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Abstract

With the discovery of the Higgs boson in the year 2012 the standard model of particle physics
(SM) seems to be experimentally confirmed within measurement uncertainties. However there
are, for example, astronomical and cosmological observations for which the SM does not
provide an explanation. Furthermore, there are also theoretical considerations that lead to
the conclusion that the SM needs to be extended. Hence, a large effort in theoretical and
experimental particle physics is put into the search for physics beyond the SM. The Higgs
discovery is also the discovery of a new kind of elementary particle: a scalar. Considering the
fact that the SM describes many different types of fermions and gauge bosons but only one
type of scalar and in the light of the need for a SM extension the question whether additional
elementary scalars or pseudoscalars exist in nature is interesting.

This question is studied in this thesis within the two-Higgs doublet extension of the SM
which introduces a second Higgs doublet giving rise to several new spin-0 bosons in addition
to the scalar that has been discovered already. In particular, these additional Higgs bosons are
assumed to be massive enough to decay into top-quark pairs such that their phenomenolog-
ical signatures can be studied with collider observables related to top-quark pair production.
Specifically, the resonant production of heavy Higgs bosons and their decay into top-quark
pairs is calculated up to next-to-leading order in the QCD coupling constant retaining the full
spin information of the top-quark pair. The interference between the resonant heavy Higgs
contribution and the nonresonant QCD background has to be taken into account because it
gives a large contribution to the process. Furthermore, the available spin information allows
for the construction of spin dependent observables such as top-quark polarization and top-
antitop spin correlations. While the effects of heavy Higgs bosons on top-quark polarization
are rather small spin correlations can increase the sensitivity to heavy Higgs boson effects in
the top-quark pair decay channel significantly when compared to spin independent observables.
This is especially the case when these top-spin observables are measured in relevant regions
of the phase space of the top and antitop momenta. In this thesis a method is presented that
can be used to construct the spin correlation which is most sensitive to heavy Higgs effects.
Furthermore, it is shown that the next-to-leading order corrections are required to construct
observables which entail robust predictions. The results for the next-to-leading order in the
QCD coupling constant presented in this work were the first ones given for resonant heavy
Higgs production and decay into top-quark pairs.

Keywords: Higgs sector extension, two-Higgs-doublet model, next-to-leading order correc-
tions, spin correlations






Zusammenfassung

Durch die Entdeckung des Higgsbosons im Jahr 2012 wurde das Standardmodell der Elemen-
tarteilchenphysik (SM) im Rahmen der Messunsicherheiten experimentell bestatigt. Dennoch
gibt es, zum Beispiel, astronomische und kosmologische Beobachtungen, fiir die das SM keine
Erklirung liefert. Auch aus theoretischer Sicht gibt es Uberlegungen, die den Schluss zu-
lassen, dass es einer Erweiterung des SM bedarf. Ein groBer Teil der experimentellen und
theoretischen Hochenergiephysik ist deshalb der Suche nach neuer Physik gewidmet. Die Ent-
deckung des Higgsbosons ist auch gleichzeitig die Entdeckung einer zuvor nicht beobachteten
Art von Elementarteilchen: Skalare. Unter dem Gesichtspunkt dass das SM viele verschiedene
Arten von Fermionen und Eichbosonen beschreibt aber nur eine Art von Skalaren und im Lichte
der Notwendigkeit das SM zu erweitern, ist die Frage interessant, ob moglicherweise weitere
elementare Skalare oder Pseudoskalare in der Natur existieren.

Dieser Frage wird in der vorliegenen Dissertation im Rahmen der Zwei-Higgs-Duplet-
Erweiterung (2HDM) des SM nachgegangen. Das 2HDM fiihrt ein zweites Higgsduplet ein,
welches mehrere Spin-0 Bosonen zusatzlich zum Higgsboson generiert. In dieser Arbeit wird
von der Annahme ausgegangen, dass die zusatzlichen Higgsbosonen schwer genug sind um in
ein Top-Antitop-Paar zu zerfallen. Somit konnen die experimentellen Signaturen dieser neuen
Teilchen mit Hilfe von Observablen der Topquarkpaarproduktion untersucht werden. Dazu
wird die resonante Erzeugung von schweren Higgsbosonen und deren Zerfall in Topquarkpaare
bis einschlieBlich der nachst-zu-fiihrenden Ordnung in der QCD-Kopplungskonstanten berech-
net. Dabei wird die volle Spininformation des Top-Antitop-Paares beibehalten. Die Interferenz
zwischen der resonanten Higgsproduktion und dem QCD-Untergrund, welche in friiheren ex-
perimentellen Analysen of vernachlassigt wurde, muss jedoch in diesem Prozess aufgrund ihres
signifikanten Beitrags beriicksichtigt werden. Weiterhin erlaubt die verfiigbare Spininformation
die Untersuchung spinabhangiger Observablen. Es stellt sich dabei heraus, dass die Effekte
schwerer Higgsbosonen auf die Topquarkpolarisation sehr klein sind, wahrendem Top-Antitop-
Spinkorrelationen wesentlich sensitiver auf diese Effekte sein kdnnen, insbesondere im Vergleich
zu spinunabhangigen Observablen. Die Sensitivitat von spinabhangigen Observablen kann zu-
dem noch durch entsprechende Schnitte auf den Phasenraum von Top- und Antitopquark
verstarkt werden. In der vorliegenden Arbeit wird ein Verfahren vorgestellt, mit dessen Hilfe
sich die Spinkorrelationen identifizieren lassen, welche die groBte Sensitivitat auf die Effekte
schwerer Higgsbosonen aufweisen. AuBerdem wird durch die Berechnung der Beitrage zur
nachst-zu-fiihrenden Ordnung u.a. gezeigt, dass diese Beitrage wichtig sind um aussagekraftige
und robuste Observablen zu definieren. Die Ergebnisse der nachst-zu-fiihrenden Ordnung, die
in dieser Arbeit vorgestellt werden, sind die ersten ihrer Art fiir die resonante Erzeugung von
schweren Higgsbosonen und deren Zerfall nach Topquarkpaaren.

Schlagworter: Higgssektorerweiterung, Zwei-Higgs-Duplet-Modell, Korrekturen nachst-zu-
fihrender Ordnung, Spinkorrelationen
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Chapter

Introduction

Since the experimental discovery of the electron in 1897 by Emil Wiechert and almost simul-
taneously by Joseph John Thomson 120 years have passed. In this time the field of particle
physics has come a long way in its quest to identify and characterize the most fundamental
constituents of nature and the interactions between them. Since the theoretical formulation
of the standard model of particle physics (SM) in the 1960-70's [1-5] many aspects of the
phenomenology of the basic building blocks of nature can actually be described by this theory.
This is exemplified by a plethora of theoretical predictions that meet experimental results for
all different kinds of processes and experiments to high accuracy. But the SM goes beyond a
pure description and reveals a fundamental symmetry that underlies elementary particles and
their interactions: gauge symmetry. The triumph of the SM cumulated in the discovery [6,7]
of a 125 GeV resonance in 2012 which is now believed to be a spin-0 boson with the proper-
ties [8,9] of the so-called SM Higgs boson. Having found this last missing piece, the existence
of which was predicted [10-12] already 53 years ago, the consistency and solidness of the SM
would seem more impenetrable than ever.

The many experimental results that are in agreement with the SM can, however, not
hide the fact that there are also experimental observations for which the SM gives either a
wrong prediction, e.g. when it comes to the baryon asymmetry in the universe, or none at
all, e.g. regarding dark matter. There are also theoretical considerations that mark the SM as
incomplete the most prominent aspect being the fact that only three of the four fundamental
interactions (forces) in nature are described by the SM.

Still, these issues seem not to have any measurable impact on the predictive power of
the SM for example for high energy collider experiments where no significant deviations from
the SM have been detected so far. But the high energy physics community has only begun
to exploit the full potential of the Large Hadron Collider (LHC) which is anticipated to run
until 2035 [13]. After the discovery of the Higgs boson one goal of the LHC is to measure
the properties of the Higgs boson as precise as possible. Furthermore the experiments will
continue searching for deviations from the predictions that hint towards a possible extension
of the SM.

This dissertation is dedicated to the phenomenological study of a SM extension in the
Higgs sector featuring, additional heavy Higgs bosons. In particular, the impact of these
additional Higgs bosons on hadron collider observables related to the production of top-quark
pairs is investigated in detail. Hence, particles of particular significance for this work are the
Higgs boson or rather its heavy companions in the model studied here and the top quark.

In this introductory chapter a short overview over the SM is given in Sec. 1.1 including a
more detailed description of the SM Higgs boson (Sec. 1.1.2) and the top quark (Sec. 1.1.3).



1. Introduction

The motivation to study physics beyond the standard model in general is discussed in Sec. 1.2
and an outline of this thesis is given in Sec. 1.3.

1.1. The standard model of particle physics

It is beyond the scope of this work to give a complete account of the SM in all its details
but some important aspects are covered in this section. For more details and comprehensive
introductions see for example Ref. [14,15].

The SM classifies all known fundamental particles and describes the strong, weak and
electromagnetic interactions between them. The structure of the SM is founded on the principle
of gauge symmetry. All fermions in the SM are representation of the gauge group Gspm =
SU@B). x SUR), x U(1)y and the bosons are the corresponding gauge fields mediating the
interactions between the fermions®. The gauge group and the choice of representations of this
group therefore determine the whole coupling structure of the SM.

Gsm is a product of three Lee groups each representing a fundamental interaction and
associated gauge fields. The gauge bosons of the electromagnetic force are called photons
(y). The weak force mediating, for example, the radioactive S-decay, is represented by three
kinds of gauge bosons: W*, W~ and Z. The third fundamental interaction in the SM is the
strong force which is mediated by eight different bosons called gluons (g). While the gauge
bosons have spin 1 there is another type of boson with spin 0: the Higgs boson (k). It is
not associated to a gauge symmetry but plays an integral part in the SM as will be explained
below.

The fermions can be divided into two groups according to their interactions. The first
group consists of quarks which interact via all three forces described by the SM. The quarks
come in six variants called flavors: up (u), down (d), strange (s), charm (c), bottom (b) and
top (¢). The so-called up-type quarks (u, c, t) have the same quantum numbers but different
masses. The other three quark flavors are called down-type quarks (d, s, b) which also have the
same quantum numbers but different masses. The second group of fermions in the SM consists
of leptons which interact only via the weak and electromagnetic forces. Among the leptons one
can further distinguish two groups: electrically charged leptons (£*) and electrically neutral
leptons called neutrinos (v). The charged leptons come in three different flavors: electron
(¢7), muon (u~) and tau (77) which have different mass but are otherwise identical. There
exist also three neutrino flavors which are associated to the lepton flavors: electron-neutrino
(ve), muon-neutrino (v,) and tau-neutrino (v;). Here only the fermions have been listed but
additionally there is an antifermion associated with each fermion in the SM.

The SM fermions of left-handed chirality transform as doublets under the SU(2), gauge
group while right-handed fermions transform as singlets under this group. The left-handed
quark doublets consist of an up-type quark and a down-type quark while the left-handed
lepton doublets consist of a lepton and the associated neutrino.

The different flavors of the fermions in the SM can be grouped into three so-called families
or generations. Fermions of the same type (up-type, down-type, charged lepton) which are
members of different families have the same quantum numbers but different masses. The SM
fermions are listed in Tab. 1.1 together with their representations with respect to the gauge
group, their electrical charge quantum number and the interaction with gauge bosons. In
the original SM the neutrinos where assumed to be massless. Hence, a right-handed neutrino
for generating neutrino masses was not needed. Due to the gauge structure of the SM the
right-handed neutrino does not interact via any of the three forces since it has no electrical

In the case of nonabelian gauge fields the bosons also interact with each other.
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Table 1.1.: Fermions in the SM and their interaction with gauge bosons. The subscript L (R)
denotes left-handed (right-handed) fermions. The representation of the fermions
with respect to the gauge group is indicated in the third column. Q denotes the
electrical charge. The last column indicates the gauge boson couplings of the
respective fermions.

Fermion type Gauge
SUG. X SUQx UMy | 0 intera(iion
Family I I 1l
uy CcrL 153 . %
QL = ] ’ (3, 2, 6)
dr SL br -1
Quarks yW*Zg
UR, CR, IR (3.1, 3) z
dg, SR, bg (3, 1, —%) —%
Ve,L Vu,L VL X 0 w*,7Z
LL = ’ f (1, 2, _E)
Leptons e 1y " 1 W=, Z,y
€ Hg: R (1 1,-1) -1 W=,Zy

charge and transforms as singlet under SU(3). and SU(2).. Hence, a right-handed neutrino is
not listed in Tab. 1.1. However, through experimental evidence [16-18] it is now established
that at least two of the three neutrinos have masses. This aspect will be briefly discussed in
Sec. 1.2.

The conceptional and mathematical foundation of the SM is based on a renormalizable
quantum gauge field theory. For a few well-known examples of the vast literature on the
topic of quantum field theories see Refs. [19-23]. According to Weinberg quantum field
theory “is the only way to reconcile the principles of quantum mechanics [...] with those of
special relativity” [21]. It also resolves the long-standing particle-wave dualism by the unified
description of fundamental particles as quantum fields. In most cases quantum field theories
are defined in terms of Lagrangian densities £ which is most convenient in the quantization
of the classical fields using the path integral formalism or action principle. Hence, elementary
particles can be identified with the fields that appear in the Lagrangian as opposed to composite
particles which are not present in the Lagrangian [24].

The kinds of terms that appear in the Lagrangian are restricted by Lorentz symmetry,
gauge symmetry and renormalizability. Imposing Lorentz invariance is just another way of
saying that the terms in the Lagrangian have to be Lorentz scalars. Local gauge symmetry
implies the existence of additional bosonic gauge fields that are coupled to fermions in a specific
way. This is necessary because the kinetic term for fermions Y@y is in general not invariant
under local gauge transformations. Consider, for example, the SU(N) gauge transformation

Y- U@y, U =e 8, (1.1)

where 1 are the generators of the SU(N) with a = 1,..., N> —1 and y“(x) are arbitrary functions
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of x. Gauge invariance can be achieved by coupling gauge bosons Aj to the fermions ¢ via
the covariant derivative

By, Dy =0, - igt'Ai(x), (1.2)

where 1*Af(x) transforms as [23]
apa aa i -
1*Al(x) > U(x) [r Al(x) + gaﬂ] U~(x) (1.3)

under the SU(N) gauge transformation. Hence, imposing local gauge invariance under a certain
gauge group introduces as many gauge bosons as there are generators of the respective group.
Therefore, with respect to the SM gauge group SU3).xSU(2). xU(1)y we expect 8+3+1 = 12
gauge bosons. Indeed, as outlined above, there are eight gluons, three gauge bosons of the
weak force and the photon in the SM.

Renormalizability as a principle to restrict the allowed terms in the Lagrangian permits
only operators of mass dimension four or less. However, from a modern point of view this
principle is less relevant if the SM is considered as an effective field theory. The topic of
renormalization is discussed for the process studied in this work in Sec. 5.2.4.

The Lagrangian (without gauge fixing and ghost terms) of the SM is given by [25]

Lsw = -  GLG™ - ZWLWW - Bl E
+ ighq + Y i Py + ) ippBr
q=d.,u,s,c,b,t 179 YR (14)
- I:ylszlL(Dg]R + yldjalL(Dd]R + y;’jél5uﬂq + h .C.]
+ (DDYD'D) + ul®? - Aot

We do not want to go into the details of the whole SM Lagrangian. In Eq. (1.4) the notation
of Ref. [25] has been used where further details regarding each term in the Lagrangian can be
found. Here we focus only on some aspects of Lgym which are of particular interest for this
work.

1.1.1. Quantum chromo dynamics

The Lagrangian of quantum chromo dynamics (QCD), the strong interaction, is given by

1 .
Lsm D Lqcp = —ZGZVGWV + Z glip — mylq (1.5)
g=d,u,s,c,b,t

with the gluon field strength tensor
G4, = 0,G% — 0,G4 — g, f*GLGS) (1.6)

and the covariant derivative
D, =0, + igst“GZ . (1.7)

The quark masses are denoted by m, in Lqcp. The SU(3). generators of the fundamental
representation are denoted by #, a = 1, ..., 8 and the generators of the adjoint representation—
the structure functions—by f?¢. The SU(3). coupling constant is denoted by g;. In the
following chapters we will often refer to

_&

o (1.8)

s
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as the coupling constant of the strong interaction. The first term in Lqcp includes the kinetic
term for the gluon fields and gives rise to gluon self interactions, namely three- and four-gluon
vertices. The second term contains the kinetic term for the quarks and describes the interaction
between quarks and gluons. The gauge fixing and ghost terms in Lqcp have been omitted
in Eq. (1.5) although they are necessary for a consistent theory. Here we do not want to go
into the detail of these terms. Instead Eq. (1.5) is given to motivate the coupling structure of
QCD which is of particular importance for top-antitop (#f) production considered in this work.
Furthermore, contributions from ghosts are absent in this process and at the perturbative order
considered here.

1.1.2. The standard model of particle physics Higgs boson

The contribution from the SM Higgs SU(2);-doublet ® to L is given by the last two lines
in Eq. (1.4). The last two terms in Lsy represent the Higgs potential

Vi = 2|0 + 0" (1.9)

For 1%, 1 > 0 this potential has a minimum and the Higgs doublet acquires a nonzero vacuum
expectation value (vev) at
1 {0
(D) = —( ) , (1.10)
V2 \v
where v = /u?/A = 246 GeV. By an appropriate gauge transformation (unitary gauge) the
Higgs doublet can be written as

where h(x) is an excitation around the ground state, the vacuum, and is referred to as the
Higgs boson [10-12]. Feeding Eq. (1.11) back into Eq. (1.9) yields a relation between the
parameter u and the Higgs boson mass my, at tree level

mk =24 (1.12)

The ground state of the Higgs field as given in Eq. (1.10) breaks SU(2), x U(1)y gauge
symmetry. However, a particular combination of generators still leaves this state invariant
such that the vacuum is symmetric under U(1)p. Breaking the gauge symmetry in this way
generates masses for three of the four gauge bosons involved. Furthermore, the SU(2); gauge
bosons W and the U(1)y gauge boson B, mix with each other to form the massive W= and
Z bosons as well as the massless photon which corresponds to the unbroken U(1)p gauge
symmetry. This process of going from an SU(2); x U(l)y gauge symmetry over to a U(1)g
gauge symmetry in the SM is called spontaneous electroweak symmetry breaking or Higgs
mechanism. Even though the Lagrangian in Eq. (1.4) is invariant under the SM gauge group
Gsnm the ground state partially breaks this symmetry generating masses for three gauge bosons.
In Sec. 2.2 a few more details are given concerning the mass generation of the electroweak
gauge bosons for the case of an extended Higgs sector. Furthermore, the kinetic term with
the covariant derivative in the last line of Eq. (1.4) also gives rise to the coupling between
the Higgs boson and gauge bosons, an aspect which is also considered for an extended Higgs
sector in Sec. 2.2.

The third line in Eq. (1.4) describes the Yukawa interaction between the SM Higgs doublet
and the fermions. Consider, as an example, the term describing the coupling to up-type quarks
such as the top quark

J’?jéiL5MjR , (1.13)
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where y?/. is the Yukawa coupling matrix for up-type quarks and i, j = 1,2, 3 are family indices.
Qi1 denotes the left-handed quark doublet of the ith family and u;r denotes the right-handed
quark of the jth family and ® = io,®*, where o is the second Pauli-matrix. Inserting the
vev (1.10) into the Yukawa term (1.13) generates terms that are bilinear in the quark fields.
They can be interpreted as mass terms if these terms are diagonal in the family indices. The
general complex 3 X 3 Yukawa matrix yf.‘j can be diagonalized by two unitary transformations
Vi and Vg
v

V2

where my,, m, and m, are the masses of the up, charm and top quark. The mass basis (primed)
is therefore given by

Vi (vt = M, = diag(m,, me,my), (1.14)

u; = Viug, up=Vgug (1.15)

and analogously for the down-type quarks
v _ yyd r _ ysd
d, =Vidy, dy=Vgdg. (1.16)

These are the d, u, s, ¢, b and t quarks with definite masses mentioned in the beginning
of this section. The family-nondiagonal mixing of quark flavors in the mass basis leads to
interactions with W* bosons that are flavor changing across families and that are determined
by the so-called Cabbibo-Kobayashi-Maskawa (CKM) matrix V = Vi(Vi)".

The Yukawa interaction Lagrangian (third line in Eq. (1.4)) is gauge invariant. However,
this invariance is spontaneously broken by the Higgs vev which generates SU(2),-violating mass
terms for the fermions. The generation of fermion masses through spontaneous electroweak
symmetry breaking, in which the Higgs boson acquires a nonzero vev, is also referred to as
Higgs mechanism. In fact the generation of gauge boson and fermion masses, respectively,
can be seen as two kinds of Higgs mechanisms. In the mass basis the Yukawa interaction
with the Higgs boson becomes also diagonal with respect to the families because the Higgs
coupling to fermions is proportional to the fermion mass (1.14). Hence, flavor changing neutral
currents (FCNCs) are absent in in the SM Higgs sector. In Sec. 2.3 it is shown that in the
presence of a second SU(2); Higgs doublet the Yukawa interaction becomes more complicated
and in particular, the absence of FCNCs at tree-level is in general not guaranteed.

The theoretical concept of spontaneous breaking of gauge symmetry and therefore the
foundations of the Higgs mechanism in the SM were already developed in 1964 in several
papers published in Physical Review Letters by Brout and Englert [10], Higgs [11] and Guralnik,
Hagen, Kibble [12]. Even though all these, and maybe even more, authors contributed to
the understanding of spontaneous gauge symmetry breaking and predicted the existence of
a corresponding spin-0 boson the literature today often refers to only one of these authors
by calling the spin-0 boson in the SM Higgs boson. For brevity and in alignment with the
conventions used in the literature this work is also referring to the spin-0 boson in the SM
as “Higgs boson”. This nomenclature should not in any way diminish the achievements and
contributions of other physicists involved in the development of the theory of the Higgs boson.
In the following chapters we refer also to non-SM spin-0 bosons as “Higgs bosons” .

In this thesis phenomenological aspects of an extended Higgs sector are discussed. There-
fore, it is appropriate to first give a brief account of where we stand with the SM Higgs
boson from an experimental point of view. In 2012 a resonance with a mass of 125 GeV was
discovered at the LHC [6,7]. Until now subsequent measurements have confirmed, within
experimental uncertainties, the hypothesis that this is the SM Higgs. The spin (J) and parity
(P) of the Higgs boson in the SM are given by J¥ = 0*. In Refs. [26,27] the hypothesis of a SM
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Higgs boson has been tested against several alternatives® such as non-SM spin-0 couplings,
e.g. odd parity, and spin-2 models. All alternative hypotheses were excluded with a confidence
level of 99% or higher. With the available data collected so far it was also possible to measure
production and decay rates of the Higgs boson and constrain its couplings. In Ref. [29] the
combination of results for the Higgs production and decay rates and constraints on the Higgs
couplings from analyses of the LHC run | data are presented. The combined signal strength
of all measurements is given by u = 1.09 £ 0.11 with respect to the SM expectation, which
shows a very good agreement with the SM. All measurements of the 5 fb™! of data collected
at VShad =7 TeV and 20 fb~! at v/Shaq = 8 TeV as analysed in Ref. [29] are consistent with
the SM predictions. A recent analysis [30] of the run Il data bases on 36.1 fb~! of data at
VShad = 13 TeV studies Higgs boson production and decay in the H — ZZ* — 4 and H — yy
decay channels. The total cross section is measured to be consistent with the SM prediction at
13 TeV and the global signal strength measured by Ref. [30] is again in agreement with the SM
prediction: u = 1.09 +0.12. Also an interpretation of the data in terms of coupling modifiers
and ratios thereof yields no significant deviation from the SM. There are also attempts to
measure the total decay width I';, of the SM Higgs boson which is predicted to be T, * 4 MeV.
A dedicated analysis [31] determined an upper limit of I'; < 26 MeV and I, < 66 MeV for
the gluon fusion process and vector boson fusion process, respectively. For completeness we
also give the combination of results [32] for the Higgs boson mass obtained for measurements
at 7 and 8 TeV: m, = 125.09 + 0.24 GeV. Even though there are constraints on the Higgs
mass (for example from Large Electron-Positron Collider (LEP) data [33]) the exact value is
not predicted by the SM and therefore has to be measured. The results of these very precise
measurements are consistent with the constraints on the Higgs mass in the SM.

The analyses listed above are only examples for some of the more recent measurements
that are representative for the overall consistent picture that the results are in agreement with
the hypothesis of a SM Higgs boson with a mass of 125 GeV. However, the uncertainties of the
measurements still leave room for deviations from the SM, in particular with respect to Higgs
couplings. Therefore, in the future more precise measurements of the Higgs boson's properties
at the LHC based on larger statistics could reveal a nonstandard nature of the discovered spin-0
boson.

But even if the properties of this 125 GeV resonance are measured to be SM-like to high
precision there is still the possibility that additional Higgs bosons may exist. In the following
chapters this will be mainly the school of thought on which this thesis is based.

1.1.3. The top quark

The top quark stands out among the SM fermions. It takes a unique position in the SM as the
heaviest know elementary particle which is almost as heavy as a gold atom (m, = 0.94may).
Since the mass is related to the Yukawa interaction the top quark’s coupling to the Higgs is
the strongest among the SM fermions and it is therefore also considered as a sensitive probe
to study the mechanism of electroweak symmetry breaking. Furthermore, the top quark has
some unique properties that are particularly beneficial for the phenomenological studies carried
out in this thesis. Hence, it is used in this work as a probe to study new physics in the Higgs
sector. In the following a brief overview is given over the properties of the top quark. For more
detailed reviews of top-quark physics see for example Refs. [34-38].

As outlined above the top quark, as all the other quarks in the SM, transforms as a triplet
under the SU(3). gauge group. The left-handed top quark with a hypercharge of ¥ = 1/6 is the
I35 = 1/2 weak-isospin partner of the left-handed bottom quark. The right-handed top quark has

2The spin-1 scenario is excluded by the Yang theorem [28].
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a hypercharge of Y = 2/3. Therefore, the top quark is electrically charged: Q = I3+Y = +2/3.
These quantum numbers indicate that the top quark is charged with respect to all three gauge
groups of the SM, i.e. it interacts via the strong, weak and electromagnetic forces.

The world combination of measurements of the top-quark mass [39] yields

m; = 173.34 + 0.76GeV . (1.17)

which has an accuracy of 0.4%. However, as discussed for example in Ref. [40] this measured
quantity is related to a parameter in the Monte Carlo generators [41] used to extract this result
rather than being related to a parameter in the Lagrangian. Hence, this quantity is subject
to tunings and calibrations of these generators and the relation to a mass definition in pertur-
bative quantum field theory is not known. While other measurements based on theoretically
computable observables with a top mass definition in a well defined renormalization scheme
have been proposed [42,43] and measured (for an overview see Ref. [44]) the so far achieved
accuracy is not as high as in (1.17). However, these results are in agreement with the world
combination. Thus, for the phenomenological studies in this thesis the experimental result
given in Eq. (1.17) is interpreted as the top-quark pole mass.
In the SM the only possible two-body decays of the top quark are mediated via the weak
force
t— gW+, (1.18)

where g denotes a general down-type quark, i.e. g = d,s,b. Due to the large top-quark
mass the decay into an on-shell W boson with my = 80.385 GeV [45] is possible. The W*
boson, for example, decays further either into leptons (£*v;) or quarks (¢g’). The decay rate is
proportional to the square of the CKM matrix element |th|2. Since [Vyp|> ~ 1 [46,47] assuming
unitarity of the CKM matrix ([Vi[> + |Visl® + |[Vipl?> = 1) yields |Visl?, [Vial> < [Vipl>. Therefore,
the top-quark decays almost exclusively into W*b, with a branching fraction given by [45]

[(Wb)
I'(Wq(q = b, s,d))

= 0.957 + 0.034. (1.19)

In the Born approximation the decay rate of the top quark to a W boson and a b quark is
given by

2
1 m} m? m?
Ty =T = Wh) = 7 — Vil (1 - m—W) (1 + 2—V2V) : (1.20)

2
t mt

Inserting the values for m; (1.17) and my and setting [V,|> = 1 gives
I, =15 GeV. (1.21)

The top-quark width is relatively narrow with respect to the mass of the top quark

I =0.009. (1.22)
m;
Hence, it is possible to consider the decay of the top quark in the so-called narrow width
approximation where the top-quark decays on-shell®. In this approximation top-quark pair
production and the subsequent decay can be factorized into two processes.
The decay width in (1.21) corresponds to a top-quark lifetime of

1
T=g R5X 10755, (1.23)

t

3For certain observables and regions of phase space off-shell effects can become important [48, 49].
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This very short lifetime leads to a unique property of the top quark: Comparing 7, to the
average hadronization time [36] Thad = 1/AqQcp = 3 X 107245 shows that the top-quark decays
before it can take part in the hadron forming process. Therefore, the spin information of the
top quark is not diluted by hadronization but instead is passed to the decay products of the
top quark. The decay via the P violating weak interaction translates this spin information into
angular correlations of the top quark's decay products. This thesis makes use of this property
by studying spin dependent observables that are sensitive to top-quark polarization and 7 spin
correlations.

At the LHC top quarks are mainly produced in top-antitop pairs with a measured cross
section of o7 = 818 + 36 pb* [50] at 13 TeV while single tops are produced less often with a
cross section of oy = 154 +22 pb [51] at 13 TeV in the # channel. This happens mainly because
tf production is mediated via the strong interaction while single top production proceeds via
the weak interaction. The experimental results for the cross section are in agreement with the
theoretical expectation of the SM of o7 = 832*40 pb [52] (at next-to-next-to-leading order and
including next-to-next-to-leading logarithmic corrections in QCD) and o, = 136.Of‘2‘:; pb [53,54]
(at next-to-leading order (NLO) QCD).

1.2. Physics beyond the standard model

As already mentioned above the SM was so far successful in describing particle physics ex-
periments at lepton and hadron colliders to high accuracy. Still, there are some experimental
observations that are in disagreement with theoretical predictions derived within the SM. The
investigation of these kinds of discrepancies between observation and theory is what we call the
phenomenologically motivated search for physics beyond the SM. Apart from this motivation
bases on experimental observation there is another equally well-tread path in the quest for new
physics namely the theoretically motivated search for physics beyond the SM. In the following
both of these avenues are discussed briefly.

Let us consider first which experimental observations show clear indications and evidence
for the existence of physical phenomena that are not described by the SM. The strongest hints
for new physics comes from astronomical and cosmological observations:

e The matter density p,, of the universe relative to the critical energy density pcrit (which
corresponds to the total energy density of a universe with zero curvature) is measured
to be [55] Qu = pm/Pcrit = 0.308 +0.012. However, baryonic matter, i.e. matter that
is described by the SM, accounts only for about 17% of the matter density (5% of the
total energy density) in the universe. The remaining contribution to the matter density
is of unknown origin and does not emit any kind of electromagnetic radiation. Hence,
it is referred to as dark matter [45]. The existence of dark matter is only inferred from
its gravitational effects over a wide range of astronomical and cosmological observables.
However, so far, dark matter has evaded direct detection e.g. through nuclear recoil or
indirect detection through radiation from dark matter annihilation processes. Further-
more, there has been no evidence for dark matter particles created at the LHC.

e Surveys of distant supernovae [56,57] revealed an accelerated expansion of the universe
which corresponds to a nonvanishing positive cosmological constant. The contribution
of the cosmological constant to the total energy density of the universe (which coincides
with the critical energy density) is measured as [55] Qa = 0.6911 + 0.0062. This drives
the accelerated expansion of the universe and is also called dark energy [45]. While

4 Statistical and systematic uncertainties were added in quadrature.
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it is easy to incorporate this contribution into the Einstein equations of gravitation a
quantum field theoretical description of the cosmological constant faces the so-called
cosmological constant problem [58].

In regard of these experimental observations it becomes clear that while the SM is very suc-
cessful in describing baryonic matter it is completely ignorant about 95% of the energy density
of the universe.

e |n the context of a modern understanding of the evolution of the universe the domination
of matter over antimatter observed today, also referred to as baryon asymmetry [59],
has to be generated dynamically and cannot be attributed to certain initial conditions.
In Ref. [60] the three necessary conditions have been identified which have to be fulfilled
in order to yield an asymmetry between baryons and antibaryons: 1.) baryon number
violation, 2.) C and CP violation and 3.) a deviation from thermal equilibrium. All of
these conditions are fulfilled in the SM. In particular, condition three could be realized
by the electroweak phase transition from the phase with vanishing Higgs vev v to the
phase where v # 0. However, as it turns out the necessary first order phase transition
only occurs for Higgs masses m;, < 72 GeV [61-63]. In combination with theoretical
predictions indicating that the effects of CP violation in the SM are not sufficiently
strong [64-66] the SM seems to fail in explaining the observed baryon asymmetry in the
universe.

e In order to explain seemingly acausal temperature fluctuations in the cosmic microwave
background so-called inflation (see Ref. [45] for a review) was proposed. It involves a
phase of exponentially rapid expansion of the universe in the very early stages of its
evolution. In the SM there is neither a candidate for a quantum field that could drive
inflation nor is the SM providing an alternative explanation for the almost uniform cosmic
microwave background.

With another set of observations [16-18] neutrino oscillations have been discovered which
indicate that neutrinos have mass while in the SM they are assumed to be massless. A simple
extension of the SM to massive neutrinos via the Higgs mechanism is possible. However,
neutrinos are the only kind of fermions in the SM that are electrically neutral and could
therefore be their own antiparticles, i.e. Mayorana fermions. A gauge invariant Mayorana mass
term in the Lagrangian is a nonrenormalizable dimension-five operator which would indicate
the existence of a mass scale at which new physics is to be expected.

There are also several theoretical considerations that motivate the search for new physics.

e The most obvious flaw of the SM is the fact that one of the fundamental forces, the
gravitational interaction, is not described at all because so far there exist no complete
quantum theory of gravitation. Attempts to remedy this have been undertaken but it
might be still a long way to go.

e If the SM is considered as an effective theory of a more complete one at much higher
energy scales A then there is the question of how the Higgs mass my, is stabilized against
that larger energy scale. The Higgs mass squared should receive quantum corrections
6mfl ~ O(A?) such that in order to arrive at the renormalized Higgs mass of mi = mi’B +

6mi there is either a finely tuned (for a large A) cancellation between the bare mass mj, g

and the quantum corrections or the Higgs mass is 'protected’ by a so far undiscovered

symmetry, e.g. supersymmetry (SUSY). The second conclusion directly leads to new

physics and in fact the search for SUSY is largely motivated by this mass scale problem
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which is also referred to as the hierarchy problem. However, the seriousness of the
hierarchy problem and fine tuning arguments in general are debated in the literature.

e Another interesting aspect of the SM is the concept of flavor and the existence of
three fermion families. The underlying theoretical foundation from which the SM flavor
structure arises is, until now, unknown. In particular, it is not clear why the Higgs boson
couples so distinctively to the different flavors in the SM giving rise to fermion masses
which spread over six orders of magnitude from 173 GeV for the top quark to 0.5 MeV
for the electron®. Furthermore, a fundamental understanding of the mixing pattern of
fermions and how it might be related to the hierarchy of masses is absent. The SM
has, in this regard, only descriptive power but lacks any explanation of what kind of
mathematical structure underlies the concept of flavor.

e The SM does also not explain the origin of the gauge group SU3). X SUR2); x U(1)y
nor does it predict the representations of these groups realized by the SM fermions. The
quantum numbers of leptons and quarks are determined through experimental input.
Hence, the SM provides a flexible structure in terms of a gauge theory which has to be
'filled’ by experimental input.

e There is an additional term that contributes to Lqcp (1.5), namely
Ly = Q%Epva'GﬂmGpaa (124)

which gives rise to CP violating effects in QCD. In particular, it generates an electric
dipole moment of the neutron d,,. However, experimental measurements have put strong
constraints on this effect in terms of an upper limit: d,, < 3.6x 107%ecm (95% CL) [67].
This in turn yields an upper limit for the -term of # 5 107'° [68-71]. The question why
this parameter is so small or maybe even vanishing is known as the strong CP problem.
Again, the SM does not deliver an answer to this question. Attempts of resolving this
problem have lead to the introduction of a new type of particle, the axion.

This is of course only a subset of theoretical questions about the SM that are unresolved at the
moment. A common theme of all the theoretical considerations above is the question whether
there exists a more fundamental theory that can predict at least some of the parameters of
the SM that, for now, have to be determined experimentally. Thus, providing some kind
of explanation for structures in the SM that seem somewhat arbitrary such as the different
fermion flavors or families.

While astronomical and cosmological observations and the observation of neutrino oscil-
lations indicate the existence of physics beyond the SM they do not directly hint on how this
new physics in realized. In light of this lack of direct evidence for new physics, e.g. in terms of
new particles, theoretical considerations of the kind discussed above could serve as a starting
point in the search for directions where to look for new physics.

From a phenomenological point of view there are several tools and methods used to ap-
proach the study of beyond the standard model (BSM) effects in collider physics. In principle
they can be divided into model independent approaches, studies within concrete UV-complete
models and some hybrid of the former two. The model independent approach which has
gained increased attention over the last years as a tool in collider phenomenology is effective
field theory, in particular the so-called standard model effective field theory. This is basically
an expansion of the Lagrangian in terms of operators of mass dimension D > 4 which are

SIncluding the neutrinos with m, ~ 0.1 eV yields a fermion mass range of 11 orders of magnitude.
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suppressed by factors of A*™P where A is the energy scale of the new physics. These operators
correspond to new types of interactions with new coupling constants (Wilson coefficients) that
parametrize the low-energy behaviour of a theory involving energy scales of order A. The
advantage of this method is that one can parametrize BSM contributions in a largely model
independent, systematic and most importantly gauge invariant way. In this respect effective
field theory supersedes the framework of anomalous couplings where, for example, gauge inter-
action are extended by additional terms in the Lagrangian parametrizing new physics. However,
in applying this method of effective field theory to extract bounds on the Wilson coefficients
from experimental data one makes implicit assumptions about the energy scale of the new
physics. In cases where this method is not applicable, e.g. when searching for high-mass reso-
nances at the LHC, the use of so-called simplified models has been advocated. These models
have the advantage of capturing certain phenomenological key features under investigation,
e.g. resonances, while at the same time being conceptionally and computationally simple.
However, they are not always gauge invariant but their completion to gauge invariant theories
can have phenomenologically relevant effects [72]. As a third path to physics beyond the SM
UV-complete, gauge invariant theories can be considered. The disadvantage of this approach
is the fact that these theories can be complicated from a computational and conceptional
point of view as well as involve many parameters making straightforward interpretations of
experimental results difficult. In these cases usually some additional assumptions are made in
order to restrict the parameter space and reduce the number of parameters. Furthermore, the
fact that in this approach only one specific model is studied can be regarded as a disadvantage
considering that at the moment it is not clear where to look for new physics. However, the
advantage of studying concrete models is that they can be applied to collider phenomenology
without any restrictions on the phase space, higher order corrections can be systematically
calculated in a gauge invariant way and all phenomenological effects of this model can be
taken consistently into account.

This dissertation is implementing the third method of studying physics beyond the SM
described above by investigating phenomenological aspects of the renormalizable and gauge
invariant two-Higgs-doublet model (2HDM) extension of the SM (Chap. 2).

1.3. Outline of this thesis

The aim of this dissertation is to study the impact of heavy non-SM Higgs bosons on the
production of #f pairs in proton-proton collisions at the LHC. While the existence of a spin-0
boson with properties of the SM Higgs boson is experimentally established the existence of
other heavier Higgs bosons is not completely ruled out yet. The scalar sector could be much
richer than predicted by the SM involving several scalars and/or pseudoscalars. This thesis
is focused on spin-0 bosons in addition to the SM Higgs boson with masses large enough to
decay into tf pairs leaving their “footprint” in collider observables related to #f production.
Several of these observables are studied and compared with respect to their sensitivity to the
contributions of heavy Higgs bosons in order to identify those kinds of measurements that
probe the parameters of the Higgs sector extension further.

Some parts of the results presented in this work could be applied quite generally to new
physics models featuring heavy Higgs bosons which couple to top quarks. In particular, the
analytical results and the numerical setup to generate the phenomenological predictions are
given in terms of reduced Yukawa couplings, masses and decay widths of the heavy Higgs
bosons. The choice of a specific model relates these input parameters, e.g. the decay width
depends on the couplings and masses. Hence, for a consistent unitary description the choice
of a specific model is in order. Here the extended Higgs sector is studied in terms of the
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1.3. Outline of this thesis

so-called 2HDM. A detailed account of this model with respect to its properties relevant for
tf production is given in Chap. 2. There are several theoretical motives to study this model
the most prominent being SUSY. If SUSY is an underlying symmetry of nature two Higgs
doublets are required to generate masses for up-type and down-type quarks and to guarantee
anomaly cancellation. But even in the absence of experimental confirmation of SUSY the
2HDM remains an interesting model because it could provide a source of CP violation in
addition to the one already present in the SM to explain the observed baryon asymmetry in the
universe [73,74]. Furthermore, the 2HDM is also discussed in the literature, e.g. in Ref. [75],
as a portal connecting the SM with dark matter. Another theoretically attractive property of
the 2HDM is the fact that it presents a consistent, renormalizable extension of the SM without
adding more than just the one additional Higgs doublet. It is therefore conceptionally a rather
simple extension of the SM and can be seen as one of the first steps in probing nature beyond
the SM going from simple to more complicated models.

In principle one could study the 2HDM within a parameter region where the additional
Higgs bosons decay predominantly into final states other than top quarks. However, from an
experimental point of view top quarks are abundantly produced at a pp collider such that the
LHC is often referred to as a “top-quark factory” [36,76]. Hence, top quarks are produced as a
statistically large sample needed for precision analyses. On the theoretical side 7 production in
the SM is very well understood including QCD corrections up to next-to-next-to-leading order
and next-to-next-to-leading logarithmic corrections. The ability to perform precision physics
with #f production both on the experimental and theoretical side, makes it possible to detect
even small deviations from the SM. Furthermore, from a phenomenological point of view,
due to the top quark’s properties described in Sec. 1.1.3 7 production is a very good testing
laboratory for new physics effects. In particular, through the experimental accessibility of spin
effects such as top-quark polarization and ¢ spin correlations, we have a set of observables at
our disposal that have the potential to significantly increase the sensitivity to the effects of
heavy Higgs bosons. The theoretical formalism used to extract this spin information and to
construct spin dependent observables in described in Chap. 3.

The resonant production of heavy Higgs bosons and their decay into #f pairs at the LHC
within the 2HDM is considered at leading order (LO) in the QCD coupling constant a; in
Chap. 4 and at NLO in Chap. 5. The discussion at LO introduces the main phenomenological
features of this process. The analytical results are presented taking into account the full spin
dependence by using the formalism introduced in Chap. 3. The presentation of the analytical
results in this form allows a straight forward interpretation in terms of the phenomenological
features of the process under consideration. This is illustrated using the top-quark polarization
as an example. In general, specific terms in the analytical results can be directly related to
spin independent and spin dependent observables. These observables are investigated in detail
at LO QCD in Chap. 4 to assess their sensitivity to the effects of heavy Higgs bosons in #f
production.

In Chap. 5 the computational methods used to obtain the analytical results at NLO QCD
are presented and certain approximations applied to this calculation are discussed. Further-
more, analytical results are given in terms of virtual and real corrections. The discussion of
phenomenological results is divided into two parts concerning spin independent and spin de-
pendent observables, respectively. These observables are used to study several representative
parameter scenarios within the 2HDM. In particular, the effect of NLO corrections on these
observables and on their sensitivity to heavy Higgs effects is discussed. Most of the results
presented in Chap. 5 are published in Refs. [77] (spin independent results) and [78] (spin de-
pendent results) which were the first studies of heavy Higgs bosons in #7 production performed
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at NLO QCD.

The results of this thesis are summarized in Chap. 6 where also a conclusion and outlook is
given. The appendices contain supplemental material to support arguments in the main text,
provide additional material such as figures, tables and formulas and give further explanations.
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Chapter

The two-Higgs-doublet model

The effects of heavy Higgs bosons in #f production are investigated in this work within the
so-called 2HDM. This model introduces a second Higgs SU(2),-doublet in addition to the one
already present in the SM. Formally one can think of the doublet extension as adopting the
family pattern of the fermion sector in the SM also in the Higgs sector and consider the two
Higgs doublets as two 'families’. The model is not only interesting as a Higgs sector extension
per se but it is for example also motivated by SUSY which requires two Higgs doublets for
consistency and it can provide additional CP violation which is needed to explain the observed
baryon asymmetry. More recently it has been considered as a possibility to mediate interactions
between SM particles and dark matter [75].

As already mentioned in Chap. 1 the study of contributions from additional heavy neutral
Higgs bosons to tf production could be kept rather general and this analysis could be adapted
also to other extensions of the SM which involve heavy spin-0 bosons that couple to 7.
However, to obtain phenomenological predictions one has to choose the number of Higgs
bosons that take part in the process under consideration. Furthermore, the decay widths
of the heavy Higgs bosons have to be specified. These are model dependent and affect the
phenomenology of 7 production. In order to take the decay widths into account in a consistent
way that respects unitarity the choice of one particular model is necessary. In this work the
2HDM of type Il is chosen.

In this chapter the model and its features that are particularly relevant for the study of
heavy Higgs bosons in tf production are outlined. In particular, we collect relevant formulae
that relate the parameters of the Lagrangian with phenomenological parameters of the model
such as the Higgs boson masses and the angles describing the mixing between the Higgs
bosons. In the following chapters we will mostly refer to the phenomenological parameter set,
e.g. when defining certain parameter scenarios. A comprehensive review on the 2HDM can be
found in Ref. [79].

2.1. The scalar potential and the Higgs mass eigenstates

The full Lagrangian of the model can be split up into the contribution from the SM without
the Higgs sector and the contribution from the 2HDM

L=Lsm+ Lovpwm, (2.1)

with
Lovom = Lo kin + Lyuk — Vo(P1, Dy), (2.2)
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2. The two-Higgs-doublet model

where Lo kin is the kinetic term for the two Higgs doublets, Ly,k describes the Yukawa inter-
action of the two Higgs doublets to quarks and leptons and Vg is the scalar potential. The
most general gauge invariant, Hermitian, renormalizable scalar potential of the 2HDM may be
written as [80]

V@, @) = mp @D +m3,d50, - (m],®[®, + H.c.)
+ % (o@,)" + % (@50,)" + 43 (@], ) (D],) + A4 (@] D,) (D], )
b2 (@]0,) + Ao (0]0,) (@]0,) + 4o (9]0, (@) + He | (23)

where my1, mao, A1, A2, A3 and A4 are real parameters and my3, As, d¢ and A7 are in general
complex parameters. The two complex SU(2);-Higgs doublets can be parametrized as follows

o, :( fi ) @) =( & ) (2.4)

% (v1 + @1 +ix1) % (2 + @2 +ix2)

where vy and v, are the two vevs of the Higgs doublets @ and ®,, respectively. A relative
phase between the vevs would lead to spontaneous CP violation. However, here we do not
consider this possibility and assume both vevs to be real. The doublets have hypercharge
Y = +1/2 such that the complex scalars & in the upper components (with I3 = +1/2) of @;
have electrical charge Q = Y + I3 = 1 while ¢; and y; are electrically neutral (Q = 0) and real.

Since the 2HDM extension of the SM must reproduce the observed structure of the electro-
weak SM in particular the vevs of the Higgs doublets must be nonvanishing and the potential
must assume a minimum at these values. The minimization condition

ov ov .
Re 57()[ (D1=<<1>1>} =0, Im C’)T()l (1>1=((1>1>] =0, i=12 (2'5)
CI)2=<CI)2) (1)2:((I>2>
with
1 0 1 0
D) =— , (D)= — 2.6
(D) \/E(Ul) (D7) \/E(vz) (2.6)
leads to the following equations
Uy 1 U3
m%l = aRe (m%z) — E [Re (U%/ls + 31)11)2/16 + i/ﬁ] + U%/l] + U%(/h + /14) , (2.7)
2 Upo (2 1 Rel 2 0y 2 2
mp = e(mi,) - 3 |Re{vids + s + 3uady |+ 0342 + 0] (43 + A (2.8)
1
Im (m3,) = 5 [o102Im(As) + v}Im(A6) + 3 Im(A7)] . (2.9)

Equations (2.7)-(2.9) can be used to eliminate m$,, m3, and the imaginary part of m?, from
the scalar potential (2.3). Then after inserting the explicit form of the two doublets (2.4) one
reads off the mass (bilinear) terms from the scalar potential. The part of the potential which
determines the mass eigenstates of the charged Higgs bosons reads!

L &
L. =(& & )M+( L. (2.10)
&
'Note that for complex scalars ¢; the mass term in the Lagrangian reads £, = Y, m?|¢;.
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2.1. The scalar potential and the Higgs mass eigenstates
where
2 1 2 2 o -1
M, = (Re (m1,) - 5 | (44 + Re(45)) v102 + Re( )0} + Re(/17)vz])( ooy ) (2.11)
v

and & = (¢7)". Diagonalizing the mass matrix M, gives:

MP = sT'm.s

1 0 0
(Re (m,) - 5 (A4 + Re(s)) 10 + Re(A)v] + Re(mvg])( o G ) (2.12)

V102

with the transformation matrix
u o _w»
S :( gy ) (2.13)
P

and v* = v? + v3. From (2.12) we see immediately that there is a zero-mass eigenstate. This

is the Goldstone boson G* associated with the W* gauge boson. The second mass eigenstate
is the charged Higgs boson H*.
The orthogonal matrix S (2.13) can be parametrized in terms of one rotation angle 8

_ [ cosB —sinf
S _( sin  cosf ) (2.14)
with
vy =vcosB, vy =vsinf. (2.15)

The mass of the charged Higgs boson then reads

Re (m%z) 02
my,. = cosBsing E[/L; + Re(4s) + Re(A¢) cot B + Re(47) tan B]. (2.16)

and the charged Higgs boson and Goldstone boson mass eigenstates are given by

G* \ _ o1 &\ _ [ & cosp+& sing
(e )58 )= i ot ) (217)

The remaining degrees of freedom in the Higgs sector are neutral Higgs bosons and the Gold-
stone boson associated with the Z gauge boson. Assuming that all the parameters of the scalar
potential are real such that CP symmetry is not violated by the potential one finds the neutral
Goldstone boson GY and the pseudoscalar Higgs boson A to be mixtures of the y; components
of the two doublets

G°
A

X1C€08fB + y2sinf3, (2.18)
—x18inB+ yzcosfB, (2.19)

where G¥ is massless and the mass of A is given by

2
me = 2 f (245 + Ag cotB + A7 tan B) . (2.20)
A7 cosBsinB 2

In the more general case where mj3, 157 are complex and the potential violates CP the neutral
Higgs boson mass eigenstates are not CP eigenstates. In particular the pseudoscalar A is not
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2. The two-Higgs-doublet model

a mass eigenstate but instead mixes with the scalar degrees of freedom ¢; and ¢,. The mass

term for the neutral Higgs bosons in the CP violating (CPV) case reads?
1 My My, M3 ®1
Leutral = 5(901, ¥2, A) My My My || ¢

Mz My Mz A

with the entries of the mass matrix M

(2.21)

(2.23)

(2.24)

2
My = Re(m,)tanf+ ”3 (241 cos? B + 3Re(dq) sin B cos B — Re(s) tan Bsin §) ,(2.22)
2
My, = % (2 sin 8 cos BA345 + 3Re(4g) coszﬁ + 3Re(4A7) sinz,B) —Re (m%z) ,
2
Mz = —%(Im(/l5) sin 8 + 2Im(4g) cosﬁ) ,

2
My, = Re (m%z) cotf + %(2/12 sin? B — Re(1g) cot B cos’ B + 3Re(17) sin cos,B) , (2.25)

2
My; = —%(Im(/l5) cos S + 2Im(47) sinﬁ) ,
Re (m? 2
My = ﬁ - %(2Re(/l5) + Re() cot B + Re(17) tan 3),

(2.26)

(2.27)

where A345 = A3 + A4 + Re(45). In the following we derive the relations between parameters of
the Higgs potential and the Higgs boson masses and mixing angles. Therefore, we define the
matrix R as the rotation matrix that transforms the CP basis {¢1, 2, A} into the mass basis

{¢19 ¢2’ ¢3}
b1 @1
¢ [=R| ¢
®3 A

my 0 0
RMR"=| 0 m} 0 |=Mp.

2
0 Om3

such that

(2.28)

(2.29)

The general rotation matrix R(ay,a;,a3) is constructed from three rotations involving the

Euler angles a1, a; and a3

1 0 0 cosay O sinap cos a1
R(al, 7, CZ3) 0 cos 0%} sin 0%} 0 1 0 —sin (03]

0 -—sinaz cosas —sinay; 0 cosap 0

= —C3851 — C15283 C1C3 — 515283 283
—C1C382 + §183 —C385182 —C183 CC3

cica €281 5 ]

0
0
1

(2.30)

with s; = sin@; and ¢; = cosa;. The matrix R obeys certain symmetries [81] which can be

used to restrict the range of angles to —n/2 < a; < /2.

2Note that for real spin-0 bosons ¢; the mass term in the Lagrangian reads £, = ¥, sm?¢?
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2.1. The scalar potential and the Higgs mass eigenstates

Solving the system of seven equations (2.16) and (2.22) - (2.27) gives

Ay = — 11— —Re(d¢) cotS + —Re(d7) tan S |tan” 3, 2.31
= (i = Retto coup + 3Retn) anf ' (231)
M 1 3
b = (02 002s22,8 — 11+ Re(lg) cotf§ - 5Re(mtanﬁ) cot? B, (2.32)
My, 2m12r_1+ 1
A3 = —n—-=(Re(1 t Re(17)t 2.
3 UZCOSﬁSinﬁ+ 2 7 2( e(de) cot B + Re(47) tan ) , (2.33)
M3 — 2m3,. 1
A = ————+n- 3 (Re(Ag) cot B + Re(17) tanB) (2.34)
v
Re(15) = n- = 73 (Re(26) cot B + Re(47) tanB) , (2.35)
2M
Im(s) = - C;jﬁ ~2Im(17) tan B, (2.36)

M M
Im(1e) ( 23 13

7 cos B -5 Snp + Im(/l7)tan,8) tanf3, (2.37)

where M;; according to (2.29) is given by

3 3
Rii(Mp)uRij = Z mRyj0uRj = Z m; RiiRy (2.38)
1 k=1 k=1

Mij:

3
k=

and

~ Re (m%z)

~ ?sinBcosB’
Hence, in Egs. 2.31-2.37 we have expressed most of the parameters of the Higgs potential
in terms of the phenomenological parameters mj, my, ms, mygy, a1, @z, a3, tanB and v. In
general not all parameters in the potential can be expressed in terms of phenomenological
parameters. In the equations above the parameters Re(4g), A7 and m%z (n) have to be given
in addition to the phenomenological parameters to specify the general Higgs potential. In
Sec. 2.4 the parameters of the 2HDM are discussed in detail, in particular, with respect to
certain symmetries applied to the Lagrangian.

We turn now to the case in which the scalar potential is CP conserving (CPC) and all its
parameters are real. In this case the neutral Higgs mass eigenstates are also CP eigenstates,
i.e. states which transform differently under CP cannot mix. This can be easily seen from
Eq. (2.24) and Eq. (2.26): If all parameters in the potential are real (in particular s, 46 and
A7) M3 and M3 vanish and the mass matrix M (2.21) becomes block diagonal

(2.39)

1 (MS")H (Mﬁ")]z 0 ¥1
Lheutral = 5(9017 @2, A) (M()p)l2 (M()z,)22 0 ©2 (2.40)
0 0 m
with
2
(M«,)11 = mlytanf + 3(2/11 cos? B + 34 cos Bsin B — A7 tan Bsin’ B), (2.41)
2
(Mw)22 = m%z cotfB + %(2/12 sin? B — Ag cot B cos® B + 347 cos BsinB), (2.42)
2 02 . 2 )
(M¢)12 = —-mp+ 5(2/1345 cosBsinf + 346 cos” B + 317 sin” ). (2.43)
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2. The two-Higgs-doublet model

The mass eigenstates are obtained by diagonalizing the mass matrix M,

prcosa+ grsina, (2.44)

=
Il

—pp sina + ¢ cos (2.45)

where the angle a that parametrizes the mixing between ¢; and ¢, was introduced. Often
the angle « is used in the literature that considers only the CPC 2HDM. However, the mixing
between the neutral scalars ¢ and ¢, in the CPC case can also be parametrized using the
general matrix R(a1, az, @3) (2.30) by setting oy =@ +7/2, ap = a3 =0

h ®1 —sina cosa O ©¥1
—-H |=R(a+nr/2,0,0)| ¢ |=]| —cosa —sina 0 w . (2.46)
A A 0 0 1 A

The mass eigenvalues of the CP-even Higgs bosons are given by

. {(M¢)11 (), = (), - (), +4 (M¢)?2} e

In order to determine the mass eigenstates we have studied the bilinear terms in the
potential. The trilinear and quartic terms determine the interaction among the Higgs bosons.
For the purpose of calculating the two-body decay widths of the Higgs bosons we need the
trilinear couplings between the Higgs bosons. Since these terms are rather lengthy they are
presented in appendix A.

To summarize this section the two complex Higgs doublets ®; and ®, of the 2HDM give
rise to five physical Higgs bosons: three neutral and two charged (H*) ones. When the scalar
potential is CPC (and there is no spontaneous CP breaking) then the electrically neutral Higgs
bosons have definite CP and one can separate them into the scalars h and H (m; < my) and a
pseudoscalar A. The scalar mass eigenstates are mixtures of the doublet components ¢ and ¢;
parametrized by the mixing angle @. In the case of CP violation (or spontaneous CP breaking)
the neutral Higgs boson mass eigenstates ¢, ¢, and ¢3 are mixtures of the scalars ¢;, ¢, and
the pseudoscalar A parametrized by the mixing angles «, @, and @3. Thus a distinction of ¢,
¢> and ¢3 into scalars and pseudoscalars is not possible. Besides the five physical Higgs bosons
there remain three more degrees of freedom generated by the two complex Higgs doublets.
These states are the Goldstone bosons G* and G° which mix with the SU(2);-gauge field W
and the U(1)y-gauge field B* to provide (in the unitary gauge) the longitudinal polarizations
of the massive gauge bosons W* and Z. In this way the 2HDM provides the same spontaneous
symmetry breaking mechanism to generate massive gauge bosons as in the SM. In the next
section we will see that the masses of the gauge bosons in the SM are as well reproduced by
the 2HDM.

Finally we can express the two Higgs doublets (2.4) in terms of the mass eigenstates

o - G*cosB— H"sinf 5 13
b= \/Li[vl+iGOCOSB+Zj¢j(Rj1—iRj3Sin,8)] ’ ( )
o - G*sin+ H" cosf 5 49
2 - \%[02+iGOSin,8+Zj¢j(Rj2+iRj3COS,8)] ’ ( )

In the CPC case where a» = a3 = 0 the doublets can be expressed in terms of the mass and
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2.2. Gauge-Higgs coupling

CP eigenstates h, H and A

® G*cosB— H"sinp 5 50
L= \/Li[vl +hcosay + Hsinag +i(Gocos,8—Asin,8)] ’ (2.50)
© G*sinB + H* cosB 5 el
2 = \/Li [02 +hsina; — Hcosa; + i(G° sinﬁ+Acos,8)] ’ (2.51)
where x
@ =ats. (2.52)

2.2. Gauge-Higgs coupling

The gauge boson masses and the couplings between gauge and Higgs bosons are derived from
the kinetic part of the 2HDM Lagrangian (2.2)

Lo kin = (Du®@) (D'®1) + (D, ) (D D) (2.53)
with
Y
Dy =0, i% (Wi +w, 1)~ — glzzﬂ (ng3 - g'za) — ieQA,, (2.54)
where )
1
T*=T'+iT% T'= % (2.55)

o' are the Pauli-matrices and g and g’ are the SU(2);, and U(1)y gauge couplings, respectively.
The covariant derivative in matrix form reads

0, — ik.1Z, — ieA —ik,, W7
D =| % 7,140 u wWy 5
K —ikw Wy, Oy — ik, 02, ) (2.56)
with
_1-g? _ Ne+e? g
Kyl = s—F/——, Kp2=——"F7—"> KkKp=—0. (2.57)
2 2+ g7 2 V2

Acting with D,, on the doublets in Eq. (2.53) evaluated at the vacuum expectation values (2.6)
gives the masses of the W* and Z bosons

v? + 02
L7 wmass = Lo kin = 1 2 (K2 WIwW™ + KzzzﬂZ“)
s Ws s O,=(D)) 2 wiTH Z,
Dr=(D2)
m2
= myWiw*+ TZZﬂZ”. (2.58)

Thus the gauge boson masses

v v
my =85, mz= \/82 + 8'25 (2.59)

are identical to those of the SM for v = 1/v% + v% = 246GeV.

Using Eq. (2.48) and Eq. (2.49) the Lagrangian in Eq. (2.53) can be expressed in terms
of Higgs mass eigenstates to determine the couplings of the Higgs bosons with the gauge
bosons. All possible couplings in the CPV and CPC case are listed schematically in Tab. 2.1.
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2. The two-Higgs-doublet model

Table 2.1.: Possible couplings between Higgs and gauge bosons in the CPC and CPV 2HDM.
The bracket notation is to be understood as follows: ZZ(h, H) = ZZh, ZZH. The
numbers in square brackets refer to the respective equations in the text.

coupling pattern CPC 2HDM CPV 2HDM

Voo W*H¥(h, H,A) WEH?¢;
Z(hA,HA,HH™) [2.62]  Z(¢1¢2, 4163, $263, HYH™) [2.60]
yH*H™ yH*H™

VVe WW(h,H), ZZ(h, H) [2.63] WWe¢;, ZZ¢; [2.61]

VV'¢ — —

VVoo W*W~(hh, HH,AA,H*H™) W*W~(¢;dr, H H")
ZZ(hh, HH,AA,H*H™) ZZ(¢ i, H H™)
yyH H™ yyH H™

VV ¢ W*ZH*(h,H, A) WEZH%¢;
WEyH™(h, H,A) WEyHT ¢,

ZyH H™ ZyH " H™

The corresponding expressions in the Lagrangian are here only given for the couplings that
are relevant for the two-body decays of the neutral Higgs bosons. There are two types of
interactions between the neutral Higgs bosons and gauge bosons that contribute to two-body

decays: VV¢ and Vg¢ couplings

3

_ Mz (5. _ )
LZ(D(D = Z v (¢Jau¢k ¢kay¢j)
J<k=1
X [(Rjsz3 — Rj3Ri2) cos B+ (Rj3Ri1 — Rji1R3) Sinﬁ]Zﬂ
+ ik (H 0,H* — H*0,H™) 2", (2.60)
3 2 2
) 2my, oom
Lyve = ; (le COSﬂ + R}Z smﬁ) [TW;W H oy TZZ/,ZH} ¢] . (261)
In the CPC case the general expressions in Eqgs. 2.60 and 2.61 simplify to
m .
Lzoo = TZ{ |1(8,4) = A@,h) | sin(ar = B)
+|H(8,A) = A@,H)| cos(ar - ,B)}Z”
+ ik (H 0, H* = H*0,H™) 2", (2.62)
. 2y e Mg
Lyvo = (hcosay - B)+ Hsin(a; — ) —EWw s 7,70, (2.63)

In this work the decays ¢; — W*H™ are not considered because my+ > m; is assumed.
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2.3. Yukawa couplings

2.3. Yukawa couplings

The couplings of Higgs bosons to fermions are determined by the Yukawa-interaction part Lyyk
of the Lagrangian. In its most general form it can be written as

Ly = =0 [(A), @1 + A, ®@2) dp + (4, @1 + A, @) up|[-L7, (@1 + 2o ®2) lp+H.c., (2.64)

where
QL:(Z) and LL:(ZV_’) (2.65)

are the left-handed quark and lepton SU(2); doublets with u, d, v; and [~ denoting up-type
quarks, down-type quarks, neutrinos with lepton flavor / and negatively charged leptons. The
right-handed up-type quark, down-type quark and lepton singlets are denoted by ug, dg and
Ig. Furthermore

) = iy @3, (2.66)

where o is the second Pauli-matrix. /l}.’j, f =d,u,l are the Yukawa matrices for the coupling
of down-type quarks, up-type quarks and leptons to the jth Higgs doublet. Flavor indices
have been suppressed. Primed quantities denote the flavor basis. Without imposing any
additional symmetries /1}’]. are arbitrary complex-valued matrices. Let us assume that in the
quark and lepton mass basis the Yukawa matrices A7 (unprimed quantities denote the fermion
mass basis) are real and diagonal. Then there are only flavor-diagonal couplings between the
fermion mass eigenstates and ®;. However, 47> do not need to be diagonal such that flavor-
off-diagonal couplings between fermions and @, were possible3. In other words the Lagrangian
in Eq. (2.64) with general Yukawa matrices introduces FCNCs at tree level. This kind of
interaction is experimentally very well constrained, hence a mechanism is needed to avoid
these FCNCs.

There are two methods commonly used to ensure that Higgs-mediated FCNCs are absent
at tree level: Yukawa alignment [82] and imposing a Z, symmetry [83-86]. In case of Yukawa
alignment the matrices Ay; and Afp are proportional such that they can be diagonalized
simultaneously. However, due to higher order corrections the matrices As; and A7> can mix
under renormalization. In Ref. [87] it has been shown that the Yukawa matrices remain
proportional under renormalization if and only if fermions with the same charge couple only to
one Higgs doublet. This brings us to the second possibility of avoiding FCNCs. This method
imposes a Z, symmetry under which the Higgs doublets and the fermions transform such that
one type of fermion (up-type, down-type, lepton) can only couple to one Higgs doublet. There
are four different possibilities to realize such a coupling pattern. In this work the so-called
type Il is implemented

type ll: A =2,=0, =0, (2.67)
i.e. right-handed down-type quarks and leptons couple to ®; and right-handed up-type quarks

couple to ®,. This coupling structure can be realized by imposing the following Z, symmetry
transformations

O > Dy, dr—odg, Ig—Ig, (268)
®; - -0y, ugp > —ug (2.69)

3In the SM there is only one Higgs doublet and therefore only three Yukawa matrices for up-type quarks,
down-type quarks and leptons. These can all individually be diagonalized by transformation into the fermion
mass basis. Hence in the SM there is no problem with flavor changing neutral currents in the Yukawa sector.
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2. The two-Higgs-doublet model

and demanding that the Lagrangian is invariant under this Z, symmetry. Besides generating
the desired Yukawa couplings the exact symmetry also constrains the Higgs potential such that

ml, = =17 =0. (2.70)

Due to Eq. (2.67) the type-Il 2HDM Yukawa Lagrangian Ly in Eq. (2.64) simplifies to the
form _

Ly = =0 [y®1dy + A, Doy | - L@ + Hee., (2.71)
where 4, = A1, 4, = 4/, and A; = /1;,1' After electro-weak symmetry breaking and rotating to
the mass basis where the Yukawa matrices are diagonal the Lagrangian in Eq. (2.71) generates
the following mass terms

/lilj - 2 /ljj -
Linass = _Evldidj - évﬂzilﬂ - %Ullilj, (2.72)

where i, j are family indices and Ay = diag(ys.1,ys2,y73). From Eq. (2.72) we read off the

fermion masses .
_ Y4 Cos _ yuvsinf _ yivcos s (2.73)
mgy —\/E , My \/z , my \/E , .
where the family indices have been omitted and the subscripts d, u and [ denote down-type
quarks, up-type quarks and leptons.
The Yukawa interaction between fermion and Higgs mass eigenstates can be read off

Eq. (2.71) after rotating to the fermion mass basis and using Egs. (2.48) and (2.49)

[ R; R 3 cos 1 [ -
Ly = —ug| 22 2R ﬁ% udpj + yucosB|H Vyiigdy + H™V, drug
v |sing sin 3 |- ] “
my i R'l _R‘3 sin/i’ 1 . [ _ e 3
—Td COé,B -1 i:OS,B Y5 d¢j + deIHﬂ H+VudMLdR +H VuddRuL} (2.74)
[ R; R 5 sin ] [ _
gl R RZeB Vs v yising | HGule + HOROw |,
v |cosB cosf | ]

where summation over j = 1,2,3 is implied. The general form of the Yukawa couplings of the
neutral Higgs bosons in Lyyk can be parametrized as follows

mye _
-£Yuk,neutra| = _Tff(afj - ibfﬂ’S)f¢j s (2'75)

where ay; (by;) denote the reduced scalar (pseudoscalar) Yukawa couplings to up-type quarks
(f = u,c,t), down-type quarks (f = d, s,b) and leptons (f = e, 1, 7), respectively. The reduced
Yukawa couplings of the neutral Higgs bosons in the 2HDM are summarized in Tab. 2.2. The
reduced Yukawa couplings in the CPC case are also presented in Tab. 2.2. They are obtained
by setting @y = a3 = 0 in the rotation matrix R and identifying ¢; = h, ¢» = —H and ¢3 = A.

We close this section with some remarks on Z, symmetry breaking [88]. Z, symmetry
is realized when the Z, violating terms in the Lagrangian are absent (m%2 =16 = A7 =0).
There are two stages of Z, breaking. The first stage, “soft Z, breaking”, occurs when m%z #0
(but 2¢ = A7 = 0). This type of Z, violation respects the symmetry at high scales where
the transition amplitudes ®; < ®, are suppressed but breaks Z, at low scales, which gives
this kind of breaking its name. In general the term “soft” is attributed to symmetry breaking
caused by operators of mass dimension two in the Lagrangian because these operators become
dominant at energy scales that are low compared to the mass coefficient of these operators. If
Z, is broken softly and fermions of the same type (u, d, I) can couple to only one Higgs doublet
then Z, remains softly broken even when radiative corrections are taken into account [89,90].
Hence, the absence of FCNC can be guaranteed also in the case of softly broken Z;. If m%z # 0,
A¢ # 0 and/or A7 # 0 one speaks of “hard” Z, breaking. In this case FCNC are not forbidden
(at least not because of Z, symmetry) even at tree-level.
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2.4. Parameters

Table 2.2.: Reduced scalar (as;) and pseudoscalar (bs;) Yukawa couplings of the neutral Higgs
bosons in the CPC case (h, H, A) and the CPV case (¢1, ¢2, ¢3). The subscripts
u, d and [ denote the coupling to up-type quarks, down-type quarks and leptons,
respectively. Furthermore ¢; = cosa; and s; =sine;, j=1,2,3.

ayj byj aq;j, aij baj. bij
51¢2 c1c2
P1 Sinp s7 cotf s sp tan B
h siSn],B 0 cg;,B 0
C1C3—S15253 _ S1€3+C15283
05 Y ca283 cotf Tsp . €283 tan 8
H - sicnlﬁ 0 cgéﬁ 0
$1852C3+C1 53 5183—C152C3
¢3 T sng caC3 Cotﬁ T csB CcaC3 tanﬁ
A 0 cotf 0 tan S

Table 2.3.: Number of independent parameters in the Higgs potential Vg for different sym-
metries imposed on Vg. The numbers in brackets refer to the case when the
minimization conditions (Egs. 2.7-2.9) have not been applied to the potential.

no. of parameters

symmetry in the potential Vg
none 13 (14)
CP 10
758 9 (10)
) 8
CP and ZEB 8
CP and Z; 7

2.4. Parameters

This section gives a summary and overview of the 2HDM model parameters introduced in
Sec. 2.1. In general there are 14 parameters* in the scalar potential (2.3) which determine
the couplings among the Higgs bosons as well as the couplings to gauge bosons (Sec. 2.2)
and fermions (Sec. 2.3). By imposing certain symmetries on the general scalar potential the
number of parameters can be reduced as shown in Tab. 2.3. If the potential is invariant under
CP transformations

O, — O, = 5D

., a=12 (2.76)
it is possible to find a basis {®;,®,} (by unitary rotations in the ®;-®,-space) in which all
parameters of the Higgs potential are real [91]. Since there are four complex parameters
(m%2, As, Ag, A7) the number of independent parameters reduces by four when imposing CP
symmetry on the Higgs potential. Imposing in addition a softly broken Z; (ZZSB) symmetry

(¢ = A7 = 0, see also Sec. 2.3) reduces the number of parameters further by two. If CP

“Real and imaginary parts of the complex parameters are counted separately.
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2. The two-Higgs-doublet model

and exact Z; symmetry (m%2 = A¢ = A7 = 0) are simultaneously imposed there are only seven
independent parameters. CP and Z, symmetry are in fact special cases of two kinds of more
general symmetries that leave the kinetic term in the Lagrangian invariant [79]. The first kind
of symmetry is related to the following transformation

D, — (D; =Suw0p, (277)

where S is an arbitrary unitary matrix. This kind of symmetries are called Higgs family (HF)
symmetries. They are unitary transformations among the Higgs doublets. The Z, symmetry
(®; — @, Dy —» —D,) is a special case of a HF symmetry with

1 0
Sz, —( 0 -1 ) (2.78)
The second kind of general transformation can be written as
O, - D, = XDy, (2.79)

where X is an arbitrary unitary matrix. It is a generalization of the CP symmetry called general
CP (GCP) transformation. In particular, one recovers the ordinary CP symmetry in Eq. (2.76)

by setting .
e 0
X _( L ) (2.80)

Even though one can combine different HF and GCP symmetries (e.g. Tab. 2.3) it has been
shown in Refs. [92, 93] that there exist only six classes of HF/GCP symmetry-constrained
potentials for the 2HDM. Despite these general considerations this work is restricted to cases
listed in Tab. 2.3, in particular, the combination of ZzSB and CP symmetry. A motivation for
considering a Z, symmetry is given in Sec. 2.3. The soft breaking of the Z, leaves the model
more flexible due to the additional parameter m%z. In particular, it allows one to evade rather
strong constraints [94] on the Higgs boson masses imposed by stability and unitarity of the
2HDM that are present when imposing exact Z, symmetry.

In the following we discuss if the parameters of the Higgs potential Vg (2.3) can be
expressed in terms of phenomenological parameters when certain symmetries are imposed on
Vo. We define the set of phenomenological parameters as

v, tan B, 1, my, ma, m3, Mg+, @1, @2, @3 . (2.81)

Recall that 7 is related to m%z by Eq. (2.39). Initially there are 14 parameters in the Higgs
potential:

2 2 2 2
my,, my,, Re (m12)> Im (mlz),

/ll, /12, /13, /14, Re (/15), Re (/16), Re (/17), Im (/15), Im(/l6), Im (/17) . (2.82)

The minimization conditions Eqs. (2.7)—(2.9) are used to rewrite m$, and m3, in terms of v and
tanB and Im(m%z) in terms of Im(As), Im(4g) and Im(A7) such that the number of independent
parameters is reduced by one. Hence one is left with 13 parameters in the scalar potential
of which ten can be expressed in terms of the phenomenological parameters in Eq. (2.81)
by applying the minimization conditions and Egs. (2.31)—(2.37). Hence, we are left with the
following complete set of 13 parameters

v, tanB, my, my, mz, mg+, N, @1, @2, @3, Im(2e), Re(17), Im(17) . (2.83)
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2.4. Parameters

Imposing 22SB symmetry (d¢ = A7 = 0) the number of potential parameters reduces from
13 to nine. The number of phenomenological parameters given in Eq. (2.81) is also reduced
by one [95]: In the case where g = A7 = 0 the two entries M3 (2.24) and M»3 (2.26) are very
similar

_vzlm(/l5) .

My = Tsmﬂ, (2.84)
2|
My = —%(/15) cosf3 (2.85)

such that the following relation holds

M3 m%R11R13 + m§R21R23 + m§R31R33

tan B = (2.86)

T2 2 2 ’
M>3 m]Rlleg + m2R22R23 + m3R32R33

where Eq. (2.38) was used. Equation (2.86) states that tan, a; and m; are not independent.
One can, for example, eliminate the mass mj in favor of the other parameters

miRi3(Ri2tanf — Ri1) + miRy3(Ryy tan B — Ry )

2
ms = 2.87
3 R33(R31 — R tan ) (2:87)
The set of nine independent phenomenological parameters is then given by
v, tanf3, n, my, my, my+, a1, A2, Q3. (2.88)

Thus, in the case of softly broken Z; all nine independent parameters of the Higgs potential
can be written in term of the parameters in Eq. (2.88) such that the Higgs potential is uniquely
determined by the phenomenological parameters only. In addition to the Z2SB symmetry one
can impose CP invariance on the Higgs potential which restricts all parameters in the potential
to be real and reduces the number of potential parameters from nine (under ZZSB) to eight

m%l? m%Za m%z’ /lla /129 /13’ /14’ /15 ’ (289)

where m%z is real due to CPC. Now Eq. (2.86) does not hold any longer because in the CP
conserving case M3 = M3 = 0. However, the number of mixing angles is reduced, since
ar = a3 = 0 if CP is conserved. Hence, imposing 2253 and CP symmetries simultaneously
leaves eight phenomenological parameters

v, tan B, n, mp, Mg, ma, My+, 1. (2.90)

Again, all eight parameters in the Higgs potential (2.89) can be expressed in terms of phe-
nomenological parameters.

If the Lagrangian is invariant under CP the vacuum can still violate CP spontaneously
if there is a relative phase between the two vacuum expectation values v; and vy. Here we
have chosen them to be real such that there is no spontaneous CP violation. More general
constraints under which the vacuum is CP conserving are given in Ref. [91] and are reproduced
here for convenience

1 1

m2, — 5,160% - 5/171)% > Asvy for A5 >0, (2.91)
1 1

mi, — 5/161)% - E/lw% > 0 for 15 < 0. (2.92)

27



2. The two-Higgs-doublet model

Table 2.4.: Parametrizations of the Higgs potential Vg for different symmetries imposed on V.
The potential parametrization (second column) uses the parameters introduced in
Eq. (2.3) whereas the phenomenological parametrization uses the parameters given
in the third column. The fourth column indicates where the phenomenological pa-
rameters are not sufficient to fully parametrize the potential. The choice of which
parameters of the potential remain unconstrained after setting the phenomenolog-
ical parameters to specific values is of course arbitrary. In the fourth column one
choice is given as an example.

symmetry potential param. pheno. param. unconstrained
mi,, m3, Re(mi), i34 v tanp, n, ai, @, a3
none Im(4¢), Re(A7), Im(17)
Re(4s56,7), Im(A567) my, my, mz, mg+
m?., m2,, Re(m?,), A v, tan ay, @y, @
11’ 201 12/ 41,234 ' 1y, 2, 3

ZSB —
2 Re(4s), Im(As) my, mp, mg+

vv tan 1 ! aly
ZZSB and CP m2 m%z, Re(m%z), /11,27374,5 B 7 -

11’
my, mp, ms, mg+

Due to the fact that (2.91) and (2.92) are inequalities they restrict the parameter space but
do not reduce the number of parameters. For example, for a CP conserving potential obeying
Z;’B and A5 > 0 the ground state is CP conserving under the condition m%z > Asvq0s.

Table 2.4 summarizes the independent parameters in the potential and the phenomeno-
logical parametrization under the assumption of different symmetries. In this work we will
either consider a CP conserving potential with Z:ZSB or a CP violating potential were 1 # 0
and A7 # 0 such that all masses m;, mixing angles «@; and tanf are independent parameters.

2.5. Theoretical constraints

There are several theoretical constraints on the 2HDM that need to be taken into account for
consistency of the theory. First, the Higgs potential has to be bounded from below in order
to yield a stable ground state. Second, scattering amplitudes involving the Higgs bosons of
the 2HDM have to obey unitarity. Third, couplings among the Higgs bosons given by the
parameters in the potential should not exceed certain boundaries in order to guarantee that
perturbation theory is still applicable (perturbativity). These three aspects constrain the valid
parameter space of the 2HDM. However, in this work the choice of parameter scenarios is
guided by phenomenological aspects rather than these theoretical constraints. For example,
when estimating the maximal top-quark polarization for a certain class of scenarios in Sec. 4.2.3
some region of the parameter space might be excluded by one or more of these theoretical
constraints. Mostly these constraints come from perturbativity when, roughly speaking, the
mass separation between the heavy Higgs bosons is too large. Tools to check these bounds,
e.g. 2HDMC [96] (only for CPC 2HDM) use tree-level information to obtain the theoretical
bounds which therefore are to be understood as estimates rather than rigorous constraints.
Furthermore, when estimating an upper bound for the maximal polarization of the top quark the
constraints would lead to a reduction in the polarization. Thus, by neglecting the theoretical
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2.6. Decay widths

bounds the polarization is not underestimated.

The theoretical constraints on the 2HDM do not play an important role in the following
analyses. Still, constraining the parameter space of the 2HDM from purely theoretical con-
siderations is interesting and often discussed in the literature. That is why a brief account of
the constraints from from stability, unitarity and perturbativity on the 2HDM are discussed in
Appendix B.

2.6. Decay widths

In this section the analytic expressions of the partial two-body decay widths of the neutral
Higgs bosons in the 2HDM are presented. Besides the direct decays

¢j—qq, VV, §iZ, drdi (2.93)

that occur at tree-level and correspond to the respective interaction terms in the Lagrangian
discussed in Secs. 2.1-2.3 there exist also the loop-mediated decays

¢; — 28 VY- (2.94)

The decay ¢; — yy is compared to the other decay channels negligible for the purpose of this
work and is not further considered.

We begin with the direct decays in Eq. (2.93). The partial decay width of a (pseudo)
scalar Higgs boson into a quark-antiquark pair including NLO QCD corrections was calculated
in Refs. [97] and [98] and is reproduced here using the conventions and notation of this work

Ca m ) . ! :
[(¢; — Q0) = mJﬁQ, [aQ],BQ]( a‘f)cFAsQf)mZQj(H“‘f)cFAgf)] (2.95)
with
; ABoj) 1 +Boj 3
AY = —(3+34 138 ) In +——(-1+78%), (2.
< ﬁQj + 16,82),.( + ﬂQJ ,BQ]) IBQJ 3 ZQ]( + ﬁQJ)e ( 96)
- A(Bgj)) 1 +Boj 3
0j _
AY = ﬁij 16ﬂg/(19+2ﬂ@+3ﬁ2j)m BQ{+§(7—ﬁéj), (2.97)
N — —Boj Boj 2 1 +Bo;j
Alej) = (1+'8QJ)[4L|2( 1+ Qj)+2LI2( 1+ BQ/) 3ln1+ﬁlen1—ﬂQj
—2InBp;jln ——— L +Bo; } 3Bp;In ——— 4 —4Bp;iInp (2.98)
Qj 1— —Bo; Qj 1 BQj ) Qj» :
4m
Boj = 1——2 (2.99)
m;
Li»(z) denotes the dilogarithm defined as
Lia(z) = —fz%ln(l —1). (2.100)
0

The Higgs bosons couple to all quarks. However, due to the small masses of the quarks in the
first and second family the couplings to these quarks are strongly suppressed with respect to
the couplings to quarks of the third family (bottom and top quark). The couplings to light
quarks can therefore be safely neglected. In the following we investigate if the contributions
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2. The two-Higgs-doublet model

from the Yukawa coupling to the bottom quark can be neglected as well when compared to
the contribution from the top quark.

In Fig. 2.1 the ratio I'(¢p — bb)/T'(¢ — tf) is shown for ¢ = h, H,A and different values of
tanB. The following parameters® have been used to in Fig. 2.1:

m; = 173.34GeV, my =5GeV,  a,(ur) = a(my),

tanﬁ = 07, 1,2,5, aq :B, O = a3 = 0 (2101)

The reduced Yukawa couplings (Tab. 2.2) corresponding to the parameter choice in Eq. (2.101)
are given by

ap =1, awp=1, ag, =—cotPB, agp=tanB, by =cotf, by =tanpg,

by = buy = by = by = aar = aap = 0. (2.102)

The parameter setting @) = 8 and ap = a3 = 0 ensures that the mass eigenstate i has the
same couplings to fermions and vector bosons as the SM Higgs boson (alignment limit, see also
Sec. 2.7) and, simultaneously, the Yukawa couplings of H and A are maximal (with respect to
the variation of @3). In particular, the Yukawa couplings of & are independent of tanf as can
be seen from Eq. (2.102). Figure 2.1 illustrates that even the partial decay width into bottom
quarks is strongly suppressed with respect to the partial decay width into top quarks as long
as tanf3 is not too large (tanfB < 2) and my 2 400GeV. Since in this work we are interested in
heavy Higgs bosons decaying into top quarks we focus on a parameter region where tan8 ~ 1.
Thus, it is well justified to neglect the partial decay width into all quark flavors except the top
quark.

As seen in Sec. 2.2 there exists a rich gauge-Higgs coupling sector in the 2HDM. However,
among all the possible coupling listed in Tab. 2.1 only the couplings VV¢; (V = W*,Z) and
Z¢jpi are relevant for the two-body decay width of the neutral Higgs bosons ¢; (assuming
mg+ > mj). The Feynman rule for the VV¢; vertex can be read off from the Lagrangian in
Eq. (2.61)

Vﬂ
'Zm%, y
¢j -———- = leng“ (2103)
Vy
with
ij = (le cosf + Rjz sin ). (2104)

The decay matrix element |M¢jvv|2 summed over the polarizations of the final state particles
V is given by

2 f‘%jmj 2 4
|M¢jvv| = " (1 —4xvj+ 12xvj), (2.105)
where the mass ratios
Mg
xab = — (2106)
my

have been introduced. The decay width for ¢; — VV is obtained as

2
ij mj

2
Ty = VV) = m et (Z2) Cupy (1 - 433, + 1247) (2.107)

SFor the on-shell bottom-quark mass my, the result of Ref. [99] was used. For the coupling of the strong force
@,(u) the value provided by the parton distribution function CT10nlo [100] via the LHAPDF [101,102] library
was used.
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Figure 2.1.: Ratio of the decay width I'(¢ — bb) with respect to I'(¢ — #7) as a function of my
and tanp for ¢ = h (top plot), ¢ = H (center plot) and ¢ = A (bottom plot). Due
to the choice of parameters (a; = ) the ratio in the top plot is independent of

tan .
4m? .
where By; = |1 - m—2V and Cy is a symmetry factor
i
1 V=w*
Cv—{ % Vegz (2.108)

which accounts for indistinguishable particles in the final state in the case of ¢; — ZZ.

Another two-body decay channel of the neutral Higgs bosons relevant for this work is
¢; — ¢rZ. For the calculation of the corresponding decay width one can read off the Feynman
rule for the Zg¢ vertex from the Lagrangian in Eq. (2.60)

Pk g ¢k
/// mZ
bj - = — - Pfiz (2.109)
pj v
Z
with
fij = Rj3(Rk1 sin,B - sz COSﬁ) - Rk3(Rj] sin,B - Rj2 COSﬁ). (2110)

The decay matrix element summed over the polarizations of the decay products reads

4

m.
Moozl = Fiiz— A0, 505,07, (2.111)
where
Ax,y,2) = X2+ + 22 = 2xy — 2xz — 2yz. (2.112)
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2. The two-Higgs-doublet model

The decay width for ¢; — ¢;Z is then given by
2

f;
[(¢; = qiZ) = 11]6](2( ) 321, xkj,xéj) (2.113)

As mentioned in Sec. 2.1 the Higgs potential (2.3) describes the self-interaction between

the Higgs bosons in the 2HDM. The terms trilinear in the Higgs fields are relevant for the
two-body decays of the Higgs bosons and yield the following Feynman rules

- Pk
¢j ----< = ivfu, (2.114)

2
where fj is given in appendix A. The decay matrix element for the decay ¢; — ¢ is trivial
|M¢’j¢k¢l|2 = jzkl (2.115)

and the decay width is given by
szkl v 5kl
— g, 1/2

(0; = i) = vyg (1= 222, ), (2.116)

where the factor 1 — 6;;/2 accounts for indistinguishable finial state particles.

We turn now to the loop-mediated decay ¢; — gg. The partial decay width of a (pseudo)
scalar Higgs boson into gluons including NLO QCD corrections can be found in [103] and is
reproduced here using the conventions and notations of this work

3
;- g9) = -1 (1752 + 20 a1y 4 “erop )| 21y
with
ES) = =~ INy+260hn ”;—2 (2.118)
J
Ey = %7 - %Nf +2B01n —2, (2.119)
]
where
Bo = %(%ICA - %TRNf) (2.120)

denotes the leading coefficient of the QCD p-function. Ny is the number of active quark flavors

and

N2 -1
2N,

The superscript co in Eq. (2.117) denotes the large top mass limit (m; — o0). The form factors

for scalar and pseudoscalar couplings are given by

Cr = =4/3, Cy=N.=3. (2.121)

s sy _ _ _ Sco . s _
Fj = < Till = =7)f(T)pl, Fo= T}%Fj—m’ (2.122)
P ’JT £, FP = tim P =~ 2P0 (5 103)
j JIR j T 16y’
2
71& [ln(i"'\/_\/i_‘rl) - in’] T; < 1 41/)1t2
f@p = “ViT . T = = (2.124)
— arcsin? \/I Ti>1 n;j
Tj J =
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Figure 2.2.: Relative contribution of the bottom quark to the decay of a Higgs boson (h, H,
A) into two gluons in the 2HDM. The parameters used to generate this plot are
given in Eq. (2.101). Because of the choice @; = S the decay width of the mass
eigenstate £ is independent of tang.

The bottom quark contributions to Fg; and Fp; are neglected because they are suppressed
with respect to the top-quark contribution if tang < 2 and mg > 400 GeV. Figure 2.2 illustrates
this suppression by showing the ratio

sph = [Lo(@ = 89) 7 (¢ — gg)

= 2.125
’ o — 88) (2129)
where Ffo(gb — gg) denotes the partial decay width of the Higgs boson ¢ (¢ = h,H,A)
to two gluons including the contributions from the bottom quark loop at leading order and
['Lo(¢ — gg) denotes the leading order contribution of the partial decay width given in Eq. (2.117)
which does not include the b-quark contribution. The plots in Fig. 2.2 have been generated
using the parameters given in Eq. (2.101). The values of the Yukawa couplings correspond-
ing to this particular choice of tanfB and «; are listed in Eq. (2.102). Figure 2.2 shows that
the b-quark contribution depends on the mass mg of the Higgs boson. Furthermore (51“?1 and
6Fz depend on tanB while 6FZ is independent of tanB which is a consequence of the choice
a1 = . When increasing tan 3 the bottom-quark Yukawa couplings of H and A increase and
the top-quark Yukawa couplings decrease which in total increases the relative contribution of
the bottom quark loop to the decay ¢ — gg. In this work we focus on tanB ~ 1. In this case
Fig. 2.2 shows that for masses mg > 100GeV the bottom quark contribution does not exceed
15%. For masses that are larger than the 7 threshold mg4 > 2m, the bottom-quark contribution
is well below 5% and for 500GeV < my < 1000GeV it even drops below 1%. This shows that
for heavy Higgs bosons that can decay on-shell into top quarks the bottom-quark contribution
to the loop in the decay to gluons is negligible given that tang < 2.

Besides neglecting the bottom quark contribution another approximation is made in Eq. (2.117):
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2. The two-Higgs-doublet model
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Figure 2.3.: Upper plot: Higgs production cross section o, = o(gg — h) with full top and
bottom mass dependence at NLO QCD (red solid curve) and approximated (blue
dashed curve) according to Eq. (2.126). This plot was extracted from Ref. [104]
using the tool EasyNData [105]. Lower plot: Relative deviation 6o, of the ap-
proximated cross section from the exact result.

The NLO corrections are given in the large top-mass limit. This limit is strictly only valid as
2

. _ my : : :
long as the expansion parameter 7~! = ﬁ is small. For Higgs bosons decaying on-shell into

top quarks this condition is not fulfilled. In Ref. [104] it was shown for Higgs production via
gluon fusion (the inverse process of ¢ — gg) that the validity of this approximation can be
extended to higher Higgs masses by applying a rescaling factor to the NLO correction in the

large top mass limit

-0

0y = 0'510) + ﬁoﬁf’(l) = O'EO)KZO , (2.126)
s
h

represents the LO cross section

where Gy denotes the approximated rescaled cross section. U'EZO)

with the full m, dependence and O';O’(l) denotes the NLO QCD correction in the limit m;, — oo.
The rescaling factor 0'20)/0'20’(0) is the ratio of the LO cross sections with the full m, dependence

with respect to the LO cross section in the large top mass limit 0'::”(0). The K-factor K}} is
defined as

N O_;o,(O) " O_;o,(l) O_ZO,NLO
Ky = ) = —wio (2.127)
O'h O'h

Figure 2.3 shows how well this approximation of the Higgs production cross section via gluon
fusion performs with respect to the cross section including the full m, (and mj,) dependence. For
Higgs boson masses my, > 450GeV the relative deviation doj, between the exact and the approx-
imated rescaled cross section exceeds 5% but stays below 10% almost up to my; = 1000GeV.
A pseudoscalar Higgs boson A shows similar behavior [104].
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Figure 2.4.: Partial decay width of neutral Higgs bosons (H,A) into two gluons at NLO QCD
in the large top-mass limit as a function of the respective Higss mass. The upper
plots show the result for the decay width I'(¢ — gg) without rescaling (blue
dashed curve) (2.117) and with rescaling (red solid curve) (2.128). The center
plots show the relative deviation ¢6I'y of the unrescaled decay width with respect
to the rescaled one. The lower plots show the K-factor (ratio between NLO and
LO result) for the decay widths without rescaling (blue dashed curve) and with
rescaling (red solid curve).

Observing that this rescaling procedure performs so well up to Higgs masses as high as
1TeV one should apply this prescription also to Eq. (2.117)

CaCrm
I'(¢j— g8 = AZ—;[IF J|2(1+ (”)ES])+4|FPJ|2(1+ asW) g P])] (2.128)

The two expressions (2.117) and (2.128) for the partial decay width I'(¢p — gg) are compared
in Fig. 2.4 for ¢ = H and ¢ = A. The case ¢ = h is identical to ¢ = H because of the choice
of parameters in Eq. (2.101) where tanB = 1 in Fig. 2.4. In the upper plots the partial decay
widths including the rescaling (2.128) (red solid curve) and without rescaling (2.117) (blue
dashed curve) are displayed. From the center plots one can read off the relative deviation
6Ty, ¢ = H,A (green solid curve) of the nonrescaled decay width with respect to the rescaled
version. It shows that deviations can become as large as 20% for I'y and 40% for 4. The
lower plots present the K-factors for the rescaled decay width (red solid curve) and the non-
rescaled width (blue dashed curve). They are defined as the ratio of the (non-)rescaled width
in Eq. (2.128) (Eq. (2.117)) with respect to the decay width at LO. The K-factors of the
rescaled decay widths are essentially flat (apart from a slight tilt) whereas the K-factors of
nonrescaled decay width have a much stronger dependence on the Higgs mass. In addition
to the fact that the rescaling prescription shows only moderate deviation from the full result
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2. The two-Higgs-doublet model

even for large Higgs masses® the stability of the K-factor as illustrated in Fig. 2.4 is another
argument for favoring Eq. (2.128) over Eq. (2.117).

A final remark on the ¢ — gg decay: The partial decay width for ¢ — gg is compared to
other decay channels of the Higgs bosons very small such that any uncertainty (e.g. resulting
from the rescaling procedure) is suppressed accordingly.

2.7. The alignment limit

In this section a special limit of the general 2HDM is discussed, the so-called (SM) alignment
limit which is not to be confused with the Yukawa alignment mentioned in Sec. 2.3. The term
alignment limit stands for a region of parameter space of the general 2HDM in which one of
the neutral Higgs mass eigenstate (here ¢;) has SM couplings to fermions and gauge bosons
as well as SM self-couplings at tree-level and can therefore be identified with the SM Higgs
boson. This limit is particularly interesting because it allows for a consistent extension of the
SM given that the experimental results on the 125GeV resonance discovered in 2012 [6, 7] so
far are in agreement [8,9] with the SM hypothesis (within the experimental and theoretical
uncertainties). The condition for ¢; to have SM Yukawa, gauge and self-couplings restricts
the allowed parameter region of the 2HDM increasing its predictive power and its experimental
compatibility with respect to the results of the Higgs measurements’ at the LHC.

To ensure SM couplings to fermions one needs to inspect the Yukawa couplings of ¢;. In
the SM the reduced Yukawa couplings (see Sec. 2.3, Tab. 2.2) assume the following values

an =1, an =1, by =ba =0. (2.129)

One therefore obtains the following system of equations

sin @ cos @,

L, = nmcosa 2.1
ul sinf3 (2.130)
COS @1 COS @
- Soseicose; 2.131
an Lo (2131)
b,y = sinapcotf =0, (2.132)
by = sinaptanB =0. (2.133)

Under the assumption that tan > 0 Eqgs. (2.132) and (2.133) constrain the angle a;: sina; =
0. Since —71/2 < @y < /2 (see Sec. 2.1) it follows that

@ =0. (2.134)
Equations (2.130) and (2.131) then lead to
ar = . (2.135)

The two conditions in Egs. (2.134) and (2.135) also fix the Yukawa couplings of the heavy
Higgs bosons ¢, and ¢3. For convenience all Yukawa couplings using @; = 8 and a; = 0 are
presented in Tab. 2.5. Since the alignment limit only fixes @; and a; the mixing angle a3
remains a free parameter in this limit. From Tab. 2.5 it is obvious that the absolute reduced
Yukawa couplings |ayjl, [by;| of the heavy Higgs bosons j = 2,3 are maximal for a3 = 0 or

®In Fig. 2.3 this is shown for the cross section of Higgs production via gluon fusion. The decay ¢; — gg is just
the inverse process.

"There are of course other experimental constraints (e.g. the electric dipole moment of the neutron) that
constrain the parameter space further.
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Table 2.5.: Reduced scalar (as;) and pseudoscalar (bs;) Yukawa couplings of the neutral Higgs
bosons in the 2HDM alignment limit. The subscripts u, d and [ denote the coupling
to up-type quarks, down-type quarks and leptons, respectively.

au;j by, aaj, aij baj, bij
h 1 0 1 0
2 cotBcosas sinazcotf —tanfcosas sinaztanf
b3 —cotfsinaz cosazcotf tanfsina3z  cosasztanf

a3 = /2. In both cases the scalar potential is CP conserving and the neutral Higgs boson
mass eigenstates are CP eigenstates

(X3:0 . ¢2=—H, ¢3=A

az=n/2 : ¢py=A, ¢3=H. (2.136)

So far we have established the constraints on the parameters for which the Yukawa couplings
of ¢ have SM values. In the alignment limit the couplings of ¢; to gauge bosons should be
the same as in the SM as well. Inserting the conditions (2.134) and (2.135) into the expression
for the couplings fy; (2.104) yields

fv1 = RijcosB + Ripsinf = cos’ B +sin’B = 1 (2.137)

which is equal to the SM coupling between the Higgs boson ¢; = h and two vector bosons
V =Z W*. For a; = 8,as = 0 the couplings fjiz (2.110) vanish for the mass eigenstate ¢;

fikz = faz R13(Ri1 sin 8 — Ryo cos B) — Ri3(Ry sin 8 — Ry cos )

0 - (Rk1 sinfB — Ryp cos B) — Ryz(cos Bsinf — sinBcosB) =0. (2.138)

Additionally all other nonstandard couplings to gauge bosons

GHEWT,  ¢16,W W™, ¢1¢;ZZ, $1H*WTZ, ¢ H Wy (2.139)

vanish in the alignment limit as well. This shows that the constraints @; = 8 and a» = 0 as
derived from the Yukawa couplings also yield the SM couplings of ¢; to the gauge bosons.

Finally we turn to the Higgs self-interactions. The trilinear self-coupling fi11 of ¢ in the
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2. The two-Higgs-doublet model

general 2HDM is given by (see also Appendix A)

f111 = 3{—2R11R12R13[|m(/15) + sinﬁcosﬁ(lm(/lﬁ) + Im(/l7))]

+%Rf3[|m(/15) sin(28) + cos(2B)(Im(1e) — Im(17)) = Im(16) - Im(17)]
+R} Ri3[~Im(1s) sin B cos B — Im(Ae)( cos(28) + 2|
+R1,Ru3[Im(17)( cos(2B) - 2) - Im(A5) sin B cos B
+R?1 :/11 cos 3 + Re(4g) sinﬁ]
+R%1R12 :/1345 sin 8 + 3Re(A¢) cosﬁ]
+R 11R%2 :/1345 cos 3 + 3Re(17) sin /3]
+1’€11R%3 :/l§45 c0s3/3 + sinz,B cos,B(/h - 2Re(/15)) + Re(Ag) sin3,8
+sinf cos? ,B(Re(/l7) - 2Re(/l6))]
+R?2 :/12 sin 8 + Re(A7) cos ﬂ]
+R12RY;| A5 sin® B + sin B cos” B( 42 — 2Re(As))

+ sin2,8 cos,B(Re(/l(,) - 2Re(/l7)) + Re(A7) cos3ﬁ]}.

(2.140)
This expression simplifies enormously in the alignment limit
mi 2
Sini(ar =B,a2 =0) = 3(7) : (2.141)
The same holds for the quartic self coupling
fin = 3{/1113‘1‘1 + 4R} R1zRe(d6) + R RY, (245 + 244 + 2Re(1s))
+4R 1R} ,Re(17) + /lzR‘l‘z}, (2.142)
where fi111 is defined via the self-interaction term in the Lagrangian
fiinn 4
-£¢411 = T¢l . (2143)
In the alignment limit fj11; simplifies to
mp \2
Jin(a; =,3,02=0)=3(T) : (2.144)

The values of the trilinear (2.141) and quartic (2.143) couplings in the alignment limit are
equal to the respective SM values. However, while all nonstandard couplings between ¢; and
the gauge bosons vanish in the alignment limit this is not the case for the couplings to the
other scalars of the 2HDM. There still exist nonstandard couplings to other Higgs bosons
that are not present in the SM (since there are no additional Higgs bosons). The nonstandard
trilinear interactions between ¢; and ¢, 3 in the alignment limit are

m% +2m§

fioler =g =0) = ———= -2, (2.145)
m% +2m§

fizsla =p.ar=0) = ——5— -2, (2.146)
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2.7. The alignment limit

where 7 is defined in Eq. (2.39). The other nonstandard trilinear couplings among the neutral
Higgs bosons involving ¢; vanish in the alignment limit

fiiz = fuz = fizz = 0. (2.147)

Furthermore there is an interaction between ¢; and H*

Lynn- = fiup H H™, (2.148)
where fia4 is given by
m? + 2m?
1 H*
fiaa(ar =B, a2 =0) = 0 2n (2.149)

in the alignment limit. Among the quartic Higgs interactions the following nonstandard cou-
plings involving ¢; remain different from zero in the alignment limit

B0, Prds, B3, dids,  didads,  didads,  dids (2.150)

while the following couplings vanish in the alignment limit

Sz = finz = 0. (2.151)

Even though in the alignment limit there are nonstandard interactions between ¢; and the
other Higgs bosons this does not affect the decay width of ¢; at tree-level as long all other
Higgs mass eigenstates are heavier. However, in a situation where ¢, is not the lightest Higgs
boson, decays such as ¢; — ¢¢, are possible and would lead to a deviation of the total decay
width of ¢; with respect to the SM value. In this work it is always assumed that ¢ is the
lightest Higgs boson mass eigenstate.

In summary, the SM alignment limit of the 2HDM can be reached from the general 2HDM
by setting the mixing angles a@; = 8 and @, = 0. This ensures that the lightest neutral Higgs
boson ¢ has SM Yukawa, gauge and self-couplings. In particular, ¢; is a scalar in this limit
while ¢ and ¢3 are in general CP mixtures. In the case where a3 = 0 or a3 = 7/2 the mass
eigenstates ¢, 3 are also CP eigenstates, one being a scalar and the other a pseudoscalar.
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Chapter

Spin density matrix formalism

As discussed in Sec. 1.1.3 the properties of the top quark are particularly well suited for
investigating spin effects at hadron colliders. In this respect, among others, the top quark
takes a unique position among all quarks. Due to the presence and experimental accessibility
of top-quark polarization and #f spin correlations it is possible to study the underlying interaction
that produced the top quarks in a complementary way to the investigation of spin independent
observables. In this work, it will be shown that spin dependent observables can lead to an
increased sensitivity to new physics effects in #f production. The method used in this work to
extract spin information from the 7 final state is the so-called spin density matrix formalism
[106]. This chapter reviews this formalism in the context of ¢ production.

3.1. Spin density matrix

The quantum mechanical density operator p, also called density matrix, describes the statistical
ensemble of a quantum system of mixed states

p=> pilyd Wi, (3.1)

where p; is the probability to observe the ensemble in the quantum state ;). The density
matrix is Hermitian and has trace one

pl=p, Trlpl=1. (3.2)

Expectation values of observables represented by operators O acting on the Hilbert space of
the respective ensemble are calculated by taking the trace

(0) = Tr[pO]. (3.3)
As is well known the density matrix of a spin-1/2 system is given by
1
p:§(1+b-a'), (3.4)

where b is the polarization of the ensemble, i.e. b = (P) = (o). Since we are interested in
top-quark pair production we consider the density matrix for the ¢ pair

1
p”—:Z[l®ﬂ+b+'0'®]l+]l®0"b_+cij0'i®o-j]’ (3.5)
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3. Spin density matrix formalism

where b™ (b™) is the polarization of the ensemble of (anti)top quarks, i.e.

b* = (P)=(2S)=(0®l), (3.6)
b- = Pp=0QS)=({(10). (3.7)

The spin operators of top and antitop quark are defined as
1 1
S,=5(0'®]1) and S,—=§(]l®0'). (3.8)
The relation between the coefficients ¢;; in Eq. (3.5) and 7 spin correlations in general can be
derived by actually calculating spin correlations using the general definition
XY) — (XY
corr(X,Y) = (XY) = X0 (3.9)
V) = (X2 V(Y2 —(1)?

and replacing X = S;-4; and Y = S;- 4, where a; and &, are arbitrary unit three-vectors
(reference axes):

ciidial — (bt -4 -a
corr(S, -1, S;- i) = —~n 07 Ab_a) (3.10)
VIL =" -a)2][1 = (b~ - 4y)?]

In the absence of polarization b* =0 and b~ = 0 Eq. (3.10) simplifies to
corr(S; - a1, Sr- ) = 4((S; - a;)(S7- ap)) = c,-j&’i&é. (3.11)

In the case where the polarization is very small [b*| = b < 1 Eq. (3.11) is still a good
approximation receiving corrections at O(b?). On the other side Eq. (3.10) shows that cij can
be nonvanishing even when there is no spin correlation, corr(S; - 41, S7- a2) = 0. In that case
c;j receives only the uncorrelated contribution from the polarization of top and antitop.

3.2. Production density matrix

As we have seen (and is well known) the spin density matrix p,; describes (anti)top-quark
polarization and tf spin correlations of the #f ensemble. However, p,; carries no information
about how this ensemble of quantum states was prepared. Since we are interested in the spin
properties of 7 pairs produced in hadronic collisions we make use of the so-called production
density matrix [106] where the production process of #f pairs is taken into account. One can
write the final state |f) of the collision process in terms of the initial state |i) using the T
matrix

lf>=T1li . (3.12)
This makes it possible to construct the production density matrix
R = 1A (f1=THuT". (3.13)

Note that there is a difference between R and the general density matrix p described in Sec. 3.1.
In particular, Tr[p] = 1 while Tr[R] # 1 because if we start from the density matrix of the
initial state p; = [i) (i| then Tr[R™>/] = Tr[T"Tp;] # 1 because T is not unitary. The production
density matrix in spin space for the production of top quarks

a(pa), b(pp) — t(ky), 1(kp) (3.14)
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3.2. Production density matrix

is given by [106]

L 1 i}
RO (kD) = D (tan ks £ Bk T la, das pai by A, o)

Nab Ag,Ap,col.
x <ta 0/29 kl7 f’ﬂ2$ kil T |Cl, /la, pa’ b’ Ab’ pb>* ’ (315)

where @; and ; are the spin states of the top and antitop, respectively and a and b denote the
initial state partons (ab = gg, gg). In the partonic center of mass system (cms) p, = —pp = p
and likewise k; = —k; = K. Here only hadronic collisions are considered where the initial particles
are unpolarized, hence the polarizations A,, A5 in the initial state are summed. Furthermore
specific color states can experimentally neither be generated in the initial state nor be detected
in the final state such that the sum also goes over color in the initial and final state. The
factor 1/N,, takes care of the averaging of the spins and colors in the initial state

Ny = 4N? = 1)%,  Nyz = 4N2. (3.16)

The matrix R®" has the same decomposition as the spin density matrix discussed above

— z b’ . b’— . . .
o sy = A 0ayar0p,5, + B T 0, 0p18 + B 0wanT p, + CiY Ol 0y T (3.17)

a1 “1“20-,31ﬁ2

or written in matrix notation
R =A?101+B"".0@l+100 -B" +Co00;. (3.18)

The coefficient of the spin density matrix are process dependent as indicated by the superscript
ab. In the following this superscript will be dropped and the dependence is to be understood
implicitly. The normalization of R%~" is obtained by taking the trace

1
Nab

Tr[R™1) = 4A = Z (t,a;1,B| T lab){t,a; 1, B| T lab)* = |M(ab — t)|*,  (3.19)

Sa>Sp,col.,

ap
where for the first equal sign Eq. (3.18) and Tr[oc®1] = Tr[1® 0] = Tr[o;®0 ;] = 0 was used.
For the second and third equal sign the definition of the trace as sum over diagonal elements
(@1 = a3 and B = f8;) and the definition of the spin and color averaged T-matrix element |M]?
were used. The relation between the differential partonic cross section in the cms and |MI2

do ab—tt ﬁt v 2
e andl) = b — tt) 2
( dcost )c' s 327rs|M(a f | (3 0)

can be used to express the coefficient A in Eq. (3.18) as follows

A 57 (do-ab—m—) ,
cms

= 3.21
B \ dcos@ ( )

where B, = /1 —4m,2/s, cosd =k - P with k = k/|K|, p = p/Ipl and s is the center-of-mass
energy squared.

The coefficients B* in Eq. (3.18) are related to the polarization of top and antitop in
hadronic collisions. A precise relation is given in Appendix C and Sec. 4.2.3. Since the
scattering process is independent of the choice of the orientation of the reference frame, i.e.
invariant under rotation of all momenta (k, p) it is possible to decompose the B* in terms of
R, f) and €iji
B = bip; + b3k + bieupiki (3.22)
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3. Spin density matrix formalism

the b are scalar functions of z and s.

The coefficients C;; are directly related to # spin correlations in the case where both ¢
and £ are unpolarized otherwise C;; receives uncorrelated contributions from the polarization
of top and antitop. By the same arguments of rotational invariance used above C;; has to
transform as a rank two tensor under rotations. The most general rank two tensor that can
be constructed out of k, p, 0;j and €;; is given by*

Cij = cobij+cr€upr+ ca&jiky + c3(pik; — kip ) + capipj + cskik; + co(pik; + kip )
+  c1(pi€jimPikm + P j€itmPikm) + cs(ki€jimpikm + K j€itmpikm) - (3.23)

B* and C;; can be rewritten by introducing the unit three-vector fi = p x k as follows? [107]

Bf = bip;i+bik +biny, (3.24)
Cij = cobij+ cr&upr+ caeijiki + c3&jify + capipj + cskik;
+ Cﬁ(ﬁ,‘kj+kiﬁj)+C7(ﬁ,'flj+ﬁiﬁj)+C8(kiﬁj+flikj). (325)

So far the expectation values that have been considered were calculated with respect to
the spin space. Since we study hadronic collision processes we evaluate expectation values of
observables also with respect to the phase space. In general the expectation value is defined

as

Oy fdo-O ! fd (0] (3.26)

= = — g .
de' o

which represents a weighted average of the phase space dependent observable O with weights

do /o where o is the total hadronic cross section. In analogy to this expression the expecta-

tion value of an operator O that represents the observable O can be written in terms of the
production density matrix

~ 1 - A
O) = p Z fdxl dx Az fy (X1, 1F) frp (X2, r) TARC O], (3.27)
a,b

where x; and x; are the momentum fractions of the proton momentum carried by parton a and
b, respectively. f,,q (fp) is the parton distribution function (PDF) for parton a () in a proton.
It is a measure of the probability to find parton a (b) with momentum p, € [x; P, x; P + dx;]
(pp € [x2P, x2P+dx3]) in a proton with momentum P. The convolution with the PDFs therefore
takes into account that in a hadronic collision the partonic initial states do not have sharp
momenta. In Eq. (3.27) d®,; denotes the phase space measure including the delta function
for energy momentum conservation and the flux factor

1 &k Pk
2s 2m)32E) (27)32E,

d; = Q6D (pa + py — ki — k)O(s — 4m?), (3.28)

where s = x1x28haq and Shaq is the hadronic center of mass energy squared.

1There are nine free parameters cy, ..., cs for the real 3 x 3 matrix C;;. Note also that the antisymmetric (in ij)
combination lAcl-eﬂmplk,,, - lche,-lmp,km = €jp— ze,«j,fq and is therefore represented by a linear combination of the
¢ and ¢, terms. A similar relation holds for pi€ji,pikn — P j€impikn.

2Note that the € = ﬁ,fcj - lAc,ﬁj and n;n; = —l%ilch - pipj + z(ﬁ,-lch + l%iﬁj) +6;;(1 - 7%). Hence the antisymmetric
structure k;p; — pik; in Eq. (3.23) and the symmetric structure n;n; are covered by Eq. (3.25).
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3.3. Spin correlation vs. angular correlation

3.3. Spin correlation vs. angular correlation

This section illustrates the relation between spin dependent observables defined at the level of
stable ¢ pairs and angular correlations of the tf decay products.

As an example we consider the expectation value ((S; - R,)(S,—- ko)) = —((S; - lA()(S,- . lA()).
According to Eq. (3.27) the trace has to be evaluated

y o A 1 yy ~ A
THR™ (S, - ka)(Sr- ko)l = = TR (0 © 0 iy = ~Cihik;. (3.29)
Using the decomposition of C;; in Eq. (3.25) gives

TrIRU(S, - k)(St- k)] = —(co + ¢1 + 22¢a + 22¢6) . (3.30)

Inserting Eq. (3.30) into Eq. (3.27) yields

~ ~ 1 Shad
((S¢ - k)(S7- k) = —— E f ds Lab(Shad ) B fdz(co +c1 +27c +2zc6),  (3.31)
017 oh V4

2 32ns

where o7 denotes the hadronic cross section for ¢f production and where the luminosity function

1
d
L b At o IEE) s 1=

Lap(Shad, §) = S ¢
ad Jn

s
3.32
Shad ( )
was introduced.
Expectation values of spin operators at the level of stable top quarks such as in Eq. (3.31)
are directly related to angular correlations of the decay products of the # pair. For example,
in the dileptonic decay channel

pp — tlky) + ikp) — €7 (qes) + € (qe-) + X (3.33)
by replacing
S; 4 (A]g+ and S,‘ - Q[— (3.34)
the correspondence
(St - k)(S7 - k)it «— ((@r+ - ke)(@r- - k) = (cos 0 cos 6-)ee (3.35)

can be obtained, where ¢+ -k, = cos @, and Q- - k7 = cos _ have been defined.

In order to derive the relation between ((S; - k,)(S; - k7)) and (cos 6, cos 6_),; we consider
the decay of the #f pair. In analogy to the production density matrix R the so-called decay
density matrix D can be defined. For example the decay density matrix for r — bf*v is given
by [108]

DL = 3T (ber

t,a)t, BT |t v). (3.36)

b,l*,vspins

D' has the same structure as the spin density matrix discussed in Sec. 3.1
DY = G(1 + ke - o), (3.37)

where g+ is the direction of flight of the antilepton £* in the top quark rest frame. The
coefficient ks is called the spin analyzing power of the top decay product f. The lepton
(f =€) has the maximum value x; = 1 at tree level. For the antitop-quark decay 7 — b{~¥ the
decay density matrix is given by

DM = Gi(1 - kelie- - 0) (3.38)
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3. Spin density matrix formalism

where @ is the direction of the lepton (£7) momentum in the top quark rest frame. In the
narrow width approximation for the W boson propagator G; and G; are defined as

153613 m,

(1 - w)?(1 +2w)
153613 m,

(1 - w)?(1 +2w)

G; [,BR(t — bt*v)

(1 = x)x:6((qer +qv)* —m3),  (3.39)

G; = T.BR(— blv) (1 = x2)x-6((qe- + go)* — miy), (3.40)

2E+

where x. = are the normalized energies of the positively and negatively charged lepton in
the top and antltop rest frame, respectively. I'; denotes the total top- quark decay width, BR
is the branching ratio of the respective top-quark decay mode and w = —%. g+, ¢, denote the
four-momenta of the antilepton and the neutrino in the top-quark rest frame and g¢- and g5
denote the four-momenta of the lepton and the antineutrino in the antitop-quark rest frame.
In the case where the decay of the W boson is not further considered and the b quark is used
as the spin analyzer of the top quark the decay density matrix is given by

D"l = G(1 + Ky - ) (3.41)

where {j is the direction of the bottom quark momentum in the top-quark rest frame and

2m2, — m?
Ky = ——— . (3.42)
2m + m;

Using m, = 173GeV and my = 80GeV in Eq. (3.42) k, ~ 0.4 which is lower than the analyzing
power of the lepton. Hence, the leptonic decay of the (anti)top quark is best suited for the
study of spin dependent observables.

In the narrow width approximation for the top and antitop quark the process

ab — t(k;) {(py) — blgp) blqp) € (qe+) € (qe-) v(gy) ¥(g5) (3.43)

factorizes into the production of #f and the decay of ¢ and 7. The corresponding matrix element
can then be written in terms of the production density matrix of ¢f production and the decay
density matrices of top and antitop quark (see also Appendix C.1)

72

IM(ab — 17 — bbbt vv)]? =
( [FZ)Z

Sk = mD)5(2 — mH)THR™TDI=PY @ DMV | (3.44)

where the factor in front of the trace on the right hand side (rhs) is due to the narrow width
approximation of the top and antitop propagators. The general structure_of the matrix element
for the process in (3.43) can then be expressed by the coefficients of R&*=, D'=0E"Y and DI~bC7

2
\M(ab — tf — bbCTEVW)* = 4G, G,( TP S0(k; = m)o(k; — my)
mel

X (A+kee BY = kel - BT = GCiiqhql) . (3.45)

where k; = q¢+ + qp + gy and p; = q¢- + g + gy Inserting the decomposition of B* (3.24) and
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3.3. Spin correlation vs. angular correlation

Cl’j (3.25) gives

2

I\M(ab — tt — bbt™ " vv)* = 4GtG;mé(kf - mH)S(kZ — m?)

x{A + ke [DT(K - @) + DI - o) + DY (R )| — ke [B7(R - @) + D3 (P - @) + b3 (R - G|

—iG[co(@cs - Ge) + 1R - Ge )R- @) + 2P e )P - Q) + ealK - (@ X G
+eap - (@ X Ge)] + es[R - (@er X Ge)] + co[(k - Ge )P - Ge-) + (k- Q)P - Ger)]

+o7[(k - Ge ) @) + (K- Qe )@ - Geo)] + cs[(P - Ger )R- Q) + (P Q)@ - qm]]} . (3.46)

Equation (3.46) shows how the top-quark decay (in this case the dileptonic decay) “analyzes”
the spin structures of the 17 system: The coefficients b¥, c; of the production density matrix
are related to angular distributions of the charged leptons. Hence, these angular correlations
can be directly related to spin observables sensitive to (anti)top-quark polarization and #7 spin
correlations.

With Eq. (3.46) we can proceed with deriving a relation between ((S; - k)(S; - k7)), and
(cos 04 cos )¢ = (ki - @ )(K7 - @¢-)ee- Since (k- Ger)(ki - @) = —(k - @)k - §¢-) is bilinear
in ge+ and @~ the only terms in Eq. (3.46) that can contribute to this structure are c¢;. To
determine which of these terms in fact contribute one has to take into account that p and @+
have a component in the direction of k

p = pr+zk, ptk=0 (3.47)
G- = G+ k-qe)k, Gn-k=0 (3.48)

Collecting all terms involving cos 6, cos 6 in Eq. (3.46) yields
IM(ab — tf — bbl* " vv)|> ~ K%[CQ +el+ e+ 2Z66] cosf, cosf_+ ..., (3.49)

where the dots represent terms that do not depend on cosé, cos@_. The linear combination
of ¢'s in Eq. (3.49) is exactly the same that we encountered in Eq. (3.31) when evaluating
the expectation value ((S; - R,)(S;- ﬁ;)),; which has to be compared with {cos 6, cos6_). Using
Eq. (3.26) yields

BR *BR(F _
<COS 9+ COS 9_)55 = (t — bg V) (t e f y)

ag
X Zfdxldmfp,a(m,ﬂF)fp,b(xz,,uF)g(s_4mt2)
ab
B dQ, dQ_ ) 5 5
167r2sf 47: 1 K (K[C(s,z)cos 6. cos 6_), (3.50)

where C(s,z) = ¢o + ¢1 + z2¢2 + 2zc and where the terms of the matrix element indicated
by the dots in Eq. (3.49) were omitted because they vanish after phase space integration. In
Eq. (3.50)

s = X1 X28had, dQs =dcosOidps, dQ; = dzdy;. (3.51)

Performing the integration over dQ. and dy; yields

BR(t — bt*v)BR(f — €7v)
o

(cosB,.cosb ),y =

Shad 4
x f dsLab(Shad,s)% dz(§C(s,z)). (3.52)

b 4m[2
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3. Spin density matrix formalism

Further, using the relation
o = 0;iBR(t = bt*v)BR(f — (7 7) (3.53)

in Eq. (3.52) and comparing to Eq. (3.31) on can derive the following result
(cos 0, cosO_)er = —k; §<(Sz -k)(S7- k)7 = &; §<(Sz -K)(S7- k)7 (3.54)

Of course the relation (3.54) is only valid as long as no acceptance cut on the leptons are
applied because these cuts are not defined in the #f phase space. However, as can be seen from
Egs. (3.52) and (3.31) cuts on the 77 invariant mass M,; are allowed.

3.4. Spin dependent matrix element

In this section the spin dependent matrix element is introduced, starting with its definition
and how to calculate it explicitly. Two applications of the spin dependent matrix element are
presented. One is a method how to include the decay of the #f pair by generating the matrix
element for tf production and decay from the spin dependent matrix element. The second
application is the calculation of expectation values such as for example in Eq. (3.31) using the
spin dependent matrix element.
In Sec. 3.2 it was shown that the trace over the production density matrix gives the spin
averaged matrix element
Tr[R™) = |M(ab — ). (3.55)

The spin dependent matrix element is obtained by projecting onto an arbitrary spin state using
the projection operator
1 1

where §; (87) is the spin three-vector (spin quantization axis) of the (anti)top quark in the
respective rest frame. The spin dependent matrix element is then given by taking the trace

1 - .
IM@S, 87 = ZTr[R”b_’”(]l +0-8)1+0-8§))=A+B"-§+B -§+ CI-J@;&IZ . (3.57)
It can be calculated by using the following spinor relations

1 1
u(k, )k, s) = 5(1 +ys)(k+m) and ok, vk, s) = 5(1 +ys )k —m), (3.58)

where u(k, s) (v(k, s)) denotes the spinor of a (anti)particle with momentum k and spin four-
vector 5. Applying Eq. (3.58) to the calculation of the matrix element of #f production yields

IM(sp. spI* = A+ B} s + B, st + Cpys'st (3.59)

where s; and s; are the spin four-vectors of the top and antitop quark, respectively. B* and C
are functions of s and z = k - p.

The structure of the spin dependent matrix element in Eq. (3.59) is at first given by the
fact that the spinor products in Eq. (3.58) generate terms that contain one scalar product with

a spin vector (B*), terms with two scalar products involving s; and s7 (C) and terms without
any spin vector (A). The term

A= }LIM(ab - )P (3.60)
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3.4. Spin dependent matrix element

is in fact the same as in R (cf. Eq. (3.19)). The relations between B*, C and the
coefficients of R®™" are given by

B* -8 =Bs\, B -§=8Bs" Ci8is/=Cusls, (3.61)
where the explicit form of the spin four-vectors s; and s;7 is needed. In the top and antitop rest
frame they are given by

s, =(0,8)" and s7=(0,8)". (3.62)
If the external momenta are given in the 17 rest frame then in Eq. (3.59) the spin four-momenta
are also given in this frame. Boosting s, and s7 in Eq. (3.62) into the #7 rest frame gives

5, ( ) Biyi(k- Sj) . ) ’ (3.63)
S+ (v — D(k-8pk

5t ( A _ﬂt%(k‘ASf)A ) ) (3.64)
S+ (yi = D(k - $pk

with y; = E;/my, B = /1 —m?/E?. E, denotes the top-quark energy in the 7 rest frame. §,

(87) is the spin quantization axis in the (anti)top-quark rest frame (as in Eq. (3.57)) and k is
the direction of the top-quark momentum in the f rest frame. While in LO compact results
for the coefficients of R%™" can be derived, including NLO corrections leads to cumbersome
expressions rendering this approach less useful.

In the following it is shown how the spin dependent matrix element can be used to calcu-
late expectation values of operators without extracting the production density matrix. As an
example the operator (S; - 41)(S7- 4,) is considered with

TrR™(S, - a1)(S; - &)] = Cja)a). (3.65)

In the spin dependent matrix element this corresponds to the term C,ﬁ;@? which can be

projected out by the following linear combination of spin dependent matrix elements with
flipped spins

_ 1 . N . . . . .
Tr[RO™1(S, - 41)(S; - 42)] = I IM(a1, a)* — IM(a1, —a2)]* — IM(=4, 8)1* + |M<—a1,—az>|2] .

(3.66)
Hence, in order to calculate the trace in Eq. (3.65) the spin dependent matrix element has to
be evaluated four times using different combinations of spin vectors §; = £4; and §; = %4, in
the top and antitop rest frame. For the spin four-vectors, e.g. in Eq. (3.59), this means

se=(0,4)", s57=(0,8)" (3.67)
in the top and antitop-quark rest frame and

NEEZUSED k- ay) _ o
St —( i +/lt(lA(-ﬁ1)lA( ) > 87 —( 4, +At(ﬁ-ﬁz)ﬁ ) s % =Py, A= —1) (3-68)

in the #f rest frame. After the trace has been determined by this method it can be integrated
over the 17 phase space (Eq. (3.27)) to obtain the expectation value ((S; - 4;)(S7 - 43)). This
procedure is also applicable for more complicated operators, e.g.

THR™™(S, - Sp)
1 A1) A N - A D) A N A
= Z{IM(d(“,d(“)lz —IM@D, -dD)P — IM-dD. dD)P + IM(-dD, —d D)

v IMEP,AD)P - IM@?,-ED) - MDAV + M-, -d D)

+

IM@P, dO)P = M@, D) - IM(-dD, dD)* + IM(—-d?, -a<3>)|2} (3.69)
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3. Spin density matrix formalism

or
Tr[R1(S, x Sp) - k]

_ % {(am k)[| M@, A2 — IM@D, —dD)2 = IM(=dD,dD)E + IM(-dD, —d®)P
SIM@AD, dD)2 + IM@D, —dD)P + IM(—dD, AN - | M(—&(3),—&(2))|2]

+ (@ -R)[IM(&“%&“’)F Z M@, —dD)2 — IM(=dD, dD)2 + IM(—dD, —aD)R
SIMAD, A2 + IM@D, —dDE + M=V, AP - |M(—&(1),—&(3>)|2]

+ (@ -R)[|M(&“>,&(2>)|2 —IM@D, —dD)2 — IM=dD, ADNP + IM(—dD, —a®)P

~IM@?, dD)P + IM@AP, -dD)? + IM(=dP,dD) — IM(-d?, —&“))F]},
(3.70)

where {dD,d?®,d®} is an arbitrary orthonormal basis (e.g. d® = e = (611,02, 03)T).
Furthermore, inserting Eq. (3.66) into Eq. (3.27) yields the so-called double spin asym-
metry

1
H(S-anNSr-a2)) = O_—_((Tzf(TT) + (L) — o) = oallD), (3.71)

where o is the hadronic #f production cross section. The first arrow denotes the spin state
of the top quark and the second arrow the spin state of the antitop quark. Thus Eq. (3.71)
relates the expectation value 4((S;-4;)(Ss-a;)) with the production cross section of the polarized
top-quark pairs.

Note, that it is of course also possible to project out the polarization coefficients B* using

1 1
B* .4, = E[|M(stnl,0)|2 —IM(-a1,0)%] and B~ -4, = 5[|M(0, ) = M0, -], (3.72)

in order to calculate polarization related observables.

In the above considerations it has been explicitly shown that the spin dependent matrix
element is in fact sufficient to calculate expectation values of operators. In the following it
will be shown that the on-shell decay of the ¢f pair can be implemented via the spin dependent
matrix element. In order to see this one has to compare the matrix element for #f production
and decay, e.g. into leptons, Eq. (3.45)

2

I\M(ab — tf — bbt* vi)? = 4G,G;W5(k$ —m)3(kZ — m})

X (A+ &l - BY - kel - B —K;Cijqlql)  (3.73)
with the spin dependent matrix element Eq. (3.57)
IMGBL 8P = A+ B* -8 + B~ -8 + Cy;8i5 (3.74)
from which the following relation can be derived

2

IM(ab -t bE€+€_V1_/)|2 = 4G[Gt-m6(ktz — m%)é(ktg — m,2)|M(Kng+, _K€q€7)|2 i (375)
ttt
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3.4. Spin dependent matrix element

where §¢+ (q¢-) is the direction of the momentum of the positively (negatively) charged lepton
in the (anti)top-quark rest frame. k; is the top-quark momentum with &, = k; + g¢+ + k, and
pr is the antitop-quark momentum with p; = kj + g¢- + ky. This means the on-shell top-quark
decay can be implemented through the spin dependent matrix element by setting

;= (0,keqe+)", 7= (0, —kefe-)" (3.76)

in the top and antitop-quark rest frames or equivalently

(K - Ger) ) ( —,(K - Ge-) )
s, =ke| . 0 A, ost=—ke| . P 3.77
! ‘7( e + (K- qeok ! A qe + k- q0o)k (3.77)

in the #f rest frame and multiplying the matrix element with the respective functions on the
rhs of Eq. (3.75).

In this section it was shown that the spin dependent matrix element has versatile applica-
tions. In particular, we have seen that spin dependent matrix elements provide a method for
the numerical calculation of expectation values of spin operators. This is particularly useful
when considering NLO corrections where the analytical expressions for the coefficient of the
production density matrix are rather cumbersome. However, with respect to an analytical
calculation there is the disadvantage of multiple matrix element evaluations per phase space
point. This drawback can be partially compensated by separating the kinematical part from the
spin dependent part such that only the spin dependent part has to be reevaluated, which saves
computational time. Besides expectation values we have also seen how the spin dependent
matrix element can be applied to generate the on-shell decay of the 7 pair.

While the spin dependent matrix elements can be calculated as discussed in the beginning
of this section it is also possible to obtain them using the so-called spinor helicity formalism (see
e.g. Refs. [109,110]). In this approach the massive spinor the of top quark with momentum
k; can be constructed as a sum of two massless spinors with momenta p; and p, such that
ki = p1 + p2. The difference of the massless momenta is then the spin four-vector [109]
s; = (p1 — p2)/m; of the top quark. In the top-quark rest frame s; is given by the reference axis
a; as s, = (0,a))7. Analogous relations hold for the antitop quark.
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Chapter

Heavy Higgs effects in top-quark pair
production at leading order in a;

In this chapter the effects of heavy Higgs bosons on #f production at O(a?) (LO) in the QCD
coupling constant a;y are discussed. First a precise account is given of the contributions that
are considered for tf production. Furthermore, analytical results as well as a discussion of
phenomenological aspects is presented. This chapter serves as a detailed introduction into the
considered process of heavy Higgs boson production and decay into top-quark pairs discussing
the most prominent phenomenological aspects and the observables used to study them.

Feynman diagrams considered at LO are displayed in Fig. 4.1. The diagrams in Fig. 4.1a
represent the QCD contribution to # production in the gluon fusion channel. The amplitude
given by the sum of the Feynman diagrams in Fig. 4.1a is denoted by ﬂggég). The diagram
in Fig. 4.1b shows the QCD contribution in the quark annihilation channel and the respective
amplitude is denoted by ﬂg’c(g) The diagrams in Fig. 4.1c represent the contribution from the
heavy Higgs bosons to #f production in the gluon fusion channel. In this work the extended
Higgs sector with new heavy Higgs bosons is provided by the 2HDM which features three
neutral Higgs bosons ¢;, j =1,2,3. One of which (¢1) is assumed to be the Higgs discovered
at the LHC [6,7] and the other two are the heavy Higgs bosons ¢, and ¢3. Since we assume the
additional charged Higgs boson as very heavy in all phenomenological studies presented in this

work (also at NLO) it plays effectively no role. Each of the heavy neutral Higgs bosons gives
TOO0 —>—
a) A } /. (}m‘b\<
V000 —e— \
C) 3 o 3

Figure 4.1.: Feynman diagrams for # production at leading order. a) QCD contribution to the
gluon fusion channel, b) quark annihilation channel, c) heavy Higgs contribution
to the gluon fusion channel.
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4. Heavy Higgs effects in top-quark pair production at leading order in a;

a contribution as displayed in Fig. 4.1c. The corresponding amplitudes are denoted by ﬂgf’(o)
with j = 2,3. In case of the quark-antiquark channel there is no contribution from (heavy)
Higgs bosons when setting the couplings to light quarks to zero and neglecting the coupling
to the bottom quark. Hence, at LO the quark-antiquark channel is not sensitive to the heavy
Higgs bosons. From this point on we will drop the superscript gg and refer exclusively to the
gg channel if not stated otherwise. For the gluon fusion channel the full amplitude squared is
denoted by [M©2. From here on M always includes the average over spin and color degrees
of freedom (dof) of the initial state particles and summation over color dof of the final state

particles. M@ can be decomposed into
0)2 _ (0) 2, (0) )2
IMOP = ML P + MOy + MO (4.1)
where
© 2 _ (0) ©0) \*
IMaepl” = Neg Z Aqcop ﬂQCD) ’
spin,col.
© _ ©) o _ L O (7O \*
Msqeo = Z M,.aco My aco = N D, Re [ﬂ (‘ﬂQCD)]
j: s spin,col.
0)2 _ (0)2 (0)
|M¢ | - Z |M¢j| M¢2z
j= 23
1
0),2 L 0) (O) o _ 0) (0)
MOP = gngﬂ ( ) M, = —— 3 2Re[A (AD)].
spin,col. 88 spin,col.
(4.2)

where Ny, = 4(NC2 — 1)%. The matrix element IM(O) D|2 denotes the pure QCD contribution to

tf production at LO. In this work terms in the matrix element that are of O(ay?) are called
the signal amplitude squared (at LO: IM(O)IZ) where a; is the coupling constant of the strong

force and y, is the top-quark Yukawa coupling. Terms in the matrix element that are of O(a”y?)

(0)
are called Higgs-QCD interference or signal-background interference (at LO: M¢ QCD)
Making a; and y, explicit Eq. (4.1) reads

0)2 _ (0) 2 2 0)’ 4 0)" 2

where the prime denotes the matrix elements with coupling constants removed. In fact there
are more contributions to the second and third term in Eq. (4.3) than shown in Fig. 4.1c.
The second term receives contribution from the interference of the QCD tree level amplitude
displayed in Fig. 4.1a and Yukawa corrections to tf production of the type shown exemplary
in Fig. 4.2. However, the focus of this work is on the resonant production of spin-0 bosons
and their decay into top-quark pairs. In the resonant region the four-momentum squared of
the Higgs boson propagator is close to the Higgs boson’s mass. The contributions shown
in Fig. 4.2 are nonresonant and are therefore negligible in the resonance region. The third
term in Eq. (4.3) receives also contributions from the interference of the amplitudes shown
in Fig. 4.1c and Fig. 4.2 as well as contributions from the interference of the amplitudes in
Fig. 4.1a and those of Fig. 4.3. However, these contributions are suppressed by an extra loop
factor of 1/(167%) and are therefore not considered at LO in the QCD coupling constant.
Furthermore Yukawa corrections to the quark annihilation channel which contribute to O(asy,)
and O(a?y?}) are negligible in the resonance region and are not taken into account.

As indicated in Eq. (4.2) for the amplitude in Fig. 4.1c only the contributions from the
heavy Higgs bosons ¢,, ¢3 are considered. The contribution from the SM-like Higgs boson is
attributed to the weak corrections to #f production and is included using existing results from
the literature [111-113] when the NLO corrections are studied in Chap. 5. Since the SM Higgs
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A )
Al f A
’

0000 —<€— 0000 —e— 0000 —e¢——e—

Figure 4.2.: Sample Feynman diagrams for the nonresonant heavy Higgs contributions to the
gluon fusion channel of #f production.

Y

Y

o> <TIT

Figure 4.3.: Sample Feynman diagrams for the two-loop corrections to #f production involving
two heavy Higgs propagators.

>
-
«

L.

>

boson mass my, = my, = 125GeV < 2m, the impact of the light Higgs boson in small! and does
not matter from a phenomenological point of view. Hence, the SM Higgs boson's contribution
to the amplitude shown in Fig. 4.1c is neglected in this chapter and is only included when we
discuss the NLO corrections in Chap. 5.

4.1. Analytic results

Having defined ¢ production including QCD and Higgs contributions at LO this section presents
the analytical results for the matrix elements defined in Eq. (4.2). Since top-quark spin effects
such as polarization and correlation may provide an enhanced sensitivity to new physics effects
the full spin information of the matrix elements is taken into account. To allow an easy
interpretation we use the production density matrix formalism introduced in Sec. 3.2.

The matrix element squared of the Higgs boson contributions in Fig. 4.1c is comprised of
two components: The contribution of each heavy Higgs boson ¢; squared I/\/(gi)l2 is given by

M3, 801 = Ag, + B -8+ By - &+ Cps7's (4.4)
where
2.3
_omys
Ny; = —2CFv2ij, (4.5)
222 12
Ay, = Ny (a2p7+0}), (4.6)
b;j,l = b;fjl:b;jﬁzo’ (4.7)
222 2
C¢j,0 = N¢j (atj t _btj s (48)
C¢j’2 = 2N¢Jﬁtatjbtj 5 (49)
o5 = —2NyBiar;, (4.10)
Cg5134678 = 0. (4.11)

1The SM Higgs boson is far off-shell.
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4. Heavy Higgs effects in top-quark pair production at leading order in a;

with
Gy = F}(F}) +4fFf(FF) | (4.12)
5. F*
7 - . (4.13)
J s—m2 +ily.mg,
[ $;""9;

The form factors F¥ = F¥(t) and F¥' = FF (1) are defined in Eqgs. (2.122)-(2.124). However,
contrary to Eq. (2.124) 7 is defined here as

4 2
T=1—,3t2=%. (4.14)

The definition of the reduced Yukawa couplings a;; and b;; is given in Eq. (2.75). The contri-
bution from the interference between the Higgs bosons /\/(gl)2 is given by

Mt(zgs(ét’ 87) = A¢2,3 + Bgzﬁ "8+ B¢_52,3 87 + C:Z?zi $87 (4.15)
where

23
m?s

Ny, = ——. 4.16

¢2,3 2CFU2 ( )

A¢2,3 = 2N¢2,3 (at20t3ﬁ;2 + btzbt3) Re[G23] , (4.17)

by,a = F2Ng,.pi(anbs — asbp) Im (Gl , (4.18)

;2,3,1 = 22,3,3 =0, (4-19)

Chrs0 = 2Npyy (ananB; - bobis)Re[Gal (4.20)

Cppz2 = Ny, (anbs + apbp) Re[Gs] , (4.21)

Cppps = —4Ng,sBranasRelGal (4.22)

Cpr3.134678 = 0. (4.23)

Equations (4.17)—(4.23) show that the interference of the two Higgs bosons is only nonzero
in the CP violating case. In this case the neutral Higgs bosons mass eigenstates are mixtures
of scalar and pseudoscalar components. In Egs. (4.17)—(4.23) the reduced Yukawa couplings
occur in the combination axass and bypbys either directly or through the form factor term Gos.
If both scalars are CP eigenstates (i.e. in the CP conserving case) these products of Yukawa
couplings vanish and there is no interference between the Higgs bosons.

In Ref. [107] the properties of the production density matrix coefficients by, ...,b3 and
co, ..., cg under discrete symmetry transformations have been investigated in detail. For con-
venience Tab 1 in Ref. [107] which lists the transformation properties of the coefficients is
reproduced in Appendix D in Tab. D.1. Bose symmetry of the initial gg state, for example,
determines if the coefficients are even or odd functions of z. For the exchange of a spin-0 boson
the matrix element does not depend on z. Hence all coefficients that are odd functions of z
must vanish: by, b3,c1,c3,¢6,c3 = 0. This can immediately be verified from Egs. (4.6)—(4.11)
and Egs. (4.17)—(4.23). In Appendix D we give some further details of the transformation
properties of b5, which are related to top and antitop-quark polarization, and argue why this

coefficients vanish in I/\/[g)_)l2 but are nonzero in Mglz. The contribution from the Higgs-Higgs
J .

interference (Mf&) can, therefore, contribute to the polarization of top and antitop quarks
already at LO.
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The matrix element representing the interference between the Higgs amplitude (Fig. 4.1b)
and the QCD amplitude (Fig. 4.1a) is given by

M o8 = Ainj + Bl -8 + By -8+ Ct 8787 (4.24)
where

2.2
851y

N = - , 4.25

int CACFU(l —ﬂtzZ2) ( )

Ainej = Nies(a87Re|F]| - 2b,Re|FY]) | (4.26)

brsj = FNiwsBi(2alm [FT]+ byjim [FS]) (4.27)

bii;\t,lj = bii:wtﬁjzo’ (4.28)

Cint0j = Nints(a;B7Re|F3]+2b,Re[FT]), (4.29)

Cint2j = —NintsBs (2a;Re|FF| - bRe|FS ), (4.30)

Cintsj = —2NinesBra;Re[F5], (4.31)

Cint,134678] = 0. (4.32)

Regarding the coefficients bﬁ]t,zj only the CP-odd part bﬁi‘z‘}dd = 1/2(b;1t72j _b;\t,Zj) is nonzero

and is proportional to the imaginary part of FS and ff This is similar to the case of bgu,z
which is explained in detail in Appendix D. In the case of CP conservation the contributions
bit,Zj vanish. This can also be seen from the structure of the reduced Yukawa couplings which
occur in the combination a;;b;; in b;—;tlj in Eq. (4.27). In the case where the Higgs boson mass
eigenstates are CP eigenstates a;;b;; = 0 such that bﬁlt,Zj vanish.

Hence, if CP is violated in the Higgs sector longitudinal polarization of the top and antitop

quark is already generated at LO through interference among the heavy Higgs bosons (bgzi‘o‘jd)
and interference between the QCD and heavy Higgs contributions (bﬁi‘z‘;dd). This is particularly
interesting because the (anti)top-quark polarization is zero at LO in the SM. Therefore, we
expect an enhanced sensitivity to the effects of CPV heavy Higgs boson contributions to
1t production when studying observables that are sensitive to (anti)top-quark polarization.
Additionally, in the following section we also study observables that are sensitive to 7 spin
correlations.

4.2. Phenomenology

In this section some phenomenological aspect of heavy Higgs boson production and decay to
tf in the 2HDM based on the LO results are discussed. We start with the #f invariant mass
distribution to establish some basic features of this process. We investigate the contribution
of the Higgs-Higgs interference to the cross section in CP violating scenarios to answer the
question whether these interference effects are phenomenologically relevant. A large part
of this section is dedicated to spin dependent observables. We discuss (anti)top-quark spin
polarization and determine an estimate of the maximal size of the polarization in CP violating
2HDM scenarios. Spin correlations between top and antitop are investigated as well and we
define an observable with maximal sensitivity to the effects of heavy Higgs bosons on ¢ spin
correlations.
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4. Heavy Higgs effects in top-quark pair production at leading order in a;

4.2.1. Top-antitop invariant mass distribution

The differential cross section do/dM; also called the tf invariant mass distribution is a priori
a useful observable to study resonances decaying into #f pairs. M;; is defined as

Mz = N(k; + k¢)?, (4.33)

where k; and k; are the four-momenta of the top and antitop quark. As can be seen from
the Feynman diagrams in Fig. 4.1c the 2HDM contribution to #f production is an s-channel
process such that the heavy Higgs bosons with mj3 > 2m; should be visible as resonances in
the M,; distribution. However, the interference of the amplitudes in Fig. 4.1a and Fig. 4.1c
distorts the usual peak of the resonance leading, for example, to a peak dip structure. In the
following this is illustrated by two example scenarios:

a = B, a = 0, az = 0, tanB = 1, (4.34)

my = 125GeV, my, = 1050GeV, n = 0, v = 246GeV '
scenario 1: my = myg = 500GeV, m3 =my = 550GeV (4.35)
scenario 2: my = my = 500GeV, m3 =my = 800GeV (4.36)

The parameter set in Eq. (4.34) is common for both scenarios which live in the CP conserving
alignment limit of the 2HDM. The difference between both scenarios is the choice of heavy
Higgs boson masses. While scenario 1 features a small mass difference Am = m3 —my = 50GeV
in scenario 2 the masses are well-separated (Am = 300GeV).

The M,; distributions for scenario 1 and 2 are displayed in Figs. 4.4 and 4.5. They have
been generated for VS = 13TeV using the PDF set CT10nlo [100]. The upper plots
show in black the M distribution for QCD and the sum of QCD and 2HDM contributions
in red. Furthermore, the residual scale dependence of the M;; distribution is shown as blue
band where ug and ur have been varied simultaneously by a factor of two around the central
value ur = purp = po = (my + m3)/4. The inlay plot in Fig. 4.5 represents a detailed view
of the resonance region of ¢3 with m3 = 800GeV. The signal-to-background ratio (S/B) is
displayed in the center plots of Figs. 4.4 and 4.5. Instead of a resonance peak the 2HDM
contribution generates for example a peak-dip structure in the M;; spectrum which is due to
the interference with the QCD background. This is illustrated in the lower plots of Figs 4.4
and 4.5 where the green distribution shows the contribution from the heavy Higgs amplitudes
squared and the blue histogram represents the contribution from the interference between the
heavy Higgs amplitude and the nonresonant QCD background. The scale uncertainty due to
renormalization scale ug cancels completely in the ratio (at LO). The remaining uncertainty
due to up is so small that it is not visible in the plots. The bin widths in both figures are
10GeV which are chosen for illustrative purposes. The experimental minimum bin width is
more likely about 40GeV (see e.g. [114,115]) for the low-mass range of the 7 invariant mass
distribution. The following conclusions can be drawn from Figs. 4.4 and 4.5:

1. The Higgs-QCD interference is of the same order of magnitude as the contribution from
the Higgs amplitude squared and can therefore not be neglected. It changes the shape of
the M,; distribution significantly and distorts the resonance peak. In the case of scenario
2 the contribution from ¢3 even generates a dip instead of a peak. The kind of distortion
is not unique and different possibilities depending on the choice of parameters have been
investigated for example in Ref. [116].
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Figure 4.4.: Mj; distribution of scenario 1 at LO for vShaq = 13TeV. The upper plot shows
the My; distribution for QCD only (black) and QCD+2HDM (red) as well as the
scale uncertainty. The center plot displays the ratio (QCD+2HDM)/QCD and the
lower plot shows the two contributions to this ratio.
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Figure 4.5.: Same as Fig. 4.4 but for scenario 2. The inlay plot displays a detailed view of the
resonance region of ¢3.
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4. Heavy Higgs effects in top-quark pair production at leading order in a;

2. The dominant contribution from heavy Higgs bosons is localized to approximately
mp3 — 100GeV < M7 < mp3 + 100GeV . (4.37)

Outside this resonance region the contribution from the 2HDM to # production is very
small.

These are two important aspects of this process that will guide the NLO calculations in the
next chapter. Figures 4.4 and 4.5 also show that it is in principle possible to detect heavy
Higgs bosons by measuring the M;; distribution. However, when using more realistic bin widths
the S/B is reduced such that it becomes harder to detect the resonance in the M;; spectrum.
Furthermore, the larger the Higgs mass and the larger the mass separation Am the smaller the
S/B as can be seen when comparing Fig. 4.4 (scenario 1) with Fig. 4.5 (scenario 2).

4.2.2. Higgs-Higgs interference effects

In this subsection we consider the interference of the two heavy Higgs bosons in the CP
violating case and study the size of the spin independent contribution in Eq. (4.17)

A,y = 2Ng,, (anaiB] + bobis) Re [Ga] . (4.38)

In particular, we shall address the question how large the Higgs-Higgs interference can get given
the experimental constraints on the mixing angles a;, i = 1,2,3. The term Ay, , is dominated
by Re[G23] which contains the product of the propagator of ¢, and the complex conjugate of
the Propagator of ¢3. Therefore Re[G2 3] has a “double Breit-Wigner”-like form

1

[(s - m%)2 + m%l“%] [(s - m%)2 + m%l"%]

Re[G2,3] ~ (4.39)

which completely dominates the functional dependence of Re[G23] on s. Hence, the largest
possible interference between the heavy neutral Higgs bosons for a given set of mixing angles
and tanB occurs when their masses are degenerate my = mj3. If the masses are not equal the
Breit-Wigner peak of one of the propagators is suppressed by the Breit-Wigner tail of the other
propagator and vice versa. In order to assess the maximal possible Higgs-Higgs interference
the mass degenerate case is assumed. The model parameters that are kept fixed are given by

m

Re(4e)

125GeV, mpy, = 1050GeV, n = 0, v = 246GeV,

0 A7 = 0. (4.40)

Since a1, as, a3 are varied in the following study we include parameter regions with a CPV
Higgs potential. In order to keep the parameters my,my, ms, a1, @z, a3, tan B independent of
each other (cf. Sec. 2.4) we do not enforce softly broken Z, symmetry (1¢ = A7 = 0). Instead,
Im(2g) # O for the choice in Eq. (4.40) and can be calculated from the other parameters
(cf. Eq. (2.37)). Experimental limits on a1, a2, @3,tan have been derived and summarized
for example in Ref. [117]. The limits are given for specific values of Higgs boson masses
(my = 400GeV, m3 = 450GeV and my = 550GeV, m3 = 600GeV). The allowed parameter space
depends on the masses of the neutral Higgs bosons but for simplicity here only one set of
constraints is used for the whole mass range my, m3 € [400, 1000]GeV:

B-01<a; <B+0.1, -0.05<a,<0.05, —gﬁagsg (4.41)

which is compatible with the limits given for the two mentioned mass sets at tang8 = 1. For
tanB = {0.7, 1.5} the limit on a3 is tighter: |a;| < {0.025,0.01}. Since the neutral heavy Higgs
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interference term Ay, has a Breit-Wigner structure as discussed above its maximum value
is reached for s = my = my = m3. Hence, we evaluate the partonic cross section for the
interference between the two heavy Higgs bosons

Tne(5) = 2 Agy (5) (4.42)

at s = my and compare to the contribution from ¢, and ¢3 only

oi(s) = %Ad,j(s), j=2,3. (4.43)

Specifically, we consider the ratio

Uint(mqb)

Rint(my) = max = max {min [Ry, R3]} (4.44)

max I:O-z(mqj), o3 (m¢)]

with Ry = oint/02 and Ry = oint/03. This ratio provides a kind of upper limit on the size of the
interference contribution with respect to the largest contribution from each individual heavy
Higgs boson.? For example, if Rint = 1 and 0 > o3 then the interference contribution is as
large as 0. By determining this ratio we try to answer the question whether this interference
effect can in general be neglected with respect to the single Higgs contributions. R is
evaluated for a 10x 10x 10 grid of a1, @2, @3 in the range specified in Eq. (4.41). For each grid
point the decay widths of the heavy Higgs bosons have to be calculated since they also depend
on the mixing angles (see Sec. 2.6). This effect can not be neglected so it is not possible
to use one constant width for each Higgs boson for the entire grid. Once a configuration of
mixing angles oz'l“ax, ozg‘ax, ag‘ax that maximizes the ratio R, is found ag“ax is varied again
within a3 — /10 < a3 < a5'® + /10 with 100 steps to obtain a more accurate result3 for
the ratio Rint. This procedure is repeated for each value of mg. The result is shown in Fig. 4.6
for different values of tan8. The dash-dotted curve in Fig. 4.6 represents R, in the alignment
limit and is independent of the choice of tanB. The reason for this is the following: In the
alignment limit (a; =8, @2 = 0) and at the resonance (s = mé) R, and R3 take a simple form

)
2 I ,
Ry = i (2as) o255 (4.45)
2 (w1 + sinz(a3)) (wz + sinz(ag)) [y(a3,B)
)
2 I ,
Ry = sin”(2a3) 653 ﬁ)’ (4.46)
2 (wy + cos?(@3)) (w2 + cos?(a3)) Iy, (a3, 8)
where w; and wy in general depend on s. For s = mi
2 )
a
leﬁ—tz, sz%. (4.47)
1 -8 4|Fpl* — |Fs|

The form factors s and Ep are independent of the 2HDM model parameters and are defined
by
FJS :atjﬁs and F;-):btjﬁp, (448)

2When maximizing only R, one ends up with configurations where o c(my) ~ o2(my) but
Tin(my), 02(my) < 03(my). Then the interference effect would still be small and could be neglected. However,
to be consistent in these cases also the o, contribution should as well be neglected. Analogous statements
hold for the case when only R; is maximized.

3In principle a fine scan in @; and @, could also be performed but it has been checked that the fine scan in a3
is sufficient.
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Figure 4.6.: Maximal relative contribution Ri, of the Higgs-Higgs interference with respect to
the single Higgs contribution to the #f cross section as a function of the heavy
Higgs masses my = my = m3.

where F> and FT are defined in Eq. (2.122) and Eq. (2.123), respectively. As can be seen
from Eqs. (4.45) and (4.46) the dependence of R, and R3 on S enters only via the decay
widths. However, in the alignment limit min(R;, R3) is maximal for a3 = /4 where I'y, =Ty,
because |ap| = las| = |brnl = |bs| and the couplings to W and Z as well as to hh are zero in
the alignment limit. Hence, for a3 = n/4 the decay widths cancel and the dependence on 8
drops out such that Rjy¢ in the alignment limit (dash-dotted curve in Fig. 4.6) is independent
of tanp.

Figure 4.6 shows that the Higgs-Higgs interference can not be neglected in general because
there are combinations of mixing angles that can lead to sizable effects especially in the low-
mass region. In the alignment limit the maximal interference effects drop below 10% already
at my = 600GeV whereas if all mixing angles are allowed to vary in the range specified in
Eq. (4.41) the interference effects are still larger than 10% for my = 1TeV and tanB = 1.5.
As an example Fig. 4.7 shows the partonic cross sections oint, 02 and o3 for configurations
where min(R», R3) is maximal for mg = 500GeV, 700GeV, 900GeV and tanf = 1. Maximizing
the relative contribution of the interference with respect to the single Higgs contribution leads
to configurations where the contribution from ¢, is approximately as large as the contribution
from ¢3 such that R, ~ Rj.

Note that the result in Fig. 4.6 is only an upper limit. For m; # mj3 the interference
effects are strongly reduced depending on how large the mass separation is. Furthermore, Rint
should be seen as an estimate of the largest interference effects because to determine the exact
interference strength with respect to the single Higgs contributions the hadronic cross section
is needed. However, the peak behaviour of ojnt(s), o2(s) and o3(s) at s = mé filters out the
resonance region in the convolution with the PDFs such that Ri,: which is evaluated at the
resonance s = mi should give a good approximation to the hadronic case depending on the
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Figure 4.7.: Partonic cross sections o,t, 02 and o3 as a function of the partonic center of
mass energy +/s for my = 500, 700, 900GeV, tanf = 1 and a; = o™, i = 1,2,3.

width of ¢, and ¢s.

4.2.3. Longitudinal top-quark polarization

While it is interesting to study the contribution from Higgs-Higgs interference to the tf cross
section this question remains rather academic since the interference itself is not an observable.
The longitudinal top-quark polarization on the other hand is an observable and is directly
related to CP violation in the heavy Higgs contributions to #f production. Furthermore one
contribution to the top-quark polarization comes from the interference of the two heavy Higgs
bosons. In the following we give an estimate of the largest possible longitudinal top-quark
polarization induced by heavy Higgs bosons given the experimental constraints on the mixing
angles that have been already applied in Sec. 4.2.2 (Eq. (4.41)). The (anti)top-quark po-
larization is directly related to the B; (B,) coefficient of the double differential distribution
(Appendix C, Egs. (C.33) and (C.34))

Bi(ay) ke (P(a1)) = ke(2S; - A1)

K, ~
= 5 i o) o )L B 1) (4.49)

Of
By(8z) = —ke(Pi(&2)) = k(=257 - az)
K - 4
= =5 el faClar ) o )= (B - 1), (4.50)

o 8rs
where «; is the lepton spin analyzing power (which is k, = 1 at LO) and (P,(a;)) ((Px(4,))) is
the expectation value of the (anti)top-quark polarization with respect to the reference axis 4,
(a2). Since B* can be decomposed (Eq. (3.24)) as follows

B = bip; + b3k + biny (4.51)
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Figure 4.8.: Maximal longitudinal (anti)top-quark polarization as a function of m; for tanf = 1
and V/Shad = 8TeV using the PDF set CT10nlo [100]. Top plot: Maximal polar-
ization when a; are free to vary (solid blue) and in the alignment limit (dashed
purple). The SM theoretical value is shown as black line and the uncertainty is indi-
cated by the orange band. Center plot: Relative maximal polarization with respect
to the SM value. Bottom plot: Contributions from the Higgs-Higgs interference
(red) and Higgs-QCD interference to the maximal (anti)top-quark polarization.

and because
_bi

int,3; =

_ ot
- b¢2,3,

there is no transversal polarization but the (anti)top quarks can be polarized in the direction
of their momenta?. In the following we determine the maximum of the expectation values
Bl = (28, -k) and B, = (28;-K) by a similar procedure as for the Higgs-Higgs interference. For
a grid of 10x10x 10 points in (a1, @y, @3)-parameter space first the corresponding decay widths
of the heavy Higgs bosons are generated and then B; is calculated. The major difference to the
procedure in Sec. 4.2.2 is the calculation of the expectation value of the longitudinal top-quark
polarization at the hadron level, i.e. by convoluting with the PDFs according to Eqs. (4.49) and
(4.50). Furthermore the maximum is determined for m; € [400, 1000]GeV. As opposed to the
Higgs-Higgs interference contribution to the cross section here the polarization is not maximal
for my = m3. Hence, a scan over m3 € [my, my + 1000GeV] is performed as well. The upper
boundary (m; + 1000GeV) is chosen because for mass separations Am = m3 — my > 1000GeV
the width of the Higgs bosons becomes very large (% > 0.6). The choice for the parameters
that are kept fixed is given in Eq. (4.40).

The results for VShaq = 8TeV and tanS = 1 are shown in Fig. 4.8. The upper plot shows
the maximum of the absolute longitudinal polarization of the top (|B;|) and antitop (|B;|) as
a function of my (blue, solid). The parameters @, @2, a3 and ms were allowed to vary in the
range given above. The dashed curve represents the maximal polarization in the alignment

bi

o] ;=0 and b

int,1j

0 (4.52)

4The polarization with respect to the beam axis p vanishes when integrated over z in Eqs. (4.49) and (4.50).
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+

limit max(Bk’a“gn'

). In the alignment limit a; = 8, a; = 0, such that

.2 = FNg,,Bcot' Bsinas)@|Fp - |FsP)Im [Pyl (4.53)
FS + Zﬁp

1
bt... = =FN, — — 63: | cot? BsinRaz)Im | ————|. 4.54
int,2j FNintSBs (2 3]) cot” Bsin(2az)Im . m? N lijj ( )

Due to the factor sin(2a3) in both contributions the polarization in the alignment limit be-
comes maximal for @3 = n/4 and we need to scan only over the masses m; and m3 and not
over a3. Figure 4.8 shows that the maximal polarization in the alignment limit is only slightly
smaller than in the general case because the constraints on a; and a; allow only for a small
deviation from the alignment limit (see Eq. (4.41)). The theoretical prediction [118] for the
longitudinal polarization of the top quark in the SM (B;;SM = 0.003 £+ 0.001) is indicated by
the black solid line and the orange bar in the plot. In the SM at LO #f production proceeds
via the CP conserving interactions of QCD. Hence, the top quarks are not polarized. When
including corrections due to the parity violating weak interactions a tiny longitudinal polariza-
tion is generated. For low masses m, of the heavy Higgs boson ¢, the longitudinal top-quark
polarization can be as large as the polarization in the SM. But for masses my > 950GeV the
polarization due to CP violation in the extended Higgs sector of the 2HDM drops below 10%
of the SM value (middle plot in Fig. 4.8) which is below the theoretical uncertainty of BZ’SM.
The experimental results [119]

B; =-0.044+0.038 and B, = —0.064 +0.040 (4.55)

are compatible with the SM prediction as well as vanishing longitudinal polarization at a level
of less than two standard deviations. Hence, due to the small contribution from the 2HDM
to the polarization and the large experimental uncertainties the measurement in Ref. [119]
cannot discriminate between the SM and the 2HDM in this observable even if the maximal
polarization (compatible with the limits on mixing angles) is assumed. The NLO contribution
does not change this picture and an example will be given in the next chapter. However,
the contribution of the heavy Higgs bosons to the polarization can be enhanced by applying
appropriate cuts in the #f invariant mass M,;. This aspect will also be discussed in the next
chapter.

The uncertainties of B;: due to variations in the renormalization and factorization scales ug
and up, respectively, are very small at leading order because a(ug) cancels in these observables
leaving only a residual dependence on g through the PDFs which also cancels to some extend.
When varying ug = ur = po = (mp + m3)/4 by a factor of two (2uo, 1o/2) the resulting curves
lie within the line thickness of the curves in Fig. 4.8 such that the variation is not visible in
the plots. The apparent accuracy is of course misleading. Due to the cancellation of the
ur dependence the variation of the renormalization and factorization scales is not a reliable
method to estimate the uncertainty due to missing higher orders.

The maximal polarization (blue curve in the upper plot of Fig. 4.8) as a function of m;
features a kink at about my; = 600GeV. The origin for this kink is illustrated in the lower plot
where the absolute values of the contribution from the Higgs-Higgs interference (red) and the
interference between Higgs contribution and the QCD background (green) are shown®. For
masses m; < 600GeV the contribution from the Higgs-Higgs interference is dominant while for
my > 600GeV the interference with the background is larger. Since these two contributions
have different slopes the total maximal polarizations exhibits a kink at my = 600GeV.

In Fig. 4.9 the maximal longitudinal (anti)top-quark polarization as a function of m; is
displayed for tan = 0.7,1, 1.5 at an hadronic center of mass energy of VShaq = 13TeV. The

5The red and green curves in the lower plot of Fig. 4.8 also exhibit kinks because they result from the
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Figure 4.9.: Maximal longitudinal (anti)top-quark polarization as a function of my for tanp =
0.7, 1, 1.5 and V/Shag = 13TeV using the PDF set CT10nlo [100].

solid curves in Fig. 4.9 represent the maximal polarization when the mixing angles are allowed to
vary as given in Eq. (4.41). The dashed curves show the maximal polarization in the alignment
limit. The behaviour of the maximal polarization for tan8 = 1 at V/Spag = 13TeV is very similar
to the 8TeV case. For tanB = 0.7 (tanfB = 1.5) the polarization is enhanced (reduced) with
respect to tanf = 1 due to the enhanced (reduced) Yukawa coupling to top quarks. But
even for tanB = 0.7 the longitudinal top-quark polarization induced by a CP violating 2HDM
remains a small effect and exceeds the SM contribution only slightly for masses m; < 500GeV.

The very small effects in the SM make the top-quark polarization a promising observable
to look for new physics effects. We have seen that the 2HDM with a CP violating Higgs
potential can generate top-quark polarization already at tree level. However its magnitude
does not significantly exceed the SM value. In fact, for large masses of the heavy Higgs bosons
this effect reduces strongly and becomes much smaller than the SM contribution.

4.2.4. Spin correlations

Besides the polarization the spin dependent matrix elements allow also the investigation of
spin correlations. These correlations are, contrary to top-quark polarization, already present at
LO in the SM. Top quark pairs in the SM can be up to ~50% spin correlated [120] at the LHC
depending on the choice of reference axis. When considering only the gg channel there exists
even a reference axis [121] that yields a 100% spin correlation between the produced top and
antitop quark. Hence, at a proton-antiproton collider such as the Tevatron spin correlations of
almost 80%° [112] are achievable when using an appropriate reference axis. Contributions from
BSM physics such as the 2HDM can enhance or reduce these spin correlations. In particular,

maximization over a multidimensional parameter space and are therefore not expected to be smooth.
5Here the result at NLO QCD is taken. At LO the correlation can be even larger: 93.7%.
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no CP violation is required (otherwise the SM effects would be much smaller). In order to
determine the largest effects of heavy Higgs bosons on the spin correlation of #f pairs we
follow the strategy of Ref. [120] and determine the largest eigenvalue and the corresponding
eigenvector of the matrix

otipm = Coos + Z cprecm), mn=1,2,3 (4.56)
in the spin dependent matrix elements in Egs. (4.4), (4.15) and (4.24). Canpm receives only

contributions from cp, ¢; and ¢s such that the general structure is given by

Colipm = C2HDM,00mn + C2HDM 2Emnik1 + C2HDM,5Kimky- (4.57)

Due to this very simple structure which depends only on k we can identify, without loss of
generality, the z-axis with the direction of the top-quark three-momentum k

0
k=] 0 (4.58)
1
to obtain Coppm in matrix form
) 0
Covpm =| —c2 <o 0 , (4.59)

0 0 co+cs

where the subscript “2HDM" for the matrix components has been omitted. From Eq. (4.59)
it is obvious that K is eigenvector of Coppm with eigenvalue ¢o + ¢5. Inserting the expressions
for co and ¢s5 from Eqgs. (4.8), (4.20), (4.29) and (4.10), (4.22), (4.31) yields the relation

AoHpm = Ag,, + Z (Aqﬁj + Aint,j) = —(C2HDM,0 + C2HDM,5)- (4.60)
J

From this expression one can calculate the expectation value Che = —4((S; - K)(S; - k)) which
is related to the correlation:

—4 [ dO'Tr[Res™1(S, - k)(S7- k)] —4 [dd'Cons, knkn

C2HDM  _ =
hel o 2HDM [ dd’ 4AzmpM
4 [ dd’ (c2rpmo + C2HDM.5) 4 (4.61)
4 [ d’ Aoripm ’ |

where 2HPM s the 2HDM contribution (including the interference with the QCD contribution)
to the hadronic #f cross section and

do’ = dxadxbfp,a(xa, ,uF)fp,b(xb’ ,UF)dZ% . (462)

Hence, k is the eigenvector to the largest’ eigenvalue of Coppm which corresponds to a
correlation of 100%8. It does not come as a surprise that the optimal axis for the spin

"It has to be the largest eigenvalue because it corresponds to a correlation of 100%, which is the largest
possible correlation.

8As pointed out in Chap. 3 the expectation value —4((S;-k)(S-k)) equals the correlation in the case of vanishing
polarization. If the polarization is nonzero but small —4((S; - k)(S7 - k)) can still be considered as correlation
to good approximation.
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correlation is given in the helicity basis. When the spin-0 boson decays at rest the momenta of
the top and antitop are given in the 7 rest frame where the orbital angular momentum is zero.
Hence, the spins of top and antitop have to compensate each other to yield a vanishing total
angular momentum. In the 7 rest frame the momenta of the top and antitop have opposite
directions k, = —k; such that the spins compensate each other if the top spin aligns (or anti-
aligns) with k; and the antitop spin aligns (or anti-aligns) with k;. Hence, the spins are 100%
correlated in the helicity basis.

Unfortunately one has no direct access to the 2HDM contribution to Cpe as given in
Eq. (4.61) because Chg also receives contributions from QCD. These are much larger than the
2HDM contributions such that deviations of Cpe from the SM due to the 2HDM are difficult
to detect. This shows also that in order to increase the sensitivity of the #f spin correlations to
the effects of heavy Higgs bosons it is not enough to find a reference axis that maximizes the
2HDM contribution. The very same axis can in fact also yield large contributions from QCD.
Hence, in the following we determine the reference axis Xmax Which maximizes the ratio

CQCD+2HDM _ ~QCD
oC = Cacd ,

(4.63)

i.e Xmax maximizes the 2HDM contribution with respect to the QCD contribution. The ratio
6C can be considered as a signal-to-background ratio. Due to the nonlocal character of §C one
cannot simply determine the reference axis that maximizes 6C for each phase space point®.
Therefore we take a different approach by choosing an orthonormal basis [118] {k, #, #} where
k is the direction of the top-quark momentum in the 77 rest frame and

1 . 1
f= ;(f) xKk), = ;(f) - 7k) (4.64)

with
z=p-k r=+1-22, (4.65)

where P is the proton beam direction. Then we define the reference axis!®

%(0, ) = ksin 6 cos ¢ + fisign(z) sin Osin ¢ + £ sign(z) cos & (4.66)
and determine

QCD-+2HDM QCD
Coo = Cyy
0Cy, =

4.67)
QCD ’ (
cs

where
Cé),tp =C(0,p) = A(S; - f(@,go)(st_ : )A(O,go»- (468)
We scan over the angles 6 and ¢ to determine the maximum of 6Cy,,

QCD+2HDM CQCD
-Cyy

~ 0,
0Cmax = 6C(Xmax) = I%ax 4 QCD
@ CG .

(4.69)

9To determine 6C the expectation values CQCD+2HDM 54 cQCD have to be known. These expectation
values require integrations over the whole phase space. Therefore, whether a certain reference axis is
maximizing §C can only be decided after the integration over the whole phase space and not on a point by
point basis.

0The extra factors of sign(z) are inserted because the production density matrix for the gluon channel is even
under 7 —» —z due to the Bose symmetry of the initial state. i and  on the other hand are odd under
z — —z. Hence, the expectation values Cy,, C;, would be zero due to the phase space integration over z.
However, these contributions are generated when calculating the expectation value Cy, (4.67). The factors
sign(z) are needed to take them into account.
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Figure 4.10.: Contour plots in 6-¢ space for the signal-to-background ratio §Cy, (lhs) and the
absolute size of the spin correlation ICgsDHHDMI (rhs). The model parameters
in this figure are given in Eq. (4.34) and by m; = 500 GeV and m3 = 600 GeV.

The plots show results for v/Spag = 13 TeV using the PDF set CT10nlo [100].

In order to determine Crax = 4¢(S; - Xmax)(S7 - Xmax)) We need to specify the parameters of
the 2HDM. As an example we choose the parameters of the CP conserving scenario in the
alignment limit given in Eq. (4.34). For the heavy Higgs boson masses we choose

m3 =mjp + 100GeV (4.70)

and determine 6Cpayx for different values of my € [400, 1000]GeV. We observe that large values
of 6Cy, correspond to small spin correlations, i.e. the sensitivity to 2HDM contribution is
large but the absolute values of CRCP+2HDM 5,4 CQCD 3re small and therefore difficult to
measure experimentally. In Fig. 4.10 this behaviour is illustrated for the case my = 500 GeV
and m3 = 600 GeV. On the left hand side (lhs) the contour plot shows the ratio 6Cg, and
on the rhs the absolute value of the correlation is displayed. From the color scheme one can
immediately see that the two plots are quasi inverted. High signal-to-background ratios in the
left plot correspond to small correlations in the right plot. That is why we apply the additional
constraint

|CQCD+2HDM| > Coin (4.71)

on the maximization of dCy, where Cmin = {0.1,0.05,0.01}, which corresponds to 10%, 5%
and 1% 17 spin correlation, respectively. For the case my = 500 GeV and m3 = 600 GeV the
contours in 6—¢ space corresponding the these constraints are shown.

The results for 6Cmayx are displayed in Fig. 4.11.The upper plots shows 6Cmayx as a function
of my for the three different constraints Cpin and, additionally, we display 6Ce for the helicity
axis k for comparison. Note, that even though the axis k yields the maximum correlation
of the 2HDM contribution (Eq. (4.61)) it does not represent the axis of maximal sensitivity
to the heavy Higgs bosons due to the large QCD contributions. In general §Cpax decreases
with increasing mass of the heavy Higgs bosons. For small constraints on the absolute value
of the correlation, for example Cmin = 0.01, the ratio 6Cmay varies between 35% and 8% in
the mass range 400GeV < my < 1000GeV. For the stronger constraint Cpnin = 0.1 the ratio
6Cmax is about an order of magnitude smaller and varies between 2.8% and 0.9%. In the lower
plot of Fig. 4.11 the absolute value of CgCDHHDM is shown for the maximum configuration
for the three different values of Cyin and for the helicity axis. This plot illustrates the trade-
off between sensitivity (large 6Cmax) and large absolute correlations which can be seen by
the reverse order of the curves in the upper and lower plots. Furthermore, the lower plot
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Figure 4.11.: Maximum S/B of the optimal #7 spin correlation Cpnax as a function of my for
the 2HDM scenario defined in Eq. (4.70). Upper plot: Maximum S/B for differ-
ent constraints Cpin, and S/B for Che. Lower plot: Absolute value of the spin
correlation |Cmax| for different constraints Cmin and absolute value |Che|. The
absolute values represent the sum of QCD and 2HDM contributions. The plots
show results for v/Spag = 13 TeV using the PDF set CT10nlo [100].
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shows that the maximum of 6Cq, is reached for the lowest possible absolute values of the
correlation. That is why the curves deviate from Cp,i, only very little. But even Cje, which
is left unconstrained with respect to Cyin, varies only by a few percent over the mass range
shown here, and is therefore almost independent of m, in this scenario.

This analysis shows that spin correlations present an additional handle to study effects of
the 2HDM contributions in ¢ production. However, their measurement requires high precision
because their absolute values are small when the heavy Higgs contribution is large. One
possibility to circumvent this behaviour is to cut on the 7 invariant mass. In Sec. 4.2.1 we
have seen that the largest contributions of the heavy Higgs bosons come from the resonant
region where |m¢, - Mt,-| < 100GeV. Hence, filtering out this region by appropriate M, cuts can
yield larger sensitivities. In an experimental situation it is of course not known beforehand
where the resonant region is because the mass of the heavy Higgs bosons is unknown. That
is why one should bin Cg4 in M7 with bin width AM;;

4 (MM Gy TeRAD-H(S, - R)(S7 - R)]
oM - M 4.72
b — Mi+AM;; do (4.72)
Ju;
and search for enhancements or deficits with respect to the prediction of QCD only.
As a function of M;; the observable CM” can have zeros. In M bins where CM” QD _

the ratio 6C, Mit is ill-defined. Furthermore, as we will see in the next chapter, the position of
this zero can change when NLO corrections are taken into account. Consequently, predictions
of the sensitivity of spin correlations in the vicinity of the zero are less robust than from M,;
bins in an appropriate distance from the zero. Therefore, in the following analysis we determine
the zero for each observable Cg, and do not consider bins that lie within M;zp — 100GeV <
M; < Mz + 100GeV, where Mz is the position of the zero. As an example the result for

my = 600GeV, m3 =700GeV, tanfB =1 (4.73)

in the alignment limit is shown in Fig. 4.12. Cg’lg for 6 = 0.887 and ¢ = 0 is displayed
as a function of M;; for AM;; = 10GeV (lower plot) and AM;; = 80GeV (upper plot). The
fine binning is used to determine the zero M;;y. The range in M;; that is excluded from the

determination of 6CAm/I§X is indicated by the vertical olive green band in Fig. 4.12. All M;; bins
that overlap with this band are not considered when determining 6C%§X. As for the inclusive

(in My;) case we also impose the additional constraint
ICM,, QCD+2HDM| > Conir. (4.74)

In the example in Fig. 4.12 this constraint is indicated by the horizontal beige band. The M;;
bin 660GeV—-740GeV yields the largest signal-to-background ratio (S/B) which is compatible
with the constraints (that lies outside the intersection of the horizontal and vertical bands):
sCMi = 20.3%.

In order to determine the maximal S/B 6Cy,5, we maximize 6C 9;’ with respect to 6, ¢
and M,; under the constraints described above. Here we consider dlfFerent parameter sets
within the scenario defined in Eq. (4.70) with m, = 400, 500, 600, 700, 800, 900, 1000GeV.
The results are presented in Figs. 4.13-4.15 for AM;; = 50, 80 and 100GeV, respectively. The
solid bars represent the results for 6C%§X. For example, for the scenario specified in Eq. (4.70),
my = 500GeV and AM,; = 50GeV the signal-to-background ratio 6Cé‘z" becomes maximal for

0 =0.87 and ¢ = 0 647 in the My bin 590GeV—-640GeV with 6CAm/[§X =37.3%. The values of 8
and ¢ for which 6C, Mit is maximized depend on the specific scenario under consideration. Hence,
in a dedicated expenmental search for heavy Higgs bosons of a 2HDM in the #f decay channel

Mtt
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Figure 4.12.: Spin correlation Cg/lg as a function of M;;. Upper plot: M, binning 80GeV, lower

plot: M;; binning 10GeV. The plots show results for VShag = 13 TeV using the
PDF set CT10nlo [100].

one would have to analyse a spin correlation Cy, which is specific to the model (parameters)
considered in the search in order to gain the optimal sensitivity. The theoretical prediction
for this optimal spin correlation is given here for the scenario and parameters stated above.
The numerical values for 6C%§X and the corresponding values for 8, ¢ and M,; can be found

in Appendix E in Tabs. E.1-E.3 which correspond to Figs. 4.13—4.15, respectively.

The results for Cpin = 0.1,0.05,0.01 are shown in orange, green and blue, respectively
in Figs. 4.13-4.15. 6C%§X shows the same behaviour with respect to the change of Cp, as
the inclusive S/B 6Cmax: Decreasing Cpin, i.e. allowing for smaller absolute values of spin
correlations, increases 6C%§X and vice versa.

In an experimental analysis it is possible to use M,; bins as small as 40GeV in the lower
M;; range [114,115] but for larger values of M;; the bin width has to be increased to collect
enough statistics per bin to obtain meaningful results. In order to assess the sensitivity of this
analysis taking into account realistic M7 bins we present the results for 6Cff§x for different
values of AM;;. A comparison between the results displayed Figs. 4.13—4.15 shows that smaller
M;; bin widths yield larger signal-to-background ratios. An analysis performed with small M;;
bins therefore has a larger sensitivity to the resonant effects of heavy Higgs bosons. Peaks
and dips in the distribution (see Fig. 4.12 lower plot) are better resolved by small M;; bins
whereas large bins average over these resonant structures therefore reducing the visible effect
(compare upper and lower plot in Fig. 4.12). The position of the M;; bins has also an effect
on the maximal S/B but this is not investigated here, i.e. to generate Figs. 4.13-4.15 the M;;
bin position is not optimized.

In Figs. 4.13-4.15 the hatched bars represent the results for the inclusive S/B §Cpax to
facilitate a direct comparison between the inclusive and binned S/B. For Cpi, = 0.1, 0.05
the binned analysis yields always a larger S/B ratio. The smaller the bin width the larger
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Figure 4.13.: Signal-to-background ratios for different observables and for discrete values of

my in the scenario defined in Eq. (4.70). 6CM7 (solid) is the maximal S/B of
the binned optimal observable Cg:[g. 0Cmax (hatched) is the maximal S/B of

the inclusive optimal observable Cy. Soii  (red line) is the maximal S/B of
the M,; distribution. For the binned observables a bin width of AM;; = 50GeV
has been used. The plot shows results for VSh.q = 13 TeV using the PDF set
CT16nlo [100].

73



4. Heavy Higgs effects in top-quark pair production at leading order in ag

1.8

sCMi . AM,; = 80GeV
16 = Cmin =01 0
min = 0.05 D
14 | Cmin =001
. 0Crmax:
12 L Cmin = 0.1 oo
Cm,n =0.05 ==
1 =0.01 =xxxx3
2
0.8 | st ——
0.6 +
0.4 |
02 I I
0 A A vaw;s
400 500 600 700 1000
m;[GeV]
Figure 4.14.: Same as Fig. 4.13 but for AM;; = 80GeV.
18 — -
6Cmgx: AM,; = 100GeV
1.6 + Cmin=0.1 =77
Chmin = 0.05 ===
14 | Cmin =001
| 0Cmax:
12 L Chin = 0.1 ©ooon
Cmin = 0.05 =g
1 min = 0.01 &xxxx3
S Sorm ——
© 08
0.6 -
04t
02| %
o L=8 = ﬂ!
400 500 600 700 1000

m;[GeV]

Figure 4.15.: Same as Fig. 4.13 but for AM;; = 100GeV.
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the difference between 6Cy,ax and 5Cf,‘f;"x. In the results presented here there are only two

cases in which the inclusive observable Cy, is more sensitive than the binned observable Cgig
(Fig. 4.15): for Cmin = 0.01, AM;; = 100GeV and m, = 400, 500GeV. This happens because
of the additional constraint to avoid the zero of the observable Cgflg. However, heavy Higgs
bosons with masses m; € [400,500]GeV generate peaks and/or dips in the lower M;; range.
Hence, in an experimental analysis it is possible to choose a small bin width such as shown in
Fig. 4.13 where the binned analysis yields a much larger S/B also in the case Cin = 0.01.

Finally, for comparison and to illustrate the gain in sensitivity, Figs. 4.13—-4.15 also show the
maximal S/B 50’%2)( of the M;; distribution (red line), i.e. the maximal sensitivity of the cross
section binned in M. In many (but not all) cases the inclusive spin correlation Cy is already
more sensitive to heavy Higgs effect than the M;; distribution. The binned spin correlation
Cgi; is always more sensitive than the M;; distribution and in most cases significantly more
sensitive.

In conclusion, we observe that 7 spin correlations can increase the sensitive to the heavy
Higgs effects with respect to the M;; distribution of the cross section. However, there is a trade-
off between sensitivity and size of the correlation: the larger the sensitivity the smaller the size
(absolute value) of the spin correlation which poses a challenge for the experiment. Because
spin correlations are defined with respect to a certain reference axis not all spin correlations
yield maximal sensitivity. A dedicated analysis needs to consider model specific optimized spin
correlations. This is no problem because for the experimental search a model and parameters
have to be specified anyway. With this information it is then possible to determine the optimal
spin correlation (6 and ¢) as it was shown in this section and perform the analysis. To access
the full potential of the spin correlations the optimal correlation has to be binned in M. As
can be seen from Figs. 4.13-4.15 the maximal S/B 6C%§X of the binned observable is always
larger than of the inclusive one for relevant M,; bin widths.
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Chapter

Heavy Higgs effects in top-quark pair
production at next-to-leading order
in o

In this chapter the main results of this work are presented. Many of these results have been
published in Refs. [77] and [78]. At first we discuss the theoretical aspects and the computa-
tional methods used for the calculation of heavy Higgs production and decay into # at NLO.
Then we present the analytical results followed by a phenomenological discussion studying
several spin independent as well as spin dependent observables.

5.1. Introduction

As we have seen in Chap. 4 the LO heavy Higgs contribution (Fig. 4.1 c) to # production is
already a one-loop process. Hence, calculating the NLO corrections would involve two-loop
contributions of which an example is depicted in Fig. 5.1. Two-loop computations and in
particular the calculation of unknown master integrals are highly complex in general. The fact
that the contributions of the kind displayed in Fig. 5.1 involve multiscale (Higgs mass, top
mass, kinematic invariants) two-loop integrals introduces another level of complexity to the
problem. The investigation of NLO correction to 2HDM contributions to # production does
not justify such an endeavor until actual experimental evidence has been found. However, in
this work we attempt a first step in the direction of the full NLO calculation by computing the
2HDM contributions in the so-called large top mass limit. In this limit which is described in
detail in Sec. 5.2.1 the two-loop calculation is effectively reduced to a one-loop calculation.
In Chap. 4 it was also pointed out that the dominant contributions of heavy Higgs bosons
to tf production emanate from the kinematical phase space region close to the resonance.

Y
Y

<—"00000 " —

Figure 5.1.: Example Feynman diagram for an NLO two-loop contribution to #f production
involving heavy Higgs bosons.
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Furthermore, at leading order we have already restricted ourselves to resonant contributions
because the nonresonant amplitudes are subdominant as explained in Chap. 4. At NLO we
are also interested in the resonant production of heavy Higgs bosons and their decay into fz.
Hence, we restrict the NLO calculation to the resonant regime by applying the so-called soft
gluon approximation which is explained in Sec. 5.2.3.

Apart from these two approximations (large top mass limit and soft gluon approximation)
we apply standard techniques to calculate the NLO corrections. In the following section these
methods are described in detail.

5.2. Computational methods

This section is dedicated to the calculational tools and methods that have been applied to
obtain the analytical and phenomenological results presented in Secs. 5.3 and 5.4.

5.2.1. Large top mass limit

The top mass dependence of the coupling between gluons and the heavy Higgs bosons ¢;
mediated by the top loop (see for example Fig. 4.1 c) is given by the form factors

A5y j asbtj

Fg; = Sﬂl;'r[l—(l—r)f(r)], Fpj=1e—tf(0), ©=4m}/s (5.1)

where s is the partonic center of mass energy squared. If we were to consider Higgs production
only then s would be fixed to s = mé}_. The ratio 7 then reads

() 52)

For the SM Higgs with mg4, = mj, = 125GeV the inverse ratio

2
1 Mg,
=-= 53
g T (Zm,) (5:3)
is small such that an expansion of the form factors in powers of 1 is possible
A5y j -1 1 ) @sdyj 2 7 2
Fs; = —Zy'1+1- =92y 0 , 5.4
sio= [T+ (=g Daresin’ (V] = £ {3 2571+ 00 )} (54)
a’sbtj -1 .2 a'Sbfj 1 2
Fpj = ——— =———<1+-n+0 : 55
P Tom" ATCSIT (NI = =7 (L 37+ O0r) (5:5)
The large top mass limit
Sco 1. sy P 1. by
Fj - mlgnooFS] C 12m’ Fj B mlgnooFPj © 16 (56)

is equivalent to keeping only the leading order in the n-expansion and neglecting terms of
order O(n). It is often said that in this approximation the top quark in the loop which mediates
the coupling between gluons and Higgs bosons (see Fig. 4.1 c) is “integrated out” because
the large top mass limit resembles an effective field theory with Np = 5 active flavours and
with an effective coupling between gluons and Higgs bosons. This effective coupling can be
parametrized by the following Lagrangian

3
Lesr = Z |£51G4,Gl + £2,G2,GEY | @) (5.7)
=)

78



5.2. Computational methods

where Gy, = 9,G5 - 3,G; — gsf"bCGZGi is the field strength tensor of the gluon field G} and

EZV = eaﬁwG“"’ﬁ is its dual. fs; and fp; are the effective scalar and pseudoscalar couplings,
respectively, of ¢; to gluons. The Lagrangian in Eq. (5.7) generates the couplings gg¢;, ggg®;
and ggggo;. Up to NLO QCD only the first two couplings contribute to heavy Higgs boson

production and decay into top quarks. Their Feynman rules are given by

= _4i5ab [ij (g/lv(pl “p2) — p2,up1v) - 2ij€/,tvpa'p/1)p(27-] > (58)

4gsf“bc{fs j |81 = P2)p + o (P2 = P2 + 8ou(P3 — P1)Y|

- 2ij(P1 +p2+ p3)a€afpvp} P (59)

where the convention €23 = +1 is used. The coefficients f5;and fp; in the effective Lagrangian
describe the low energy behaviour of the coupling between heavy Higgs bosons and gluons.
They can be expanded in powers of @  as follows

fs;= (f(0)+—f(l) ) foi (f(o)+—f(l) ) (5.10)

By comparing the leading order of the i expansion of Green’s functions in the full theory with
Green's functions in the effective field theory the effective couplings can be determined
(0) FSoo s (0 _ pPoo (5.11)
a Pi joe ’
To obtain the coefficients of higher powers of @y one has to calculate Green's functions in
the full and effective theory up to the respective order in @;. In Ref. [122-125] the Wilson

coefficients have been calculated for up to three loops and the operator renormalization was
performed accordingly. Here we need only the coefficients up to f(l) f(l)

m _ _Gm° a1 foy _ (m° ol fo

Isi I'(1l-e 12v( 4 e) I - f ( 6)’ (512)
(L @m bijfo _ __(4m° (0),30

e T(l-el6ve TI(- f/ p (5.13)

where € = (4 — d)/2 is the dimensional regulator working in d space-time dimensions, and

111 2
b=t (FCA _ §TRNF) (5.14)
denotes the leading coefficient of the QCD B-function with Ng being the number of massless
quark flavors and Tk = 1/2.

The expansion in 17 has been performed under the assumption that my, < 2m,. While this
is true for the SM the relation does not hold for the heavy Higgs bosons studied here because
we are interested in mg, > 2m,. However, as pointed out in Sec. 2.6 (Fig. 2.3) it was shown in
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--------- @ @@

Figure 5.2.: Dyson summation for the Higgs propagator (dashed line). The gray circles are
one-particle irreducible two-point functions inserted into the propagator.

Ref. [104] that the range of validity of the heavy top mass limit can be extended by applying
an appropriate K-factor (Eq. (2.127)) such that the Higgs production cross section remains
accurate within about 10% uncertainty up to masses my = 1TeV.

This method was applied in Ref. [104] to Higgs production. Here we apply the K-factor to
the process pp — ¢ — 1t for resonantly produced heavy Higgs bosons ¢ with my € [2m;, 1TeV].
Since we consider the resonant region the heavy Higgs bosons are produced (almost) on-shell
similar to the Higgs production process and then decay into tf. Hence, the K-factor prescription
captures the behaviour of the full m, dependence to the accuracy given above. This argument
holds for the heavy Higgs amplitude squared I/V(‘;i’fl2 but not necessarily for the interference

term MégCD,d). Therefore, in this work, we choose to apply the K-factor only to the signal
amplitude squared.

As a final remark of this subsection it shall be pointed out that the heavy top mass limit
is only applied to the gluon-Higgs interaction. Although the resulting effective interaction can
be described by the effective Lagrangian given in Eq. (5.7) we are not working in an effective
field theory because the top quark is not completely integrated out. In fact the top quark
appears as a final state. The use of the notation and methods of effective field theory should
rather be seen as equivalent to performing the i expansion and keeping only the leading term.
It has been shown that for the gluon-Higgs interaction this approximation has an acceptable

accuracy (10%) up to Higgs masses of about 1TeV when using an appropriate K-factor.

5.2.2. Treatment of unstable particles

The consistent gauge invariant treatment of unstable particles in perturbative quantum field
theory is nontrivial. The problem is that in processes involving the production and decay of
unstable particles a nonintegrable singularity arises from the propagator

1

—m

= (5.15)

2
¢
of the unstable particle ¢ at p? = mi where my is the (real) mass of ¢. Without further
treatment the cross section for processes of this kind cannot be calculated. However, the
resummation of insertions of one-particle irreducible self energy diagrams into the propagator
(Dyson summation, see Fig. 5.2) yields

ﬁ > (5.16)
Za m¢ + E(P )

where 3(p?) is the renormalized self energy of ¢. The pole of this modified propagator is shifted
off the real axis into the complex plain because for unstable particles the self energy acquires
an imaginary part. Hence, there is no singularity at p*> = mé anymore. Unfortunately, the
Dyson summation mixes different orders of perturbation theory. This is problematic because
gauge invariance is only guaranteed order by order. The mixture of (incomplete) contributions

from different orders jeopardizes gauge invariance.
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A consistent framework of describing resonances in perturbation theory is given by the
so-called complex mass scheme [126-128]. This scheme introduces complex masses p for
unstable particles such that the propagator can be written as

1
P = Hy

with ,ué € C but p? € R for physical processes. Again, the singularity is avoided but this scheme
also preserves gauge invariance [126-128]. The complex mass can be parametrized by

,ué = mé — iLgmy. (5.18)

The physical interpretation of my and I'y becomes clear when g is renormalized. The full
propagator of the complex mass scheme has the form

1
TR (5.19)
p* = py + 2(p7)
where (14 is the renormalized complex mass. The renormalization condition [127] in the complex
mass scheme is the generalization of the on-shell renormalization condition, i.e. the position
of the pole in the complex p*-plane in Eq. (5.19) is at p* = uj:

2(uy) = 0. (5.20)

To obtain an expression for the renormalized mass my4 we express the renormalized self energy
> in terms of the unrenormalized self energy %, the complex-mass counter term 6;1; and the
wave function counter term 6Z;

£(p?) = Zo(p?) + (P* — u3)0Zs — Spuy (5.21)
Form the renormalization condition Eq. (5.20) then follows
Zo(ug) = Oy - (5.22)

In the on-shell renormalization scheme the mass renormalization of on-shell mass mg os is
given by méo = mé os t (5mé os Where mg is the bare mass and 6m; os s the on-shell mass
renormalization counter term. In analogy, the renormalization of the complex mass i is given
by

mé’o = ,ui + 6,115), (5.23)

where my  is of course the same real bare mass as in the on-shell case. Combining Egs. (5.18),
(5.22) and (5.23) gives
So(ug) = my o — mg + iCymy . (5.24)

For I'y < myg the unrenormalized self energy Zo(ﬂi) can be expanded around ,ué = mé [127]

Zo(p?
D) = T+ - md) T 0 - md)
pr=my
= Zo(mg) — iCymyZ(my) + O ((ug - my)?) , (5.25)

where X/ denotes the derivative with respect to p?. Inserting Eq. (5.25) into Eq. (5.24) and
taking the real part yields

my = mj o — Re|Zo(my)| + Tymglm |Z5m3)] - (5.26)
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The second term on the rhs of Eq. (5.25) is of one order higher than the first term [127] in
the weak and Yukawa couplings. The same holds for the third term on the rhs of Eq. (5.26).
Since we are working only in the first order of weak and Yukawa couplings the third term on
the rhs of Eq. (5.26) can be neglected

my = mj , — Re|Zo(my)| + O, y"), (5.27)

where « is the coupling constant of the weak interaction and y is the Yukawa coupling. Using

the on-shell scheme relation 6’”;,05 =Re [Eo(m;)] [129] one finds

2 2 2 2
in the order of perturbation theory considered here. Hence, the mass my in the parametrization
of uy in Eq. (5.18) is the on-shell mass up to order O(a?,y*).

Taking the imaginary part of Eq. (5.24) (after expansion) gives the following relation

Tymg = Im [Zo(m3)| - TymyRe [Zy(m3)] - (5.29)

Only the first term on the rhs is kept in the order of perturbation theory considered here. Thus
Eq. (5.29) yields

1
T, = m—¢|m [zo(mg)] (5.30)

which is the usual definition of the on-shell width in the approximation that I'y < mgy. This
approximation is introduced by the expansion in Eq. (5.25) and keeping only the first term.
In summary, in the lowest order in the weak and Yukawa coupling constants the complex
mass scheme is equivalent to using the Higgs on-shell mass my and introducing a constant
width I'y in the propagator
1

pr- mé +ilymy

(5.31)

5.2.3. Soft gluon approximation

As already mentioned in the introduction to this chapter the aim of this work is to calculate the
NLO QCD corrections to the resonant production of heavy Higgs bosons and the subsequent
decay into 7. At LO this was realized by taking only the resonant heavy Higgs contributions
(Fig. 4.1 c) into account. At NLO this is done by formally expanding the amplitude around
the pole .

5.32
+ iF¢m¢ ( )

2
[

and keeping only the leading order. This is also called the leading pole approximation [130,131].
In Eq. (5.32) s denotes the partonic center of mass energy squared and is equal to the four-
momentum squared p? of the Higgs propagator, my is the heavy Higgs boson mass and I'y the
decay width. In general the amplitude can be written as follows [130-133]

s—m

W(s)
A= —"7—7"—+N(). 5.33
s — mi +2(s) *NG) ( )

The first term is the part of the amplitude that contains resonant contributions and the second
term is the nonresonant part. The position of the pole y4 is defined by the following equation

py—my+Euz) =0 = my =g+ ). (5.34)
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a) b) c)

Figure 5.3.: Example Feynman diagrams for different types of amplitudes being part of the
heavy Higgs boson contribution to # production. a) factorizable, b) nonfactoriz-
able resonant, c) nonfactorizable nonresonant.

By inserting the expression in Eq. (5.34) for my into Eq. (5.33) and expanding the self energy
around the pole
S(s) = ) + (s — ' () + O((s ~ 115)°) (5.35)
one can isolate the pole contribution in A as follows [130-133]
2 2
A= Wiy 1 .\ W) Wy 1
s—pp V+Ew3) | s—my+2s)  s—py 1+E ()

+ N(s), (5.36)

where also the numerator of the first term was expanded around ,ui and only the leading term
was kept. The three terms on the rhs of Eq. (5.36) can be classified as follows

[) factorizable (manifestly resonant), first term on the rhs of Eq. (5.36), Fig. 5.3a

[I) nonfactorizable resonant, second term on the rhs of Eq. (5.36) in square bracket,
Fig. 5.3b

[11) nonfactorizable nonresonant, third term on the rhs of Eq. (5.36), Fig. 5.3c

The factorizable amplitudes consist of Higgs boson production and decay connected by a
resonant Higgs propagator of the form given in Eq. (5.32). In particular, the Higgs boson
propagator is not part of a loop. The second category comprises of contributions which are
nonfactorizable, i.e. where Higgs boson production and decay can not be distinguished. In
this category the Higgs boson propagator is part of the loop. However, for this class of
radiative corrections the Higgs boson propagator can become resonant when the additional
(with respect to the Born configuration) gluon in the loop becomes soft. The third category
contains contributions that are nonfactorizable and where the Higgs boson propagator cannot
become resonant. These amplitudes do not contribute to the pole and are therefore neglected
in the pole approximation.

In order to isolate the resonant part of amplitudes in category Il the so-called soft gluon
approximation (SGA) is applied. When the additional gluon connecting Higgs production and
decay is soft the Higgs propagator can become resonant. As an example consider the diagram
shown in Fig. 5.3b with the following momentum flow

t+p1+p2

—— k)

\lf-l—kz

—
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where ¢ denotes the loop momentum and the additional gluon is shown in red. In the limit
¢ — 0 the Higgs propagator
1 £—0 1

. Ae— 5.37
(C+ p1+ p2)? - mé +iLymy s — mé + iLymy (5:37)

with s = (p1 + p2)>. Hence, we apply the SGA to the nonfactorizable resonant contribution
to extract the leading pole contribution. Technically, the SGA is performed by neglecting the
additional gluon momentum ¢ in the numerators of virtual and real corrections. In the denom-
inator ¢ is neglected wherever possible. However, in the loop and phase space integrations,
respectively, the gluon momentum ¢ is not restricted to small values but integrated as usual
up to infinity. This procedure simplifies the loop and phase space integrals considerably but
introduces an uncertainty of the order of O(I'y/my) [134,135].

To cancel the IR divergences of the virtual diagrams they have to be combined with the
appropriate real contributions. Virtual diagrams of category Il that are treated in the SGA then
have to be added to the corresponding real corrections treated in the same approximation. It
turns out and it is well known [134-137] that in the SGA the nonfactorizable resonant (category
II) virtual contributions cancel exactly the corresponding real corrections. An example of the
cancellation is given in Appendix F. Due to the SGA the validity of this approach to calculate
heavy Higgs boson production and decay to ff is restricted to the resonance region. The
uncertainties are of the order of O(I'y/my).

Schematically, the cancellation is performed as follows. First let us write the resonant NLO
correction M (at the level of the matrix element squared) to the process pp — ¢ — f as

o = M+ [ a0 a, (5.36)

where M{7® represents the resonant contributions to the renormalized virtual corrections which
live in the two particle final state phase space. MY denotes the resonant contributions to
the real corrections which involve the emission of an additional gluon in the final state. The
integration is performed over the phase space of this additional gluon. The second term on
the rhs of Eq. (5.38) cancels the IR divergences of the virtual corrections. The virtual and real
corrections can be rewritten as

M = MBS+ M (5.39)
Mg® = Mg+ M?{SGA - M?{scw (5.40)

MECt is the factorizable contribution of the virtual corrections, M"‘,fSGA is the nonfactorizable

contribution of the virtual correction in the SGA, i.e. the resonant contribution of the nonfac-
torizable virtual corrections and M;‘JSGA denotes the real corrections in the SGA corresponding
to the nonfactorizable virtual corrections. Using Egs. (5.39) and (5.40) Eq. (5.38) can be

written as

res _ fact nf nf res nf
no = MyTHMypsoa + qu’g MR,SGA+qu)g (MR _MR,SGA)
=0

Mt 4 fd(Dg (M;fs - M,“{scA) . (5.41)

Hence, the ingredients for the calculation of the resonant NLO corrections are Mﬁ,""d, Mg and
M;fSGA. Note, that the numerical computation of the NLO corrections requires the application
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> <0<

Figure 5.4.: Factorizable contributions in the gg channel.

of an IR-subtraction scheme which is not included above. However, the subtraction scheme
which is chosen to facilitate the numerical evaluation of the NLO corrections is described in
Sec. 5.2.5. Furthermore, the SGA is in fact only needed for the Higgs-QCD interference contri-
bution to the process but not for the signal amplitude squared. At NLO the signal amplitude
squared does not involve nonfactorizable resonant contributions. This will be illustrated in
Sec. 5.2.4.

The decomposition of the amplitude into factorizable and nonfactorizable resonant con-
tribution as given in Eq. (5.36) is gauge invariant. The first term (factorizable contributions)
is in general only gauge invariant if the amplitudes of production and decay are evaluated on-
shell as indicated by W(s = ,ui)1 in Eq. (5.36). However, in the case at hand the amplitudes
for off-shell production and decay of a Higgs boson are gauge invariant. In our approach we
evaluate the numerator of the first term in Eq. (5.36) off-shell which includes also nonresonant
contributions. These are, however, gauge invariant and suppressed in the resonant region.

5.2.4. Virtual corrections

In this subsection a detailed account is given of the virtual corrections contributing to the
resonant production of heavy Higgs bosons and their decay into #f. Furthermore methods and
tools to derive the virtual corrections are presented.

The virtual corrections contributing at O(a?) to the gluon fusion process gg — 7 involving
a heavy Higgs boson in the large top mass limit are shown in Figs. 5.4 and 5.5. While
Fig. 5.4 presents the factorizable contributions Fig. 5.5a shows example Feynman diagrams
for the nonfactorizable resonant contributions and Fig. 5.5b for nonfactorizable nonresonant
contributions. In the quark annihilation channel gg — tf the only kind of Feynman diagram
contributing at O(a?) is depicted in Fig. 5.6. It is a nonfactorizable nonresonant contribution.
At a first glance one would expect the diagram in Fig. 5.6 to have resonant contributions when
the gluon in the loop becomes soft. However, for £ — 0, where ¢ is the gluon momentum
flowing into the gg¢ vertex, the whole vertex vanishes too (cf. Eq. (5.8)). In the approximation
considered here only resonant contributions are taken into account, such that the gg channel
does not contribute at O(a/g). For the calculation of observables such as the cross section
the scattering amplitude has to be squared. Schematically, up to one-loop order this can be
written as

|M|2=‘z§:i+

where diagrams with a single-lined circle represent tree-level processes and with double-lined
circles one-loop processes. The dots stand for one-loop contributions squared which are of
higher order in ;. The first term on the rhs of the second equal sign in Eq. (5.42) is the LO

£

+... (5.42)

1 Since we work in the lowest order in the weak and Yukawa couplings the on-shell amplitudes are evaluated

at s = mj instead of the complex value ;.
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Figure 5.5.: Example Feynman diagrams for nonfactorizable contributions in the gg channel:
a) resonant, b) nonresonant.

Figure 5.6.: Example Feynman diagram for nonfactorizable nonresonant contribution in the gg
channel.

contribution which is discussed in Chap. 4 and is of O(a?2) for the case at hand. In Eq. (5.42)
this contribution is represented by a generic tree-level diagram. However, for the leading order
contribution we work with the full m, dependence in the gg¢ vertex. Therefore, the leading
order is a one-loop process. The second term on the rhs of the second equal sign in Eq. (5.42) is
the interference of the LO contribution with the NLO one-loop contribution which is of O(a?).
In this order we work in the heavy top limit such that the single-lined circle contribution in
Eq. (5.42) is indeed a tree-level process (Fig. 5.8) and the double-lined circle contribution a
one-loop process. The tree-loop interference (O(a?) correction) can be further decomposed as
follows

where “QCD" denotes pure QCD diagrams, "QCDW" denotes QCD and weak corrections and
“Higgs" denotes diagrams involving a heavy Higgs boson. As for the LO contribution discussed
in Chap. 4 one can split up the NLO correction into

1. signal amplitude squared (first term in the second line of Eq. (5.43))

2. Higgs-QCD interference (second and third term in the second line of Eq. (5.43))
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Figure 5.7.: Born-like heavy Higgs contri- Figure 5.8.: Leading order heavy Higgs ex-
bution from the O(a?) term change diagram in the heavy
éll)J of the effective gg¢ top mass limit.
coupling.

3. QCDW contribution (third line in Eq. (5.43)).

The virtual QCDW contribution including the ¢g channel is known from Ref. [111,112,138-
141]. It is taken into account in all numerical NLO results presented in Sec. 5.4 but is not
discussed further here. The contribution from the interference of weak corrections with LO
Higgs diagrams (Fig. 4.1 c)

(5.44)

is formally of higher order and not taken into account. This work focuses on the contributions
in the second line of Eq. (5.43).

Let us first consider the signal amplitude squared Mf;). It is given by the sum of the factor-
izable loop-contribution ﬂ(l)’faa (Fig. 5.4), the nonfactorizable resonant contribution ﬂf;)’nf’res

Ig. a) and the Born-like O(a;) contribution Ig. rom in Egs. (5. an
Fig. 5.5a) and the B Ik 0(a?) bution A, (Fig. 5.7) from f;'), in Egs. (5.12) and
(5.13) interfered with the tree-level contribution for the heavy Higgs exchange in the large top

- Z {ZRe [(ﬂ(l)fact ﬂ(l) .nf, res) ﬂ(O) ) ] +92Re [ﬂ(l) (ﬂ(o) (5.45)

gg spin,col.

Ngg

1
-3
spin,col

However, the interference of nonfactorizable resonant contributions ﬂ;l)’"f’res (Fig. 5.5a) with
the LO contribution ?((0) (Fig. 5.8) vanishes due to the QCD color structure

AP ) (ADS) ~ e x 578 =0, (5.46)

where %€ are the structure functions of SU(3). and tl‘J are the generators of SU(3). in the
fundamental representation. a, b, ¢ denote color indices in the adjoint representation and i, j in
the fundamental representation. Hence, only the interference of ?I(l)fad and ﬂ(l) with ﬂ(o)
contributes to the resonant signal amplitude squared

M= 3 el ) (0 | s
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Figure 5.9.: Example QCD Feynman diagrams contributing to the interference term Mgfg)CD.
The second contribution is the interference
1
(1,0) _
Mgy = —— ). 2Re
88 spin,col.
_ (1) fact (1),nf,res ) \*
= N Z 2Re + A, scA )X(ﬂQCD) ]
gg spin,col.
_ (1,0),fact (1,0)nf
= Miaco *Myacoscas (5.48)

where ﬂ(Q)CD is the LO QCD contribution (cf. Chap. 4). The nonfactorizable resonant ampli-
tude ﬂ(l)nf "®* is evaluated in the SGA to extract only the resonant contribution denoted by

ﬂ;l)sngres The factorizable and nonfactorizable interference terms are defined as

Macs™ = z 2, 2Re| A x (Agep) | (5.49)
spin,col.
MiSson = 7= 2 el AR < (AGeo) ] (5.50)

spin,col.

Finally, the third contribution in the second line of Eq. (5.43) is given by

*

QCD =
$.Q Ngg

spin,col.

= Z 2Re ‘ﬂS)CD (

gg spin,col.

(5.51)

where ?{S)CD is the pure QCD one-loop correction to tf production in the gg channel. Due
to the QCD color structure only a subclass of one-loop QCD diagrams contributes to the
interference M;Q Example diagrams are shown in Fig. 5.9.

This concludes the list of contributions to the virtual NLO QCD corrections to ¢ production
involving heavy Higgs boson. The calculation of these corrections has been performed by
making use of the computer algebra programs FORM [142] and Mathematica [143]. In the
following some aspects of the calculation of the one-loop corrections will be discussed.
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Dimensional Regularization

In quantum field theoretical (e.g. in QCD) calculations of observable quantities beyond LO
divergences occur in intermediate steps. One source of these divergences are the point-like
interactions of particles in the theory. These kind of divergences are often referred to as UV-
divergences because they are related to the divergences of loop-integrals in the limit where
the loop momentum ¢ — oco. Another source of divergences are soft and/or collinear massless
particles. These divergences are often collectively called /R-divergences because they are related
to loop integral divergences in the limit where £ — 0. In order to perform calculations at
one-loop order and beyond it is necessary to parametrize the divergences occurring in loop
integrals (and ultimately also in real radiation corrections). This parametrization is also called
regularization because a parameter is introduced that regularizes the divergences for certain
values of the regulator. The final result of the physical theory is then obtained in a some
limit of this regulator and, in particular, is independent of the chosen regularization procedure.
One requirement for the regularization procedure is to be unitary [144] but that still leaves a
variety of regulators to be chosen from, e.g. cut-off regularization, Pauli-Villars regularization,
dimensional regularization. The kind of regularization that has become the most common
tool in calculating observables in high energy physics is dimensional regularization [145-149]
(DimReg). Here the idea is to calculate Feynman diagrams, in particular, loop integrals as an
analytic function of the dimensionality d = 4 — 2¢ of space-time. The singularities for example
of one-loop integrals then appear as 1/e-poles (UV and IR-divergences) and 1/€*-poles (IR-
divergences). In the full physical observable these divergences cancel such that the limit
€ — 0 (d > 4) can safely be performed. Dimensional regularization has some advantageous
features [150] which have made it so popular in loop-calculations

1. Often the calculational effort in DimReg is less than in other regularization procedures.
2. DimReg preserves Poincaré and gauge invariance.

3. As already mentioned DimReg cannot only regularize UV-divergences but also
IR-divergences [151-153]. In this context it also can be used to dimensionally regu-
larize IR-divergent phase space integrals in the real corrections.

There exist different prescriptions of dimensional regularization called schemes (see e.g. [144]).
They all have in common that momenta of internal? particles are defined in d dimensions.
However, the regularization schemes differ in the treatment of the number of polarizations
and helicities of internal particles and whether momenta of external® particles and their po-
larizations/helicities are treated in d or 4 dimensions. Here two examples for dimensional
regularization schemes are given. In conventional dimensional regularization all momenta (in-
ternal and external) are defined in d dimensions and there are d — 2 gluon polarizations for
internal as well as external gluons. The second example is the 't Hooft-Veltman scheme where
only internal momenta and gluon polarizations are treated in d dimensions while external ones
are treated in 4 dimensions. In this work the 't Hooft-Veltman scheme is used for dimensional
regularization.

Extending the theory from four space-time dimensions to d space-time dimensions also
changes the mass dimension of the fields and couplings in the theory. In natural units a physical
quantity can be expressed in powers of mass which is called the mass dimension. For example,
the Sl units s, m, kg have the mass dimensions [s] = —1, [m] = —1, [kg] = 1, where the

2For virtual diagrams internal particles are defined [154] as part of a one-particle irreducible loop diagram. For
real diagrams they are defined as soft and/or collinear particles in the initial or final state.
3All particles that are not internal (see definition above) are external.
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square bracket denotes the mass dimension. Consequently, energy has the mass dimension
[J] = [kg mz/sz] =1-2-(-2)=1 and the action [Js] =1 =1 = 0. Since

0=[S]= [ f dde] = [dx] + [L] = —d + [ L] (5.52)

the Lagrangian £ must have mass dimension [£] = d. The kinetic term for the gluons involves
terms like

[0,A,0"A"] = 2 : +2[A] =2 +2[A] = d. (5.53)

X

Hence, the mass dimension of the gluon field is [A] = (d — 2)/2. The gluon three-vertex has
mass dimension

[gz“'" %AAA] = [g0™] +3[A] + 1 = [g™] + %(d -2+ 1=d (5.54)

such that the QCD coupling constant in d dimensions has mass dimension [gd™] = 4%‘1 =€

In order to keep g, dimensionless an arbitrary mass scale u is introduced
g
g5 = 1gs (5.55)

with [u] = 1. This mass scale in called renormalization scale because it parametrizes the
dependence of the renormalized coupling constant on the energy scale.

The extension of ys to d dimensions is problematic. In particular, simultaneously assuming
a d dimensional anticommuting ({ys,y,} = 0) ¥s and cyclicity of the trace (“naive” ys) leads
to inconsistencies. For example, starting from Tr[ysy,y,¥¥,YsY*] and using a naive ys one
can derive the relation

dTelysyurypYel = 8 — D Trlysyuyyypyol. (5.56)

Equation (5.56) is true for d = 4 where Tr[ysy,¥y¥,Ys] # 0 but in d # 4 dimensions Eq. (5.56)
is fulfilled only for Tr[ysy,y,yp¥ol = 0. Hence, the limit d — 4 is not continuous. This is
related to the axial anomaly [155, 156], the nonconservation of the axial current ]‘5‘ = Yyrysy
for massless fermions. This result has been derived by using the Pauli-Villars regularization
which does not suffer from inconsistencies in the treatment of ys. However, when using the
naive s in DimReg one would be able to derive [150] the wrong result 8,/ = 0. Methods
to remedy this situation have been devices e.g. in Ref. [157], where a finite counter term is
used to restore the Adler-Bell-Jackiw anomaly. However, in the calculations performed in this
work this kind of renormalization is not required [158] because here at NLO only diagrams
containing open fermion lines contribute. The LO contribution with the full m, dependence
where the gluons couple to the heavy Higgs bosons via a top-quark loop (Fig. 4.1 ¢) is UV
and IR finite. Hence, this contribution can be evaluated in four space-time dimensions where
vs is well-defined.

Passarino—Veltman reduction

A general one-loop Feynman diagram gives rise to so-called tensor integrals of the following

form
die e e

Iﬂlﬂ2~--llr — , 557
N (2n)d PiP>...Py (5.57)
where N is the number of propagators in the loop, ui,...,u, are Lorentz indices and r is the
rank of the tensor integral. Pi,...Py denote inverse propagators which are functions of the
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masses m; of the particles in the loop, the external (with respect to the loop) momenta p; and
the loop momentum ¢

Pj:Pj(mj,{pi},ﬁ), izl,...,N—l, jzl,...,N. (558)

In Eq. (5.57) the loop integral is dimensionally regularized by extending the integration to
d = 4 —2¢€ space-time dimensions. The integral Iy is conventionally denoted by I} = A, I = B,
I; = C, etc. Passarino and Veltman [159] introduced a method to reduce tensor one-loop
integrals of the form in Eq. (5.57) to scalar integrals of the form

[ d% 1
J @i PiP,y... Py’

Iy (5.59)
where the numerator does not contain the loop momentum. In the following this method,
often referred to as Passarino—Veltman reduction, is described briefly.

Since IZ””"'“’ is indeed a rank-r Lorentz tensor which depends only on the external mo-
menta p; it is possible to decompose I3/****" into the most general rank-r Lorentz tensor
structure that can be constructed out of p’f and g"”. As an example consider the rank-one
two-point function

at o

= = p'Bi. |
QY [ = m2 1€ + p1)? — 2] Py Bi (5.60)

The coefficient By can be determined by contracting Eq. (5.60) with py,

aie £
dip2_ 2 " 2_ 2 = piB1. (5.61)
(271') [f - ’/nl][(5 + Pl) - m2]
The numerator of the integrand can be written as
1
t-p = 5([(€+ p1)? —mil = [* —mi] - p? —m} + m%) (5.62)
Inserting Eq. (5.62) into Eq. (5.61) yields
1
B, = 2—})2(A(m1) — A(my) — (p} + m; — m3)Bo(p}, m}, m3)), (5.63)
1
where
dit 1
A = —_— 5.64
(m) QR P (5.64)
dit 1
Bo(p*,mi,m3) = (5.65)

Q) [€2 = m31[(€ + p)? — m3]

are scalar integrals. The key point of this method which restricts it to one-loop tensor integrals
is Eq. (5.62). At one-loop it is always possible to rewrite scalar products of the loop momentum
with itself or external momenta in terms of the inverse propagators that occur in the loop
integral, propagator masses and external momenta squared. Thus the cancellation of the
inverse propagators in the numerator with the propagators of the loop always leads to scalar
integrals where loop momenta are absent in the numerator. So far only the most simple
example has been presented for illustration. In general the determination of the Passarino—
Veltman coefficients involves solving systems of equations. Even though for high-rank tensor
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integrals there are many tensor coefficients the system of equations can be broken down to
smaller ones each containing not more than three equations. The most economical way of
deriving the Passarino—Veltman coefficients is iteratively, i.e. expressing the coefficients of
higher rank tensor integrals in terms of the coefficients of lower rank integrals. Again, a simple
example shall illustrate this procedure. Consider the rank-two two-point function

die e

B,uv — = #VB()O -I-p'upyB]] . (566)
Qm? [£2 - m21[(€ + p1)? — m3] 1

The idea is to reduce the rank of B* by one by contracting with py,,
1 1
p]ﬂB,uv = E(p‘]'A(mz) + f]BV) = pllli(A(mZ) + f]Bl) = p‘llBOO + P‘llp%Bll , (567)
where fi = p? + m} — m3. From Eq. (5.67) follows

1
By = 2—172(14("12) + fiB1 - 2300), (5.68)
1

where Bj is the coefficient of the rank-one two-point function derived above in Eq. (5.63).
The coefficient By can be calculated by contracting Eq. (5.66) with g,
guwB" = A(my) + mIBy = dBoo + 1By - (5.69)

Inserting Eq. (5.68) into Eq. (5.69) gives

Boo (A(mz) + 2m180 - f]B]) . (570)

S 2d-1)
A direct general expression for the coefficients in usually only given for the two-point function.
The coefficients of three and four-point functions are given in the form of systems of equations.
They can be obtained from the original publication [159] or for example from Ref. [160] where
some typographical errors in Ref. [159] have been corrected.

In renormalizable quantum field theories the maximal rank of an N-point tensor integral is
r = N. Since the NLO calculation in this work makes use of effective gg¢ and ggg¢ couplings
(see Sec. 5.2.1) the rank could in principle be larger. However, as it turns out Passarino—
Veltman coefficients for up to rank-three four-point functions are needed in this calculation.

Renormalization

In general quantum field theories can contain free parameters. For example, in the SM cou-
plings and masses of particles are not determined by the theory itself and therefore have to
be measured by experiment. Usually these free parameters appear in the Lagrangian descrip-
tion of the theory. In quantum field theory renormalization is a method to express physical
observable quantities in terms of the measurement results for the unknown parameters instead
of expressing them in terms of the parameters in the Lagrangian. In this way any kind of
observable that can be calculated in a quantum field theory is directly related to a set of
experimental measurement results. When this set of required measurements is finite to all
perturbative orders the theory is called renormalizable. If infinitely many measurements are
required to determine all free parameters of the full (all orders) theory then this theory is called
nonrenormalizable.

A consequence of renormalization is the fact that UV-divergences are absorbed into the
parameters of the Lagrangian such as masses and couplings. In the NLO calculation discussed

92



5.2. Computational methods

here UV-divergences occur in the loop integrals of the contribution M;Oé)CD (Fig. 5.9a,b1,b2).
The renormalization is performed by rewriting the so-called bare (unrenormalized) parameters

and fields in the Lagrangian as
a? = Zo, 5, Ag = VZ3A,, tﬁf = \/Z_zw,, m? =Zm;, (5.71)

where the superscript B denotes bare quantities and the coefficients Z, , Z,, Z3 and Z,, are
called renormalization constants. ay, A,, ¥; and m; denote the renormalized coupling constant
of QCD, gluon field, top-quark field and top-quark mass, respectively. As an example of the
renormalization procedure consider the gluon-top-quark interaction term L, in the Lagrangian.
Using the relations in Eq. (5.71) Lg;7 can be rewritten as follows

—B —
Loi = _ggg'vl’t 'y'utad’?Az’B =-2 \/Z_3 VZasgs‘//tVﬂta'ﬁtAz
= g WAL — (ZaNZ3 7w, — 1) 8B AL (5.72)

EISZ]

The gluon-top-quark interaction term is now written only in terms of renormalized quantities.
Furthermore, a second term, the so-called counterterm, appears. This additional term in the
Lagrangian in Eq. (5.72) corresponds to a new Feynman rule

au = —ig,6Z 1Y . (5.73)

When calculating matrix elements not only the standard interaction term has to be taken into
account but also the additional counterterm in Eq. (5.73).

The renormalization constants are defined with respect to a certain renormalization scheme.
All schemes have in common that the counter term cancels the UV-divergences. However, the
subtraction of additional finite parts depends on the scheme. The simplest scheme subtracts
only the UV-pole and is therefore termed minimal subtraction (MS) [161]. In this scheme for
example 6Z; is defined by [162]

1
Emmgi[ + Emb{ + ngmg< = —igsyut” Z—s (Ca + Cr) — + 6ZM3 | + finite terms (5.74)
a a /8 €

such that the term in square brackets vanishes. It is immediately clear that first 6Z; is of O(ay)
and therefore does not contribute at LO and second that by taking into account higher-loop
diagrams in Eq. (5.74) 6Z; can be determined to higher orders in @;. Hence, in perturbation
theory 6Z; and renormalization constants in general are power series in a, and therefore often
parametrized as

Z=1+6Z. (5.75)

In a related scheme which is frequently used and called the “MS scheme” [163] in addition to

the pole a finite contribution which always accompanies the pole is subtracted such that

s 1 MS
Z‘—n (Ca+Cr) [E — v +In(dn) |+ 6ZM5 =0, (5.76)

where yg = 0.577216... is Euler's constant.

Another example of a renormalization scheme is the so-called on-shell scheme (e.g. in
[129,164]) which is widely used for the renormalization of the mass. There are two defining
renormalization conditions:
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1. The full renormalized propagator has its pole at the so-called on-shell mass mos.
2. The residue of the full renormalized propagator is one.

For example in QCD the full renormalized top-quark propagator is given by

1
S(p)= ———— . 5.77
P P —mos + X(p) &.77)
where R A A
2(p) = (p — mos)Sa(p?) + mosEi (p?) (5.78)

is the renormalized self energy. The first renormalization condition in the on-shell scheme gives

A !
2i(mgg) = 0. (5.79)
Expanding the self energy around the pole p? = més
$(p) = [Za(myg) + 2mg i (ms)| (7 — mos) (5.80)
gives
1
S(p?) = A A : (5.81)
P —mos [1 +2(me) + 2m3 8 (més)]

Hence, the second renormalization condition in the on-shell scheme can be expressed as
) 2 sy 2

One advantage of the on-shell scheme is that it is not necessary to calculate self energy
corrections of the external legs. This is due to the second renormalization condition and
the Lehmann-Symanzik-Zimmermann (LSZ) reduction formula [165] which relates Green's
functions with S-matrix elements. For example, for a 2 — 2 process the LSZ formula can be
cast in the following form [23]

ky

4 P1
(k1,ka|S|p1, p2) = ( \/E] , (5.83)
IO

p2 ko

where the left hand side represents the S-matrix element for the scattering of two incoming
particles with momenta p; and p; into two outgoing particles with momenta k; and k;. On
the rhs R; denotes the residue of the full propagator of particle* i and the Feynman diagram
represents and amputated Green's function without external propagators. Since in the on-shell
scheme the residue R is set to one (second renormalization condition) Eq. (5.83) simplifies to

P1 k]

. kolSIpr.p2) = (o) (5.84)

P2 ko

such that indeed only amputated Green's functions have to be calculated without external self
energy corrections.

The renormalization of the QCD corrections shown in Fig. 5.9 is performed in the MS
scheme with the top-quark mass defined on-shell. The wavefunction renormalization of the

“For simplicity scalar particles are considered in this example.
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TOOR>—
’wmg»— “
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VOO0 —<— TOO0—e—

Figure 5.10.: Example counterterm Feynman diagrams.

gluon and top-quark fields is performed in the on-shell scheme. The renormalization constants
are provided in Ref. [166]:

a1 Ny o111\
(SZQ,J = §6U_VC(€) {(? - 7) + §(m_?) } s (585)
2\€
_ % Y[ 2
87, = 37rc(€){(m,2) (EUV + elR)+4}’ (5.86)
2\¢ Ny 5\( 1 1 11
- % AN | U R
% = 27T(m,2) C(E){( 3 2)(6uv GIR) 3€Uv}’ (5.87)
B as [ 3 yz ¢
0z, = —g(GU—VC(G)(m—tZ) +4), (588)
with
C(e) = (4n)T( + €) (5.89)

and Ny = 5, the number of light quark flavors. The subscripts UV and IR indicate the kind
of singularity. The renormalization constants are used to construct the counterterms. As an
example consider the gluon-top-quark conterterm (5.73) which involves the renormalization
constant

1 1
67, VZaZo\Z5 -1 = (1 + 5020 )1+ 6Z2)(1 + 5673) = 1+ 0(a?)

1 1
= 5070, + 02+ 5673+ 0@@?). (5.90)

Inserting Egs. (5.85), (5.86) and (5.87) gives

as |13 1 2Ny - 31 1 4 ﬂ2
67 = -2 | 20— - L0 — + = +In[E
e v VR P i e

+0(@?). (5.91)

The one-loop contributions of the type shown in Fig. 5.9 b3, c1-c3 are UV-finite. The con-
tributions of the type shown in Fig. 5.9a,b1,b2 have UV-divergences which are cancelled by
counterterm contributions of the type shown in Fig. 5.10. Since the vertex counterterm is pro-
portional to the vertex itself all counterterm amplitudes which involve only vertex counterterms
are proportional to the LO amplitude (with the proportionality constant 6Z;). This is also true
for the spin dependent part of the amplitude, i.e. the UV-divergences in the spin dependent
part of the vertex corrections are proportional to the LO spin structures. Schematically, the
cancellation of the divergences in the vertex corrections is given by

0,1),vert 0,0 .
Myatn™ + 2621 My g, = UV-finite, (5.92)
where Mfﬁog)c’\grtex is the vertex contribution of the NLO QCD corrections shown in Fig. 5.9
and M;og)CD is the LO contribution to the QCD-Higgs interference.

95



5. Heavy Higgs effects in top-quark pair production at next-to-leading order in a;

The structure of the divergence in the top-quark self energy diagram (Fig. 5.9a) is more
complicated. However, also the cancellation of this UV-divergences has been performed and
checked for the spin independent as well as spin dependent part using the counterterm

—=>Q>— = i[(p-m)dZy —mdZ,] (5.93)

and the renormalization constants given in Egs. (5.86) and (5.88). The complete counterterm
amplitude can be expressed as

CcT _ (0,0)
0,0
= (6Za, + 62 + SZHIMG e + 0 ZuMi o » (5.94)
where M:;IQCD is the part of the counterterm amplitude associated with the mass renormal-

ization. Note that without the top-quark mass counterterm the renormalization can simply be

performed by multiplying the bare matrix element, e.g. Mggﬁqq, by the field renormalization

constants of the external fields and the coupling renormalization constant

M8y i = NN NZNZ3Zo Mgz = |1 + 6Za, + 621 + 623 + O(@D)| Meggz - (5.95)

The QCD coupling constant renormalization as given by Eq. (5.85) is performed in the so-
called five-flavour scheme. This is an effective theory where the top quark has been integrated
out. The bare coupling constant gy = V4na; in the full theory (including the top quark) and
in the effective theory are related by the so-called decoupling relation [167-172] (using the
notation of [173])

g =458 (5.96)
The bare and renormalized quantities are related by
80 =Zygs and g =Zg,. (5.97)
Inserting Eq. (5.97) into Eq. (5.96) gives the decoupling relation for the renormalized quantities
85 = Le8ss (5.98)
where

V4
@=ﬁ§. (5.99)

The explicit decoupling relation for a; is given by [167,170, 174]

W~y Wb agen | a2
a, = gas M =ay’ [1 - In— + O(a/f)l . (5.100)
T 6 m,
The renormalization constant 6Z,, in the pure MS scheme is give by [162]
s MV UNSET 11\ C
57N+ _ a5 s+1_ 1) Ce (5.101)
s 2n 3 2 €

Ny)

To express the renormalization constant in terms of ag  one has to invert Eq. (5.100)

(Ny) 2
1
1+ a/s__ In “_2} .

N 1
T 6 mt

(5.102)
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From the definition of Z,, (5.71) we obtain

o = o1 6Z<Nf+l>Ms]
N
_ o A #_ Lo (Np+l 11\ €@
@s T 6 m 2n 3 2 €
(Ny) 2
r+1 1
S PR VRSO L RO et
€ T 6 mt2 :
- ang)(Haz(Nf)Ms) (5.103)
with .
! 2\ €
(Nf)MS ay " Ce) [(Ny 11\ 1 u
0Z, — = -5tz | 5.104
2r € 3 2) 3\m? ( )

where Ny =5 and which agrees with Eq. (5.85).

5.2.5. Real corrections

In this subsection an overview is given over the real corrections contributing to the resonant
production of heavy Higgs bosons and their subsequent decay into #7.

The contribution from the virtual corrections discussed in Sec. 5.2.4 still contains infrared
divergences after UV renormalization. These are cancelled by the respective real corrections as
stated by the Kinoshita-Lee-Nauenberg theorem [175,176]. A manifestation of this theorem
is the cancellation of virtual an real correction in the SGA as demonstrated in Appendix F.
The physical reason for this cancellation is that additional (with respect to the LO scattering
process) radiation of partons that are soft or collinear is not observable. Hence, processes with
soft and/or collinear radiation are indistinguishable from a process without such radiation.
For a complete description of (finite) physical scattering processes with a defined number of
initial and final state particles all indistinguishable contributions must be taken into account.
Hence, even though we are interested only in the production of a top-quark pair at NLO QCD
we must take processes with the emission of an additional soft/collinear parton into account.
Schematically, the process under consideration beyond LO is therefore denoted by

pp — ¢ — 11X (5.105)

where X stands for additional partons.

Besides additional partons in the final state the real corrections also involve different
channels in the initial state. While only the gg channel contributes to the virtual corrections
to heavy Higgs boson exchange the real corrections contribute to gg, gg and gg channels. The
amplitudes can be divided into those involving a heavy Higgs boson ﬂR’gg (Fig 5.11al,a2),

&ZIqu (Fig. 5.11b)) and .92[ 4 (Fig. 5.11c) and those of pure QCD nature A~ (Fig. 5.12a),

ﬂgg‘{) (Fig. 5.12b) and ﬂgqu (Fig. 5.12¢).

The pure QCD amplitudes squared IMggf}lz, IMg’é%lz, IMg’g%lz are taken into account
in the NLO calculation and the phenomenological results presented in this chapter but are not
further discussed here (see Ref. [111,112,138-141]). The signal amplitude squared in the gg

channel is denoted by

QCD

R, R R
|M¢88|2 Z ﬂ gg gg (5106)

gg spin,col.
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al)

Y
Y

a2) b)

Figure 5.11.: Example Feynman diagrams for real corrections to #f production involving heavy
Higgs bosons: al) initial state radiation in the gg channel, a2) final state radiation
in the gg channel, b) gg channel c) gg channel.
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Figure 5.12.: Example Feynman diagrams for the pure QCD real corrections to tf production:
al) initial state radiation in the gg channel, a2) final state radiation in the gg
channel, a3) intermediate state radiation in the gg channel, b) gg channel, ¢) ¢g
channel.
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Figure 5.14.: Interference Feynman diagrams: the blue dotted cut corresponds to virtual cor-
rection and the red dotted cut corresponds to a real correction. a) nonfactorizable
resonant, b) nonfactorizable nonresonant.

and can be divided into initial state radiation (Fig. 5.11al) and final state radiation (Fig. 5.11a2)

R.gg2 R.gg 2 R, 2
|M¢gg| :|M¢’igégR| +|M¢,I€§R| (5]‘07)

because there are no interference terms between initial and final state radiation due to the
color structure. The signal amplitudes squared for the gg and gg channels are denoted by

1 *
|M§,g‘]|2 — ¥ Z ﬂg’g‘] (ﬂg’gq) s (5108)
89 spin,col.
_ 1 - —\ ¥
Rqq2 _ R.qq ( zR.4q
M = S A () 5109

spin,col.

with Nyg = 4N.(N2 — 1) and N5 = 4N>.

Now we turn to the contribution of the real corrections to the interference between signal
and QCD background. As explained in Sec. 5.2.3 we apply the SGA to the interference between
the amplitudes ﬂf;’gg and ﬂg’g‘%. After cancellation of the nonfactorizable resonant virtual and
real corrections the remaining contributions to the real correction in the gg channel can be

written as (cf. Eq. (5.41))

R.gg - R.,gg,res R,gg,nf
Maco = Myaco — Msacp.sca - (5.110)
where |
R.ggres _ R.gg ( 4R.88 \"
My = N Z 2Re [A5* (AGE) ] - (5.111)

spin,col.

Note that in Mg’gQgc’Es manifestly nonresonant contributions of the kind shown in Fig. 5.13 have
R,gg,nf

been omitted. The second term on the rhs in Eq. (5.110), M¢ QCD.SGA' denotes the nonfac-
torizable resonant part of the real corrections in the SGA. In order to identify this contribution
we proceed with the following method. Since it is easier to identify resonant (factorizable
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and nonfactorizable) contributions in the virtual corrections by inspecting Feynman diagrams
we consider Feynman diagrams of the interference between one-loop amplitudes and tree-level
amplitudes. In Fig. 5.14 two examples of such interference diagrams are shown. The blue
dotted lines indicate cuts that correspond to virtual corrections. In Figure 5.14a the blue cut
represents a nonfactorizable resonant virtual correction whereas in Fig. 5.14b the blue cut gives
rise to a nonfactorizable nonresonant virtual correction. Cutting through three propagators in
the interference diagram as shown by the red dotted lines in Fig. 5.14 generates real correc-
tions. Those real corrections generated from resonant interference diagrams (e.g. Fig. 5.14a)
are attributed to the resonant part while those real corrections generated from nonresonant
interference diagrams (e.g. Fig. 5.14b) are attributed to the nonresonant part.

The virtual nonfactorizable resonant contributions M;l’(g)c’rg are given by the interference
R.,gg,nf

of diagrams depicted in Fig. 5.5a and Fig. 4.1a. The corresponding real corrections M¢ QcD:
as determined by the method described above, are given by the interference of diagrams shown
in Fig. 5.11a (initial state radiation in the signal amplitude, Ak ) and diagrams shown in

¢,ISR
Fig. 5.12a2 (final state radiation in the QCD amplitude, AGSE )
Rggnf _ | R.gg R8¢ *

My aco = Nee Z ZRe [ﬂqb,ISR (ﬂQCD,FSR) ] : (5.112)

spin,col.

After the nonfactorizable contributions in the real corrections have been identified the SGA

is applied as discussed in Sec. 5.2.3 to obtain Mg”égc’r;SGA in Eq. (5.110). While Mg:égc'gs is
R.gg,nf

gauge invariant the contribution qu,QCD,SGA is gauge invariant only in the exact soft limit, i.e.
at the resonance. The gauge dependence away from the resonance is of order O(I'/m) which
is the order of uncertainty of this approach.

All contributions from the virtual and real corrections at NLO contributing to the resonant
production of heavy Higgs bosons and their decay to #f have been worked out in Secs. 5.2.4
and 5.2.5. As mentioned above the IR divergences of the virtual corrections are cancelled by
the real corrections. The method used to perform this cancellation in the numerical calculation
is described in Sec. 5.2.6.

5.2.6. Catani—-Seymour dipole subtraction

The NLO QCD correction oNL© to the partonic cross section can be written as

O'NLO:de'V+f do®, (5.113)
m m+1

where m and m + 1 indicate the number of final state particles. do¥ and do® denote virtual
and real corrections, respectively. Both contributions are separately IR divergent but in the
sum IR divergences in the virtual corrections are cancelled by IR divergences in the real cor-
rections. Equation (5.113) illustrates that this cancellation is nontrivial because virtual and
real corrections have different numbers of final state particles and are therefore integrated over
different phase space regions. Hence, in a numerical calculation these two contributions have
to be integrated separately preventing the cancellation of IR divergences in intermediate stages
of the calculation.

In principle there exist two kinds of methods to handle the IR divergences in numerical
calculations. The first method, so-called phase space slicing, divides the phase space into
singular and nonsingular regions. The singular part can be calculated analytically extracting
the IR divergences explicitly, e.g. as poles in € in dimensional regularization. These divergences
are cancelled analytically with the IR divergences from the virtual corrections. The integration
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over the phase space where the real corrections do not give rise to IR divergences is performed
numerically. The second kind of method is based on implementing subtraction terms that
render virtual and real corrections separately IR finite but do not change the cross section. In
this work a subtraction method called Catani-Seymour dipole subtraction [177,178] is chosen
to handle the occurring IR divergences.

This method introduces universal subtraction terms, so-called dipoles, that reproduce the
singular behaviour of the real corrections pointwise in the soft/collinear phase space regions.
The subtraction terms are constructed such that they can be analytically integrated over
the additionally emitted soft/collinear parton. This integration yields the so-called integrated
dipoles which contain the dimensionally regularized IR divergences as explicit 1/e and 1/€>
poles. The integrated dipoles live in the same phase space as the virtual corrections since the
additional parton is integrated out. By subtracting the dipoles from the real corrections the
singularities are cancelled pointwise such that a numerical Monte Carlo integration over the
real phase space can be performed. In order not to change the result for the cross section the
integrated dipoles have to be added to the integration over the virtual corrections where they
cancel the IR divergences from the loop amplitudes explicitly. Hence, the integration in the
virtual phase space can also be performed numerically as well. Schematically, this subtraction
procedure can be written as [177]

M0 [ 1) o~ (a) ) [

where do? denotes the dipoles and fléo'A denotes the integrated dipoles. The real corrections
and the dipoles are evaluated in d = 4 dimensions. The virtual corrections and integrated
dipoles are evaluated in d = 4 — 2¢ dimensions and after the cancellation of the € poles the
limit € — O can safely be performed in the integrand of the second integral in Eq. (5.114).

In the presence of initial state partons the real corrections give rise to collinear initial state
singularities which are not cancelled by the virtual correction. Instead they have to be factorized
and absorbed into the PDFs by a kind of IR renormalization procedure that introduces the
so-called factorization scale up. Since we study proton-proton collisions there are partons in
the initial state which involve additional terms in the subtraction formula [177]

d0'V+fd0'A] , (5.114)
1 e=0

1
oNLO O_NLO{m+1}(p)+O_NLO{m}(p)+f dxd@'NLO{m}(x;Xp)
0

f 1 (O'R(P))Fo _ Z do-B(p)®(dVdipole +dVéipo|e)

dipoles =0
1
+ f[dO'V(p)+d0'B(p)®I] _O+f dxf[do-B(xp)®(K+P)(x)].(5.115)
m €= 0 m

The dipole terms are written in factorized form where do® denotes the process-dependent Born-
like differential cross section and dVgipole denotes the universal dipole term without initial state
partons and ch’“pole denotes the contribution to the dipole terms that cancels singularities
from partons that are collinear to the initial state partons. The symbol ® represents color
and spin correlations. The term doB(p) ® I denotes the integrated dipoles cancelling all IR
divergences in the virtual contribution doV. The last term in Eq. (5.115) is a finite remainder
of the factorization procedure of the collinear singularities in the initial state. For a thorough
description of all terms in Eq. (5.115) and further details on the subtraction procedure the
reader is referred to Refs. [177] and [178].

In this work we implement the Catani—Seymour dipole subtraction in a straightforward way.
The top-quark polarization and #f spin correlations in the subtraction terms can be calculated
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in the same way as for the LO process because the subtraction terms are constructed from the
Born matrix elements. There is only one subtlety related to the application of the SGA. The

contribution M&8&."f in Eq. (5.110) effectively functions as a subtraction terms for diver-

$.QCD,SGA
R.gg R.gg *
gences from initial-final-state correlations. However, only the combination A ISR (ﬂQCD’FSR)
R.g8 R.g8 * 8 i
is subtracted while the combination 31¢ FSR (ﬂQCD ISR) is still present in ME p and contains

IR divergences. The corresponding dipole subtraction term for initial-final- state correlations
does not distinguish between these two contributions. As it turns out one has to multiply
the dipole term by 1/2 to cancel the remaining divergences. To retain the balance between
dipoles and integrated dipoles such that the cross section is not changed the integrated dipoles
corresponding to initial-final-correlations also have to be multiplied by 1/2. That this is the
correct procedure is verified by the explicit cancellation of the IR divergences in the virtual
corrections. Since the contribution prlc(z))c?) sca IS cancelled by Mf; égcT) sca the corresponding
divergences are absent in the virtual corrections. The factor of 1/2 takes care that only the
remaining divergences are cancelled.

5.3. Analytical results

The calculation of the virtual and real corrections has been performed analytically up to the
phase space integration and convolution with the PDFs which were implemented via numer-
ical Monte Carlo methods [179]. Since the full analytical result is rather lengthy only the
signal amplitude squared is presented because it can be written in a compact form [77]. The
renormalized virtual correction to the signal amplitude squared is given by

m o) @ #\°| Ca L 2Po |y @
My™ = 71'{ F(l—e){Re[(—s—iO)]e e}M ¥

+ (4”” ) F(1+E)CF—Re(a DIMPP

t

o G

+2C, [|/\Af;”’°°|2

fr=0 ]fS =0

[ Retao) MO, _, + Retan [|Mfﬁ0)’m|2]a,=0]+0(€)}’ (5.116)

where |/\/[;50)’°°|2 is the spin dependent LO signal amplitude squared where the gg¢ coupling is

implemented in the heavy top mass limit. I/\/(fpo)’ool2 is obtained from I/\/(g))l2 by the following
replacement (Sec. 5.2.1)

s S0 _ 0 Poo 0

F§ - F3® = f() FP— Fi® = f< ). (5.117)
: (0),0012 (0),002 : (0),002

The matrix elements [IM | ]fS:O and [|M¢ | ]fP=O are obtained from |M¢ | by set-

ting f(o) =0 and f(o) = 0, respectively. Similarly, the matrix elements [IM;O)"X’P]Q - and

(0).00 ’

[MEF],

except in the coefficients f(o) and f(o) The coefficients a_y, ap and ag are related to the

are obtained by setting a;; = 0 and b;; = 0, respectively, everywhere in I/\/(;O)’wl2

one-loop ¢; — tf form factor and are given for example in Ref. [158]. They are reproduced
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here for convenience

(1 +y*)H(0;y)

Re(a_)) = -1- > , (5.118)
1-y
_ (1= 40470\ 4yHO;y)  (1+yHH(©,0;y)
Re(ag) = - - -
1—y? 1—y? 1-y?
2(1 + y*)H(1, 0;
(1 +y9)H(, ,y)’ (5.119)
1-y?
1+yHHO,0;y)  2(1+y)H(1,0;y) 1 —y2 -4 — 4y?
Re(@,) = _A+yDHHO,0,y) 20 +y)HA,0y)  1-y"— 45 ys“z’(5_120)
1—y? 1 -2 1-y?
where > = 7%/6 represents the value of the Riemann zeta function £(s) for s = 2 and
1 -5
= ) 121
YT TR (5.121)
In Egs. (5.118)—(5.120) H denotes harmonic polylogarithms [180]. Explicitly®,
HOy) = lny, (5.122)
H(1,0:y) = —Inyln(l =) = Lia(y), (5.124)

where Lix(y) is the dilogarithm defined in Eq. (2.100). The virtual correction in Eq. (5.116)
contains IR divergences in the form of € poles. As explained in Sec. 5.2.6 we apply the Catani-
Seymour dipole subtraction to subtract the IR divergences from real and virtual corrections in
order to be able to integrate them numerically over the phase space. The finite IR-subtracted
virtual correction is obtained by adding the integrated dipole term denoted by doy = do® ® I
in Eq. (5.115)

1 ) 67 10
dO’x/+dO'I = E%%{ /30 _CA_ENFTR
+6B; + 1 1+ 1+8% [1+p2
+ CF3—'8’ Pirl o Bi In?y - L R In (y)
128, 4B, 2B 2

B 3 1-p; (NS)) ( )} (0),00
+ (2,3[ In(y) + ) (2(1 /3;) +Vy | +2B01n M

+ 204 [IMPP +?[|A/tf;’)’°°|2

]fs =0 ]fp:O

+ Cr [Re(ao) IMP=P], _, +Re@)| M;O)’w|2]u,=0] }d cos(6)  (5.125)

®Note that in the preprint version of [180] in Eq. (11) there is a typo in the expression for H(1,0;y). The
correct expression is given in Eq. (5.124).
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with

98]

[\
[\

(VEINS) = —ln(l(l +,3;2))
+ L+ 2In(y)1 M +2Lip (y?) - 2Li %\ _ 7
N i NS i A VY% B
1 1-g | N1-8
+ ln(l—iw/I—ﬁtz)—Mn(l—1/1—ﬁ,2)—1+ﬁt21n 2_\/@
-5 (1-\1-8-8) -
> +

bis
- +2 z. (5.126)
2 - 1—/32 1 +8; 2

The analytical cancellation of IR divergences between the virtual correction and the integrated
dipoles serves as an important check. The contribution from the K-P term in Eq. (5.115) in
the MS factorization scheme for the signal amplitude squared is given by

1
f dx f |doB(xp) @ (K + P) ()]
0 m

1 2
L f dx f dIl, {Egg(x)+Egg(x)—ng(x)1n(’i]} IMP =)l (5.127)
7 Jo xs

okp(s)

|/\/(fpo)’°°(xs)|2 denotes the LO spin dependent signal amplitude squared in the heavy top mass
limit evaluated at the partonic center-of-mass energy squared xs and dIl, is the Lorentz invari-
ant two-particle phase space measure. The remaining contributions in Eq. (5.127) are defined
in [177].

The contribution to the virtual corrections from the interference between the signal ampli-
tude and the QCD background is rather lengthy. The analytical result is not reproduced here
but taken into account in the numerical results in Sec. 5.4.

In the following the spin dependent matrix elements for the real corrections to the signal
amplitude squared are presented. They can be written in a uniform notation

4a’ m?
R.X2 s "
MG 2N
0)\2 N2
X { DY + () | (a2 K + bk, + 07K P50
j=23

+ [ A2AS + a1 12 [(@nbis + asbo) K)y, + 2 (anan K + bobaKy )| Re [Pa3(sx)]
+ |FDF + 419 £ (@b - anbo) K Im [Px(sy)] } : (5.128)

where Ny, Kff, Kif, Kffb and Effb are coefficients that depend on the production channel
X = g8,89,93. sx is a kinematic variable that also depends on the channel. Furthermore, we
have defined the Higgs boson propagator as

Pj(s) = . Pas(s) = Pa(s) [P3(9)]" . (5.129)

2 L T
s—mj+1ij]

The second line in Eq. (5.128) represents the individual contribution from each of the two
heavy neutral Higgs bosons ¢, and ¢3. The third and fourth line represent the contribution
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from the interference between ¢, and ¢3 which is only present in the case of CPV. The
interference term in the fourth line gives rise to top and antitop-quark spin polarization while
all other terms in Eq. (5.128) contribute to spin correlation and the spin independent part of
the matrix element.

In the gg channel

g(p1) + g(p2) — t(k) + i(k2) + g(q) (5.130)

the matrix element can be divided into initial state radiation and final state radiation without
an interference between the two. In the case of initial state radiation the ¢ pair is produced
in the color singlet state. However, in the case of final state radiation the tf pair is produced
in the color octet state. Hence, these two contributions cannot interfere. The coefficients
defined in Eq. (5.128) of the spin dependent matrix element for initial state radiation in the
gg channel of the signal amplitude squared are given by

Ca(s+t+ut+s*+r+ut

= 131

Neglsr Cr » : (5.131)
gg, ISR _

K, = 2(ky - s2)(kp - s1) + (51 - $2)t12 — ti2, (5.132)

KSR = “2(ky - so)(ka - 51) + s12(s1 - 52) + s12. (5.133)

Kff’ISR = —de(ki, k, 51,52), (5.134)

KSR = —am, [k - 52) + (ko - 51)] (5.135)

and sy = SgoisR = S12. In Eq. (5.134) the € tensor is contracted with the four-vectors ki, kz,
s1 and s;

G(kla k27 51, 52) = eluvp(rklllk;éjl)sg (5136)

with the convention €23 = 1. k; and k, are the four-momenta of top and antitop quark
(5.130). The spin four-vectors of top and antitop quark are denoted by s; and s, respectively.
The kinematical variables in Egs. (5.131)—(5.135) are defined as follows

s=(pr+p), t=(pi—-9*, u=pP2—9°, sn=(+k)*, ta=k —k)*. (5137)

The coefficients of the real matrix element for final state radiation in the gg channel are given
by

SZ

NggFsR = —— > (5.138)
513523

Kgg,FSR

a

= Sm?(s - s12)2 - 2mt2 (s(s13 + S23)2 + 4s12s13sz3) + 513523 (s2 + s%z)

4m; (s13 = 523)(s13 + 523) [(k2 - 51)(q - 52) = (k1 - 52)(q - 51)]

4(s135035 — mi(s = s12)°) (k1 - s2)(kz - 51)

4m7 (s — 512)*(q - 51)(q - 52)

2 [—4mf(s —s12)* + mt2 (s(s13 +503)° + 4s12s13523) - s12s13sz3s] (s1-52),(5.139)

+ + + 4+

28,FSR 2 2 2 2
Kb =2m; s(s — $12)° + 513523 (S + 512)

4mi(s — s12)* [(k1 - 52)(q - 51) + (ko - s1)(q - $2) + (g~ 51)(q - 52)]
4(mt2(s —s12)* - 813S23S) (k1 - $2)(ka - 1)

+ 25 (S12513823 - mtz(s - S12)2) (S] . S2) , (5.140)
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2
ng’FSR = ;{[2513S§3](k1‘Sz)é(kl,kz,PhSl)

+  [2s23(s2311 — 2s1302)] (k1 - s2)€(ky, ko, g, 51)
+ 4m¢2S%3[ —(q - speki, ka, pr, 52) + (q - s2)eky, ka, py, s1)

~(p1 - s1)e(kr k2, g, $2) + (p1 - s2)elkr, ka, ¢, 51)]
+ [4m,2s13t(s13 + 2573) — 28513523(2s1 + s13t2)] elky, ky, s1,52)
— 5 [2m,2(S23 —s513) + S12$13] e(k1, p1, 51, 52)
+ [2m,2(2S813t = 25128131 + $23(523(F1 + 12) — 251312))
+ 512523(2851302 — S2311)]€(k1, g, 81, 52)

+ [4”1,25135“%3]f(kz,Pl,Sl,Sz)
- [4m,2523(sl — Spf + S13t2)] e(k2, g, 81,82)}, (5.141)

KPR = amy{ (2m3(s = 512)* = 5135235 + 512)) [(k1 - 52) + (ka - 51)]
- (s—s12) (S23S - 2m; (s - Slz)) (q-s1)
- (s—=s12) (sms - 2m (s - 512)) (q- Sz)} (5.142)

and sg, Fsr = 5. The kinematical variables introduced in Egs. (5.138)—(5.142) are defined as
si3=2ki-q), sn3=2k-q), t1=-2k p1), t=-2k"p). (5.143)

The coefficients for the spin dependent matrix element of the signal amplitude squared in
the gg and gg channels

g(p1) + q(p2) = 1(ky) + 1(ka) + q(q) (5.144)
and
q(p1) + q(p2) — t(k1) + i(k2) + g(q) (5.145)
are given by
Ngg = SzthZ, (5.146)
Nog = w (5.147)
A (5.148)
K = KT o= KRR (5.149)
K8 = K% = KSR (5.150)
K4 = K = KSR (5.151)

and Sgg = Sq5 = SggISR = S12-

The analytical result for the real correction contribution to the interference of the signal
amplitude and the QCD background is lengthy and not reproduced here. However, it is taken
into account in the numerical results presented in Sec. 5.4.
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5.4. Phenomenological results

In this section the phenomenological results of this work are presented by studying collider
observables. They are divided into two groups. On the one side we consider observables that are
insensitive to the spin properties of the produced #f pair but are widely used in phenomenological
studies and experimental analyses. On the other side we study spin dependent observables that
take into account the spin information of the # pair. Making use of this additional information
studying spin dependent observables such as polarization and spin correlation can result in a
higher sensitivity to new physics effects (Sec. 4.2.4).

As explained in Sec. 5.2.1 the heavy top mass approximation in Higgs production via gluon
fusion can be improved by applying a correction factor (K-factor) introduced in Ref. [104]. We
apply this factor to the signal amplitude squared which in the resonance region is very similar
to Higgs production. However, the interference between the signal and the QCD background
is an effect that does not occur in Higgs production. Hence, an estimate of the applicability
of the K-factor to the interference is rather ambiguous. Therefore we choose not to apply the
K-factor to the interference contribution. Specifically, the K-factor is introduced as follows.
The total cross section at NLO can be decomposed into

approx. _ _QCDW $,approx.
No T 9Nt0 TN e (5.152)
where Uﬁ&[))w denotes the nonresonant #f cross section including the NLO QCD and weak

¢,approx.

corrections and o is the contribution of the heavy Higgs bosons including the interfer-

NLO
ence with the QCD background at NLO in the heavy to mass limit. O'CNQEODW is known from
Ref. [111,112,138-141] and o7F'%" is calculated as follows
#,NLO
$,approx. _ (0) 0) (D (1)
ONo T Z (O'fuu,j + o qep T KTt O'eff,j,QCD) (5.153)
J=23
with
(0)
full,j
K= —5 (5.154)
O eff,j

In Eq. (5.153) the superscript (0) and (1) denote LO and NLO contribution, respectively. The
subscript “full” indicates a contribution with full top mass dependence whereas “eff” denotes
an effective gluon-Higgs coupling. Terms with "QCD" as subscript indicate the interference
contribution and those without “QCD" the signal amplitude squared. Thus, K is the ratio
between the signal cross section at LO with full m, dependence with respect to the signal cross
section with an effective gg¢ coupling also at LO. Note, that in Eq. (5.153) the contribution
from the Higgs-Higgs interference is neglected. It has been checked that for the parameter
scenarios considered in this work the Higgs-Higgs interference contribution is tiny and therefore
phenomenologically irrelevant.

In Eq. (5.153) the K-factor methods applied in this work are defined for the total cross
section but these formulas can be applied to the individual bins of differential cross sections
as well.

5.4.1. Spin independent observables

This section is mainly based on Ref. [77]. We study spin independent observables within three
phenomenologically viable parameter sets (scenarios) for the type-Il 2HDM, two for the CPC
and one for the CPV case. There are some common features of these parameter sets. First,
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the 125 GeV Higgs boson is identified with ¢; and the parameters are chosen such that its
couplings to fermions and gauge bosons are SM-like. For scenarios 1-3 (see below) the total
decay width I'; of ¢ is of the order of 4 MeV and plays no role for the numerical evaluation
of the observables in #f production studied in this work. As mentioned before the contribution
of ¢; is attributed to the corrections of the weak interaction to tf production which are taken
into account in the numerical results. Second, the masses of the other two heavy neutral
Higgs bosons are chosen such that mj,m3 > 2m,. Third, we set tan8 = 0.7 to enhance the
Yukawa coupling to top quarks in order to obtain a stronger signal. Due to experimental
constraints [181-183] from B physics for values of tan3 < 1 we choose the mass of the charged
Higgs boson m, > 720 GeV. Hence, the decay mode ¢,3 — W*H™ cannot occur.

The total decay widths of the heavy Higgs bosons ¢, ¢ are fixed by the model parameters
(Sec. 2.4) and have to be calculated accordingly (Sec. 2.6) for a consistent treatment of the
model. In this work we determine the total decay widths by summing the largest two body
decay rates. The computer programs HDECAY [184] and 2HDMC [96] can perform this task
while taking into account QCD corrections to the decays ¢; — g7 and ¢; — gg. Both codes
apply only to the CPC case but it is possible to adapt them to the CPV case. However, both
programs use the fixed renormalization scale ug = mg which is not suitable for our application
since we vary ug (see below). Hence, we use the formulas given in Sec. 2.6 to calculate the
partial widths of the heavy Higgs bosons using the parameter sets of the three scenarios defined
below. The results were cross checked with 2HDMC for u = mg. Electroweak corrections to the
decay widths I'2,I'3 are not taken into account because we consider the process pp — ¢p3 — tf
only up to lowest order in non-QCD couplings.

Scenario 1

We consider the type-Il 2HDM with a CPC Higgs potential in the alignment limit with the
following set of parameters

tang =0.7, a1 =8=061, arx=a3=0,

(5.155)
my = 125GeV, my =550GeV, ms=510GeV, m, > 720GeV.

This choice of parameters implies that ¢ and ¢, are pure scalars while ¢3 is a pseudoscalar
Higgs boson, cf. Tab. 5.1. The reduced Yukawa couplings (cf. Tab. 2.2) and couplings to the
weak gauge bosons (cf. Sec. 2.2) which result from (5.155) are given in Tab. 5.1.

Table 5.1.: Values of the reduced Yukawa couplings to the third-generation fermions and cou-
plings to gauge bosons V = W*,Z of the neutral Higgs bosons ¢; in scenarios 1

and 2.
ajy ap=aj by  bp=bji fivy
6 1 1 0 0 1
¢ 1420 —0700 O 0 0
¢3 0 0 1.429 0.700 0

The largest two-body decay rates of the scalar ¢, and the pseudoscalar ¢3 are given in
Tab. 5.2. According to Tab. 2.1 there are in general many coupling configurations to gauge
bosons in a CPC 2HDM. However, due to the alignment limit @; = B the decay rates for
$r3 = VV, ¢3 = Z¢; and ¢ — ¢1¢; are zero to the lowest order in the non-QCD couplings.
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Table 5.2.: Dominant partial decay widths and the total widths of the two heavy, neutral Higgs
bosons ¢, and ¢3 in scenario 1. The super- and subscripts denote the shift due to
the scale variations according to Eq. (5.156).

I [GeV] T3 [GeV]
¢i — 1f 34487033 4915038

-0.28 -0.32
¢i —>gg 0.087)01  0.13+502
0.34 0.40
Total  34.56*03¢ 49.28+0%0

The partial decay widths for ¢; — ff (f # 1), ¢; = yy and ¢; — Zy are very small
(s 1073GeV) and are therefore neglected in the total decay width. The decay width to bb is
suppressed due to the choice tan = 0.7. Hence, there are only two decay channels remaining.
The corresponding partial decay widths are presented in Tab. 5.2. We see that the total decay
width is dominated by the decay into #7. The uncertainties result from the variation of the

renormalization scale ug
my + ms

" (5.156)

0
%Sﬂkﬁzﬂo, Ho =

Scenario 2

The values of the mixing angles and tan in scenario 2 are the same as for scenario 1 (5.155).
Hence, the values of the reduced Yukawa couplings and couplings to gauge bosons of the
neutral Higgs bosons given in Tab. 5.1 also apply to scenario 2. However, the choice of masses
differs from scenario 1

my = 125GeV, my =550GeV, m3 =700GeV, my > T720GeV. (5.157)

While the masses of the heavy neutral Higgs bosons in scenario 1 are nearly degenerate the
pseudoscalar ¢3 in scenario 2 is considerably heavier than the scalar ¢,. The decay rates for
@23 = VV, ¢p3 > ¢1Z and ¢ — @1¢1 are zero to lowest order in the non-QCD couplings due
to the alignment limit. The decays ¢3 — ¢1¢; and ¢3 — ¢1¢, are not possible in the CPC
2HDM. However, due to the larger mass separation of ¢, and ¢3 with respect to scenario
1 the decay channel ¢3 — Z¢, opens up and contributes to the total decay width of ¢3 (cf.
Tab. 5.3). Also in scenario 2 the total decay width is dominated by the decay into 7.

Table 5.3.: Dominant partial decay widths and total widths of the two heavy, neutral Higgs
bosons ¢, and ¢3 in scenario 2. The super- and subscripts denote the shift due to
the scale variations according to Eq. (5.156).

Fz [GeV] F3 [GeV]
¢ — tf 34417932 71977015

-0.26 +0.13
¢ > $Z 0 3.14
¢ —gg  0.087001  0.17+501
0.33 -0.14
Total 34497033 75.28 011
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Scenario 3

We consider a type-1l 2HDM with a CPV Higgs potential (without approximate Z, symmetry)
such that (2.81) forms a set of independent parameters. The set of model parameters defining
scenario 3 is given by

Pis i3
tan =07, a;=8, ap= E , a3 = Z, (5.158)
my = 125GeV, myp =500GeV, m3 =800GeV, m, > 720GeV. (5.159)

For this choice of parameters the reduced Yukawa couplings and the couplings to gauge bosons
are listed in Tab. 5.4. As this table shows, in this scenario the three neutral Higgs bosons
¢123 are CP mixtures. All of the three neutral Higgs bosons including ¢; have scalar as
well as pseudoscalar couplings to fermions. Hence, in this model we move away from the
strict alignment limit. However, the mixing angles are chosen such that the reduced Yukawa
couplings and the couplings to gauge bosons of ¢; are SM-like.  The results for the most

Table 5.4.: Values of the reduced Yukawa couplings and couplings to gauge bosons V = W*,Z
of the neutral Higgs bosons ¢; for scenario 3.

ajp  ajp=aj by bp=bi  fivy
¢1 0978 0.978 0.297 0.146 0.978
¢>  0.863 -0.642  0.988 0.484 —-0.147
¢z —1.157 0.348 0.988 0.484 -0.147

Table 5.5.: Dominant partial decay widths and total widths of the two heavy, neutral Higgs
bosons ¢» and ¢3 in scenario 3, defined in (5.158)—(5.160). The super- and sub-
scripts denote the shift due to the scale variations according to Eq. (5.156).

Fg [GeV] F3 [GeV]
e 32.31%031 85057030

-0.26 +0.25
¢ > VV 112 5.11
¢ > ¢Z 0.65 3.24
i > pZ 0 31.28
¢i — ¢ 2.38 3.00
¢i = ¢1p2 O 0.31
¢i —>gg  0.0870  0.17°501
Total 36.557032  128.160%

important two-body decay widths and the total widths of ¢,, ¢35 are given in Tab. 5.5. In this
scenario without approximate Z, symmetry we have to specify also the values of the complex
parameters Ag and A7 in the 2HDM potential. Here we choose

Red¢ =0, Imldg=-3.677 and A7=0. (5.160)
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These parameters are only relevant for the calculation of the decay widths which involve trilinear
Higgs couplings, i.e. only the decays ¢; — ¢1¢ and ¢; — ¢1¢, listed in Tab. 5.5. Due to the
large mass separation between ¢, and ¢3, the deviation from the alignment limit and the fact
that all neutral Higgs bosons are CP mixtures there are more decay channels that contribute
to the total decay widths than in scenarios 1 and 2.

Experimental constraints

The parameters of scenarios 1-3 are chosen such as to comply with experimental constraints.
We consider several of these constraints derived from experimental measurements.

1. Measurements of the couplings of the 125 GeV boson by the CMS [8] and ATLAS [9]
experiments constrain the allowed deviation of the Yukawa couplings and couplings to
gauge bosons of ¢ from their respective SM values to about 20%—-30%. Hence, even for
scenario 3 where ¢ contains a pseudoscalar component the respective couplings given
in Tab. 5.4 fall into the allowed range.

2. Searches for heavy BSM resonances decaying into W*W~ [185], ZZ [185, 186], Z¢;
[187,188], ¢1¢1 [189,190], 77+ [191,192], bb [193] can constrain the 2HDM parameter
space. Since the partial decay widths of ¢, and ¢3 into these final states are very small
or even zero in scenarios 1-3 (cf. Tabs. 5.1 and 5.4) these measurements do not exclude
scenarios 1-3.

3. An ATLAS search for heavy resonances decaying into #f which was recently published
[114,115] has excluded scenario 1 with a confidence of 95%. According to their results
scenario 1 lies just outside the allowed parameter space. The boundaries of this allowed
region are however subject to systematic uncertainties both experimental and theoretical.
An analysis with more statistics might be able to exclude scenario 1 more firmly.

4. B-physics observables such as rare decays B — X + v and neutral 32—32 mixing are
sensitive to contributions of the charged Higgs boson H* in the loop and give constraints
on the tan 8—m, parameter space. As mentioned above for the choice of tan8 = 0.7 the
constraints derived in [181-183] demand m, > 720 GeV for the scenarios to stay within
the allowed parameter region.

5. Measurements of the electroweak oblique parameters S, T and U also constrain the
allowed 2HDM parameter space. Scenarios 1-3 are compatible with these constraints
[79,194-196] mainly because ¢; is SM-like, ¢2, ¢3 and H* are heavy and the couplings
of ¢ and ¢3 to gauge bosons of the weak interaction are suppressed or even zero.

6. Experimental results on the electric dipole moments of the neutron [197] and the electron
[198] are relevant for constraining the CPV scenario 3. The choice of mixing angles and
masses in scenario 3 (5.158),(5.159) is made in accordance with the constraints derived
in Ref. [117].

Results

The numerical evaluation of the (differential) cross section for the resonant production of
heavy Higgs bosons and decay into #7 is performed using the following input values for the SM
parameters. The on-shell top-quark mass and the masses of the gauge bosons are set to

m; = 173.34GeV, my =80.385GeV, mz=91.1876GeV. (5.161)
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For the electromagnetic fine structure constant the following value is used

1
Y= 129

Via the LHAPDF library [101,102] we employ the PDF set CT10nlo [100] which provides also
the value for the coupling constant of the strong force, a(u) at a scale u. As a common
practice we use the residual scale dependence of the results to estimate the uncertainty due to
missing higher orders. Here this is done by setting the renormalization scale ug equal to the
factorization scale up (ur = ug = u) and varying the scale u around the central value

(5.162)

Lo = @ (5.163)

according to Eq. (5.156). The choice for this central scale is motivated by the choice g = my/2
in the SM case (e.g. see [199]).

The numerical results for the pure QCD contribution including the weak corrections have
been provided by the authors of [111,112]. The analytical results (Sec. 5.3) as well as numer-
ical results for the signal amplitude squared and the interference between the signal and the
nonresonant QCD background including the spin dependent part were derived in this work and
published in Refs. [77,78].

In the following results for proton-proton collisions at a hadronic center-of-mass energy of
vs = 13 TeV are presented. The inclusive hadronic cross section at NLO for the three type-II
2HDM scenarios defined above is given in Tab. 5.6. oqcpw denotes the inclusive cross section
of tf production including NLO QCD and weak corrections but without the contribution from
the heavy Higgs bosons ¢, and ¢3. However, due to the choice of the renormalization and
factorization scale u = uog = (my + m3)/4 the cross section oqcpw depends on the scenario.
ooupm denotes the inclusive hadronic cross sections of the resonant production of the neutral
heavy Higgs bosons of the 2HDM and their decay into #f at NLO QCD. This cross section also
includes the contribution from the interference between the resonant signal process and the
nonresonant QCD background at NLO QCD. From Tab. 5.6 it becomes clear, that the inclusive
It cross section is not an adequate observable to study the effects of heavy Higgs bosons. The
S/B (last row in Tab. 5.6) for scenarios 1-3 are roughly between 1% and 2%. Hence, it is
necessary to study more sensitive observables such as differential cross sections. Since these
observables contain more information about the collision process they are potentially more
sensitive to new physics effects.

Table 5.6.: Inclusive tf production cross sections in different type-1l 2HDM scenarios at NLO.
The superscripts (subscripts) correspond to u = p9/2 (1 = 2u49). The scale variation
changes the ratio by less than +£0.001 and is not displayed in the table.

Scenario 1 Scenario 2 Scenario 3
oqcow [pb] 643.22+8123 624 25+8098 619 5678105

=77.71 -76.19 =75.72
o2rpm [pb] 13.59%183 744077 721408
ooHpm/oqcow  0.021 0.012 0.012

One kind of differential cross section already studied at LO is the #7 invariant mass distribu-
tion. The results for scenario 1-3 at NLO QCD are presented in Figs. 5.15-5.17, respectively.
The upper plots show the M;; distribution in black for the SM including NLO QCD and weak
corrections. The red histogram represents the sum of the SM contribution and the contribution
from the 2HDM including the interference between signal and background at NLO QCD. The
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Figure 5.15.: Distribution of the #f invariant mass for scenario 1 at NLO. Upper panel: M,
distribution for the SM including NLO QCD and weak corrections (black). M
distribution for the sum of SM contribution and the contribution involving the
neutral heavy Higgs bosons including the Higgs-QCD interference at NLO QCD
(red). Lower panel: signal-to-background ratio at NLO (red) and LO (green).

blue shaded area indicates the uncertainty of the prediction due to the residual scale dependence
estimated by varying the scale according to Eq. (5.156). The lower plots in Figs. 5.15-5.17
display in red the S/B ((SM+2HDM)/SM) at NLO QCD. The scale uncertainty is strongly
reduced in this ratio due to cancellations between numerator and denominator. Hence, the
blue shaded area is invisible for most of the bins. The green curve shows the LO prediction
of the S/B for comparison. While the NLO corrections to the S/B are sizeable with respect
to the LO prediction the overall contribution from ¢, and ¢3 in scenarios 1-3 is rather small,
5%—7%, due to the large QCD background. In scenario 1 where the two resonances overlap
a peak value of the S/B of approximately 7% is observed. In scenarios 2 and 3 the maximal
S/B is smaller. Even though this can be considered a small effect it is larger than for the in-
clusive cross section (Tab. 5.6). This can be understood from the S/B plots in Figs. 5.15-5.17
which clearly show that the contribution from ¢,, ¢3 induces a peak-dip structure in the M;;
distribution with respect to the SM background. In the inclusive case, when integrating over
Mz, the peak and dip contributions partially cancel which reduces the overall effect. Hence,
the inclusive cross section shows only very little sensitivity to the effects of the 2HDM in #f
production.

Since the validity of the calculation of the NLO corrections to the heavy Higgs contribution
in the approach used in this work is restricted to the resonance region we apply M,; cuts around
this region. These cuts are indicated as ocher shaded regions in the S/B (lower) plots in
Figs. 5.15-5.17. As described above the peak-dip feature is located in this region. To avoid
the (partial) cancellation between peak and dip and therefore enhance the signal we divide
the M,; cut into two regions as listed in Tab. 5.7. These cuts are chosen such that the lower
M,; window contains the peak and the upper one the dip. As an illustrative example of how
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Figure 5.16.: Same as Fig. 5.15 but for scenario 2.
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Figure 5.17.: Same as Fig. 5.15 but for scenario 3.
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5.4. Phenomenological results

Table 5.7.: M;; windows used in the computation of the y; and cos 6¢s distributions.

Lower M,; window Upper M,; window

Scenario 1 390 GeV < M; <540 GeV 540 GeV < M,z < 690 GeV
Scenario 2 410 GeV < M; <560 GeV 560 GeV < M,z <710 GeV
Scenario 3 350 GeV < M;; <500 GeV 500 GeV < M;; < 650 GeV

Scenario 1, +/s =13 TeV

300 T T T T T 160 T T T T T T T
inclusive in My; 540 GeV < M,; < 690 GeV
250 + 2HDM + SM —— | 140 - 2HDM + SM |
'_E_' M —— 120 L SM  —
:NQOO - 1100
=[='150 80
100 60
40
0 0
2| 1.05 1.05 -
T g — =
R L
s| 095 ¢ 10.95 ¢ |
wl ool 109t :
3 21 0 1 2 3 3 21 0 1 2 3
Vi Yt

Figure 5.18.: Comparison between the top-quark rapidity distribution in scenario 1 with (right
plot) and without (left plot) M;; cut at NLO. Upper panels: top-quark rapidity
distribution for the SM (QCD and weak corrections) at NLO (black) and sum
of SM and 2HDM heavy Higgs contribution including Higg-QCD interference at
NLO (red). Lower panels: signal-to-background ratio.

this kind of cut can enhance the sensitivity of an observable we compare in Fig. 5.18 the
distribution of the top-quark rapidity y, and the corresponding S/B with and without a cut on
M,;. The top-quark rapidity is defined as

1. E +k

- 21 ,
NEINE K

(5.164)

where E; and k; are the energy and the z component of the momentum (along the beam
axis), respectively, of the top quark in the laboratory frame. In the upper plots of Fig. 5.18 the
distribution for the SM (black) and including the 2HDM contribution (red) is shown. From the
lower plots it can be seen that the S/B is enhanced (right plot) when imposing an appropriate
M;; cut with respect to the case when do/dy, is evaluated inclusively in M;; (left plot).

In an experimental analysis where the mass of the resonance(s) is not known beforehand
one could use a sliding M;; window and scan the relevant M,; range for enhancements in
observables such as y;. A simple binning in M,; as it was done for example for the forward-
backward asymmetry of #f (e.g. [200]) might not be enough to detect the resonance. If the
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Scenario 1, +/s =13TeV
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Figure 5.19.: Top quark rapidity distribution for scenario 1 at NLO evaluated for selected
M;; windows (Tab. 5.7). Upper panels: y, distribution for the SM only (black)
including NLO QCD and weak corrections and for the sum of SM and 2HDM
contributions (red) including the Higgs-QCD interference at NLO QCD. Lower
panels: signal-to-background ratio at LO (green) and NLO (red).

Mz bin is large the peak and dip might sill (partially) cancel if they fall into the same bin. In
the presence of a peak-dip structure by shifting the M, window in small steps one will arrive at
a setting where the window contains either the peak or the dip. These are the configurations
specified in Tab. 5.7 for scenario 1-3.

The results for the top-quark rapidity distribution are presented in Figs. 5.19-5.21 for the
M;; cuts listed in Tab. 5.7 for scenario 1-3.  The left plots show the do/dy, in the lower
M window (first column in Tab. 5.7) indicated by the dark ocher shaded region in the S/B
plots in Figs. 5.15-5.17 and the right plots show the rapidity distribution in in upper M,
window (second column in Tab. 5.7) indicated by the light ocher shaded region in the S/B
plots in Figs. 5.15-5.17. The layout of the left and right plots and the color code of the
curves is analogous to the My distribution plots in Figs. 5.15-5.17. In all three scenarios the
QCD correction is positive. For the lower M,; window containing the peak this leads to an
enhancement of the S/B with respect to the LO prediction. In scenario 1 the S/B is enhanced
by roughly a factor of two while in scenario 2 and 3 the enhancement is very small. In the
upper M;; window containing the dip the positive NLO QCD corrections lead to a reduction
of the S/B.

The strongest effects of heavy Higgs bosons in the y, distribution occur in scenario 1
(Fig. 5.19). In the lower M,; window in the central region [y,] < 1 the S/B is about 4%. For the
other scenarios the S/B is smaller. Hence, the sensitivity of the top-quark rapidity distribution
to heavy Higgs contributions in #f production is slightly smaller than for the M, distribution
in the scenarios under consideration. The distribution of the antitop-quark rapidity yr is very
similar to the one of the top quark and does not bear any significant new insights with respect to
the 2HDM contribution. The inclusive tf charge asymmetry Ac = [N(S]y| > 0)=N(|y| < 0)]/Niot
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Figure 5.20.: Same as Fig. 5.19 but for scenario 2.
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Figure 5.21.: Same as Fig. 5.19 but for scenario 3.
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Scenario 1, +/s =13TeV
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Figure 5.22.: Distribution of the cosine of the Collins—Soper angle for scenario 1 at NLO eval-
uated for selected M;; windows (Tab. 5.7). Upper panels: cos fcs distribution for
the SM only (black) including NLO QCD and weak corrections and for the sum
of SM and 2HDM contributions (red) including the Higgs-QCD interference at
NLO QCD. Lower panels: signal-to-background ratio at LO (green) and NLO
(red).

with 8ly| = |y, —[yil which is nonzero in the SM is not affected by the heavy Higgs contribution.

Besides M,; and y, we also study the sensitivity of the Collins—Soper angle [201] 6¢s to the
effects of the heavy neutral Higgs bosons of the 2HDM on #f production. The Collins—Soper
angle fcs is defined as the angle between the top-quark direction in the #f rest frame and the
bisecting line between p; and —p,. Where p; and p; denote the three-momenta of the two
incoming partons in the ff rest frame. If the t7 pair does not have any transverse momentum
(e.g. for LO ¢7 production) the Collins—Soper angle is identical to the scattering angle between
the top quark and the beam axis in the #f rest frame. The results for the distribution of the
cosine of the Collins—Soper angle cos cs for scenarios 1-3 are presented in Figs. 5.22-5.24.
The layout of the plot and the color code of the curves is the same as for the Figs. 5.19-5.21.
The qualitative behavior of the S/B of the Collins—Soper angle distributions is similar to y;:
positive NLO QCD corrections enhance the signal in lower M;; window and reduce it in the
upper M,;; window. The strongest effects are seen in the lower M,; window in scenario 1 where
the S/B rises up to 7% in the central region cosfcs =~ 0.

The transverse momentum of the top quarks has also been investigated in [77] but the
sensitivity to heavy Higgs bosons in tf production is less than the sensitivity of the observables
discussed here. All three differential cross sections can achieve a S/B of a few percent in
scenario 1. Form these results it seems that the M,; distribution performs comparatively well
with respect to the S/B which confirms its adequacy as an observable to search for such
resonances. The achievable S/B in the M;; distribution depends on the bin size. In the results
presented here a bin width of 20 GeV is used. For a larger bin size the maximum S/B in the
M;; distribution is reduced.
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Scenario 2, /s =13TeV
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Figure 5.23.: Same as Fig. 5.22 but for scenario 2.
Scenario 3, /5 =13TeV
450 T T T T T T
400 | 350GeV < M;<500GeV | 300 | 500GeV < M < 650GeV
oy 2HDM + SM 2HDM + SM
a 350 - oM — 1250 M —
200
1150
100
50
0 ‘
2 11.05 | LO ——
T 11
7 0.05 0.95 |
= ) [ LO —— 17 3 ]
v 0.9 ¢ ‘ 109 ¢ ]
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
COS QCS COS QCS

Figure 5.24.: Same as Fig. 5.22 but for scenario 3.
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5. Heavy Higgs effects in top-quark pair production at next-to-leading order in a;

5.4.2. Spin dependent observables

In Sec. 4.2.4 it was shown that spin dependent observables have the potential to increase the
sensitivity to the effects of heavy Higgs bosons in #f production significantly. In this section
we study at NLO QCD several spin dependent observables that are sensitive to top-quark
polarization and #f spin correlations. As described in Sec. 3.3 these kinds of spin effects in 7
production are experimentally accessible by studying angular distributions of the decay products
of the tf pair. Here the dileptonic decay of the t7 pair is considered

pp = 1+ T+ X = 00 +jets+ ENS, (0 =e,u. (5.165)

We calculate four P- and CP-even 7 spin correlations at the level of the intermediate ¢ and 7
states and present them in terms of the angular correlations of the two leptons. Furthermore,
we investigate the P- and CP-odd triple correlation as well as the top-quark longitudinal
polarization. Additionally, we investigate the correlation of the leptonic azimuthal angles and
study its sensitivity to the CP nature of the heavy Higgs bosons in the 2HDM. The results
presented in this section are mainly based on Ref. [78].

Type-Il 2HDM scenarios

In order to study whether suitable observables allow to discriminate between a scalar, pseu-
doscalar, and a CP mixture we introduce three scenarios, la, Ib and Ic that represent these
three cases and allow for a direct comparison. The masses of the two heavy neutral Higgs
bosons in these three scenarios are set to 400 GeV and 900 GeV. In the CPC scenarios la and
Ib the Higgs bosons are CP eigenstates. In scenario la the scalar ¢, has a mass of 400 GeV and
the pseudoscalar ¢3 a mass of 900 GeV. In scenario Ib the situation is reversed such that the
scalar has a mass of 900 GeV and the pseudoscalar a mass of 400 GeV. Scenario Ic represents
the case of a CPV 2HDM Higgs potential where the two heavy Higgs bosons are CP mixtures.
Focusing, for example, on the lighter Higgs boson scenarios la—lc facilitate the comparison
between 400 GeV resonances of different CP nature. Besides this comparative study we also
analyse these scenarios by investigating the sensitivity of several spin dependent observables to
heavy Higgs effects in #f production. As will be shown below the sensitivity can be increased
with respect to the M,; distribution by using spin dependent observables. However, for sce-
narios la—lc the effects seen in the M distribution are already quite large for the 400 GeV
resonance (see Appendix G). That is why from an experimental point of view these scenarios
are excluded at a confidence of at least 95% by a recent ATLAS analysis [114,115]. Hence,
a fourth scenario labeled “scenario II" is introduced which shows only small effects in the M,;
distribution and is therefore experimentally not excluded yet. We investigate if spin dependent
observables can provide a sensitivity which is enhanced with respect to the M,; distribution
also in the case of scenario Il. The CPC scenario Il features a heavy scalar ¢, with a mass of
600 GeV and a pseudoscalar with a mass of 900 GeV.

The list of values of model parameters for scenarios la—Ic and Il is given in Tab. 5.8 and
the resulting Yukawa couplings and couplings to vector bosons are listed in Tab. 5.9. The
dominant two-body decay rates and the total decay width of ¢, and ¢3 in scenarios la—Ic and
Il are presented in Tabs. 5.10 and 5.11.

Observables

In the following we define and summarize the spin dependent observables used to analyse
scenarios la—lc and Il. As mentioned above we consider the dileptonic decay of the #f pair
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Table

5.4. Phenomenological results

5.8.: Input values for the type-Il 2HDM parameters for scenarios la—Ic and II.

Scenario la  Scenario Ib  Scenario Ic  Scenario |l
tan 8 1 1 1 1
@y B B B B
s 0 0 /15 0
a3 0 0 /4 0
m [GeV] 125 125 125 125
my [GeV] 400 900 400 600
m3 [GeV] 900 400 900 900
my [GeV] > 820 > 820 > 820 > 820

Table 5.9.: Reduced scalar (a;r) and pseudoscalar (bjr) Yukawa couplings and couplings to
weak gauge bosons (fjyv) for scenarios la-Ic and II.
ajy ap=aj; by bp=bir fivy
Scenarios la, Ib, |
o 1 1 0 0 1
13 1 -1 0 0 0
#3 0 0 1 1 0
Scenario Ic
¢1 0.978 0.978 0.208  0.208 0.978
¢, 0560 -0.854 0.692 0.692 -0.147
¢3 -0.854 0560 0.692 0.692 -0.147
Table 5.10.: Dominant two-body partial widths and total decay width of ¢, and ¢3 in scenarios
la—lc. The subscripts and superscripts denote the shift due to scale variations
according to Eq. (5.156). Partial decay widths that show these shifts are calculated
at NLO QCD.
Scenario la Scenario Ib Scenario Ic
T, I, T, T, T, I,
¢ > 1f 3971000 45.43038 39.85,019  15.09703¢ 8471012 50.80,033
¢ > VV 0 0 0 0 0.52 7.37
IR IVA 0 0 0 0 0.27 4.73
b — 9 Z 0 116.85 0 0 0 111.80
¢ — 372 0 0 116.85 0 0 0
¢i = d191 0 0 0 0 3.20 6.14
i = P12 0 0 0 0 0 4.00
¢i — $2¢2 0 0 0 0 0 11.81
Giose 00T 0M0TSNN 00680 00SI  0.030°0M 01007302
Total 3.991000  162.397035 15676017 15.14*032 12497012 184.95.032
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Table 5.11.: Dominant two-body partial width and total decay width of ¢, and ¢3 in scenario 1.
The subscripts and superscripts denote the shift due to scale variations according
to Eq. (5.156). Partial decay widths that show these shifts are calculated at NLO

QCD.
I, I3
¢i - 1f 20657012 45507035
¢ — $Z 0 35.34
¢i —gg  0.04070005  0.106%050)
Total 20.69*913  80.947935

(5.165). For the two final state charged leptons the normalized double differential distribution
is defined as (see also Appendix C.3)

1 d*o 1 . . A A
s dcosf.doose. ~ Z(1+Bl(al)cos(9+)+B2(a2) cos(6_)—C(ay,4a) cos(9+)cos(0_)), (5.166)

where 6, (6-) is the angle between the direction of the three-momentum @+ (q,-) of the
positively (negatively) charged lepton in the top (antitop) rest frame and an arbitrary reference
axis a4 (8;). The coefficient C is sensitive to #f spin correlations and is given by

C = —-9{cos b, cosO0_Y, (5.167)

where the expectation value is evaluated with respect to the dileptonic phase space. According
to Eq. (C.35) C can also be determined at the level the intermediate # pair

C(a1,82) = K(A(S; - 41)(S5 - A))yz, (5.168)

where the expectation value is evaluated with respect to the #7 phase space. From Egs. (5.167)
and (5.168) follows
4 A A
(cos 0 cos 0_Y = —K§§<(s, -a1)(S7- A2))ir . (5.169)
This relation is also derived for 4; = k, = k and 4, = k; = —k in Sec. 3.3 and holds only

if no acceptance cuts are applied to the dileptonic final state. The coefficient «, is the spin
analyzing power of the lepton where the following convention is used

K¢ = Ke+ = K¢- (5170)
The value of k¢ including NLO QCD corrections is given in Ref. [202]
ke =1-0.015a;. (5.171)

We calculate the expectation values ((S; - 4;)(S7 - &2));7 and use Eq. (5.168) to obtain the
coefficient C(a,4;) in the double differential distribution (5.166). In particular, we use the
orthogonal basis {k,f, #} introduced in Ref. [118] and used in Sec. 4.2.4 to construct three
observables

Chel = C(k,-k), Cun=C(h,-0), C,=C(F 1), (5.172)

that are sensitive to tf spin correlations.
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Another spin correlation that is considered here is related to the opening angle distribution

(see Appendix C.4)
1 do

;dcosgo

1
= 5(1 —Dcosy), (5.173)
where cos ¢ = ¢+ - q¢-. The coefficient D is given by
D = =3({cos @), (5.174)

where the expectation value is evaluated in the dileptonic phase space. As for the other spin
correlations above there exists a spin operator that corresponds to the angular correlation
{e+ - Qo It is obtained by the replacement

G- > S, G- - Se (5.175)

Therefore, alternatively, D can be expressed in term of this operator according to Eq. (C.43)
24
D = = ((S: - S (5.176)

where the expectation value is evaluated in the #f phase space. Again, we can derive a rela-
tion between the #f spin correlation and the experimentally accessible opening angle ¢ if no
acceptance cut are applied to the leptons

4
(cos ¢)er = —Kﬁg«st St (5.177)
Since {k, A, #} is an orthonormal basis the following relation holds
1
D= _§ (Chel + Cnn + Cry) (5178)

and D is therefore not independent of Chel, Cnn and Cy,. However, Eq. (5.178) can be used as

a cross check of the results. Furthermore, even though D is not independent of the other three

observables D could be more sensitive to the heavy Higgs effects than those other observables.
We also investigate the longitudinal top-quark polarization

B} =(2S,-k) (5.179)

within the three scenarios la—Ic at NLO QCD. Instead of presenting the results for B as it
was done in Sec. 4.2.3 we calculate the coefficient B1(4;) of the double differential distribution
(5.166). Performing the integration over 6_ in Eq. (5.166) results in the following angular

distribution
1 do

o dcos 6,

1
= 5(1 + Bi(a1) cosb,). (5.180)
The coefficient B can be extracted calculating the expectation value
Bl(ﬁl) = 3(COS 9+>gg . (5.181)

The corresponding spin operator is obtained by the replacement (5.175) in cosf; = q+ - 4.
Hence, B; can also be obtained from (C.33)

By (k) = k{28, - k)i = k¢ By, , (5.182)

where the reference axis 4; has been set to k, the direction of the momentum of the top quark
in the 77 rest frame. The longitudinal polarization of the antitop quark B, does not give any
additional information. Hence, the results are not presented here.

123



5. Heavy Higgs effects in top-quark pair production at next-to-leading order in a;

A nonvanishing polarization indicates P violation but not necessarily CPV. In other words,

Bj can have CPC as well as CPV contributions. In order to study CPV we analyze the P- and
CP-odd triple correlation

Ocp = (@ X qr-) - k. (5.183)

The expectation value of O¢p is related to the expectation value of the corresponding spin
operator as follows

4 .
(Ocp) = —K%§<(St x S7) - k). (5.184)

This relation can be obtained by a similar calculation as outlined in Sec. 3.3 for {(cosf, cos_).
Note, that (Ocp) can also be expressed through the “off-diagonal” expectation values C(ii, )
and C(t,n) [118]

C(, t) — C(t,0) = 9(Oc¢p). (5.185)

Furthermore, we construct a CP-sensitive angular observable ¢, similar to what has been
done in Ref. [203]. In order to define ¢7., we identify the z-axes in the top and antitop rest
frames with the direction of the top-quark momentum Kk in the #f rest frame. The azimuthal
angle ¢* between the two charged leptons of (5.165) is defined with respect to this z axis

¢* = arccos(§ - q-), ¢ €[0,7]. (5.186)

The unit three-vector § (=) defines the direction of of the positively (negatively) charged
lepton perpendicular to K in the (anti)top-quark rest frame

N . — N . R l’i
op = e = We WK (5.187)
e — @ - Wk|

In order to probe the CP properties of the heavy Higgs bosons in scenarios la—Ic we make
use of the CP-odd triple product Ocp (5.184) to construct a CP-sensitive observable from ¢*
similar to Ref. [203]. This observable is defined as

* ¢* if (qf*’ X (Al{’-) : R >0 *
by = { g e EE L Gpeion, (5.188)

We study the normalized distribution U‘lda/dgé*cp and investigate its discriminating power to
distinguish between scalars, pseudoscalar and CP-mixed Higgs bosons. The observable ¢, is
defined at the level of the f decay products, namely the charged leptons. It does not have a
corresponding spin operator defined at the level of the intermediate #f state. Hence, for the
calculation of ¢, the inclusion of the decay of the 7 pair is required. Here the on-shell decay
of the top and antitop at LO is considered. The procedure how to take the on-shell decay into
account given the spin dependent matrix element of # production is described in Sec. 3.4.

All spin dependent observables summarized here are ratios of some kind. For o-‘ld(r/d¢*cp
this is most obvious because the distribution is normalized to the inclusive cross section. For
the expectation values of spin operators considered here the same normalization is performed
because schematically

) = lfdcro. (5.189)
g

Since the results are presented within fixed order perturbation theory we expand all ratios and
normalized cross sections up to NLO in @, . As an example take Eq. (5.189). Let us denote

de'O = O+ 0@, (5.190)

o = c9+0cV+00h, (5.191)
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5.4. Phenomenological results

where the superscript denotes the perturbative order: (0) stands for LO or O(a%) in this case
and (1) stands for NLO or O(a?). The expansion of Eq. (5.189) including a factor of K} from
the definition of the observables Chel, Chn, Crr, D, Ocp (n =2) and By (n = 1) up to NLO is

then given by o o o
KOy =—1+m" =2 _+ 100D, (5.192)

) ¢ T S0 T 0
with «{" = ~0.015¢, (cf. Eq. (5.171)).

In this subsection we adopted the line of thought were we start from the experimentally
accessible observable, e.g. the double differential distribution (5.166), and identify the corre-
sponding spin property of the ¢ pair, e.g. spin correlations with respect to a certain reference
axis. This has the advantage that we can determine the observables at the level of ## and then
map them onto the corresponding observables defined at the level of the #f decay products
when no acceptance cuts are applied. When studying models of new physics phenomenolog-
ically the opposite direction can become more relevant. One aims to study a certain spin
property of the tf system defined by the respective spin operator because analytical results
suggest a strong dependence on new physics effects. Starting from this operator defined at
the intermediate 7 state the corresponding angular correlation with respect to the tf decay
products is determined. Predictions for this observable within the new physics model can be
compared with experimental results.

In the case where acceptance cuts are taken into account, thus generating predictions for
the so-called fiducial phase space region, the observable has to be calculated at the level of
the ¢t decay products. However, in this work the detector acceptance is not taken into account
but results presented here can be compared to fiducial results that are extrapolated to the full
phase space as for example in Ref. [119].

Results

Most of the results presented in the following where published in Ref. [78]. The numerical
setup and SM input parameters are the same as those used to generate the results of the spin
independent observables (cf. Egs. (5.161), (5.162) and (5.163)).

In Appendix G the M;; distributions for scenarios la—lc are presented in Figs. G.1-G.3.
These figures show that the 400 GeV Higgs boson in scenarios la—lc generates a peak-dip
structure in the M;; spectra. Using these distributions we determine the locations of the peak
and dip and define regions of M,; which contain only the peak (dark ocher shaded areas in the
lower panels of Figs. G.1-G.3) and only the dip (light ocher shaded areas in the lower panels of
Figs. G.1-G.3). This is the same procedure implemented for the spin independent observables
y: and cosfcs in Sec. 5.4.1 to avoid the (partial) cancellation of peak and dip and therefore
enhance the signal.

The parameters of scenarios la—lc (Tab. 5.8), where chosen to facilitate a direct comparison
between Higgs bosons of different CP nature. The CP-sensitive observable ¢, is used to
investigate this aspect of scenarios la—lc. In Fig. 5.25 the normalized distribution o-‘ld(r/d¢*cp
is shown for scenarios la—lc within the M,; windows containing either the peak (plots on
the lhs) or the dip (plots on the rhs) generated by the 400 GeV resonance. In the upper
panels of the plots shown in Fig. 5.25 the contribution from the SM including NLO QCD
and weak corrections is shown in black. The red histogram represents the sum of SM and
2HDM contribution to the ¢, distribution including the Higgs-QCD interference. In the lower
panels the signal-to-background ratio (SM+2HDM)/SM at NLO is shown in red and at LO
in green. In the upper M;; window (400 GeV < M;; < 460 GeV) the effects on the ¢7.,

distribution are very small (S5/B < 1%) irrespective of the CP nature of the 400 GeV Higgs
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Figure 5.25.: Normalized distribution of the CP-sensitive observable ¢, for scenarios la—Ic in
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selected regions of M,;. Upper panels show the distribution for the SM including
NLO QCD and weak corrections (black) and the sum of SM and 2HDM contri-
butions including the Higgs-QCD interference at NLO QCD (red). In the lower
panels the ratio (SM+2HDM)/SM is presented at NLO (red) and LO (green).
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boson. However, in the peak region (2m; < M;; < 400 GeV) the S/B rises up to approximately
6%. Furthermore, the ¢7.,, distributions show different behaviour for the scalar(scenario la),
pseudoscalar (scenario Ib) and the CP mixture (scenario Ic) at 400 GeV which is most visible in
the S/B plots. The S/B resembles a trigonometric function with its maximum (minimum) at
¢ip = 7 (¢5p = 0,27) if the 400 GeV Higgs boson is a scalar. In the case of a pseudoscalar the
positions of minimum and maximum are interchanged with the maximum at ¢;., = 0,27 and
the minimum at ¢, = 7. In scenario Ic, where the 400 GeV Higgs boson is a CP-mixed state
maximum and minimum of the S/B are located at ¢, # 0,7,27. In Ref. [203] where a similar
observable was studied in the case of Higgs boson decay to v" 7~ the differential cross section
of the respective observable is in fact a cosine with a phase shift that is determined by the ratio
between the scalar and pseudoscalar reduced Yukawa couplings. In contrast to the tau-pair
decay channel of a Higgs boson the background in the 7 decay channel is not flat in ¢,
and the Higgs-QCD interference is strong. Therefore the S/B in the t7 channel is not exactly
a trigonometric function and the relation between the CP dependent shift of maxima and
minima and the Yukawa couplings is more complicated. Furthermore, the nonresonant QCD
background contribution is large and leads to small signal-to-background ratios. Figures G.1-
G.3 illustrate that scenarios la—Ic present realizations of the type-Il 2HDM with strong signals
in the M distribution. Actually they are so strong, that these scenarios are now excluded
by a recent ATLAS analysis [114, 115] performed with the 8 TeV LHC data. Hence, for
scenarios that are not excluded yet and where the signal is therefore even weaker one can
expect even lower S/B in the ¢, distribution than for scenarios la—lc. This shows that ¢7.p,
while in principle capable of discriminating between different CP eigenstates or CP mixture, is
probably not sensitive enough to determine the CP properties of a heavy Higgs boson that has
not been discovered yet. The NLO corrections do not change this picture even though they
slightly increase the S/B in the lower M;; bin.

In Sec. 4.2.4 it was shown that in SM #7 production (via the processes shown in Figs. 4.1a
and 4.1b) the spins of 7 and 7 are correlated to a certain degree and that the contribution
from heavy Higgs bosons can change this correlation. In the following we study the effects of
heavy Higgs bosons in scenarios la—Ic on 7 spin correlations at NLO QCD. For this purpose we
investigate the observables Che|, Chn, Cyr and D introduced above and assess their sensitivity
to the contributions from heavy Higgs bosons. Again, we evaluate these observables in the
M windows

2my < Mz <400GeV  and 400GeV < M;; < 460GeV . (5.193)

The results for scenarios la—Ic are presented in Figs. 5.26-5.28. The figures are divided into
two plots: The upper plot displays the result for the lower M,; window and the lower plot for
the upper M,; window. Each plot shows the results for all four observables Cye|, Cin, Cyr and D
and is divided into two parts. The upper part shows the value of the respective observable for
the SM only (coarse hatched) and for the sum of SM and 2HDM contribution (fine hatched)
including the Higgs-QCD interference at LO (red) and NLO (blue). The solid filled regions of
the bars indicate the shift in the observable due to scale variations according to Eq. (5.156).
The lower parts of the plots show the S/B in percent for each observable at LO (red) and NLO
(blue). The darker area in the bars illustrates the shift due to scale variations. For comparison
the green band indicates the S/B of the cross section at NLO within the respective M;; window.
This is obtained from the M;; distributions shown in Figs. G.1-G.3. In scenario la (Fig. 5.26)
the S/B of the cross section is very small in the upper M;; bin such that the green band is not
visible there.

The S/B is mostly larger in the lower M,; window which contains the peak than in the
upper M;; window which constrains the dip. A common observation for all three scenarios
is that least one of the spin correlation observables reaches beyond the green band and is
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Figure 5.26.: Results for the spin correlation observables Cyej, Chn, Cyr and D evaluated in the
lower M;7 bin (upper plot) and the upper M;; bin (lower plot) (5.193) for scenario
la.

128



5.4. Phenomenological results

1 Scenario |b 2m; < My; < 400 GeV
L

_r% 08 LO QCD|:1—02I—CIQDCI\[/I) [esssesssss
> 0.6 - NLO QCDW oo
o NLO QCDW-2HDM ez
Q 021 B

LS 0 T H NLO
o LO NLO LO NLO LO NLO

0-0.2 J % |
=-04 |
g _06 N N ~

> — Cha— Cin Cor

9 30
c%% 10 . o

oLl 1 [ ]
1 Scenario |Ib 400 GeV < M,; < 460 GeV

<@

_(% 08 LO QCD:—O2I-C|QDCI\3 RRRRRZRZR |
> 0.6 NLO QCDW ooy |
U 04| NLO QCDW+2HDM gz
8 2

X L] R e

o LO NLO LO NLO L0 NLO 'kl
1 -0.2 J ‘ m'.
=-04

T .06 ‘ . .

> — Cha— G Cor D

. 20

= -

=ES — — =
% g—lO 1134%

-20 l

Figure 5.27.: Same as Fig. 5.26 but for scenario Ib.
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Figure 5.29.: Unnormalized spin correlation observables binned in M;; for scenario la. The
labels of the ordinates of the plots are short notations, e.g. Chel stands for
dChei/dM;;. The units are pb/GeV. The black histograms represent the SM
contribution. The sum of SM and 2HDM contributions including the Higgs-
QCD interference is shown in red. The plots on the lhs display the results at LO
and on the rhs at NLO. The green and purple shaded regions indicate the lower
and upper M;; bins (5.193), respectively.

therefore more sensitive than the M;; distribution in the respective M;; window. This confirms
at NLO what has been observed already at LO in Sec. 4.2.4: spin dependent observables can
increase the sensitivity to heavy Higgs effects in 7 production with respect to spin independent
observables such as do/dM;;. This effect is largest for the observable C,, in scenario la where
its S/B is almost a factor of four larger than the S/B of the M;; distribution.

In the upper M;; window the S/B of the LO prediction of C,, takes on rather large values
(indicated by arrows in the plots) which deviate strongly from the prediction at NLO. The
reason for this large difference is the fact that the observable C,, as a function of M, has a
zero in the upper My bin at LO. Taking NLO corrections into account the position of this
zero is shifted to the boundary or even outside the M;; window. As an example this behavior
is illustrated in Fig. 5.29 for scenario la. The plots in Fig. 5.29 show the numerators of the
spin correlation observables

C(a1,a) = oC@, ), (5.194)

i.e. without normalization with respect to the cross section, binned in M;;. The lower (upper)
M;; window is indicated as green (purple) shaded area. The plots on the lhs represent the
LO results and on the rhs the NLO results. The SM predictions are shown in black and
the sum of SM and 2HDM contributions including the Higgs-QCD interference in red. The
described behavior of Cy, in the upper M;; bin when comparing LO with NLO results can be
seen in Fig. 5.29 (third plot from the top). Due to cancellations between positive and negative
contributions the observable C,, becomes very sensitive to NLO corrections in the upper M,
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Table 5.12.: R-ratios and K-factors for Chel, Cnn, Crr and D in the lower and upper M;; bin for
scenarios la—lc.

Chel Cnn Crr D

M,z bin [GeV] lower upper lower upper lower upper lower upper
Scenario la

R 0.99 1.01 098 0.98 1.04 1.21 1.00 1.01

K 0.99 1.01 096 0.95 1.11 1.73 1.00 1.04
Scenario Ib

R 1.01 1.03 1.01 1.06 1.08 1.91 1.03 1.11

K 1.01 1.09 1.03 1.16 1.20 -7.40 1.06 1.31
Scenario Ic

R 1.00 1.01 1.00 1.02 1.06 1.55 1.01 1.06

K 0.99 1.03 1.00 1.06 1.16 7.84 1.03 1.16

bin. The large difference between LO and NLO prediction is therefore not an indication for
the breakdown of the perturbative expansion but rather an artefact of this specific observable.
Figure 5.29 also illustrates that the other observables Cpe, Cnn and D do not have zeros in
the M,; region under consideration. Hence, they are not as sensitive to higher order correction
as Cy, (Fig. 5.26).

It is also possible to quantify the behavior of C,, to a certain extend. First consider the
ratio between the NLO and LO predictions, the K-factor. In scenario la the K-factor for
C,, is given by K = 1.7 and for scenarios Ib and Ic |K| > 7. Additionally, we consider the
ratio R between the observable in its expanded form (5.192) with respect to the unexpanded
version. This ratio can be interpreted as an estimate of the contribution of missing higher
order corrections to the observable. For Cy, in the upper M;; bin the ratio evaluates to R = 1.2,
R =1.9 and R = 1.5 for scenarios la, Ib and Ic, respectively. The other observables have lower
values for R. In Tab. 5.4.2 the K-factor and the R-ratio of the SM+2HDM contribution are
listed for Chel, Cnn, Crr and D in scenarios la—Ic in the lower and upper M;; bin. As can be seen
from this table the high values for K and R of C,, in the upper M;; bin (400 GeV < M;; < 460
GeV) stand out with respect to the mostly low values of the other observables. Comparing
K and R between different observables is not to be seen as a rigorous procedure to determine
the perturbative convergence of the observables but rather as a method to identify potential
problems. The fact that there is a coherent tendency of K and R to be (considerably) larger
for Cy in the upper M,; window gives a strong hint that the predictions for this observable
in this particular M7 range is less robust and subject to large corrections as higher orders are
taken into account. However, the predictions for C,, in the lower M;; bin are robust and even
show large enhancements of the S/B with respect to the distribution do-/dM;.

The case studied here is only one example. In general spin correlation observables can
receive positive and negative contributions from different regions of M,;. Hence, when binning
such observables in M;; some bins might contain a zero (in the sense discussed above). As
the example has shown the predictions of spin correlations in the M-vicinity of such zeros
are less robust with respect to higher order corrections. Therefore, one should choose M;;
bins that are sufficiently far from the zero of the observable. This is also the reason why in
Sec. 4.2.4 we have excluded the region in M,; around the zero of the spin correlation observable
Cgf[g (Fig. 4.12). The question might be raised if the binning in M;; is necessary at all. The
fact that the restriction of the observable to a certain M;; range can enhance the S/B has
been shown in Sec. 4.2.4 at LO. For NLO this statement is confirmed by Tabs. H.1-H.3 in
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Figure 5.30.: Data-to-background ratio of the M distribution as determined by the ATLAS
analysis in Ref. [114]. The data of this plot was extracted form Ref. [114] Fig. 7a
by using the tool EasyNData [105]. The background uncertainty is shown in gray,
the ATLAS data is presented in black and the result for the signal-to-background
ratio of the M,; distribution for scenario Il at LO is superimposed in red.

Appendix H where the numerical values for the results shown in Figs. 5.26-5.28 are presented.
In addition these tables also list the results for the observables and S/B without applying any
M;; cuts. The M;; cuts mostly enhance the S/B and therefore increase the sensitivity of the
spin dependent observables to the effects of heavy Higgs boson in ¢ production.

Figures 5.26-5.28 show that the uncertainty bands of the LO and NLO in most cases do
not overlap. Since the observables Chel, Cnn, Cyr and D are ratios as in Eq. (5.189) at LO the
dependence on a; and therefore on ugr cancels exactly. Hence, the variation of u = up = ur
does not give a reliable estimate of the uncertainty of the LO prediction.

As mentioned above scenarios la—Ic show quite strong signals in the M distribution
(Figs. G.1-G.3) and can therefore be experimentally constrained. The reason that spin de-
pendent observables can enhance the S/B, e.g. by a factor of four in scenario la, might be
connected to the fact that the signal is already strong in the spin independent M,; distribu-
tion. In the following we study scenario Il to find out if this assumption is correct. This
scenario shows a much weaker signal in the M, distribution and is therefore experimentally
not excluded yet. This is illustrated in Fig. 5.30 by superimposing the results for the M
signal-to-background ratio in scenario Il with the data/background plot from the experimental
analysis in Ref. [114]. In Fig. 5.31 the results for the observable ChMe’If are presented for scenario
Il C)2ris defined by

_ - s
Chef = ~*iCog . 6=75.9=0 (5.195)

and Cgf[”_ is defined in Eq. (4.72). Hence, the observable ChMer contains the expectation value Chg
for a range of M; bins. The upper panel in Fig. 5.31 displays the observable in the SM including
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NLO QCD and weak corrections (black), the sum of SM and 2HDM contribution including
the Higgs-QCD interference also at NLO QCD (red) and the LO prediction for SM+2HDM
(green). In the lower panel the signal-to-background ratio of Cﬁi’l" (red) and do/dM,; (purple)
are shown. In the region 750 GeV < M;; < 1050 GeV there is a peculiar peak structure visible
in the S/B plot. This results from an interplay between the wide (I's = 81 GeV, cf. Tab. 5.11)
resonance and the fact that ChMe’I" crosses the zero at ~ 900 GeV. Comparing the result for LO

and NLO we see that the position of the zero of ChMe’lf receives a large shift from M;; ~ 750

GeV to M7 ~ 900 GeV when going from LO to NLO. The prediction for Cﬁf in this region is
therefore very sensitive to higher order corrections which affects the robustness of the results
in this M;; region. Here, two solutions to this problem are suggested. As has been mentioned
above one possibility to obtain results that are robust with respect to higher order corrections

is to restrict the M,; range to an appropriate region that is sufficiently far from the zero of

ChMe’If. Fortunately, the 600 GeV Higgs boson in scenario Il can be studied with ChMe’If because
its resonance region is far from the zero. Fig. 5.31 shows that the S/B of Cﬁi’( in the M;; bin

550 — 600 GeV is much larger than the S/B seen in the M;; distribution of the cross section
shown in purple. Hence, even for a scenario that shows only small effects in the do/dM,;
distribution the spin dependent observable Cpe can produce a considerable gain in sensitivity
when compared to the same M;; bins used in do/dM,;. If we were interested in studying the
900 GeV Higgs boson in scenario Il we encounter the problem of the zero of Cﬁi’( which is
located at 900 GeV. To avoid this problem one can study other observables which do not have
zeros or zeros that are located far from the interesting M;; region (resonance region). This is
illustrated in Fig. 5.32 where the results for

Co = =K Cot, O =1/2,0=7/2 (5.196)

are presented. The observable C%’f has no zero in the considered M;; range. For both res-
onances at M; = 600 GeV and M;; = 900 GeV CnMn'f gives larger S/B than the do/dM;
distribution. The gain in sensitivity is particularly pronounced for the 600 GeV Higgs boson
where the S/B for CMi is ~ 12% while in the M, distribution S/B is only 2-3%. For the 900
GeV Higgs boson the S/B of CMi is also increased with respect to the M;; distribution but
here the effect is less pronounced.

In principle we could apply the procedure described in Sec. 4.2.4 and scan over the di-
rections of reference axes or equivalently the angles 6 and ¢ to obtain the optimal observable
with the largest S/B in an M;; bin sufficiently far from the zero of that observable at NLO.
But this goes beyond the scope of this work.

The results for Che|, Cnn and Cy, within the SM including NLO QCD and weak corrections
were already calculated in Ref. [118] and agree with those presented in Figs. 5.26-5.28 and
Tabs. H.1-H.3 when the different scale choices are taken into account. As mentioned in the
beginning of this section the numerical results for the pure QCD and weak corrections to
the SM contribution in this work have been provided by the authors of [111,112]. The spin
correlations Chel, Cnn and Cy, have also been measured [119] inclusively in M;; in dileptonic
tf events at the LHC with a hadronic center of mass energy of 8 TeV. The experimental
results corrected to the parton level and to the full phase space agree with the respective SM
predictions. It was checked that at 8 TeV the spin correlations Chej, Cnn and C,, including the
contributions from heavy Higgs bosons in scenarios la—lc and Il agree with the results of [119]
within the experimental uncertainties. At this point the question might be raised how scenarios
la—Ic can be constrained by the M;; distribution and not by the spin correlation measurement
given that spin dependent observables are more sensitive than spin independent ones. There
are two reasons. First, the spin correlation measurement was performed inclusively in M. As
can be seen from Tabs. H.1-H.3 the restriction to relevant M;; regions is crucial to reach large
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Figure 5.31.: Results for ChMe’lf in scenario Il. Upper panel: SM contribution including NLO
QCD and weak corrections (black) and sum of SM and 2HDM contribution
including the Higgs-QCD interference at NLO QCD (red). The blue shaded
regions represent the uncertainty due to scale variations according to Eq. (5.156).
The result at LO for SM+2HDM is shown in green. Lower plot: S/B of ChMe’I"
and of the M;; distribution with 50-GeV binning (purple) both at NLO QCD.
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Figure 5.32.: Same as Fig. 5.31 but for CM7.
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Table 5.13.: Results for the expectation value of the triple correlation (Ocp) for scenario Ic
within the lower and upper M;; bins (5.193) and inclusively in M;z. The first column
lists the results at LO and the second column including NLO QCD corrections.
Subscripts and Superscripts indicate the shift of the observable induced by scale
variations according to Eq. (5.156).

M7 [GeV] LO 2HDM NLO 2HDM
[2m;,400]  —0.549*0007x1072  —0.82470078x 1072
0005, 1()-2 0.0621()~2
[400,460]  0.587+0905x 1072 0.127+0062 10
. 0.005+,1(=3 0.008,.1(~3
incl. 0.66670903%1073  —0.814*0:0%8x 10

signal-to-background ratios. Second, the experimental statistical uncertainties of the 8-TeV
data and the systematic uncertainties are comparatively large such that the gain in sensitivity
is lost by the dominating uncertainties.

The spin correlations Che|, Chn, Crr and D do not provide any information about the CP
nature of the Higgs bosons. In the following we investigate the P- and CP-odd triple product
Ocp defined above. This observable cannot distinguish between a scalar and a pseudoscalar
but it can detect CPV. If there are no other sources of CPV than the 2HDM a nonvanishing
expectation value (Ocp) indicates CPV in the Higgs potential and therefore the presence of
CP-mixed Higgs bosons. There is no CP-violating contribution from the SM to #f production.
Hence, we obtain {(Ocp) # 0 only in the CPV scenario lc. The results for (O¢p) for dileptonic
tf events at 13 TeV are presented in Tab. 5.13. The results are shown for the M; bins defined
in Eq. (5.193) and inclusively in M,;. The effects of CPV are very small in scenario lc. Even
in the M, bins around the 400 GeV resonance where the largest effects are expected (Ocp) is
below the percent level. Due to (partial) peak-dip cancellation the inclusive expectation value
of the triple correlation is one order of magnitude lower. Using the relation [118]

C(h, —F) — C(f, —) = HOcp) (5.197)

the expectation value of the triple correlation can also be determined by measuring the off-
diagonal spin correlations C(f, —t) and C(&, —i1). This measurement was performed by ATLAS
at 8 TeV in Ref. [119] with the result

C(h,-f) - C(#, —f) = —0.006 + 0.108.. (5.198)

Due to the comparatively large uncertainty of the experimental value and the small effects
of CPV scenario Ic is not constrained by this measurement. In principle the 2HDM could
generate larger CPV effects but not without violating indirect constraints from low-energy
experiments [95,117,204,205]. In particular, upper limits on the electric dipole moments of the
neutron [197] and electron [198] provide constraints on CPV 2HDM scenarios. The dominant
contribution to the electric dipole moments results from ¢; exchange. The contribution from
the heavy Higgs bosons ¢, and ¢3 is subdominant. The parameters of scenario Ic lie within
the allowed range derived in [117,205]. The fact that the parameters of scenario Ic (Tab. 5.8)
were chosen not to deviate too much from the SM alignment limit and to be in agreement
with experimental constraints is mainly responsible for these small values of {O¢cp). The NLO
corrections do not significantly increase this expectation value.
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Table 5.14.: The coefficient B (k) in the double differential distribution (5.166) that is propor-
tional to the longitudinal polarization of the top quark. The results are presented
for the lower and upper M;; bin (5.193) and inclusively in M;;. The SM contribu-
tion to scenarios la—lc is presented in the third column. In scenario Ic there is, in
addition, the contribution from the heavy Higgs bosons denoted by “2HDM".

M [GeV] LO NLO

2HDM

2HDM 2HDM+QCDW QCDW GCOW

[2m;,400] 0.110*9001x107! 0.492*0-090x1072  0.16970420%x1072  1.91*}39
0.007 -2 0.313 -2 0.174 -2 0.187
[400,460]  —0.769*0007x10 0.403*0303x1072  0.31670155x1072  0.27570-4%]
; 0.024 -3 0.227 -2 0.209 -2 -0.006
incl. —0.60070-024%10 0.617*027x1072  0.553*04%%1072  0.114-39%6

Finally, we consider the longitudinal top-quark polarization at NLO for the scenarios la—lc.
The P-violating weak interaction in the SM generates longitudinally polarized top quarks which
is a small effect. We include weak corrections into the nonresonant 7 background denoted by
“QCDW" in Tab. 5.4.2. This contribution agrees with the results of Ref. [118] when taking
different scale choices into account and is present in all three scenarios. However, only in the
CPV scenario Ic there is an additional contribution from the 2HDM to B;. The results for
this contribution are presented at LO and NLO in Tab. 5.4.2. The cuts applied to M;; (5.193)
increase the S/B as can be seen from the last column of Tab. 5.4.2. However, the results for
the longitudinal polarization of the top quark are all below the percent level even including
the contribution from the 2HDM and exhibit large scale uncertainties. This confirms what
is also observed at LO: The effects of longitudinal top-quark polarization are very small in
2HDM scenarios that are not excluded by CP-sensitive measurements. The ATLAS and CMS
experiments [119,206] also measured the longitudinal top-quark polarization inclusively in M;;
at 8 TeV. These measurements are in agreement with the SM predictions of Ref. [118] but
due to the relatively large uncertainties they cannot constrain scenario Ic.
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Chapter

Summary and Conclusions

In this thesis #f production at the LHC is considered under the assumption of an extended
Higgs sector featuring heavy neutral Higgs bosons that couple to top quarks. As a specific
realization of a SM extension of the Higgs sector the type-lIl 2HDM is considered. This model
gives rise to five physical Higgs bosons: two are electrically charged and three are neutral. One
of the neutral Higgs bosons is associated with the 125 GeV Higgs boson while the other two
are considered heavy enough to decay into a f pair and therefore represent the actual object
of interest in this work.

A particular emphasis in this thesis is placed on the phenomenological study of spin depen-
dent observables which are accessible at the LHC through angular correlations of the tf decay
products. These observables can be calculated by using the spin dependent matrix element as
has been explicitly shown in Chap. 3. This facilitates the numerical computation of top-quark
polarization and ¢f spin correlation observables especially in the case of NLO corrections. Fur-
thermore, through the spin dependent matrix element the on-shell decay of the ff pair can be
realized in a simple manner. As a byproduct of introducing the spin dependent matrix element
via the spin density matrix formalism in Chap. 3 it is also briefly pointed out how this is related
to the spinor helicity formalism which is widely used in the literature.

Heavy Higgs production and decay into #f is studied at LO in a; in Chap. 4. The M;;
distribution is presented for two example scenarios to illustrate the main features of the spin
independent contribution to this process. In particular, the size of the Higgs-QCD interference
which is at least as large as the signal amplitude squared and can lead to distortions of
the resonance peak resulting, for example, in a peak-dip structure. Furthermore, the M,
distribution shows that heavy Higgs contributions outside the resonance region are negligible.
The Higgs-Higgs interference between the two heavy Higgs bosons which is present in CPV
2HDM scenarios is investigated by estimating its maximum with respect to the single Higgs
contribution. This interference is found to be a nonnegligible effect in cases where m; ~ mj
and for low masses.

Spin dependent observables are also investigated at LO. The longitudinal top-quark po-
larization is studied as an observable that is potentially sensitive to CPV effects in the 2HDM
because, in particular, it is zero at LO in the SM. It turns out that the maximum of the
longitudinal top-quark polarization generated by CPV in the 2HDM is comparable in size to
the SM value BiSM ~ O(1073) for heavy Higgs masses m; < 600 GeV and tanB = 1. For
masses my > 600 GeV it is more than one order of magnitude smaller than the SM value.
The fact that |B;| is so small can be attributed to the constraints on the parameter space of
the mixing angles that strongly restrict the CPV effects necessary for longitudinal top-quark
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6. Summary and Conclusions

polarization.

As a second kind of spin dependent observable 7 spin correlations are investigated at LO
in Chap. 4. The maximal S/B is determined by scanning over the directions of correlation
reference axes and binning the spin correlation in M;;. Hence, this method determines the
reference axis and M,; bin with the largest sensitivity to heavy Higgs effect in #7 spin correlations.
We observe a trade-off between sensitivity and size of the correlation. However, a significant
enhancement of the S/B is achieved with respect to the M;; distribution of the cross section
such that it might not be necessary to go to very small correlations in order to be more sensitive
than the M;; distribution.

The results at NLO are presented in Chap. 5 and the computational methods used for this
calculation are discussed. In particular, two approximations are applied in the NLO calculation.
The large top mass limit leads to an effective coupling between gluons and heavy Higgs bosons
reducing the two-loop calculation to one loop. To extend the validity of this approximation
an additional rescaling is applied which has been used also in the case of Higgs production.
Taking the results of the M;; distribution at LO as a guidance the NLO calculation is restricted
to the resonant region which contains the dominant contributions from heavy Higgs bosons.
This is done by performing the leading pole approximation in the resonant Higgs propagator
and applying the soft gluon approximation to extract the resonant contribution from the non-
factorizable part of the amplitude. In total this gives the NLO corrections for the resonant
contribution of heavy Higgs bosons to #f production. The analytical results for the NLO cor-
rections are presented in terms of virtual and real corrections in Chap. 5 with an emphasis on
the signal amplitude squared. Phenomenological results at NLO QCD are presented for spin
independent as well as spin dependent observables for a set of representative 2HDM scenarios.
Comparing the sensitivity of My, y; and cosfcs distributions shows that the M,; distribution
performs comparatively well among the spin independent observables. The NLO corrections
are sizeable compared to the signal contribution but the overall effect remains small due to the
large QCD background. Compared to spin correlations the M,; distribution is in general less
sensitive to heavy Higgs effects. Concerning the NLO corrections to spin dependent observables
it is pointed out that zeros in the M,; distribution of the spin correlations are very sensitive to
radiative corrections. When considering ¢ spin correlation binned in M;; it is important to take
this effect into account in order to obtain robust predictions. This also shows the importance
of NLO QCD corrections to tf spin correlations. Effects of CPV are also investigated in terms
of the longitudinal top-quark polarization and the CP-odd triple product. The NLO corrections
do not change the fact that the longitudinal top-quark polarization is very small. The effect
of CPV heavy Higgs bosons on the CP-odd triple product are very small as well. Finally, the
possibility to distinguish between Higgs bosons of different CP nature using an observable
based on the azimuthal angle between the charged leptons in the dileptonic decay channel of
tt is studied as well. While it is shown that this observable can in principle distinguish between
scalar, pseudoscalar or CP mixture, the large QCD background and interference result in a low
sensitivity of this observable with a S/B of a few percent.

As an outlook we consider two of the main aspects of this thesis: spin dependent observ-
ables and NLO corrections. In this work the sensitivity of spin dependent observables has been
studied at the parton level. It would be interesting to extend this analysis to include effects at
particle level, e.g. reconstruction, detector effects, fiducial phase space regions, and study how
these effects change the sensitivity of spin observables. Furthermore, instead of considering
the M; distribution of expectation values (spin correlations) an extension to double differential
distributions, e.g. do/[d(cos 6, cos 6_)dM,], could be interesting. Quite generally, the analysis
of the optimal spin correlation performed in Chap. 4 could also be beneficial for the study of
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other new physics models that involve the top quark. With respect to the NLO corrections
a next step towards the full calculation could be made by removing either the large top mass
approximation or the SGA. With the results of these two calculations one could approach the
full result from two directions and obtain more information about the involved uncertainties.
The ultimate goal, if feasible, would be the full two-loop calculation.

Concluding remark: This thesis gives a detailed account of the effects of heavy Higgs
bosons in #f production within the type-ll 2HDM both at LO and NLO QCD. The results
presented here suggest that spin dependent observables can increase the sensitivity to these
effects significantly in particular when binned in M;. In order to obtain robust results NLO
corrections should be taken into account. The experimental situation concerning the measure-
ment of 7 spin correlations at the moment of writing this thesis is such that these observables
have been measured but the uncertainties are still too large to constrain the 2HDM. However,
with much more statistics to be produced at the LHC, a top-quark factory, resulting in smaller
experimental uncertainties spin dependent observables may become an important tool in BSM
searches in the top-quark sector.
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Appendix

Trilinear couplings among the Higgs
bosons of the 2HDM

In the following the trilinear couplings among the Higgs bosons of the 2HDM that arise from
the scalar potential (2.3) are presented. A general expression for all trilinear couplings among
the neutral Higgs bosons is given here. However, only the following subset of couplings is
relevant for the two-body decays considered in Sec. 2.6

G110y, Gidads.  B3¢5. D05 (A.1)

The couplings ¢§, j=1,2,3 do not play any role in the decays. The couplings ¢1¢§ and ¢1¢§
are also not considered here because my < my, m3 is assumed.

The Lagrangian corresponding to the trilinear couplings is given by

Sikt
Lyp =0 Z T (A.2)
jeksi=1 CIK
with
Cikt = 2(0jk + 61 + 0x1) + |€jig| = n! (A.3)

where n is the number of identical indices. In the expressions for the coupling functions fjy
the following short notation is used

A3 + Ag + Re(/lj) s .
Az + Ay — Re(/l5). (A5)

A3as

/1345
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A. Trilinear couplings among the Higgs bosons of the 2HDM

fjk[ = +3Rjkl

111 |41 cos B + Re(4e) sinﬁ]

+R{]i12 A345 sin B + 3Re(A¢) cos ,B]

_Rﬁg Im(45)sinBcos B + Im(/l6)( cos(2B) + 2)

+7€{]§12 A345 cos B+ 3Re(Ay) sin/i’]

~REL | 1m(ds) + (Im(A) + Im(17)) sin B cos /3]

+R{§l3 (/11 - 2Re(/15)) sin? Bcos B + s cos’ B

+ Re(16) sin’ 8 + (Re(17) — 2Re(s)) sin B cos? B

—_—

+37€é1;12 Ay sin B + Re(47) cos ﬁ]

+Rj5s | Im(A7)( cos(2B) - 2) — Im(ds) sin B cos ,8]

ki
+Ro33

(/lz - 2Re(/l5)) sinBcos’ B + s sin’® B

+ (Re(/l(,) - 2Re(/17)) sin? Bcos B+ Re(17) cos’ ﬂ]

+3‘R§§g Im(As) sinB cos B — Im(Ag) sinz,B —Im(A7) coszﬁ]
with

ikl
R{llﬂzm = Z R o Rkoy Rioy » (A.7)

o €S3({n1,n2,n3})

where S3({ni,no, n3}) denotes all permutation of numbers ny, ny and n3. For example
R113 = R11R11R23 + R11R13R21 + R13R11Ra1 = R} Ry + 2R11R13R1. (A.8)

These results agree with those in Refs. [88,207,208].
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Appendix

Theoretical constraints on the
2HDM from stability, unitarity and
perturbativity

In this appendix the theoretical constraints that are imposed on the 2HDM by stability, unitarity
and perturbativity are briefly discussed. We restrict the discussion to LO. In particular, the
running of couplings is not considered.

B.1. Boundedness of the potential from below

In order to determine if the Higgs potential Vg is bounded from below one has to inspect
the sign of Vg asymptotically for large field values. Demanding that the potential does not
become negative in any direction gives constraints on the parameters of the potential. Often the
stronger requirement of strict positivity is imposed on the potential. However, this constraint
can exclude viable and interesting potentials such as tree-level potentials of SUSY where flat
directions exist for large field values in the part of the potential containing the quartic terms
(V4). The following serves as a simple example of how constraints on the potential parameters
can be derived from the requirement that the potential is strictly positive.

In the case of strict positivity the quartic terms (V4) dominate over the bilinear terms in
the potential such that it is sufficient to consider V4 only. The positivity conditions on the
parameters of the most general potential have been studied in Refs. [81,92,209]. Restricting
the parameter space, e.g. by imposing Z;B symmetry (d¢ = A7 = 0) yields simple conditions
[91,210,211] on the parameters of V4. To derive these constraints one can rewrite the potential

/l] ¥ 2 /12 + 2 T t
Ville =0.47=0) =+ (@) + = (910,) + 23 (0] 01 ) (2,,)
. Pl 2 AL 2
i ¥ 5 (ot 5 (aF
+4 (@] @,) (0l ) + > (@o,) + 5 (o)) (B.1)
by using [88]
D, = [DP=x20, DD, = |BLf =x20, ©2)
(I)Jlr(l)2 = \/xlxzpe"g, @;d)l = \/xlxzpe_ig,
where |p| < 1 and 6 € [0, 27). Substituting Eq. (B.2) in Eq. (B.1) yields
Pl P!
V= 71"% + fxg + [ + p? (A4 + 14| cos 6) x1xa. (B.3)
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B. Theoretical constraints on the 2HDM from stability, unitarity and perturbativity

where As = |Asle” and § = y + 26. The potential in Eq. (B.3) has to be strictly positive for
large x1, xp irrespective of the direction in x{-x; space and for any allowed values of p and 6.
Probing positivity in the direction where x| is large and x, = 0 or vice versa gives the following
conditions:

A > 0, Ay > 0. (B4)

The direction where x| and x; are simultaneously large can be studied by rewriting the potential
as

1 2
V, = 5(\//1_1)(1 _ \//I_QxZ) + [\/M+ A3 + p* (A4 + 25| cos 6) |x1 x2. (B.5)

The first term in Eq. (B.5) is either zero (e.g. in the direction where x, = VA;/A2x1) or greater
than zero. Thus V4 can only be strictly positive if the term in square brackets is strictly positive

VAL Ay + A3 + p* (A4 + | 45| cos 8) > 0 (B.6)
for all allowed values of p and 6. Rewriting condition (B.6)
3 + P (A4 + A5 cos 6) > — /1.4 (B.7)

shows that strongest constraints for p> = 1 arise from the situation where all terms on the
left-hand side of (B.7) are negative (13,44 <0 and cosd = —1) which yields the constraint

VA Ay + A3 + A4 — |A5] > 0. (B.8)

In a situation where e.g. A3 < —+A1dp and A4 — |45] > 0 compensate each other such that
condition (B.8) is fulfilled would in fact violate condition (B.6) for p = 0. This observation

puts another constraint on A3
\//11/12 + Az > 0. (Bg)

In summary the parameters of the Z;B constrained potential have to fulfill the following con-
ditions to generate a potential that is bounded from below

A1>0, A,>0, A3 + 41 A > 0, Az + Ay — |/15| + A1y > 0. (B.lO)

Note that these conditions ensure positivity of the tree-level potential. However, the renor-
malization group running of the parameters of the Higgs potential can restrict the allowed
parameter range even further if one demands that the potential is bounded from below over
the range of scales Mz < u < A where A is some large scale where the 2HDM is expected to
loose its validity. For example, the conditions (B.10) may hold for a particular scale u = u;
but can be violated at another scale u = uy. This analysis goes beyond the scope of this work
but can be found in the literature, e.g. in Refs. [211-217].

The boundedness of the potential from below is a necessary condition for the stability of
the vacuum. However, even in the case of the SM where only on Higgs boson is present the
scalar potential including quantum corrections can have more than one minimum. This opens
the possibility that the vacuum state of the universe today is only a local minimum and can
tunnel into another minimum which lies deeper. This situation is even more pronounced for the
2HDM where several Higgs bosons generate a multidimensional Higgs potential. Fortunately,
it has been shown [218-220] that minima of different natures (CPV, charge breaking, neutral
and CPC) cannot coexist in the 2HDM. However, this still leaves open the possibility that
for example a neutral vacuum state decays into another neutral vacuum state (as possibly in
the SM). This situation was also investigated (see Ref. [221] and reference therein) with the
conclusion that there exist parameter regions of such instable neutral vacua which should be
excluded from the viable parameter space of the 2HDM. The analysis in Ref. [221] was also
done at tree-level and the conclusions might change as one includes radiative corrections by
calculating the effective potential of the 2HDM.
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B.2. Unitarity

B.2. Unitarity

Besides the stability of the vacuum another constraint on the Higgs potential comes from the
requirement that the interaction of the Higgs bosons have to obey perturbative unitarity. What
this means in particular will be briefly discussed in this section.

If the interaction potential is symmetric under rotations in three dimensions angular mo-
mentum is conserved and it is possible to expand the 2 — 2 scattering amplitude A in terms
of eigenstates of the angular momentum operator, e.g. spherical harmonics Y"(6,¢). The
incident wave in the scattering process can be asymptotically described by a plane wave which
has a cylindrical symmetry around the direction of propagation, i.e. it is symmetric in ¢.
Thus in the expansion of the plane wave only spherical harmonics with m = 0 appear. Since
Y)(©) = VQ2I+ 1)/(4m)Pi(cos 0) the expansion of the scattering amplitude [20] is realized in
terms of the Legendre polynomials P;(cos8)

A®) = 167 ) a2l + 1)Pi(cos ), (B.11)
l

where q; is called the partial amplitude of the angular momentum I, P;(cos ) are the Legendre
polynomials and 6 is the scattering angle. In order to conserve probability (and unitarity) the
partial amplitudes have to fulfill the following condition

lag] < 1. (B.12)

ay is defined as the amplitude of a scattered partial wave of angular momentum [ with respect
to the corresponding incoming wave. Since the intensity of the scattered wave can not exceed
the intensity of the incoming wave |a;| has to fulfill (B.12).

The unitarity constraint (B.12) was first used in Ref. [222] to set a theoretical bound on
the SM Higgs boson mass. The authors of Ref. [222] determined the partial wave amplitudes
ag of all 2 — 2 scattering processes involving longitudinally polarized gauge bosons (W}, Z;)
and the Higgs boson /4 in the initial and final state at tree-level. From this collection of ag
amplitudes they constructed the T-matrix! of the partial waves with /=0

ao(WiW; — WEW:) ao(WEWs > Z,Z;) ao(WEW; — hh)
a(ZpZy — WiW;)  ao(ZiZy — Z17;)
T =| aolhh — WZWL_) e e (B.13)

in the limit s > mi where a unitarity violating behaviour would cause problems?. Then the
T-matrix was diagonalized and the constraint on the largest eigenvalue wmax

[Wmax] <1 (B.14)

was used to derive an upper bound on the SM Higgs mass. In Ref. [222] it was also shown that
because of the Goldstone equivalence theorem the scattering amplitudes involving W; and Z;
are equivalent to those involving the respective Goldstone bosons G* and G in the high energy
limit. For the unitarity analysis of the 2HDM [223-227] one can therefore study the scattering

In the usual notation the T-matrix denotes the nontrivial part of the S-matrix § = 1 +iT.
2The partial wave amplitudes a; with [ > 0 vanish for s > mﬁ So they do not play a role for tree-level unitarity
bounds.
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amplitudes between the unphysical Higgs states fizv @12 and y12 (see Eq. (2.4)) which already
include the scattering amplitudes of longitudinally polarized gauge bosons in the high energy
limit. It turns out that it is sufficient to study only scattering amplitudes involving four-point
vertices. All other contributions are negligible in the high energy limit. The amplitudes A;
with four-point vertices are in fact dimensionless functions of the parameters in the quartic
interaction part of the Higgs potential

Aijir = Aijur(A1, s A7), 4, ok L= E5 012, x12- (B.15)

In particular, there is no cos 6 dependence. Hence, for this specific contribution all partial waves
except ap are zero such that the scattering amplitude A; iy = 167ra6]k1. From the partial wave

amplitudes af)jkl the eigenvalues w, of the T-matrix can be determined where n = 1, ..., dim(T).
The w, are then functions of the parameters A, k = 1,...,7 and have to obey the unitarity
condition®

lwi(Ar, ..., A7) < 1. (B.16)

Unfortunately, Eq. (B.16) does not give constraints as simple as Eq. (B.10). However, the
described method was used to derive bounds on the parameters of the general 2HDM potential
and upper bounds on the masses of the physical Higgs bosons. The results can be found for
example in Ref. [223-227]. Besides the unitarity limit originally used in Ref. [222] tighter
bounds can be found in the literature [228,229] based on

IRe(ao)| < % (B.17)

The unitarity analysis of the 2HDM can and has been extended to include NLO corrections of
the scatting amplitudes [230, 231] but this aspect is not discussed here.

B.3. Perturbativity

Perturbation theory can in principle only be applied whenever the respective expansion param-
eter is small enough, i.e. smaller than one. In quantum field theories this parameter is the
coupling constant of the respective theory, e.g. @, in QCD*. Hence if the coupling constant
assumes values that are too large perturbativity is jeopardized. This is for example observed
for QCD where ay becomes large for smaller energy scales and the theory enters the so-called
nonperturbative regime involving for example mesonic and hadronic bound states. This also
shows that perturbativity is not a requirement for a consistent theory. It is, however, a re-
quirement for the consistent application of perturbation theory. A rigorous analysis of the
applicability of perturbation theory to the 2HDM would involve the calculation of higher order
corrections. However, a rough estimate of the perturbative bound can be found by consid-
ering that at each order the scattering amplitudes receive a loop-factor of 1/(167%) and two
more factors of the Higgs coupling constants 4;, j = 1,...,7 such that the actual expansion
parameters are A;/(4r). In this naive estimate the limit on the coupling constants is given by

4] < 4. (B.18)

3In the SM the eigenvalues of the T-matrix of all scalar scattering amplitudes are pure numbers because
there is only one Higgs self-coupling. Hence in the SM it is sufficient that the largest eigenvalue obeys
the unitarity constraint. This ensures that all scattering amplitudes are unitary. In the 2HDM there are
many self-couplings in the Higgs potential and the eigenvalues are functions of these coupling parameters.
Therefore in general all eigenvalues w, have to fulfill the unitarity bound.

4For simplicity the effect of large logarithms that can appear in perturbation theory and which then have to
be resummed by effectively considering @, x log(M/u) as an expansion parameter is not considered here.
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On the other hand higher order calculation in the Higgs sector of the SM suggest a tighter
bound [232]

4] < 2. (B.19)
While it can be interesting to study the impact of these bounds on observables that are sensitive

to the 2HDM one has to keep in mind that they are merely rough estimates and should be
applied as such. In this work the tree-level perturbativity as outlined above and often used in

the literature will therefore play no significant role.
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Appendix

On-shell decay of the top-quark pair
system

In this part of the appendix we discuss various aspects of tf on-shell production and the
subsequent dileptonic decay. In Sec. C.1 we illustrate that the factorization of #f production
and decay in the narrow width approximation, i.e. on-shell decay, can be written in terms of
production and decay density matrices. A master formula for the differential cross section of
tt production and dileptonic decay is derived in Sec. C.2. This result is used to obtain the
expression for the double differential distribution. The coefficients B and C in this distribution
are expressed in terms of expectation values of spin operators. Furthermore, in Sec. C.4 the
opening angle distribution is derived from the master formula of Sec. C.2.

C.1. Factorization of top-quark pair production and decay

The factorization of on-shell production and subsequent decay of the tf pair can be written in
a compact form in terms of the production and decay density matrices introduced in Sec. 3.2
and Sec. 3.3, respectively. In order to derive the relation used in Eq. (3.44) consider the decay
of the #f pair as schematically shown in Fig. C.1. D; and D; denote the decay vertices of the
top and antitop, respectively, and P;; represents the amplitude for the production of a #f pair.
The amplitude of the process shown in Fig. C.1 is given by

A = Py(ky, my, o) Pi(ks, my, Ui Dy(Ke + m)Pii( =K + m)Diop, (C-l)
with )
i
Pkml)= ——. C.2
(k,m, I) K —m?+iTm (C2)
w w

Figure C.1.: Schematic Feynman amplitude for #f production with subsequent decay of the
(anti)top into W*b (W™D).
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C. On-shell decay of the top-quark pair system

Using the completeness relations

D s, myiyCe,m) = E+m, Y vy, m)by(k,m) = K= m (C3)
gives
A = =Pk, my, TPk, mi, T0) D iy Dyt i Py Do (C4)

The squared matrix element is obtained by multiplying A with its hermitian conjugate A"

IMP = AA" = BW(k;,m;,T)BW(ks,m,, Ty)
x> | D uP 5 Dy |5 Dr] 5] Pl & Dy | (C.5)

with the Breit-Wigner function

1
(k2 _ mZ)Z + r2m2'

BW(k, m,T) = (C.6)

In the limit where m, > T, (narrow width approximation) the Breit-Wigner function can be
approximated by a delta function

T
lim BW ) = —&(k> —m?). .
r,/llnr,n—>o (k,m,T) Fm6(k m°) (C.7)

Rearranging the terms in square brackets in Eq. (C.5) and applying the narrow width approxi-
mation yields

71.2

IM(ab — tf — bbL* T v)* = Sk — mH)o(k2 — m2)
rg D) t t 7 t
My
X Z ﬁipﬁ\/;\_/; Pt;uf ﬁts D[ubﬁb@tui \_/’;Dbe\_/bD[V:
s,s’,r,r Rab,—nl; Der[+V Df_ﬂ”ff‘-,
ss’rr ss’ rr’
? 2 2 51,2 2 ab—tf pyt—bl*y F—bl v
= 500 —mPokE - m) TR D ® DM, (C.8)
m
"

C.2. Leading order master formula for top-quark pair production
and dileptonic decay

In this section the matrix element in Eq. (C.8) for the process

a(pa) b(pp) — t(ky) 1(k) — b(qp) b(qp) € (qe+) € (qe-) v(gy) ¥(gy) (C.9)

is integrated over the final state (6-particle) phase space where the narrow width approximation
is applied to both top and antitop as well as the W bosons. The differential partonic cross
section is given by

d*q,0.(g2)d* 456.+(q2)

1 g, day dqer dqe-
o(s) =

202n)14s ) 2E, 2E; 2Eq 2E;-
VP —ky —ky — g — - — qv — q7)
d*ki6® (ke = ky — g+ — )d* kid (ki — ki = qr- — gv)
o(k; — m))S(k; — m)S((qe+ + qv)* — my)d(qe- + g7)* — my)IMP*, (C.10)
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where |M? is the matrix element in Eq. (C.8) where all delta functions have been pulled out.
At first the integrations over

d*q,0.:(gD)d* 456 (gD ke — ki — qe+ — g)8 P (ki — kg — qe- — q7) (C.11)

and then over
d* ks (P — k, — k7) (C.12)

are performed. The integration over d*k; gives

Q 4m?
dhS(E = m)S(P = k) — m?) = %,8,, dQ, = deosbdgr, =\l - —L.  (C13)
S

The delta functions from the narrow width approximation of the W propagators can be rewritten
1

as
1 m2 — m2
(g +q,)* —m%) = —6|E,— —"|,
((qer + g)° — my,) T ( b P
1 m2 — m2
5(qe- +qp)? —m3) = —6|E; - —2|, C.14
(qe- + gv)” — myy) G ( o (C.14)

where E}, is given in the top-quark rest frame and Ej in the antitop-quark rest frame. The
delta functions from the on-shell condition of the neutrino d(¢2) = 6((k; — q» — ke+)?) and of
the antineutrino 6(q§) = 0((kr — g5 — ge-)?) can be written as

oy = 2 e e 20— to)x
0(ke — qp —ker)”) = m,z(l—w)x+5(qb ar T—on. )

R N (_M) 1
o= g5 ~ke) = arm oG - T ) (C19)

where w = m%v/m,2 and x. = 2Es/m; with the energy E;+ of antilepton in the top-quark rest
frame and the energy E,- of lepton in the antitop-quark rest frame. Rewriting the remaining
phase space measures as integrations over energies and angles yields

Bqp dqj, 1 1 2 2
TG _ Cp,dEdQ,dQEyEy = —dEydE;dQydQam?(1 — w)?
2E, 2E; 7 VEvdEp A dC By Ey = TedEpd Epdydfymi (1 = w)

d3q5+ d3LI[— 1 mf
= —dEpndEr-dQedQeEprEp- = —x,x_dQp+dQe-dx,dx_ . (C.16
E, 2L, 19EedEedQedQeEp B = o xx-dQedQe-dx.dx-. (C.16)

Altogether this gives

_ B ! ! A2
o(s) = s ). dx, i dx_ | dQp | dQp¢ | dO M|
2 2 2 2
my —my, m; —my,
EyS|Ep — ——— Epo|Ep — ———
xfdbé(b o )fdb5[b th)

X fthé(flh'(L—M)Idﬂﬁ(fli,'(i——M)7 (C.17)

(I — w)xy (1 - w)x_

Using (qr+ — q,)* = (k, — q»)* = m?> — 2m,E, where E, is given in the top-quark rest frame. Analogously for
qe- + gy
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C. On-shell decay of the top-quark pair system

where the integration boundaries of the x. integrations are given by the condition

20— (1 + w)x.

P ch ey | C.18
T -wxe T ( )
and where
M2 us
IM| 4G,G,m o > (A+ kel - B = kel - B = k5Ciidl - ) (C.19)
with
153673 m
G, = I,BR(t— bt L (1- , C.20
t BR( — V)(l w21+ 2w)( X)X ( )
. 153673
G: = T.BRG— b ) T (1 -x)x. (C.21)

(1 - w)2(1 +2w)
Finally, the differential partonic cross section is given by

B
1672s

1 1
f dx. 6(1 — xy)x, dx_ 6(1 — x_)x_ fng+ fng fsz
» (1 - w?(1 +2w) (1 - w1 +2w)

BR(t — bt*v)BR(f — bt )

o(s)

X
X (A +K5(A15+ -B* —Kgf]gf . B Kng/@;Héé )
1712—1112 m2—m2
dEyS|Ey - — WY | dE; 6| Er - —W
% f b ( b th ]f b ( b 2m[
y fde(S . 2w—(1+a))xJr fdQB(S A 2w — (1 + w)x_
o O\@ Qe = — 4 2r 979 R

(C.22)

which is in agreement? with Ref. [108]. The numerical factors have been distributed such as
to normalize the individual integrals.

C.3. Double differential distribution

From Eq. (C.22) one can derive the double differential cross section

1 do 1
_ 1+ Bjcosf, + BycosO_ — Ccosf,cosb_), C.23
o dcos 0.dcosO_ ( ! * 2 * ) ( )
where cos0; = {¢+ - 41 and cosfO_ = - - 4 with arbitrary reference axes 4; and a4,. The

directions of the lepton momenta {,+ and §,- can be decomposed into a component parallel
and perpendicular to the respective reference axes a; and a,

Ger = qp +41c086,, Qe =qp +arcosb_, (C.24)

where q;; are the azimuthal components of g+ and §¢-. The terms B* can be decomposed
analogously
B*=B' +4;(B*-4;), B =B +a,B -4)). (C.25)

2

2Note that in their convention g* = 16n%a? is factored out of the production density matrix.
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C.3. Double differential distribution

The B* terms in Eq. (C.22) can then be written as
B* -4, =B} -qi + (BT -a)cosb,, B -G~ =B -q -+ (B -ay)cosb_. (C.26)

When integrating over the azimuthal angles ¢+ and ¢~ the terms B - q. vanish. Applying
the decomposition in Eq. (C.24) to C;;4L.4,- in Eq. (C.22) gives

Al AJ i L,j in] N NN
Cijdy-q)- = Cij[qj;’qg,’] + q{i’la2 cos 6_ + g~ cos B, + a}as cos b, cos 9_] ) (C.27)

When integrating over @g+ and ¢~ only the term C,-j&’iaé cos 0, cos O_ survives. After perform-
ing all trivial integrations and the integration over ¢+ and ¢~ in Eq. (C.22) the differential
partonic cross section is given by

1 .- _ _
do = BRZS"id cos 0.d cos 6_4_1 (A + kBt cos 6, — kyB” cosO_ — K?C cos 0, cos 6_) (C.28)
7S

with

A:fdzA, B+:fdz(B+-ﬁ1), B‘:fdz(B‘-ﬁz), szdzci,-agag, (€.29)
z=k-p

and BR? is a short notation for BR(t — bt*v)BR(f — b{~¥). To obtain the hadronic differential
cross section the partonic cross section has to be convoluted with the PDFs

do = BR%dcos6,dcos6b_ fdxudxbfp,a(xa,,uF)fp,b(xb,yF)%

1, - - _ _
X 1 (A + kBt cos 6, — kB cosO_ — K?C cos 6, cos 9_) )

(C.30)
Normalizing with respect to the total hadronic cross section
o= BR2fdxadefp,a(xa,ﬂp)fp,b(Xb,ﬂF)%g (C.31)
gives
1 do 1
E’W = Z(l +Bl COSQ+ +BQCOSH_ —CCOSH+ COSH_) (C32)
with3
A K¢ ﬁl + A
Bi(a)) = — | dxqdxpfpa(Xa; uF) fppo(Xp, up)dzo—@B™ - ay)
o 8rs
= ke(2S; - a1, (C.33)
~ K - A
Boan) = —L [ dedyfyara ) fyp(op sz (B - )
o 8rs
= Kk(=287-A2)y7, (C.34)
2
Ca@nay) = =L f A3l foa ks ) fp i )2 2= Ci 0,1
’ o )8 4 Ps ’ 87TS JY172
= K(A(S; - 4))(S7- A, (C.35)

where Eq. (3.27) was applied.

3The phase space measure for the ¢ final state is given by d®,; = %;”dz.
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C. On-shell decay of the top-quark pair system

C.4. Opening angle distribution

In this section the master formula Eq. (C.22) is used to derive the opening angle distribution

ldo 1
o dp " 5(1 —Dcosy) , (C.36)

where cos¢ = ¢+ - G¢-. The first step is to decompose the direction qs+ into a component
parallel and a component perpendicular to -

Ar+ = Qg + G- cosg. (C.37)
Then the C term in Eq. (C.22) can be decomposed as follows
Cijip)- = Cija'q)- + Cijdh-G)_cos . (C.38)

For the integration one can choose 6. = ¢. When integrating over the other angles 6_, ¢_ and
¢4+ the B* terms and C,-jc};;’f];, vanish and

2

S 82
f dcos6_dy_dp.g, i) = %5’1. (C.39)

Inserting this into the master formula and performing all trivial integrations yields the hadronic
differential cross section

1 — _
do = Bdecpfdxadxbfp,a(xa,yF)fp,b(xb,,up)%E(A—K?Dcosgo) (C.40)

with |
D = § fdz Cijé” . (C41)
Normalization with the total cross section in Eq. (C.31) gives
1 do 1
— ==(1-D C.42
odcosy 2( cos¢) ( )
with
2
D = K—ffdxadxbf a(Xa, P b(xb,,uF)dZﬂ lCi'dij
o P P 8rs\37Y
4
= K§<§(s,.s,—)> . (C.43)
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Appendix

Discrete symmetries of the
production density matrix and
top-quark polarization in the 2HDM

In this part of the appendix we discuss how the transformation properties (Tab. D.1) of the
coefficients of the production density matrix given in Sec. 4.1 determine the polarization of top
quarks within the type-1l 2HDM extension of the SM. As mentioned in Sec. 4.1 the coefficients

T =0 and b3 = 0 due to Bose symmetry. In the following we consider the coefficients b3
which are zero for |Mg?|2 (Eq. (4.7)) and nonzero for M(O) (Eq. (4.18)).

This can be understood by studying the transformatlon properties of the production density
matrix under CP, P and CPT. The initial gg state in the cms and summed over polarizations
and colors is a CP-even state. The final state momentum K, in the cms transforms under CP
as

ki 2> —k, 5 ki = k, . (D.1)

Hence, the effect of the CP transformation on the production density matrix is to interchange
the spin indices of top and antitop

REE (0K) 5 RS (p.K). (D.2)
For the b, term of R8¢~ this implies
N N CP N N
b;k,- (ci®1)+byki(1®0;) — byki(o;®1) + b;ki 1®oy) . (D.3)
Hence under CP the coefficients b;’ transform as
b5 — b;. (D.4)

b5 can be decomposed into a CP-even and a CP-odd part

Bkl @ 1) + (L@ o)l + b5k [(oy @ 1) - (1@ o)) (D:5)
with 1 1
p§reven = 3 (b+ +b; ) and  p§Podd = =3 (b+ b_) (D.6)
such that (using Eq. (D.4))
bgP—even bCP even o4 bCP odd CF bCP odd (D.7)
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D. Discrete symmetries of the production density matrix and top-quark polarization in the 2HDM

Table D.1.: Transformation properties of the production density matrix coefficients in the gg
channel. Im7 = 0 denotes the absence of absorptive parts in the amplitude. The

table is to be read as follows: for example, b} (z) AR bi(z). Table taken from

Ref. [107].
CcpP P T CPT “Bose”
Im7 =0 Im7 =0

A(z) A(z) A(z) A(z) A(2) A(-2)
b} (2) bi(z)  -bi(2) b} (2) bi(z)  —bj(-2)
b5(2) b3  -b3(2) b3(2) b3(2) b5(-2)
b3(2) b3 (2) b3(z)  -b3(z)  -bj(x) -b3(-2)
co(2) co(2) co(2) co(2) co(z) co(—2)
c1(2) —c1(2) —c1(2) —c1(2) i) —c1(=2)
2(2) —c2(2) —2(2) —c2(2) 2(2) c2(-2)
c3(2) —c3(2) c3(2) c3(2) —c3(z2) —e3(-2)
c4(2) c4(2) c4(2) c4(2) c4(2) c4(=2)
¢s(2) ¢s(2) ¢s(2) cs5(2) c¢s5(2) ¢s(-2)
c6(2) c6(2) c6(2) c6(2) c6(z)  —co(—2)
c7(2) c1(2) —c7(2) —-c7(2) —c7(2) c7(-2)
cs(2) cs(2) —cs(2) —cs(2) —cs(z)  —cs(-2)
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The transformation of the production density matrix under P is given by

RS (B, K) = RS (=P, —K) (D.8)

and explicitly for the b5 terms

P
biki(oi® 1)+ byki (1 ® 0y) — bk (0 ® 1) — byki (L@ 0) (D.9)

The transformation of the coefficients b3 is then given by

b — b3 D.10
2 2

or respectively

P I
pSP-even Ly _pCPeeven  pCP-odd L _jCProdd. (D.11)

This shows that P has to be violated to yield nonzero values for both the CP-even and the
CP-odd part of by. For the CP-even part this means that C has to be violated as well which is
not the case in the exchange of neutral Higgs bosons. Hence the CP-even part is zero in both
matrix elements I/\/[(O)I2 and M(o) For the CP-odd part there is an additional requirement if

CPT invariance is assumed Then bCP odd term must be odd under T as well. Time reversal
flips the sign of spins, momenta and imaginary parts

Re[bSPo% 1k (0@ 1) - (1@ 0] — Re[bS k[0 1) - (1@ o)l , (D.12)
Im[BSP 4N [y @ 1) — (1@ o)] - —ImBS*% Nk (@ 1) — (1@ o] . (D.13)

Hence only the imaginary part is odd under T such that when CPT invariance is assumed
bSP-24d can only be nonzero if there are absorptive parts in the amplitude. The matrix element
|/\/(f£,)|2 factorizes into the production of a Higgs boson and its decay into 7. Since the pro-
duction of the scalar component of the Higgs boson and the pseudoscalar component do not
interfere IM(O)I2 contains only the terms |F5|2 and |j*:P|2 without imaginary parts. Hence also

bCP-odd (O)|2 In the interference M(O)

vamshes for IM between the two heavy Higgs bosons
the scalar parts from ¢2 and ¢3 can interfere as weII as the pseudoscalar parts and gener-
ate the terms Fg(Fg)* and F§(F§)* which have imaginary parts. Therefore the coefficient
b§P-odd = 1/2(b3 - by) does not vanish for /\/(Z,)(l)3 and is proportional to the imaginary parts
of fg(fg)* and ff(fg)*. Hence, MSZ can contribute to the polarization of top and antitop

quarks in the CPV type-Il 2HDM.
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Appendix

Optimal spin correlations

A method to determine the # spin correlation which yields the maximal S/B ratio for heavy
Higgs effects in #f production is presented in Sec. 4.2.4. A graphical representation of the
results in the scenario specified in Eq. (4.70)

tanB=1, a1=6, ap=a3=0
my; = 125GeV, m3 = my + 100GeV (E.1)

is shown in Figs. 4.13-4.15. In this appendix the numerical values corresponding to these
figures are presented in Tabs. E.1-E.3. Besides the results for 6Cax, C’,ng and 60’%2)( (for a
definition see Sec. 4.2.4) also the values of the angles 6 and ¢ are given in the tables presented
here. These angles define the spin correlation reference axis which maximizes the S/B of the
M;; binned observable C%gfx. Furthermore, the tables show the M;; bin for which C{,‘fgjx becomes
maximal as well as the value of C%‘afx itself. In Tables E.1, E.2 and E.3 results for an M,; bin

width of AM; = 50GeV, AM;; = 80GeV and AM,; = 100GeV, respectively, are presented.
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E. Optimal spin correlations

Table E.1.: Spin correlation binned in M;; with a maximal signal-to-background ratio for an
M,; bin width of AM,; = 50 GeV. For a definition of the observables and angles see
Sec. 4.2.4.

my ms O/ @/mr  Mgzmax) oCMi  cMi  s5C,... oM

max max max

[GeV]  [GeV] [GeV] [%] o] %]

Cnin =0.1
400 500 0.64 0.72  490-540 25.0 -0.106 2.7 4.9
500 600 0.80 0.64 590-640 373 0.126 2.6 3.8
600 700 0.72 0.72  690-740 36.1 0.102 2.1 4.2
700 800 0.60 0.84  790-840 29.7 0.104 1.6 2.2
800 900 0.60 0.80 890-940 215 0.105 1.3 2.0
900 1000 0.56 0.04  890-940 19.1 0.114 1.1 1.8
1000 1100 0.64 0.16 1090-1140 13.4 0.102 0.9 1.8

Cin = 0.05
400 500 0.80 0.32  490-540 39.4 -0.054 55 4.9
500 600 0.80 0.64 590-640 373 0.126 5.0 3.8
600 700 0.80 0.44 690-740 66.7  0.060 4.1 4.2
700 800 0.80 0.32  790-840 56.6  0.054 3.2 2.2
800 900 0.72 052  790-840 459 -0.063 25 2.0
900 1000 0.72 0.20 990-1040 30.3 0.057 2.0 1.8
1000 1100 0.72 0.24 1090-1140 26.6 0.051 1.6 1.8

Cnin = 0.01
400 500 0.76 0.52  490-540 58.8 -0.025 34.4 4.9
500 600 0.76 0.44  590-640 715 -0.011 294 3.8
600 700 0.76 0.48  590-640 835 -0.046 214 4.2
700 800 0.76 0.44 690-740 109.8 -0.036 15.8 2.2
800 900 0.76 0.48 890-940 167.3 0.024 13.0 2.0
900 1000 0.76 0.48 990-1040 105.1 0.023 10.2 1.8
1000 1100 0.76 0.44 1090-1140 1353 0.017 8.2 1.8
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Table E.2.: Spin correlation binned in M;; with a maximal signal-to-background ratio for an
M,; bin width of AM,; = 80 GeV. For a definition of the observables and angles see

Sec. 4.2.4.
my my  O/m  @/r  Mgmax) oCM: cMi  s5C,. oM
[GeV]  [GeV] [GeV] [%] [%a] %]
Crin =0.1
400 500 0.60 0.84 500-580 216 -0.113 2.7 35
500 600 0.72 056  500-580 331 -0.101 26 2.8
600 700 0.88 0.00 660-740 20.3 0.100 21 2.3
700 800 0.64 0.84 740-820 17.2  0.115 1.6 1.8
800 900 056 0.88 820-900 15.0 0.116 1.3 1.6
900 1000 0.52 0.12  900-980 158  0.106 1.1 1.7
1000 1100 052 0.80 1060-1140 144 0.102 0.9 1.6
Crin = 0.05
400 500 0.68 0.68  500-580 354 -0.052 55 35
500 600 0.76 0.48  500-580 425 -0.085 5.0 2.8
600 700 0.76 0.44 580-660 349 -0.052 41 2.3
700 800 0.80 0.44 740-820 215 0.053 3.2 1.8
800 900 0.72 0.64  900-980 17.4  0.053 25 1.6
900 1000 0.68 0.68 980-1060 25.2  0.055 2.0 1.7
1000 1100 0.64 0.20 1060-1140 26.3 0.058 1.6 1.6
Crin = 0.01
400 500 0.72 0.60 500-580 46.3 -0.033 344 35
500 600 0.76 0.44  580-660 50.5 -0.019 294 2.8
600 700 0.76 0.48 580-660 56.4 -0.038 214 2.3
700 800 0.72 0.56  740-820 452 -0.010 15.8 1.8
800 900 0.76 0.48 900-980 77.0 0017 13.0 1.6
900 1000 0.76 0.48 980-1060 89.5 0.021 10.2 1.7
1000 1100 0.76 0.44 1060-1140 147.2 0.017 8.2 1.6
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E. Optimal spin correlations

Table E.3.: Spin correlation binned in M;; with a maximal signal-to-background ratio for an
M bin width of AM;; = 100 GeV. For a definition of the observables and angles
see Sec. 4.2.4.

my ms O/ @/mr  Mgzmax) oCMi  cMi  s5C,... oM

max max max

[GeV]  [GeV] [GeV] [%] o] %]

Cnin =0.1
400 500 0.56 0.84  540-640 6.8 -0.126 2.7 2.7
500 600 056 0.84 540-640 9.7 -0120 26 1.9
600 700 0.72 0.80 640-740 129  0.127 21 2.0
700 800 0.64 0.84 740-840 159 0.118 1.6 1.7
800 900 0.52 0.92  840-940 156  0.130 1.3 1.5
900 1000 0.68 0.08 940-1040 157 0.100 1.1 1.4
1000 1100 0.60 0.16 1040-1140 13.7 0.101 0.9 1.2

Cin = 0.05
400 500 0.68 0.64 540-640 8.9 -0.062 55 2.7
500 600 0.64 0.72  540-640 9.9 -0.073 5.0 1.9
600 700 0.76 0.64 640-740 15.0 0.076 4.1 2.0
700 800 0.80 0.44 740-840 20.7  0.054 3.2 1.7
800 900 0.72 0.64 840-940 244 0.052 25 1.5
900 1000 0.76 0.24 940-1040 25.6 0.052 2.0 1.4
1000 1100 0.76 0.28 1040-1140 229  0.052 1.6 1.2

Cnin = 0.01
400 500 0.76 0.48  540-640 155 -0.030 344 2.7
500 600 0.76 0.44  640-740 13.0 -0.019 294 1.9
600 700 0.76 0.44  640-740 324 -0.015 214 2.0
700 800 0.64 0.68 740-840 315 -0.022 15.8 1.7
800 900 0.72 0.60 840-940 78.6 0.021 13.0 1.5
900 1000 0.76 0.48 940-1040 823 0.020 10.2 1.4
1000 1100 0.76 0.44 1040-1140 126.1 0.015 8.2 1.2
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Appendix

Cancellation of real and virtual
nonfactorizable corrections in the
soft gluon approximation

This appendix follows largely along the lines of appendix B in Ref. [77].

In the following an example for the cancellation of real and virtual nonfactorizable correc-
tions in the SGA is given. Specifically, the interference depicted in Fig. F.1 is considered. The
red dotted cut corresponds to a real correction realized by the interference of a QCD diagram
and a diagram involving a heavy Higgs boson each with the emission of an additional gluon.
The blue dotted cut corresponds to a virtual correction, the interference of the type of diagram
depicted in Fig. 5.3 b and a LO QCD diagram. At first the virtual correction is evaluated in
the SGA. In this approximation the additional gluon momentum ¢ is completely neglected in
the numerator and wherever possible in the denominator. The gluon momentum is identified
with the loop momentum, g = £. Hence, the corresponding loop integral reduces to the scalar
integral

d*t 1

1= , , , —.  (F1)
Qm)* [62 + ig][-2C - p1 +ig][-2€ - (p1 + p2) + 5 — mé + ig][-2€ - k1 + ig]

The momenta of the incoming gluons are denoted p; and p;, and k; is the momentum of the
outgoing top quark. In the denominator the £? terms have been neglected in the last three
propagators. The integration over the ¢° component is performed in the complex ¢° plane
using the residue theorem. Closing the contour in the lower half of the plane the residue of

Figure F.1.: Example for the cancellation of real and virtual contributions in the SGA. The red
dotted cut corresponds to the real correction and the blue dotted cut corresponds
to the virtual correction.
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F. Cancellation of real and virtual nonfactorizable corrections in the soft gluon approximation

the pole of the first propagator in Eq. (F.1) is picked up. The location of the poles of the
other propagators is in the upper half of the £° plane. The following result is obtained for the
integral

! (d 1 1
- R
Q2r)3 2161 [ - 211pY +2¢ - py + ie]
1
[ - 21601(p9 + P9 + 26(py +p2) + 5 — m; +ig][ - 2160KY + 2€ - Ky + ig]
3 1 1
N S (F.2)
QRr3 200 [ =26 py +ig][ = 2€- (p1 + p2) + s —m2 + ig][2C - ky — ig]

¢

with [£] = €°. The integration measure d°¢/[(27)*2¢°] is identical to the Lorentz invariant
phase-space measure of the gluon.

The real interference term indicated by the red dotted cut in Fig. F.1 has the following
propagator structure in the SGA

1
[—2q-p1+ie][—2q-(p1+p2)+s—m§)+i8][2q-k1—i8]’

(F.3)

where ¢ is the four-momentum of the (soft) gluon. Here the propagator [(p; + p2)* + ie]™!
from the QCD real radiation diagram is omitted because it does not depend on ¢g. Taking the
phase-space integration over the additional gluon momentum ¢ into account gives

dq 1 1
= — . (F.4)
2n)32¢° [ - 2q - py +ig][ - 2q - (p1 + p2) + 5 — m(i +igl[2q - ki — ig]
This leads to the relation
I =iR. (F.5)

So far only the g,f-dependent denominators were investigated and the numerators of the
amplitudes (including the additional propagator) were ignored. Let us denote the virtual
interference by

oMy = INyirt (F.6)

where Nyt includes all so far neglected terms in the numerator of the virtual interference in
Fig. F.1 in the SGA and the propagator [(p; + p2)*> +ig]!. The real interference is denoted by

5MR = RNreaI 5 (F7)

where Niea includes all so far neglected terms in the numerator of the real interference in
Fig. F.1 in the SGA and the propagator [(p; + p2)*+ic]™". A straightforward explicit calculation
then reveals that

Nvirt = iNreal (F8)

such that
oMy = INyirt = iRNyirt = —RNyeal = —0Mg . (F.9)

The real and virtual corrections are equal but have opposite signs and therefore cancel each
other

SMy + Mg = 0. (F.10)
Note that ScA
pr+p-ki-kh-q9 — Ppi+p-k-k) (F.11)

such that the four-momentum conservation of real and virtual contributions match in the SGA.
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Appendix

Top quark pair invariant mass
distribution for scenarios la—Ic

In this appendix the M;; distributions in the scenarios la—Ic are presented. They are used to

a) determine the position of the M, bins containing peak and dip of resonance structure
generated by the 400 GeV Higgs boson in scenarios la—lc and

b) compare the sensitivity of heavy Higgs boson contributions to 7 production with the
sensitivity of spin dependent observables studied in Sec. 5.4.2.

35 T T T

— Scenario 1la |

= Vs =13 TeV

= 2HDM + SM

= M — |

= |
o —— |

2 11, ° =

= ,

I 1

~ 09 [ ;

400 500 600 700 800 900 1000 1100 1200 1300
M;; [GeV]

Figure G.1.: Distribution of the ff invariant mass for scenario 1a at NLO. Upper panel: M,
distribution for the SM including NLO QCD and weak corrections (black). M
distribution for the sum of SM contribution and the contribution involving the
neutral heavy Higgs bosons including the Higgs-QCD interference at NLO QCD
(red). Lower panel: signal-to-background ratio at NLO (red) and LO (green).
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G. Top quark pair invariant mass distribution for scenarios la—Ic
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Figure G.2.: Same as Fig. G.1 but for scenario 1b.
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Figure G.3.: Same as Fig. G.1 but for scenario 1c.
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Appendix

Numerical results for C,,, C,,, C,. and
D in scenarios la—Ic

In the following the numerical results for the spin correlation observables Che|, Chn, Cyr and D
studied at NLO QCD in Sec. 5.4.2 for the scenarios la—Ic are presented. The Tabs. H.1-H.3
correspond to Figs. 5.26-5.28, respectively. In addition to the results presented graphically
in Sec. 5.4.2 where M,; cuts were applied the tables shown here also contain results for the
observables evaluated inclusively in M,;. For most of the observables an increased sensitivity
is observed in the M,; bin that contains the peak in the do/dM,; distribution.
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H. Numerical results for Cpej, Cnpn, Crr and D in scenarios la—Ic

Table H.1.: Spin correlations in scenario la.

Chel Con Crr D o %BR [pb]
2my < M7 < 400 GeV
LO  2HDM+QCD  0.576%0011 048370003 0.25270010  -0.4370000  3.70%05
Qcp 0.562*001  0.528*0005  0.289*0011  —0.45970000  3.58*082
ZIOM ] 2527008 852105 129703 4937000 335702
NLO 2HDM+QCDW  0.567*000%%  0.4627000¢  0.27870002  —0.435*0007  6.30*05
Qcow  0.548%0000  0.5227000¢  0.33070003  —0.466*00%¢  6.06*05]
BBM L 338703 11593 1567 6640 3970
400 < M7 < 460 GeV
LO  2HDM+QCD 042670000 0.37470007  0.0607000¢  —0.28670000  4.49*1-10
QCD 0.43270000  0.356* 0000 0.04570006  —0.2787000¢  4.54% 110
ZIOM ] —1.43%00:  5.017003 32.1%30 3147001 —1.08*500
NLO 2HDM+QCDW 043070008 0.35670000  0.103*0003  —0.29670001 75208
Qeow 042670907 036270000 0.107*0902  —0.298*0001  7.53+08
BB L 0959°0N8 176703 334719 06517913 —0.017708%!
incl. in M,
LO  2HDM+QCD  0.298*000%  0.32870000  —0.017*000%  —0.203*000>  18.7*3¢
Qcp 0.297+5:003  0.32970000  —0.01770992  —0.203*0002  18.6%39
2OM ) 03137003 —0277300%  2.67705]  —0.07135¢0;  0.133700%
NLO 2HDM+QCDW  0.339*000% 031770992 0.059*0005  —-0.238%0%  30.5%49
Qcow  0.33370993 032780001 0.065*0000  —0.24200% 303740
BB L 199708 20501 —oostll 13181 0.631704
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Table H.2.: Spin correlations in scenario Ib.

Chel Chn Cr D o#XBR [pb]

2m; < My; < 400 GeV

LO 2HDM+QCD  0.599*0011  ( 567+0.005  ( 349+0011  _( 575+0.009 3 91+0.94

-0.011 —-0.005 -0.010 -0.009 -0.72

+0.011 +0.005 +0.011 +0.009 +0.85

Qcp 0.562+0011  (.528+0005  (289+0011  _459+0009 3 58+085
2HDM o 0.23 0.08 0.9 0.26 0.12
HOM ) 6611023 7.517008 20.7+09 9921026 92g+0.12

0.008 0.003 0.001 0.004 0.95
NLO 2HDM+QCDW  0.605°0008  0.582+0003  0.416*0001  —0.534*000¢  6.81+093

0.009 0.004 0.003 0.006 0.81
Qeow  0.548%0009 (52210004 (330+0003  _0.4660000  6,06+08!

20M ) 10.3708 11.4%03 26.207 14.5%01 12.3%03

400 < My; < 460 GeV

LO 2HDM+QCD  0.396+0-009 () 3715+0.002 () 16+0-006  _() 237+0.006 4 g+1.10

-0.009 -0.002 -0.006 -0.006 -0.81
QCD 0.43270000  0.3567 0000 0.04570006  —0.278*000¢  4.54% 10
ZiOM ) -8.20703F  —11.6%0, -13472° -16.5703  —5.87"00
NLO 2HDM+QCDW  0.429%0912 036670005 0.11670004  —0.304709%8  7.36+0-5¢
Qeow 0426709507 036270000 0.107*0992  —0.298*0001  7.53+08
BBM L 08447l 10673 8300 1s3l 205700

incl. in M,
LO  2HDM+QCD  0.2977000%  0.329*0000  —0.017*0007  —0.203*0007  18.7%3%
Qcp 0.297+0903  0.32970000  —0.01770:902  —0.20370902  18.673
2OM 1) 004370032 —0.032700%8  0.26174780  -0.0047002;  0.0187001]
NLO 2HDM+QCDW  0.351%0:9%%  0.34370002  0.09070:00¢  -0.261%0% ~ 30.8%5%
Qcow  0.333%0903 0.327+0000 0.0650:00¢  —0.24200% ~ 30.3+40
QBw el S4lpy 4975y 384ANg IS 15Ty
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H. Numerical results for Cpej, Cnpn, Crr and D in scenarios la—Ic

Table H.3.: Spin correlations in scenario Ic.
Chel Crn Cre D o#BR [pb]
2m; < My < 400 GeV
Lo 2HDM4+QCD 05827001 053970005 0.311*011 —0.4771 0008 375409
Qcp 0.562*0011  0.528%000%  0.289*001  —-0.459*0000  3.58*08
MoM g 3SR 221000 7780E do%l 473
NLO 2HDM+QCDW  0.577700%  0.539%000¢ 036070007 —0.492*+0005  6.42%057
QCDW 0.548*0007  0.522%0002  0.33070000  —-0.466*50%¢  6.06*05)
BBMEa  sas73 3320l 0o4n®  s4sl 50300%
400 < M7 < 460 GeV
LO  2HDM4+QCD 040870000 033770002 0.013*0006  —0.253*0006  4.36* )49
Qcp 0.43270000  0.35670002  0.045%0006  —0.278*+0006  4.54*140
RES L SSAIIGS SSATIGGL STLTHG, 902550 395G
NLO 2HDM+QCDW 042170010 035670003 0.10075901  —0.293*000%  7.36*0%0
Qcobw 0.42670007  0.36270000  0.107*090%  —0.298*0001  7.53+0-38
BBME  -LISS —lesTeE 602738 19108 215708
incl. in My
LO  2HDM+QCD  0.295*000  0.328*0000  —0.0197000%  —0.2017000°  18.6*30
QCD 0.2977900%  0.32970:000  —0.017+5:992 —0.203*0002  18.6*30
2OM 1) -0.7357000%  —0.2947000°  12.030  —-0.8537901L  —0.31070¢}7
NLO 2HDM+QCDW  0.3397000% 033170002 0.073*000¢  —0.248%0%  30.5730
Qcow 0.333*0003  0.327+0900  0.06570:9%  —0.24200%  30.3*40
BB e 20000 121008 n4d 24003 0442000
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