{;OX< ) + ZE‘ml< ) + ZZth( ) + Zzselfg( ) T Zzselfq( )]
) —196v .ap
q2 ZP(Pl,Pz) (le)
B ~iGop v —19Bv .1
= [ZANLO]g 1+ (r1 r2) 2 Eg a.(g ) ¢ Zr(phm) '

In the last line, we combined all gauge-dependent parts into a single term

Zzglfi(‘f) = i34, ( ) + ZEtr1l( ) + ZEtr12( ) + quself( ) + ZEgself( ) ) (B72)

box \4

which, when inserting the expressions for the gauge-dependent parts, namely Eqs. (B.45),
(B.54), (B.63), (B.66) and (B.68), vanishes:

X (@) =0. (B.73)

In order to illustrate the intricate cancellations of the gauge-dependent parts originating from
the boxes, triangles and self-energies more clearly, we list in Table all gauge-dependent
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DY 0 0 0 Ca — 2C}
in —q*Cy 204 2¢*°Ca —2CA
iShertq 0 0 0 2C%
Shett g q2% —2Cy —q*Ca Ca
Sum 0 0 0 0

Table B.1.: Cancellation of all gauge-dependent parts (adopted from ) The
gauge-dependent parts originating from different topologies, i.e. boxes, triangles and self-
energies, cancel against each other in order to yield a manifestly gauge-independent one-loop
scattering amplitude.

parts and their cancellations against each other. With that result at hand, the full one-loop
amplitude reduces to

1ANLO = [i.ANLo]E:l . (B.74)

We want to emphasize that — while this result creates the impression that we have chosen
a specific gauge, namely the Feyman-'t Hooft gauge — Eq. is valid for any arbitrary
value of the gauge-fixing parameter £. If we would have chosen e.g. Landau gauge with £ =0
and calculated all box, triangle and self-energy diagrams, then the full one-loop result would
nevertheless have been equivalent to Eq. . The one-loop scattering amplitude coincides
with the amplitude being calculated in Feyman-"t Hooft gauge after all gauge-dependent parts
cancelled against each other. This makes the gauge-independence of the amplitude manifest.

Through the application of the pinch technique, we were able to extract all gauge-dependent
parts originating from box, triangle and self-energy diagrams, all of which have the kinematic
structure of self-energies. We have shown that all gauge-dependent parts precisely cancel
against each other, yielding a manifestly gauge-independent one-loop amplitude.

B.3.8. Additional Pinch Contributions from the Three-Gluon Vertex

With the cancellation of all gauge-dependent parts within our one-loop scattering amplitude
having taken place, we might consider our investigation of the pinch technique to be complete.
However, in App. we already mentioned that there is another source of pinch contribu-
tions originating from the three-gluon vertex. In Eq. (B.57), the momenta of the three-gluon
vertex can be contracted with Dirac matrices appearing next to internal fermion propagators,
which creates additional sources of pinch contributions. In the following, we want to investi-
gate these additional pinch contributions. Note that since the gauge-dependent parts already
cancelled against each other completely, we expect these additional pinch contributions to be
manifestly gauge-independent by themselves.
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Figure B.9.: Three-gluon vertex. Depiction of a generic three-gluon vertex with external
color indices a, m and n and Lorentz indices «, p and v. All momenta are defined to point
into the vertex, so that ¢ + k1 + ko = 0 holds.

In order to generalize the procedure of the additional pinching, we consider a general three-
gluon vertex as depicted in Fig. They Feynman rule of the three-gluon vertex reads

quz};b(q? kla k?) = gsfamnrozul/(q, kla kZ) ) (B.75)

where we defined the short-hand notation
Lo (q, k1, k2) == guw (k1 — k2) + gow (k2 — @), + Gap (¢ — k1), - (B.76)
Note that we define all momenta to point into the vertex so that
q+ki+ko=0 (B.77)

holds. If the three-gluon vertex appears inside a one-loop amplitude as e.g. in Fig.
then two of the gluons are connected via quark-quark-gluon vertices with a quark propagator
inside the loop. Exactly this quark propagator can be pinched out with the loop momenta
appearing in Eq. by applying the Ward identity from Eq. (B.17). If we let the two
gluons with momenta k1 and ks be connected with a quark propagator, then we can split the
three-gluon vertex into two parts,

FO!HV(q’ ki, kQ) = Fgfw(q’ ki, kQ) + ngy(% k1, k2) ) (B78)

where we defined
ngy(% k1, kZ) = (kl - k2)a Guv + 2(]1/ga,u - Qngay s (B79)
Fg,uy(qv k1, k?) = k?,ugau - kl,ugau . (BSO)

The superscripts “np” and “p” indicate the non-pinching and pinching parts, respectively.
Only Fgw will pinch, since only this term contains the two momenta k; and ks with Lorentz
indices ¢ and v. Exactly these two loop momenta ki, and ko, are contracted with Dirac
matrices from the quark-quark-gluon vertices inside the spinor chain which also contains the
to-be pinched internal fermion inside the loop, cf. Fig. On the other hand, the term I'5F,
contains the loop momenta (ky — k2), which are contracted with a Dirac matrix inside the
upper quark-quark-gluon propagator in Fig. Since the spinor chain which contains this
vertex does not contain any additional internal fermion propagators, there are no additional

pinch terms induced by I':P

apy:
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k1 ko

e v

Figure B.10.: Three-gluon vertex inside a triangle diagram. The loop momenta k1 ,
and kg, appearing in FEW are contracted with Dirac matrices from the quark-quark-gluon
vertex which appear next to the internal fermion propagator, thus yielding pinch contribu-
tions. The loop momenta (k1 — k2),, contained in I}, are contracted with the quark-quark-
gluon vertex which contains no additional internal fermions in a loop, thus, they yield no
pinch contributions.

With this general result at hand, we consider again the first of the two Feynman diagrams
shown in Fig. We rewrite the so-far unpinched amplitude given Eq. (B.57) in such a
form that it contains the general form of the three-gluon vertex in Eq. (B.76),

- - 1 amn 1 1 o a = rvin m
(i Atrig]e—y = zg;L?f /kwum)v tu(ra)u(p)y”t"S(pa — k)y" ™ u(pa)

) gaﬁguu’guu’rﬁu v (Q7 k,—k — Q)

B78) . 41 amn 1 = o — vyn m
Y igh 51 [ et )y S (2 = k)

k+q)?
a9 [T (@, —k = @) + T (4, —k — q)
= {iAltlg?vlL:1 + [iAfri2,1}£:1 ; (B.81)
where in the last line, we defined
1A%] =it £ [ ot ) a1y S (o K1)
tri2,1 e=1 : S q2 & kQ(k + q)2
: gaﬁguu’guu/rglslul (Qa ky —k — Q) ) (B82)
1 1
s AP 4 amn — aqga — vin m
. = — —_— t t"S — k)Mt
[ZAtrQ,l}g:l 195 qgf /kk2<k+q)2u(7n1)7 u(r2)u(p1)7 (p2 )’7 U(pg)
 Gap G G T (a0, k,—k — q) . (B.83)

It is only Eq. (B.83) that contains additional pinch contributions. The rest of the calculation
is analogous to the previous subsections. We insert the definition of the three-gluon vertex,

Eq. (B.80), into Eq. (B.83)) and make use of the Ward identity in Eq. (B.17) in order to pinch

out the internal fermion propagator. In the end, this yields

1 g
- AP _ __sTao 27 aﬁ . G,B
[ZAtriz,lhzl = =il )95 P CA/k R0k + q)QzF(mm) . (B.84)
The second Feynman diagram in Fig. gives exactly the same pinch contribution. There-
fore, the complete additional contributions from the triangle diagrams containing the three-
gluon vertex read

. T . _ig . 2 —igg .waf3
[iAsriz]—y = [1ALR,] I o q;u i (¢%) 3 v Zzﬁphm) , (B.85)
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where we defined

i) = o 208 [ ) (B.56)

add S k k2(/€ + q)2

The remaining unpinched part of the amplitude, [iA?gz] =10 is the sum of the unpinched part
of the first Feynman diagram in Eq. (B.82) and the contribution from the second diagram,
which we did not write down explicitly. As it was the case in the previous subsections, the
additional pinch contribution originating from the three-gluon vertex in Eq. (B.86) has the
structure of a self-energy. In contrast to the other terms however, this additional term is
manifestly gauge-independent by itself, as we expected it.

The question remains why we should make the effort to investigate the effects of this addi-
tional pinching of the three-gluon vertex in the first place, since we already demonstrated
the gauge-independence of the one-loop scattering amplitude in Sec. B.3.7. However, the
demonstration of the cancellation of these gauge-dependences is not the only application of
the pinch technique. Furthermore, the technique can be used to create pinched vertices and
self-energies which satisfy additional useful relations, e.g. tree-level Ward identities.

We have seen in Eq. 1) that the pinch term originating from [iAEriQ] =1 has the structure
of a self-energy. In order to construct a pinched vertex, this self-energy-like term has to be

excluded, since the proper pinched vertex should contain vertex-like parts, only. We consider
the term [i.AEriQ] =1 again in App. as soon as we create a pinched self-energy.

For the creation of the pinched quark-quark-gluon vertex, we combine the terms [i AP, ] e=1
as well as the complete triangle contributions [i.Ayi1] £=17 since the latter contain no self-
energy-like parts either. The pinched vertex itself can be extracted from the sum of these
terms by truncating the diagram, i.e. by removing the internal gluon propagator and the
quark-quark-gluon vertex which is not connected to the loop, cf. Fig. In contrast to
the ordinary quark-quark-gluon vertex, the hereby created pinched quark-quark-gluon vertex
has a remarkable property. If we denote with Z; and Z5 the renormalization constants of the
pinched quark-quark-gluon vertex and the quark self-energy following from the external leg

corrections, respectively, then it can be shown that
AR (B.87)

holds at the one-loop level. Of course, Eq. has exactly the same form as the famous
identity between the renormalization constants of the electron-electron-photon vertex and
the electron self-energy which can be derived in the framework of QED [5], which is an
abelian gauge theory. If we would have chosen to use the ordinary quark-quark-gluon vertex,
Eq. would not hold, but instead, the vertex and the quark self-energies would be
connected by a more intricate Slavnov-Taylor identity . However, by using the pinched
quark-quark-gluon vertex, we find with Eq. an identity for QCD, which is a non-abelian
gauge theory, that is completely analogous to QED, i.e. the pinched quark-quark-gluon vertex
satisfies a tree-level-like Ward identity.

B.3.9. Creation of a Pinched Gluon Self-Energy

In the last subsection of this introduction, we want to present another major achievement of
the pinch technique, namely the creation of a manifestly gauge-independent pinched gluon
self-energy. In the previous subsection, we have shown that the three-gluon vertex gets
modified when using this pinch technique and the pinched three-gluon vertex does not contain
the term [iAEriQ] ¢—1 ANy more. For the pinch technique to be consistent, these terms have to
be absorbed somewhere else in the one-loop amplitude. As we will see in the following, this
is achieved by the creation of the pinched self-energy.
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Figure B.11.: Truncated gluon self-energy. One-loop contributions to the gluon self-
energy. The corrections include loops with gluons, fermions and ghosts. The fermion and
ghost loops are gauge-independent, while the gluon loop introduces a gauge-dependence to
the self-energy. Note that all diagrams are truncated, i.e. the polarization vectors of the
external gluons are omitted.

The ordinary gluon self-energy i34~ (¢%) is given as the sum of the three contributions depicted
in Fig. B.11. Since we already considered the gluon self-energy diagrams contributing to
the quark-quark scattering in App. we can directly present the gauge-dependence of
the ordinary gluon self-energy. By truncating the diagrams in Fig. B.7] i.e. by removing the
external fermions, the quark-quark-gluon vertices and the internal gluon propagators carrying
the momentum transfer ¢, we end up with the truncated gluon self-energy shown in Fig.[B.11]
This allows us to identify the gauge-dependence of the self-energy with the already calculated
term in Eq. (B.68). Thus, the gluon self-energy takes the form

S () = [iTh(q?)] - +i¥l (67 . (B.88)

In the previous subsections, we observed that all pinch contributions are self-energy-like. Con-
sequently, we create the pinched self-energy by adding to Eq. lb all pinch contributions®.
Hence, the pinched gluon self-energy is given by

IS (¢7) 1= i (¢%) + 8o (a7) + 84 (67) + i3 (07) + il o (6%) + 2 (¢°)

B [ | | | |
= (1205 (%)) oy +i850(a%) + i3G5 (6%) +i845(0%) + X
+iSl . (6°) + i2hea(d%) (B.89)

(B.72) . 2 . 2 . 9

=7 (1240 (4] =y +1550.(67) + %444 (¢7)

(B.73) . 2 . 2

= [125 (@) o2y +1%0aa(0”) -

Analogous to our discussion after the cancellation of all gauge-dependent parts within the one-
loop amplitude, cf. Sec. we want to emphasize that the form of the pinched self-energy
is valid for all gauge-fixing parameters £, despite Eq. (B.89)) has a form that might suggest
that a specific gauge was chosen. Consequently, this pinched gluon self-energy is manifestly
gauge-independent and equivalent with the sum of the ordinary self-energy calculated in
Feynman-’t Hooft gauge and the additional terms originating from the three-gluon vertex

derived in Sec.

As it was the case for the pinched three-gluon vertex, the pinched gluon self-energy yields an
analogy to QED. If we denote with Z, the renormalization constant of the strong coupling
constant and with Z,, the wave function renormalization constant of the gluon field as defined
over the pinched self-energy, then it can be shown that

Zg, = Zyg!* (B.90)

holds at the one-loop level. This is nothing else than the QCD-analogue to the QED relation
between the renormalization constant of the elementary charge e and the wave function
renormalization constant of the photon .

3Apart from the pinch contributions originating from the self-energy diagram in Fig. to avoid double-
counting.
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As a final remark, we want to point out that the pinched self-energy in Eq. can be
derived not only by use of the pinch technique. As an alternative, we could have chosen
to formulate QCD in the framework of the background field method . The Green’s
functions derived within this framework have numerous desirable properties, e.g. they fulfill
tree-level-like Ward identities to all orders of perturbation theory and for every background-
gauge-fixing-parameter. By calculating the gluon self-energy within the background field
method, it can be shown that the self-energy coincides with Eq. if the Feynman-'t
Hooft gauge for the background-gauge-fixing-parameter is chosen. Consequently, the Green’s
function derived by means of the pinch technique adopts all desirable properties from the one
derived with the background field method.



APPENDIX C

The Pinch Technique in the 2HDM

In this thesis, we used the pinched self-energies of the scalar sector of the 2HDM in order
to define manifestly gauge-independent scalar mixing angle counterterms da and §3. In the
following, we want to give a brief presentation of the derivation of these pinched scalar self-
energies. For the CP-even Higgs self-energies, the application of the pinch technique within
the MSSM was discussed in . We want to present the analogous calculation within the
2HDM and compare it with the results for the MSSM. Additionally, we apply the pinch
technique to the CP-odd and charged Higgs sector.

C.1. The Pinch Technique in the 2HDM in Practice

In App. we presented the application of the pinch technique in QCD. For the calculation
of the pinched self-energies, we will apply the pinch technique to the electroweak sector of the
2HDM, since all pinch contributions for the scalar self-energies stem from electroweak one-
loop corrections. In order to apply the pinch technique, we have to choose a toy scattering
process which contains the to-be pinched self-energies in the form of tree-level propagators.

The toy processes that we consider for the derivation of the pinched self-energies in the 2HDM
are processes with non-conserved fermion currents. The application of the pinch technique
within such a theory is significantly more involved than within QCD. If we wish to create the
pinched self-energy of e.g. the charged Higgs, we observe that the particle couples to external
fermions with different masses mq and mso. In practice, this means that the fundamental
Ward identity from Eq. , which is applied every time we want to pinch out an external
fermion, has to be modified to

Fws =S p+ k)ws — weSy H(p) + miws — maws 1)
w kb =weSTHp + k) — Sy (p)ws + miws — mows '

with 457 and iS5 being the propagators of the fermions with masses m; and msy, respectively,
and with the definition of the chiral projection operators given in Eq. (2.49). The additional
terms on the right-hand sides of Eq. (C.1) give rise to additional pinch contributions.

In contrast to QCD, where the gluon self-energy was the only available self-energy to be
pinched, the electroweak sector of the 2HDM offers a variety of self-energies that can be
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modified by use of the pinch technique. If we want to apply the pinch technique e.g. to the
charged sector for the derivation of a pinched self-energy of the charged Higgs H*, we have
to allot the pinching parts for the charged sector between the self-energies of the HT, G* and
W¥ bosons as well as between the mixing self-energies of these particles. In this chapter, we
present the application only to a small subset of all possible self-energies of the 2HDM. For
more details on the subtleties that arise when applying the pinch technique to a theory with
non-conserved fermion currents, we refer to .

In order to perform the calculations by hand, we introduce the propagator for a gauge boson
V e {Z°, W*,~} with momentum ¢ in general R gauge,

—1 i

1A (Q) = 5 |Guw — AV , C.2
M ( ) qQ_m%/ 2 q2—§vm%/ ( )
where we defined the short-hand notation

Avi=1—¢&y (C.3)

for the gauge-fixing parameter &y of the gauge boson V. In the case of massive gauge bosons,
additional gauge-dependences are introduced to the one-loop amplitude through the ghost

and Goldstone propagators ’
)

- C4
¢* — &ymy, (C4)
Additionally, we introduce the parameters
S5 , if hi = hy=H° B , if hi = hj=H°
O}(ZT)J = —Sg—alf—a if hi 75 hj 5 O](f)J = S8—aCf—a > if hi 75 hj
B ,if hy=h;j =h° S5 ,if hy=h;=h°
(C.5)

which account for the coupling structure of the Higgs particles within the 2HDM.

For a convenient presentation of the results of our calculations, we introduce the scalar inte-
grals defined by 't Hooft and Veltman [119],

i , 1
oy Ag(i?) :—/kM , (C.6)

2,02 2y . 1
By(p™;my, m3) : /k [kZ—mﬂ [(k+p)2—m§] ) (C.7)

where we used the definition of the integral operator presented in Eq. (B.25). Furthermore,
we introduce the two additional integrals [100]

7
1672

i 1
1672 *V ::/k (k2 = mi] [ —&mi] -
; 1
L Bui(p) = | o
1672 VW /k (k2 —mi ] [k% = &ymi] {(k +p)* = m}

J

where m; is the mass of an arbitrary particle. Note that these integrals are closely related to
the usual scalar integrals defined in Egs. (C.6) and (C.7). If the Ay or By integrals contain
the gauge-fixing parameter £y, they may be converted to the oy and By; integrals according
to

Ao(fvm%/) = Ao(m%/) — )\Vm%/av , (C.10)
Bo(p*; &ymyi, mi) = Bo(p®;mi,, mi) — AvmiB;(p°) (C.11)



C.2. The Pinch Technique in the CP-Even Sector 131

G°/G* ANASS
I,’“\\ GY/G* GY/G*
| LT AN
hi N / hi ki hi by y A hi Ry Y \ B
——————— ~ L ———— - - —————— ———--4 -———— —-—-—--4 > - —-—-

\ / \ /

\\ // \\ ’/

GO/Gi AO/Hi
g [uw+ Z0 /W Z0/w# Z0 ) w*

\ / \

\\_// \\ ’/
uz/uwi ZO/VV:t 140/1{:t AO/IJ:k
C:U/CTV:t UZ/vaj: ZO/I/V:t
FEERN
/ \ S
\ / \

e :
Iy hy hi ki hx hi ki Iy hj
——————— *$-----——- - -—--—--- -

Figure C.1.: Gauge-dependent CP-even self-energy contributions. The figure shows
all CP-even self-energies for the Higgses h;, h; € {H 0 ho} that introduce a gauge-dependence
in the CP-even sector. The tadpole diagrams are the sum over both Higgses hy € {H 0 ho}
and only have to be included if the alternative tadpole scheme is chosen. Note the absence
of diagrams for the gauge-fixing parameter A, since the CP-even Higgs bosons do not couple
to the massless photon.

C.2. The Pinch Technique in the CP-Even Sector

We start our analysis by pinching the self-energies of the scalar CP-even sector, i.e. the self-
energies 1Y, for hi, hj € {H 0 ho}. In , the pinched versions of these self-energies were
calculated within the MSSM. The goal of this section is to redo the calculation for the 2HDM
in order to compare our results with the ones derived in the MSSM®.

C.2.1. Gauge-Dependence of the CP-Even Self-Energies

Before extracting the pinch contributions of the CP-even sector, we work out the gauge-
dependence of the CP-even self-energies explicitly by calculating all diagrams in Fig.
that introduce gauge-dependent terms to the self-energies. In order to extract the gauge-
dependences, we calculate each diagram in general R¢ gauge and extract from it the same
diagram calculated in Feynman-"t Hooft gauge, i.e. we calculate the quantity

[iA], g = 1A — [iAl_, (C.12)

for each diagram and for each gauge-fixing parameter & € {{z,&w,&,}. It is precisely
Eq. (C.12) which we call the gauge-dependent part of the self-energy. Note that this def-
inition is a priori not clear. In Eq. (C.12)), we emphasize the Feynman-t"Hooft gauge as an

'Since the MSSM and the 2HDM do not differ with respect to gauge-dependent contributions to one-loop
amplitudes, we expect to get the same result as in [100] from the start.
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Figure C.2.: Gauge-dependent contributions to the CP-even Higgs tadpoles. The
three diagrams are the only contributions to the CP-even tadpoles iT}, with hy € {H 0 ho}
that introduce gauge-dependent terms. The gauge-dependences of the ghost loops precisely
cancel the ones originating from the gauge boson loops.

outstanding gauge amongst all possible R¢ gauges, since it is exactly this gauge with which
we define the gauge-dependent part. We might as well could have chosen to use the Landau
gauge with & = 0 or any other gauge to define the gauge-dependent parts. However, as we
already have seen in App. [B| and as we will see in App. again, it turns out that all
gauge-dependent pinch contributions are proportional to Ay, which makes it clear that the
Feynman-’t Hooft gauge indeed takes a special role in defining the gauge-dependent parts.
A posteriori, the choice of Eq. is justified and will lead to a structure of the CP-even
self-energies of the form

izhihj (q2) - [izhihj (q2)]§:1 + [izhihj(qg)] g.d. (Cl?’)

for the standard tadpole scheme and

iy (a®) = [ (@d)] _ + [ )] (C.14)

g.d.

for the alternative tadpole scheme, with the last terms being the sums of all gauge-dependent
contributions determined by Eq. (C.12) and ¢ being the momentum transfer of the self-energy.

We first consider all gauge-dependent contributions in Fig. which contain no tadpole
diagrams, since this is the usual form of the self-energy within the standard tadpole scheme
which is widely used in literature, cf. Sec. [4.4.1. The full gauge-dependence of the CP-even
self-energies reads?:

; ig” (1)
64%20‘2}[,

[iEhihj(qZ)]g_d_ =\ Oy (q4 —2¢°m%o + m?o (m%l + mi) - m%im%j> By a0(q?)

2 2
mp, +my, 1
—Ohi, (92 - J) az+ 043 (4" = mim?,) (B22(a%) + Brex(a®)

1
O, (4" = 2P +mde (md, +md ) —mdm? ) fw=(¢)  (C.15)

2 2
my, +my, 1
—Ohsh; <q2 - QJ) aw + OﬁJ 5 (q4 - mi.mij) (Bww(d®) + ngw(qz))]

ig? AmZ A5 s mp, +mp,
+ A J ( W5 22« (m%,o — mio)> (9,(11,)1 - 37J<3hihj az

7128722, g2 ih; 2

) 2
ig dmiy A5 s2 9 9
+ Aw 6472 [( 2 = (mio — th))

2

2
1 My T M,
OF(LJLJ, — 3#(5}“% aw .

2Note that we denote with Bze¢z amodification of our notation in Eq. 1’ meaning that in this case, m‘Z/ = m2z

and ij =¢ zm% should be inserted. For Bwew, the modification of Eq. 1) is analogous.
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wo b

Figure C.3.: Toy process for the CP-even sector. We use the process "y~ — bbas
a toy process for the extraction of all pinch contributions to the CP-even Higgs self-energies.
The grey dot represents all electroweak one-loop corrections that introduce pinch terms. The
momentum transfer g is characterized by the Mandelstam variable s as the square of center-
of-mass energy.

All CP-even Higgs self-energies for any combination of Higgses h;, hj € {H 0 ho} are mani-
festly gauge-dependent.

If we want to calculate the self-energies in the alternative tadpole scheme, we have to include
the tadpole contributions from Fig. To this end, it is useful to consider the gauge-
dependence of the truncated tadpole diagrams first. Figure|C.2|depicts all contributions to the
CP-even tadpole diagrams which introduce gauge-dependent parts. The gauge-dependence
of the ghost loops and of the gauge boson loops precisely cancel. Consequently, the gauge-
dependence of the tadpoles is determined by the Goldstone loops. Explicitly, the gauge-
dependence reads

; 2 ; 2
1gMzSB—aMpo 1gMWSB—aMyo

T, = — . 1
[(Tholga P P Aw 39,2 aw , (C.16)
, 2 : 2
. zgmzc5_amH0 ngwcg_amHo
T = - A\yg— - A . 1
[ Tholg.a 2T Gam2ey 2T W gopz W (C.17)

We denote with gp,pn, the trilinear Higgs couplings between three CP-even Higgses hi, h;
and hy. The explicit form of the couplings is given by

39 my 2 2
GHO O[O = Gy <4 ggv Sa+855—a\s — Mo (28048 — S2aCs—a) | - (C.18)

as well as by Egs. (7.1)), (7.5) and (7.6). With the explicit form of the gauge-dependence of
the tadpoles in Egs. (C.16) and (C.17), the gauge-dependence of the tadpole diagrams of the

CP-even self-energies can be calculated:

1
h; | H° h + hi | RO h
g.d.
= (g0~ [1Tholg.a + 19ninho ——o~ [1Tholga (C.19)
_TnH0 _mho
9 7 2 +m?
_ g (Amwhs s e 0 ) o) g™ Ty
N )\Z 12877'26%\/ [( 92 32/5 (mHO mho) Ohihj 3 9 5hihj az

2

. 9 2 +m2
ig dmiyAs  Soa ;o 9 (1) MM, h;
AW [( 2 (i — i) ) O, — 3 | e

We note that these additional tadpole terms have exactly the same form as the last two
lines of Eq. (C.15), but with opposite signs. Consequently, these last two lines are cancelled
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Figure C.4.: Detailed CP-even box contribution. The Feynman diagram represents
one amplitude that will contribute to the Az pinch part. The kinematics necessary for the
calculation of the pinch part is defined in the diagram. All fermion momenta follow the flow
of fermion number, except for the external particles, where the momenta are purely ingoing
and outgoing, respectively.

when we consider the CP-even self-energies in the alternative tadpole scheme, whose gauge-

dependences are given as the sum of Egs. (C.15) and (C.19):

- 2
. 19 1
[zZ}fﬁj (q2)]g . = )\ZW O}(Li,)lj (q4 _ 2q2m1240 + mio (m%l + m%j) - m%im%j) 5ZA0(q2)
d. W
2 2
(- o, () )+ )]
ig? (1) (.4 2.2 2 2 2 9 9 9
+ )\W3271'2 Ohihj (q - 2(1 mHi + mHj: (mhi + mhj) — mhimhj> IBWH:I: (q ) (020)

2 2
mj, +mj, 1
O <q2 - 2> aw + O, 5 (a* = mi o) (Gww (@) + Bwsw(qz))]

We observe that the CP-even self-energies in the alternative tadpole scheme are still gauge-
dependent. However, the gauge-dependences of the diagonal self-energies vanish on their
respective mass-shells:

[izﬁ?gm(m?{o)}gd =0, (C.21)
[iZ}l%c}lo(mio)Ld ~0. (C.22)

As a consequence, the counterterms of the CP-even Higgs masses mygo and myo, as defined
over the diagonal OS CP-even self-energies in Eqs. (4.130)) and (4.131), are manifestly gauge-
independent.

C.2.2. Derivation of the CP-Even Pinched Self-Energies

Our toy process for extracting the pinch contributions for the CP-even self-energies is the
process utpu~ — b b as depicted in Fig. The kinematics of the process is shown in the
Feynman diagram. Explicitly, we denote with p; and py the momenta of the external (anti)
muons and with 71 and ry the momenta of the external (anti) bottom quarks. For those, the
four-momentum conservation

¢ =s:= (p1 +p2)2 =(r1 + 7“2)2 (C.23)

holds, with s being the Mandelstam variable as the center-of-mass energy. Note that in
contrast to App. we now consider a process which is determined over the s channel and
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Figure C.5.: CP-even box contributions. Full set of one-loop box diagrams for our toy
process that contain pinch contributions to the CP-even Higgs sector. The diagrams consist
of contributions from fermions F', gauge bosons V and scalar bosons S.

not the ¢ channel, with ¢ being the Mandelstam variable as the square of four-momentum
transfer. This makes no difference in regard to the pinch contributions themselves however,
since the pinch technique is process-independent .

As it was the case in App. B] all pinch contributions for the CP-even sector have the structure
of self-energies, i.e. they depend only on s, but not on any other Mandelstam variable, nor
on any external fermion masses. If we denote with

Y- if h; =H°
Yy =4 .2 00 . (C.24)
Yy L if hi=h

the Yukawa coupling constants for the 2HDM, as defined in Sec. then the coupling between
the external (anti) muons and CP-even Higgses and the external (anti) bottom quarks and
CP-even Higgses is given by

iem

. hi _ —
e = VP g Yiu(p2) (C.25)
. bbh; _ —iemy

() = W) 5 Y (r) (C.26)

Applying the pinch technique to all box, triangle and self-energy diagrams of the CP-even
sector reveals that all amplitudes can be cast into the form

A= [iAT AT i (¢7) gy T (C.27)

(p1,p2) g2 — m2 il g2 — m}QL ¢ (ri,r2)
j

where the pinch parts iZihi h; (q2) from the boxes, triangles and self-energies have to be assigned
to the CP-even self-energies iXp, (q2). The generic result in Eq. 1) is the 2HDM-analogue

to Eq. (B.69).

We begin by considering the exemplary box diagram in Fig. We want to calculate
the pinch contributions originating from this diagram explicitly in order to demonstrate the
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Figure C.6.: CP-even triangle contributions. Full set of one-loop triangle diagrams
for our toy process that contain pinch contributions to the CP-even Higgs sector. The sum
over both internal CP-even Higgs bosons hy € {ho, H 0} is taken. The diagrams consist of
contributions from fermions F', gauge bosons V' and scalar bosons S.

concept of the pinch technique in the 2HDM. With the kinematics given in the Feynman
diagram, the amplitude reads

. . ) jeh 1 ) em,Y:
ZAli)ox,Z A _ /U(p1) Y |:<2 _ S%}[/) w_ — S%/w+:| ZS(k - p1)27“375u(p2)
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In the last line, we split up the amplitude into the term [iAEOX’ZoAO} X which contains no
=
pinch contributions, and the term proportional to Az which can be pinched:
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Note that when we applied the Ward identity from Eq. (C.1), we neglected all terms that
introduce vertex-like pinch parts, i.e. parts that depend not only on the Mandelstam variable
s, but additionally on the external bottom and muon masses. These terms would have to
be assigned to the pinched 2HDM vertices. However, since we are only interested in the
construction of pinched self-energies, we can neglect them.

We repeat the calculation for the other three box diagrams which contain one Z° and one A°
boson, shown generically in Fig. [C.5, and add the results of the calculations to Eq. (C.29),
which yields

[z'AbOXvZ‘)A(’LZ = Az ?m(pl) [(; ~ s%v> - s%V] (wr +w-) u(ps)
(ra) (ws +w_) [— (3= 25%) — 28%] v(r) Bz (c?)
L TN pa)ia(ra)o(r) B ()

. 2 2 .
—iemy, 1g°Y- —iemyp

2567r mWCW

= —0(py)——H Ay—2 -3 )i
001) g7 g B (@)r2) 5 v()
) . 9
o —1emy, 9 2 C.30
= — ———(S3_4 Y1 _aYo) Y- Ag———— (C.30)
U(P1)2mWsW (sp—aY1 +cs_aY2) Yau(pa) Z647720%,V5ZA0(Q)
_ —1emy
. ’I,L('I“Q)m (Sﬁ_aY1 + Cﬁ_aYé) }/3”0(7“1)
(1)
ig Ohh bbh;
= i ““h Az 5 Bzao () | T
}% (p1,p2) 647m2¢ Cy (r1,72)
b box,Z0 A0 , o { <bbh;
- }%}; (p1,p2) PE _mi Zzhihj (q )q2 _m%j t (r1,r2)

where in the last line, we have defined the complete pinch contribution of the Z°A° boxes,

.- 2.m(1)
g (’)h b
s, 5 B7.40(q°) - (C.31)
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In order to derive the pinch contributions in Eq. (C.30), we have used that the following
relations hold independently of the 2HDM type:

1= SB—aYI + Cg,aYQ , (C.32)
Cg—aY3 =83_aq — Y1, (C.33)
Sg—aY¥3 = —Cg_q + Y2 . (C.34)

Additionally, we neglected in Eq. (C.30) every term which has not the correct Yukawa cou-

pling structure according to Eqgs. (C.25) and (C.26), since these terms do not yield pinch
contributions to the CP-even self-energies.

The calculation of the pinch parts of all other box diagrams shown in Fig. is completely
analogous. In total, the CP-even pinch contribution from the boxes reads

T ig’ Bzz(q?) + B q>
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. 9 9 9
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e = md ) - mi )50 [0l s 0 + off, SN e @]

(C.35)
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Figure C.7.: CP-even fermion self-energy contributions. Full set of one-loop fermion
self-energy corrections for our toy process that contain pinch contributions to the CP-even
Higgs sector. The sum over both internal CP-even Higgs bosons hy € {ho, H 0} is taken. The
diagrams consist of contributions from gauge bosons V' and fermions F'.

The next pinch contributions we consider are the ones originating from the triangle diagrams
shown in Fig. The calculation is completely analogous to the previous one, therefore, we
state the resulting pinch parts directly. The sum of all pinch terms proportional to Ay reads

A,iQZ

2
12872c2, Ohi?“ [ (¢ +2m%) Bzz + qzﬁzSZ}
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Sie?

As it was the case for QCD in App. the triangle diagrams contain additional pinch
contributions through longitudinal pinching momenta which are contained in the £ = 1 parts
of the amplitudes. The triangle diagrams in Fig. containing scalar-scalar-vector vertices
have a Lorentz structure which allows these longitudinal pinching momenta to appear next to
internal fermion propagators so that the latter can be pinched out. In total, these additional
pinch contributions read

;2
. ig )
SR = A2 =, =) O
;2
g 2
+ 2w (2¢° — m%i - m%j) 3972 O,Si;j miy Bww (©.37)
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1 2
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The last pinch parts originate from one-loop corrections to the external fermion legs depicted
in Fig. Tadpole diagrams contributing to the external leg corrections are not depicted,
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Figure C.8.: Additional pinch terms for the CP-odd sector. The £ = 1 part of the tri-
angle diagrams containing the scalar-scalar-vector vertices yield additional gauge-independent
pinch contributions. Only the diagrams which contain pinch contributions to the off-diagonal
self-energy ¢35o0 40 are shown.

since they yield no pinch contributions to the CP-even self-energies. The sum of all pinch
parts is given by

P02

If _ 2 2 2 ig 8 o 40 4
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With all pinch parts at hand, we are able to create the pinched self-energy of the CP-even
sector. It is given as the sum of the self-energy in the alternative tadpole scheme and all
pinch parts derived in this subsection. Explicitly, the pinched self-energy reads:

izgjgfh(qQ) izﬁj‘g( )+zzb°X( %) + S, (g )+zzself( )
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All gauge-dependences of the CP-even self-energies cancel against the pinch contributions.
The pinched self-energy is the sum of the self-energy in the alternative tadpole scheme and
the additional gauge-independent pinch contributions from the triangle diagrams. Since

Eq. (C.39) holds for all gauge-fixing-parameters £ € {£z,&w,&,}, the pinched self-energy
is manifestly gauge-independent.

C.3. The Pinch Technique in the CP-Odd and Charged Sectors

In order to derive the pinch terms for the CP-odd and charged scalar sector of the 2HDM,
we repeat the calculations from the previous section to all diagrams that contribute to the
respective self-energies. The demonstration of these calculations is beyond the scope of this
thesis, since the number of diagrams which have to be considered is large. We want to note
that the application of the pinch technique in the CP-odd and charged sector is significantly
more involved than for the CP-even sector. After having derived the pinch contributions, we
carefully have to allot them between all possible self-energies of the respective sector, e.g. the
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Figure C.9.: Additional pinch terms for the charged sector. The £ = 1 part of the tri-
angle diagrams containing the scalar-scalar-vector vertices yield additional gauge-independent
pinch contributions. Only the diagrams which contain pinch contributions to the off-diagonal
self-energy i¥ g+ g+ are shown.

pinch contributions of the charged sector have to be distributed amongst the self-energies of
the charged Higgses H*, of the Goldstones GT and of the W= bosons as well as amongst all
mixed self-energies of all these particles.

Although we will not present the calculations explicitly within this thesis, we have shown
that the gauge-dependences of all self-energies in the CP-odd sector are precisely cancelled
by all gauge-dependent pinch contributions. For the derivation of these contributions, we
used the same toy process as in App. The cancellation of all gauge-dependences in the
charged sector is completely analogous. However, in this sector we considered the toy process
e v, — Ve j~ which contains the charged scalar propagators in the ¢ channel.

For the purpose of stating a manifestly gauge-independent definition of the mixing angle
counterterm 03, we only need the pinched versions of the CP-odd or charged off-diagonal
self-energies X040 and iXg+g+. All gauge-dependent pinch contributions cancel against
the gauge-dependences of these self-energies. Analogous to the CP-even sector, the pinch
technique furthermore yields additional gauge-independent pinch contributions from the £ = 1
part of the triangle diagrams shown in Fig. for the CP-odd and in Fig.|C.9 for the charged
sector. In total, the pinched off-diagonal self-energies of the CP-odd and charged sectors read

il (@) = [iZ8 ()]

e=1
9 2 (C.40)
1978B—aCB— 9 Mo 9 9 9 5 o )
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