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Production of heavy Higgs bosons and decay into top quarks at
the LHC

Clemens Mellein

Abstract

Even in the light of the recent discovery of a neutral spin-0 boson at the LHC, the details
of the Higgs sector as the favored mechanism of electroweak symmetry breaking in the SM
are far from clarified. Several extensions of the minimal version are under discussion and
they commonly predict additional Higgs bosons in the physical particle spectrum. The
main aspect of this thesis is the investigation of the effects of heavy, neutral spin-0 bosons
with a mass larger than twice the top-quark mass and non-suppressed Yukawa couplings
to the top quark in ¢t production at the LHC. As a model with rather generic features
we use the type-I11 2HDM with softly broken Z, symmetry which predicts three neutral
Higgs bosons, one of which can easily be aligned to the recent experimental findings.
It further provides scenarios where the other two neutral Higgs bosons are heavy and
with dominant coupling to the top quark. The inclusive cross section as well as several
distributions, most notebaly the M,; spectrum, are computed at next-to-leading order
in the strong coupling. The NLO QCD corrections are computed in the large m; limit
where the Higgs-gluon coupling is described by an effective Lagrangian. In the last part,
some spin and polarization observables computed on the level of dilepton final states will
be studied as well.

Zusammenfassung

Trotz der Entdeckung eines neutralen Spin-0 Bosons am LHC bleiben viele Fragen tiber
die Details des Higgsmechanismus offen. Verschiedene mogliche Erweiterungen des Hig-
gssektors im Standard Modell werden untersucht, allen gemein ist die Vorhersage von
zusétzlichen Higgsbosonen im Teilchenspektrum. In dieser Arbeit werden die Effekte
von schweren, neutralen Spin-0 Bosonen, welche vorwiegend an das Top-Quark kop-
peln, in der ¢t Produktion am LHC untersucht. Beispielhaft wird hier die Klasse der
Typ-II 2HDM mit schwach gebrochener Z; Symmetrie untersucht, welche drei neu-
trale Higgsbosonen vorhersagen. Innerhalb dieses 2HDM lassen sich leicht Szenarien
finden, in denen eines der neutralen Higgsbosonen mit dem neu entdeckten Teilchen
identifiziert werden kann und die anderen beiden wesentlich schwereren Higgsbosonen
die gewilinschten Kopplungen an das Top-Quark aufweisen. In dieser Arbeit werden
sowohl der inklusive Wirkungsquerschnitt als auch verschiedene differenzielle Verteilun-
gen in nachst-fithrender Ordnung der starken Kopplung berechnet. Fiir die Berechnung
der Strahlungskorrekturen wird die Kopplung der Higgsbosonen an Gluonen im Limes
m; — oo beschrieben. Im letzten Teil dieser Arbeit werden einige Spin- und Polarisa-
tionsobservablen fiir dileptonische Endzustidnde berechnet und die Effekte der schweren
Higgsbosonen untersucht.
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1. Introduction

The Standard Model of particle physics (SM) is the current theoretical framework that
describes all known elementary particles and their interactions. Using this framework
one can make quantitative predictions which so far have proven very successful when
confronted with experimental data.

The SM Lagrangian is constructed to be invariant under Lorentz transformations and
local gauge transformations described by the symmetry group Gsy = SU(3)o x SU(2) 1 x
U(1)y. The gauge group of Quantum Chromodynamics (QCD) SU(3)¢ requires 8 self-
interacting, massless gluons and allows that each quark appears in 3 color states, as
observed experimentally. The electroweak sector is defined by the chiral SU(2), x U(1)y
gauge group, which implies two charged and two neutral gauge bosons, namely the W=
and Z bosons and the photon . The left-handed and right-handed components of quark
and lepton fields are then organized in doublets and singlets under SU(2), respectively.
In this way their interactions with the W+ and Z bosons can be formulated such that they
exhibit the observed violation of parity and charge conjugation, whereas the interactions
with the photon conserve these symmetries.

A major issue of the SM is the implementation of massive gauge bosons and fermions
since the requirement of invariance under the chiral part SU(2), x U(1)y of the gauge
group Ggy forbids the direct inclusion of mass terms. On first sight this poses a major
problem since the W* and Z bosons as well as the quarks and leptons are experimentally
confirmed to be massive. But, as shown by Brout, Englert and Higgs in the 1960’s [1],[2],
the masses of gauge bosons and fermions can be generated dynamically by spontaneous
symmetry breaking while the full gauge symmetry is retained in the initial Lagrangian.
The minimal version of this mechanism requires one SU(2), doublet of self-interacting
scalar fields, which acquires a vacuum expectation value (VEV). Below the energy scale
set by this VEV, the electroweak SU(2); x U(1)y gauge symmetry is broken down to
U(1)em, the gauge symmetry associated with electromagnetism. The electromagnetic
U(1)em as well as color SU(3)¢ gauge transformations remain exact symmetries of the
SM, implying that the photon as well as the gluons stay massless. The most important
phenomenological implication of the minimal Higgs mechanism is the existence of a single,
electrically neutral spin-0 boson in the physical particle spectrum.

In 2012 the two LHC experiments ATLAS and CMS discovered a neutral spin-0 boson
[3, 4] with a measured mass of 126 + 0.8 GeV [5], respectively 125.3 + 0.9 GeV [6].
According to the present experimental status [5, 6] this particle is a Higgs boson and
its properties are compatible with the hypothesis that it is the Higgs boson of the SM.
This discovery strongly supports the Higgs mechanism of electroweak symmetry breaking
(EWSB). Though, it remains to be shown with increased precision that this newly found
boson has indeed all the properties that are predicted by the SM Higgs mechanism.
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The discovery also rises the question if this is the only Higgs boson or if there exists an
extended scalar sector in nature. From the theoretical side several viable extensions are
conceivable and under discussion. The class of two-Higgs doublet models (2HDM) is the
simplest extension of the minimal Higgs sector, but nethertheless introduces many new
phenomenological aspects, most notably it implies 5 Higgs bosons in the physical particle
spectrum and provides a new source of CP violation [7] beyond the CKM mechanism
of the SM. Supersymmetry is a very popular extension of the standard model as a
whole, adding bosonic partners to each chiral fermion and vice versa. In the minimal
supersymmetric standard model (MSSM) the Higgs sector resembles a 2HDM but with
additional constraints on the parameters [8, 9].

The top quark plays a major role in all Higgs studies, since as the heaviest of all elemen-
tary particles with a mass of m; = 173.34 GeV [10] it is expected to be very sensitive
to the Higgs-sector. The total top-quark decay width has been calculated up to next-
to-next-to-leading order (NNLO) QCD [11], its value of I';(m, = 173.34 GeV) = 1.338
GeV! corresponds to a mean lifetime of approximately 7, ~ 5-1072° s. This is about
one order of magnitude lower than the mean hadronization time 7,4, A(SICD, which is
given by the QCD scale Aqcp ~ O(200 MeV). This means that hadronization effects can
be mostly neglected and a perturbative description of processes involving the top quark
is reliable. Within the SM the main decay mode of the top quark is ¢ — bW with a
branching ratio of roughly 99.8%, whereas the decays to s- and d-quarks are strongly
suppressed by the CKM mechanism [12]. The decays of the top quark are then further
classified by the decay products of the intermediate W+ boson. Especially the leptonic
decay mode W* — [t + v, with | € {e,u, 7} provides a very clean signature and is
therefore often used in the analyses of experimental data, though it is suppressed with
respect to the hadronic decay modes W+ — u + d and W+ — ¢ + 5 due to lower mul-
tiplicity. The fact that the top quark decays almost exclusicely via a W™ boson implies
that the lepton (or down-quark) direction of flight is nearly 100% correlated with the
spin direction of the decaying top-quark. Thus the top-quark spin can be regarded as
a good observable which is accessible via angular distributions of the top-quark decay
products. This allows for example to study the spin and CP properties of the underlying
production mechanisms in more detail.

In the search for additional Higgs bosons at the LHC, the ¢t invariant mass spectrum
is of central importance, because any new resonance with mass above the ¢t threshold
is expected to leave a measurable imprint on this observable, particularly in scenarios
where the coupling to the top quark is dominant [13, 14]. During the last run with a
center-of-mass energy of /s = 8 TeV, the LHC delivered a luminosity of roughly 20 fb™*
corresponding to 5 - 107 ¢ pairs. Although this is a large number compared to previous
experiments, statistics still limit the significance of observables like the #¢ invariant mass
spectrum and spin observables. In fact, both the CMS and the ATLAS experiment have
searched in the #t invariant mass distribution for heavy resonances which decay to tt
pairs [15, 16, 17, 18]. So far, the searches were unsuccessful. The CMS experiment [15]
has put bounds on the production cross section 0,, .4 4 at /s = 8 TeV of a heavy

! The b-quark mass is neglected in the calculation, the relevant input parameters to obtain this value are:
Gr = 1.16637-107° GeV 2, my = 80.385 GeV, a4(m;) = 0.1076.



spin-0 resonance ¢ for an assumed mass of my, = 500 GeV and 750 GeV, respectively.
However, these bounds are of limited significance because it was assumed that ¢ is a
narrow resonance and that interference with the QCD background for ¢t production is
negligible.

The new run at the LHC, starting in 2015 with increased luminosity and a center-of-mass
energy of /s = 13 TeV, provides the next chance to find new physics in form of additional
heavy particles or to exclude them up to scales of several TeV. Regarding searches for
additional Higgs bosons in tt production, the large irreducible QCD background poses a
major challenge. The QCD cross-section for pp — tt has been calculated up to NNLO in
the strong coupling including next-to-next-to-leading logarithm (NNLL) resummation,
at a proton-proton center-of-mass energy of /s = 13 TeV the result is 0, ;7(14TeV) =
953.6 pb [19]. The cross-section for ¢t production via heavy spin-0 resonances does not
amount to more than a few percent of that value in most scenarios. But, as known from
the total SM Higgs production cross section, which is dominated by Higgs production via
gluon fusion, higher order QCD corrections are large [20, 21, 22, 23, 24, 25, 26, 27]. Thus
it is very important to have an estimate of the radiative corrections also for prediction
of tt production via heavy spin-0 resonances.

The aim of this thesis is to investigate the resonant production of heavy, neutral Higgs
bosons ¢; with masses m; > 2m, and their decay into t¢ pairs at the LHC at next-to-
leading order (NLO) QCD. The main ¢; production mode is gluon fusion,

gg — ¢; — tt + X,

but also production by ¢g annihilation and ¢g fusion must be taken into account when
dealing with the radiative corrections. We are concerned with the case that the reso-
nances ¢; are not narrow and in particular we take into account the interference of the
¢; production amplitudes with the respective non-resonant QCD ¢t production ampli-
tudes at leading order (LO) and NLO in the QCD coupling. At NLO, the gg¢; coupling
is treated in the limit of an infinitely heavy top-quark, whereas b-quark effects are ne-
glected. We compute a number of distributions, in particular the ¢f invariant mass
distribution, and investigate the effects of ¢; production in the resonance regions of these
distributions. We consider also the subsequent decay of the tt pair to dileptonic and
lepton plus jets final states, taking into account the tt spin correlations at NLO in the
gauge couplings. We investigate the effect of heavy Higgs resonances on a set of dilepton
angular correlations and top-quark polarization observables. In particular, we analyze
the possibility of neutral Higgs sector CP violation, i.e. the possibility that the heavy
Higgs bosons ¢; have CP-violating Yukawa couplings to top quarks. These effects can be
traced with CP-odd angular correlations in dileptonic and lepton plus jets final states.
This NLO analysis is, to a large extent, model-independent and can be applied to SM
extensions which contain heavy ¢; bosons in their particle spectrum. However, consistent
computations which are in accordance with the constraints due to unitarity should be
done within a concrete SM extension. The computations and predictions below were
made within the class of type-II two-Higgs doublet extensions. Within this class we
identify the lightest neutral Higgs boson with the 125 GeV Higgs resonance with SM-like
couplings to quarks, leptons and weak gauge bosons. For definiteness, we consider three
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different scenarios, two CP-conserving and one CP-violating Higgs scenario, such that
the two heavy neutral Higgs bosons, ¢, and ¢3, are heavier than 2m; and that their
Yukawa couplings to top-quarks are unsuppressed compared to the SM values.

This thesis is organized as follows. First, the minimal Higgs mechanism, as implemented
in the SM, is reviewed in Sec. 1.1 as a preparation for the introduction of the class of
two-Higgs doublet models in Sec. 1.2. A certain subset of these models, the type-II
2HDM with softly broken Z, symmetry, is of major importance for this project since it
provides viable physical scenarios to which the following computations can be applied.
We give a detailed account of these models, both without and with CP violation in the
Higgs sector, and address briefly present experimental constraints on the parameters of
type-1I 2HDM. In Sec. 1.2.5 we will discuss the possible decay modes of the neutral
Higgs bosons. The results of the computation of the total widths for the three spe-
cific scenarios within the type-II 2HDM including QCD corrections are summarized in
Sec. 3.7.1. Sec. 1.3 concludes the introduction to the Higgs sector of the SM and the
2HDM with a short discussion of the Higgs sector of the MSSM. In Sec. 2 the results for
the total production cross section of a neutral spin-0 boson in proton-proton collisions
including the QCD radiative corrections obtained in the large m; limit are presented.
These are compared to the most precise results available in the literature to see how well
the large m, approximation works over a wide mass range. This is of relevance since the
approximation is also applied in Sec. 3, where the NLO QCD corrections to ¢t produc-
tion in proton-proton collisions are computed including the effects of two neutral heavy
Higgs bosons. In Sec. 3.7 the numerical results of our computation are presented. We
compute the input parameters, the Higgs masses, widths and Yukawa couplings, within
three different type-II 2HDM scenarios, as summarized in Sec. 3.7.1. Besides the total
tt production cross section, the M,; spectrum, where the heavy Higgs resonances show
up in form of a distinct peak-dip structure, is of major importance. We will further
investigate the effects of the heavy Higgs resonances on the transverse momentum and
rapidity distributions of top and antitop quark. In the last part we compute the inclusive
values of some spin and polarization observables as well as their M,; distributions and
discuss the results.
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1.1. The Standard Model Higgs sector

In this section we will briefly review the Higgs mechanism which generates the masses
of fermions and the weak vector bosons in the SM. Only the most relevant pieces will
be presented here, for a comprehensive review on the SM Lagrangian and the resulting
Feynman rules see for example [28]. A thorough review of the SM Higgs mechanism and
its phenomenology is also provided in [29].

The minimal version of the Higgs mechanism comprises one scalar complex SU (2) doublet
with hypercharge Y = +1

& = (p,6®), (1.1)

where ¢t denotes a field with electric charge +1 and ¢@ an electrically neutral field.
Its couplings to the electroweak gauge bosons and self-interactions are described by the
Lagrangian

Citigse = (D) (D"®) =V (|®f) (1.2)

where D* denotes the covariant derivative

Y .
Dt = 8”—z'g’EB“—ig%Wi“. (1.3)

The most general hermitian and renormalizable potential for a single doublet is

V(o) = —p@] + Aol (1.4)

with real parameters y and A\. The Lagrangian (1.2) is invariant under local transforma-
tions of the symmetry group SU(2);, x U(1)y. The real numbers g and ¢’ are the SU(2),
and U(1)y gauge couplings, respectively, % and % the corresponding group generators.
The physical fields corresponding to the W=, Z bosons and the photon A are given as
linear combinations of the fundamental fields B* and W}

1
Wk E(W{ FiWi),
Z" = cos Oy WL — sin Oy B*,

A" = sin Oy WL + cos Oy B*
(1.5)
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The weak mixing angle 0y, can be expressed through the gauge couplings as cosfy =
g

If one chooses 1 > 0 and A > 0 in (1.4) the potential has a stable ground sate |0) with
non-zero expectation value (0|®|0), which is found by minimizing (1.4) with respect to
|®|. One finds

0

Pl = —.

S

Without loss of generality? the ground state expectation value can be written as

0jal0) = (@) = (oﬂ) (16)

which corresponds to the tree-level approximation of the vacuum expectation value
(VEV) of the quantum field ®. This state is obviously not invariant under general
SU(2)p x U(1)y transformations, only the invariance under U(1)e, remains. In the
following it is useful to rewrite the doublet (1.1) as

> — (¢+,;§<v+h+z‘x>) | (.7)

where h and y denote two real fields, of which h is CP-even and xy CP-odd. All component
fields now have vanishing VEVs, i.e. (¢7) = (h) = (x) = 0. Plugging (1.7) into (1.2)
one can express Lpiggs in terms of the fields ¢+, h and y, which describe the fluctuations
around the ground state (1.6). From the kinetic term in (1.2) the mass terms for the
electroweak gauge bosons arise as well as the trilinear and quartic couplings with the
Higgs boson

(D) (DPD) = (9,h) (0"h) + (g”)QWWV—“ 41 ( I )22 Zn
K 2 2 p 2 \ 2 cos Oy K
2 2
g v i g v +un —
oo hZ" Zu+ =5 hW W,

92

2
2 p 9 g ovr+utr—
78c0s20wh2 ZH+—4 h=W Wu

+ terms involving ¢, . (1.8)

The pseudo-Goldstone fields ¢ and x still present in the full expressions of (1.11) do not
constitute physical degrees of freedoms, instead they can be removed completely from

2 Different choices of (®) can be rotated by a global SU(2),, transformation into this form.
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the Lagrangian (1.2) by applying a local gauge transformation described by a matrix
U(z) € SU(2) x U(1)y, such that

O(z) — Ux)d(x) = (0, \}5 (v+ h(m))) . (1.9)

The two degrees of freedom corresponding to ¢ and y are transferred to the - now
massive - gauge bosons W= and Z, which in this procedure acquired each a longitudinal
polarization state. The unitary gauge (1.9) is useful as long as no radiative corrections in
the electroweak gauge couplings are considered. Since we only deal with QCD corrections
here, we will in the following make use of this gauge to obtain simpler results.

From (1.8) one can deduce the tree-level relations of the gauge boson masses my, myz
and the electroweak parameters g, cosfy, and v:

qgu
mw = 5
qgu

= — 1.10

"z 2 cos Oy, ( )

The photon 7, described by the field A* in (1.5), remains massless. The values g =
¢ ~ (.652, sin?fy = 0.2313, as well as the pole masses my ~ 80.385 GeV and

sin Oy
mz ~ 91.188 GeV are known from experiment [12]. To be consistent one has to set

v ~ 246 GeV in (1.10).

Plugging (1.9) into the Higgs potential (1.4) one finds a mass term for the field h as well
as triple and quartic self-couplings:

2
2\ _ Mphy,2  93h;3 | Ydh 4
V(o)) = St SR Y, (1.11)

where g4, = 3%’% and gz, = 3m7i. The Higgs mass mj = 2\v? is directly connected to
the self-coupling parameter A. Thus with v fixed by the conditions (1.10) there is only
one free parameter in the SM Higgs sector. If one interprets the recent discovery of a
boson with mass near 125 GeV as the SM Higgs boson, one gets a direct prediction for
the strength of the Higgs self-interactions, which has to be verified experimentally to
support the Higgs mechanism in this form.

The masses of the fermions are generated by introducing the SU(2), x U(1)y invariant
Yukawa interaction terms

ﬁs[SM) = _yi(l) E‘P lri — fgz‘(;‘l) Q?:ZCI) le,j - @Z(;L) Q/Lz (i02®") ulR,j +h.c., (1.12)

where the doublets Lp,; = (I/Lﬂ-,lL’i)T contain the left-chiral (LC) components of the

T
neutrinos and charged leptons, Q7 ; = (u’Lz, ’LZ> contain the LC components of up-
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and down-type quarks in the basis of weak eigenstates. Analogously, lr;, d;, u; denote
the respective right-chiral (RC) fields. The indices 7,57 € {1,2,3} label the respective
fermion generation. The doublet

o - (Lo, ’
(102®) = (\/5( —i—h),()) (1.13)

is the Y = —1 counterpart to (1.9) and is used to generate the masses of the up-type
quarks. Although it is known from neutrino oscillations that at least two neutrinos must
have a mass, the question remains whether they are Dirac or Majorana fermions. In any
case, the SM has to be extended by SU(2);, x U(1)y singlet neutrino fields, but since
we are not concerned with neutrinos here we neglect their masses in (1.12). We will
further ignore the possible mixing in the lepton sector and therefore assume only three
real coupling parameters yz-(l) in (1.12).

The complex quark Yukawa matrices ﬁfju) and gjfjd ) can be diagonalized by transforming

the LC and RC up- and down-type quark fields independently to their mass basis (the
kinetic terms of chiral quark and lepton fields are invariant under such basis changes).
The basis change is expressed in terms of 4 unitary 3 x 3 matrices U fgl )
generation indices of the fermions:

acting on the

d d
W= Uy, e, =Uupy, dy =00 do ;s dy = Ui dg

’ (1.14)

Note that in the unitary gauge the flavour-nondiagonal interaction terms with the charged
pseudo-Goldstone boson G in (1.12) disappear. We can then choose the matrices U L?jg )
such that the couplings of the quarks and the neutral Higgs boson become diagonal:

u u)  A(u u d d) ~(d d
oy = Ul U u ey = Ul a0 U (1.15)

d)

with real yz(u’ . Now we can rewrite (1.12) as

0 (d)
LW Yi [oTL + Tl k] + Yi_ [odid; + dud; h
’ z%T V2 [U ] i:zd:,s,b V2 [v }

_|_

y.

7
1=u,c,t \/§

[vTu; + Tiu, b,

(1.16)

so that one can immediately identify the tree-level masses of the fermions:
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m_ Y o @ _ Y  (d mi — LN

my" = —7z=Y , My ==Y, My =)=
i ﬂyz \/§y \/§y]

Note that for the top quark these relations imply a very large Yukawa coupling v, = O(1).
Therefore it plays a central role in all processes involving Higgs bosons, for example the
total Higgs boson production cross section and the quantum corrections to the Higgs
boson mass.

In the SM, the single physical Higgs boson h is a purely CP-even state, thus it couples only
to the scalar fermion currents. In the extended Higgs models discussed in the following
section, the neutral Higgs bosons can be CP-mixtures so that they also couple to the
pseudoscalar fermion currents fiysf. The interference of amplitudes with scalar and
pseudoscalar exchange can lead to observable CP-violation in these scattering processes
[30], [31], [32], [33].
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1.2. The two-Higgs doublet extension

In this class of models the Higgs sector of the SM is extended by a second complex scalar
SU(2);, doublet with hypercharge Y = +1. Adopting the notation from the previous
section we write them as

R T L B A (S P (1.17)

In principle both fields can take part in EWSB by acquiring each a nonzero VEV, denoted
by v; and vy in the following. Although this extension seems very straightforward,
a detailed treatment of these models can get very extensive. The book [34] and the
review [35] for example provide thorough introductions. The possible ground states and
masses of the physical Higgs bosons are determined by the potential. The most general
hermitian, gauge invariant and renormalizable two-Higgs potential [35] reads

V(®1,0y) = —pud[@1[* — 3| ®of* — (p32[0s + hic.)

A A
Jr§1|q)1|4 + ?2|‘I)2|4 + 3| D[ D] * + >\4|¢I¢2|2

" [Azf) (®1®)" + g (]01) (9]02) + Ar (D)D) (D]02) + h-c-] ’
(1.18)

with real numbers 13, p3, A\ 234 and complex numbers 13, X567, adding up to 14 free
parameters. Note that the actual number of free parameters is smaller, as will be dis-
cussed below. For the potential (1.18) to have a stable ground state it is necessary that
it is bounded from below, i.e. it should tend to +oo for all directions in (®;,P5) space.
It is shown in [35] that the conditions

)\120 ) >\2207

Az > =/ A da Az A — [ As] > = Ah
(1.19)

are necessary for a bounded potential. In the following we will be concerned with the
case

)\6:)\720,

where the conditions (1.19) are even sufficient. Note that these are tree-level relations.
To be more precise one must compute the quantum corrections to V', in particular one
has to take the running of parameters into account and investigate at which energy scales
the conditions (1.19) are still fullfilled.

10
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The coupling of the two doublets (1.17) to the SM gauge sector as well as their self-
interactions are described by the Lagrangian

Liiges = > (D,®)1 (DF®) — V (®1,D,), (1.20)

i=1,2

with D* defined as in (1.3). In the 2HDM both doublets can contribute to the generation
of the gauge boson masses with terms proportional to their VEVs |v;|. However, the
squared sum has to be fixed to the value derived from (1.10) in the last section

v o= y/|v1]? + |v2|? = 246 GeV.

One important and widely used parameter in all 2HDMs is the ratio of the two VEVs:

tan g = 122! (1.21)

[on]

The two doublets (1.17) themselves can not be regarded as physical quantities. The
kinetic term in (1.20) is invariant under basis changes

o= > Uy®;, (1.22)

=12

where Uj;; is a unitary 2 x 2 matrix. This allows one to eliminate 3 of the 14 parameters in
the potential (1.18), leaving only 11 free parameters in the most general case®. Further
this implies that all physically meaningful quantities must be expressed in terms of
invariants under (1.22). These are, for example, the mass eigenstates and eigenvalues of
the potential that describe the physical Higgs bosons, [36].

Still, there is a high number of free parameters left which allows for a broad range of
phenomenological outcomes. One often further reduces this number of parameters in
a systematic way by enforcing additional symmetries on the Lagrangian (1.20). For
example, imposing the Z5 symmetry

@1, (I)Q — Cbl, — (I)Q (123)

eliminates the terms proportional to p3, A and A7 in (1.18). This symmetry, if extended
appropriately to the Yukawa interactions, also suppresses flavour changing neutral cur-
rents (FCNCs) at tree-level in the interactions with fermions, as will be seen later. In

3 The overall phase of the unitary matrix U has no effect on the parameters of the potential, therefore
one can assume that U € SU(2). Thus with (1.22) one can eliminate at most one phase and two real
parameters [35].
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1. Introduction

the following we will focus on scenarios where CP parity is broken by the potential (1.18)
at tree-level. In this case one has to retain the p3 term that breaks the symmetry (1.23)
only softly, meaning that it is restored at high energy scales where dimension two op-
erators become unimportant*. Otherwise the complex phase of the parameter \; alone
could be eliminated by rephasing the ®; and CP would be conserved, see [35] for details.
Thus, it is the relative phase of the complex parameters p3 and A5 that determines if CP
is broken in the 2HDM. The requirement of tree-level CP violation is often formulated

in terms of the condition
A
Im (Z) # 0.
M3

To determine the condition for EWSB in the potential (1.18) one has to evaluate its first
derivatives and find the non-trivial solution of

oV ov
A IV . 1.24

We will use the freedom to rephase the two ®; independently and assume that

(P1) = (O, \%) , (Do) = <0\%> (1.25)

with real numbers v;, is a solution of (1.24) and that it is the global minimum of (1.18)5.
The conditions (1.24) can then be used to relate the parameters p7, to the VEVs vy 5.
Again it is useful at this point to rewrite (1.17) as

T T
1 1
D=, —= (1 + @1 +1i , Dy =oF, —= (Vo + o+ . (1.26
= (eh s erin) = (e st ia) - 026)
Similarly to the minimal model described in Sec. 1.1, the ;" are complex fields and ¢;,
x; are real fields, the first CP-even and the latter CP-odd. The linear combinations of
these field that describe the physical Higgs bosons are identified by diagonalizing the
matrices of second derivatives of the potential

0%V
+2
Mij B angragpf ’
T (@), (P2)
1 0%V
MZZ = S5an an ) NT:(9017902,X1aX2)>
’ 28NZ0Nj (P1), (P2)

(1.27)

4 As to loop corrections, the UV structure is the same as in the theory with exact Z, symmetry.
5 We exclude a possible charge breaking minimum from the discussion and neglect also the issue of multiple
minima, for details on this see [35].
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1.2. The two-Higgs doublet extension

and determining their eigenstates and eigenvalues. In (1.27) it is already assumed that the

*v

= 0 vanish, i.e. that the charged and neutral states decouple.
(1), (P2)
Note that both matrices contain a zero eigenvalue corresponding to the charged and

neutral pseudo-Goldstone bosons that appear after EWSB as the longitudinal degrees
of freedom of the weak gauge bosons. Non-zero off-diagonal entries M3,, M3, in the
neutral mass matrix indicate mixing of the CP-eigenstates ; and y; into physical states
with undefined CP parity.

derivatives

In the next two subsections the couplings of the physical Higgs bosons to the gauge bosons
and fermions will be derived. This is crucial because they determine the production
mechanisms and decay signatures of the Higgs bosons.

1.2.1. Higgs basis and mass basis

A basis transformation of the type (1.22) also redistributes the VEVs among the two
doublets (1.26). The transformation

P cosf sinf )
<®é> - (-Sinﬂ cosﬁ><c1);> (1.28)

shifts the VEV completely to the first doublet. In this basis (the 'Higgs-basis’) the
ground state of the potential has the form

v

@) = (o ﬁ) (@) = (0,0)",

and we can parametrize the two doublets as

<I>’1:<G+,\}§(U+H1+1GO)> , ®§:<H+,\}§(HQ+¢A)> : (1.29)

The CP properties of the component fields remain unchanged, i.e. H; and Hy are CP-
even whereas A and G are CP-odd. Transforming the mass matrices (1.27) to the Higgs
basis one can identify the two states corresponding to the eigenvalue 0 in the charged
and neutral Higgs mass matrices,

Gt = cosB¢] +sinB ey,
Go = cosfx1 + sinf3 xa,
(1.30)
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1. Introduction

as the pseudo-Goldstone bosons which get absorbed by the W* and Z. For further
details see appendix B. The linear combination orthogonal to G,

H" = —sinfBp] +cosBp;,

describes the physical charged Higgs boson with mass

m: = % (20 — A — Re (Xs)). (1.31)

The dimensionless parameter v is defined by

_ Re(u3)
T cos sin 3’ (1.32)

It is often used instead of p3 to control the soft breaking of the symmetry (1.23) in the
model. The relation of the neutral mass eigenstates ¢ 23 to the CP eigenstates ¢; o and
A is given by an orthogonal matrix R,

¢1 C1C2 C251 52 #1
¢2 = —C159S83 — C3S51 C1C3 — S1592S3 C9S3 P2 5 (133)
®3 —C182C3 + 8351 —C183 — 5152C3 CaC3 A

=R

which is conventionally parametrized in terms of three angles ay23. We defined ¢; =
cosa; and s; = sina;. Due to the symmetries of the mixing matrix R one can restrict
the range of the angles to —7 < a; < 7 [37]. Note that in this convention the relation of
the Higgs basis to the mass eigenstates reads

gbl Cﬁ —Sﬁ O Hl
P2 | = R| sg ¢cg O Hy, |, (1.34)
b3 0 0 1 A

=B’

where the abbreviations sin 3 = sg and cos 8 = cz were used. For further studies within
this model it is useful to express the 10 parameters

Po = {M%Q, Re (/L;Z)) s Im (Mg) ,)\1’273,4, Re (/\5) , Im ()\5)} (135)

of the potential (1.18) in terms of the more physical parameters
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1.2. The two-Higgs doublet extension

P = {v, tan B, myo, ms, v, 023 }. (1.36)

The details of the transition from (1.35) to (1.36) are given in appendix B. Since v = 246
GeV is fixed there are in total 8 free parameters left in the 2HDM with softly broken
Z5 symmetry. One of the CP conserving scenarios is obtained by setting az = as = 0.
In this case ¢, are CP-even and ¢ is CP-odd and only the angle «; is left as a free
parameter, describing the mixing of the two CP-even components ¢; ». This scenario is
realized for example in the minimal supersymmetric extension of the SM, described in
section 1.3.

1.2.2. Couplings to the gauge bosons and self-interactions

Expanding the kinetic term in (1.20) with the doublets in the Higgs-basis (1.29) one can
identify the various tree-level vertices involving Higgs and gauge bosons. In [38] this is
done for a general model with an arbitrary number of SU(2),, doublets and singlets and
can easily be adjusted to this 2HDM. Using the unitary gauge (1.9) to eliminate the
pseudo-Goldstone bosons Gt and Gy, one obtains

(D)) (DM0)) = 2 (0H) (“H) + 5 (0,H:) (0H) + 5 (0,4) (9 4) + (,H7) (9" H")

i W+ TL20Z,

2 _
+i (eAH + 9(2‘9Wl)zﬂ> (H*0"H™ — H 0" H")
2CW
+- L7, (Hy0"A — AO"H,)
2CW

IS W, (H™ 0" Hy — Hy0"H™ +iH9"A—iA9"H™ ) + hie.
+g (mWW”WM + mZZ“Z”) H,
2CW
+ quartic terms. (1.37)

Here one can see that the neutral CP-even field H; (coming from the doublet with the
non-zero VEV in the Higgs basis) exhibits the same interactions with the gauge bosons
as h in the SM, but note that H; does not describe a physical Higgs boson in general.
Using (B.5) and (1.33) to express the CP-eigenstates in the Higgs basis in terms of the
mass eigenstates one can identify the following trilinear interaction terms:

H*H¥~, H*HYZ | ¢;; 7 , o; HEWT | ; V' V. (1.38)

The Feynman rules for the ¢;¢;Z and ¢;VV'V interactions will be used later and are
therefore written down in (A.11) and (A.12). Note that the orthogonality of R implies
the following sum rule for the ¢;V'V' couplings:
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1. Introduction

2\2 3
(277:)‘/) Z(CosﬁRj1+sinBRj2)2 = ¢*mi ., V={W=*Z}. (1.39)

Jj=1

This guarantees the cancellation of growing energy terms in W, W, /Z; Z; — W W /Z1 7
scattering amplitudes so that the interactions of electroweak gauge bosons remain per-
turbative as long as the Higgs bosons are not too heavy. To guarantee unitarity also
in ff — VV scattering amplitudes, similar sum rules must hold for the Higgs-fermion
couplings. See [39] for details.

In the full expression of (1.37), c.f. [38] or the appendix of [35], one can also find the
following quartic interactions:

¢ HEWTZ | ¢ H W T,
G;VV . H HTW*WT,
H*HF~~y | H*HTZZ,
H*H 7 . (1.40)

The self-interactions of the physical Higgs bosons can be derived from the potential
(1.18) if the relation (1.33) is substituted. The resulting expression is rather large and
the following self-coupling structures can be identified:

GHYH-  HYH HYH-
Gijbr , G HTH™,
0i0j Pk Pu- (1.41)

The Feynman rule for the ¢;¢;¢, vertex is derived in (A.13) for later use, for the Feynman
rules corresponding to the other interaction terms c.f. the appendix of [40]. Note that in
the CP-conserving scenario with a3 = oo = 0 one finds that the tree-level ¢; V'V coupling
given in (A.11) vanishes. Thus analyzing the decay channels ¢; — ZZ, W~ can help
to distinguish between CP-even and CP-odd Higgs bosons.

In the following we want to identify one of the 3 neutral Higgs bosons with the boson that
was recently discovered at the LHC. The measurement of the couplings to gauge boson
pairs and third generation fermion pairs point to the SM value, c.f. table (1.1) and [6],
[41]. Though, it should be noted that the uncertainties of 10-30% are still rather large and
that these particular results (1.1) were obtained assuming a purely CP-even boson. It is
still possible that this boson contains a sizeable CP-odd component. Choosing ¢; = h as
the candidate, we have to set m; ~ 125 GeV and align the reduced ¢, V'V coupling with
the SM value, i.e. cos Ry +sin SRz ~ 1 in (A.11). The sum rule (1.39) then implies
that the couplings ¢ 3V V' of the other two neutral Higgs bosons to gauge boson pairs
are suppressed. This is an interesting case for us, because it allows for scenarios where

16



1.2. The two-Higgs doublet extension

the total widths of the other two neutral Higgs bosons ¢ 3 are dominated by the decay
@23 — tt, given that their masses are above the threshold mg 3 > 2m,.

Table 1.1. — CMS measurement of the reduced Higgs boson couplings with 68% confidence in-
tervals [6]. Assuming that the 125 GeV resonance is a purely CP-even boson, the hVV and

2
2 and Iﬁf% with v = 246.22 GeV, respectively.

v

hff couplings have the form ky

k| 0.957014
ky | 1.057016
ke | 0.811512
Ky | 0.7470:33
ke | 0.841019

K < 1.87
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1.2.3. Yukawa couplings in the type-1l 2HDM

The 2HDM are further classified by the couplings of the Higgs doublets to the fermions.
In the following we will focus on the type-II two-Higgs doublet models. They are defined
as follows:

e O, is coupled only to right chiral (RC) down-type quarks dp ; and RC leptons I ;,
e &, is coupled only to RC up-type quark ug ;.

This setup avoids tree-level flavor changing neutral currents (FCNC) which are highly
constrained by experimental data. As already mentioned, these couplings can be enforced
by extending the Zy symmetry (1.23) to the fermion sector:

P, — (I)l,
dR,j — dR,j7
o, — —(I)g,
URj — —UR;
(1.42)
The Zy and SU(2) x U(1)y invariant Yukawa couplings are given by
EgHDM) = —yl-(”m@l lri — @z‘(;l) ,[/7i(I)1 le,j - ??z(gu) /L,i (io2®3) U}z,j +h.c.,
(1.43)

T
where Ly ; = (v, 11,)" and QL= (u’Lz, ’LZ) denote again the left chiral (LC) compo-
nents of the leptons and quarks in the weak basis, respectively, and (g ;, d}w, up, ; denote

the RC components. The indices 7,5 € {1,2,3} label the fermion generation. The

Yukawa couplings of quarks and the neutral components gpg in (1.43) are diagonalized

analogously to (1.15) by transforming the LC and RC quark fields to the mass eigenstates
ur g, dp.gr, c.f. (1.14). The Yukawa couplings of quarks and the charged components
gofg however can not be diagonalized simultaneously, but the quark mixing in these in-

teraction terms can be expressed in terms of a single unitary matrix Vegm = U éd) U é"”.
Suppressing the generation indices one can write

Ly = —up iV dpef + dp 9™ ul oy +hee
S (Vo y®) diepi +di (Vi y™) ur oy + e
(1.44)

where y™ and y@ are the diagonal up- and down-type quark Yukawa coupling matrices,
T

defined analogously to (1.15). Note that ioo®} = ((p(o) * —= go‘) in (1.43). In the unitary

gauge, where we set GT = 0 in (1.30), one can substitute
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1.2. The two-Higgs doublet extension

901i = —SiHﬁHi,
vy = cosfH®,

and rewrite (1.44) as

3P = g (Voray™) di sin 8 H +dy, (Ve y™) up cos B H™ + hec..
(1.45)

For the sake of completeness the resulting Feynman rule is written down in (A.8). More
important for our investigations in the following sections are the Yukawa interaction
terms of quarks and leptons with the neutral component of the Higgs doublets. For
example, the Yukawa interaction term of the up-type quarks with ioo®3 in (1.43) can be
simplified as follows:

V2 + 2 —iXo 1 [yt ()

+he = ———= uy™u (vo+ ¢2) —Uysy

V2 W2

—ury™ up wixs|,

and analogously for down-type quarks and leptons. Using the relations (1.33) and

X1 = _SinﬁAa
X2 = COSBAa

where we assumed Gy = 0 in the unitary gauge, we can bring (1.43) into the form

LEPM sy |:mfff—|—ﬂzf(af7jff_ibf,jf75f) ¢j:|

=123 f
+LEEM. (1.46)

In this expression, the letter f denotes the Dirac field of the respective quark or charged
lepton and my its mass.

N C . B W C R IR B

% \/5 ] % \/§ [ i \/i 7
The Feynman rule for neutral scalar interactions with fermions derived from the La-
grangian (1.46) is written down in (A.7) in the appendix. Computing physical observ-
ables, the exchange of each neutral Higgs boson generates interferences of scalar and
pseudoscalar amplitudes with a CP-odd phase proportional to
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Yop,; = Gpibpi= (1.47)

sin B leRjS , f = d/l )

cos? B

{;;gz%RﬂRjg . f=u,

which quantifies to which amount CP is violated in the Yukawa sector, c.f. [30], [31],
[32], [33]. The second equality in (1.47) is only valid for the type-II 2HDM where the
reduced Yukawa couplings in (1.46) have the form

R;
Qo5 = sinﬂ 5 bu,j = 1143 cot 67
R.
ad/m = COSJB s bd/l,j = Rjg tan 6

(1.48)

In the alignment limit where ¢; corresponds to a SM-like Higgs boson with mass of 125
GeV, one has to tune tan f and the mixing angles «; such that the reduced couplings
(1.48) correspond to the SM values, i.e.

R
u,1 - 12 ~1 , buJ:ngCOtB%O,
sin 3
Ry
= ~1 , b = Rigtan 8 = 0.
d/l,1 cos B d/l1 13tan 3

(1.49)

This strongly constrains two of the three angles in R to values oy = 3 and ay = 0,
corresponding to Ris &~ sin 3, Ry ~ cos 8 and Ry3 ~ 0. Thus

. Cp S8 0
RMien —C3S5  CpC3 S3 (1.50)
5354 —C3S3 C3

with cg = cos 8 and sg = sin3. l.e. in this case ¢; is a mixture of the two CP-even
fields ¢ and @9 only. The remaining free parameter a controls the size of the CP-odd
component A in the mass eigenstates ¢, 3. The reduced Yukawa couplings of fermions
and ¢y 3 are

22 .
Qy2 = —— ~ cotfcosas , b, = Razcot B~ sinag cot f3,
sin 3
R21 .
aq/ = cos ~ —tanfcosas , by = Ryztan 3 ~ sinagtan 3,

(1.51)
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1.2. The two-Higgs doublet extension

and

Rs»
Ay3 = — ~ —cotBsinag , b,3 = Rs3cot ~ cosascotf,
sin 3
R3;
aq/3 = cos 3 ~ —tanfsinaz , by = Rzztan = cosagtan 3.

(1.52)

Because the SM top-quark Yukawa coupling ™* is O(1), small values of tan 3 in the
reduced coupling (1.48) quickly lead to an enhancement above the naive perturbativity
bound which requires y; < 4m. For a comprehensive survey of the theoretical limits
on the 2HDM parameters arising from the requirements of perturbativity and vacuum
stability see for example [42]. Large values of tan 8 on the other hand simultaneously
enhance the reduced bottom-quark Yukawa coupling and suppress the reduced top-quark
Yukawa coupling in (1.48) until y, and y, are of comparable size. We want to avoid this
scenario in the following. Setting tan 5 ~ 1 the top-Yukawa coupling y; is dominant and
Uy, Y, are small enough so that the resulting rates for the decays of the ¢, 3 to bb and
7777 are very small if mo 3 > 2my, c.f. Sec. 1.2.5.

Also here the LHC measurements of the reduced Yukawa couplings of the 125 GeV
resonance to the third generation fermions point to the SM values ay; = 1 and by; = 0
but the uncertainties of 20% - 30% are still rather large, c.f. table (1.1) and [41], [43].
Therefore this can not be regarded as a stringent restriction at the moment, specifically
the values of the mixing angles a; 5 are allowed to deviate from the alignment values
ap = and ay = 0.

1.2.4. Note on experimental constraints on the 2HDM parameters

Besides the constraints derived from theoretical considerations, notably that of vacuum
stability and perturbativity, which were briefly mentioned in the previous sections, there
are constraints on the physical parameters (1.36) coming from various experiments. Most
important are the results from B-physics, electric dipole moments (EDMs) of leptons and
nucleons and the recent LHC data for the light Higgs boson which point - within errors
of 10-30% - to the SM values, see Tab. (1.1).

The non-observation of deviations from the SM predictions in B-physics data places limits
on the parameters tan f and m4.. These parameters control the effect of charged Higgs
bosons on loop induced observables like rare decays B — X + v (X, denotes hadrons
with total strangeness s = —1) and neutral B} — B} mixing. In general the loop-effects
of charged Higgs bosons decrease with increasing mass m+ and vice versa. In the type-II
2HDM the coupling of the charged Higgs to the top-quark yields a factor m, cot 3, c.f.
the Feynman rule (A.8). Thus, small values of tan 5 need to be compensated by larger
m+ to be consistent with experimental data [44].

The non-observation of electric dipole moments (EDM) of the electron and the neu-
tron puts limits on the CP violating phases such as (1.47). Although these limits are
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highly model dependent, in particular the measurement of the electron EDM excludes a
large pseudoscalar coupling of the light Higgs boson to the third quark generation [45].
Working in the alignment limit (1.50) ensures that one is consistent with the EDM data.

The electroweak parameter p = % = 1.0004040.00024 [12] is very sensitive to new
physics that affect the gauge boson self-energies. The tree-level value is fixed to p =1
in the SM and also in all extensions of the Higgs sector as long as only SU(2), x U(1)y
doublets with Y = +1 or singlets with Y = 0 are considered. Additional neutral and
charged Higgs bosons affect the gauge boson self-energies through loop corrections [38].
These effects must be small since the experimental value of p matches the SM prediction
very precisely. The constraints from electroweak precision measuremtnts are satisfied
within 2HDM scenarios where the masses of the additional Higgs bosons are large and
the mixing angles are such that the couplings to the gauge bosons are suppressed with

respect to the SM couplings.

1.2.5. Neutral Higgs boson decay widths

The total decay widths of the neutral physical Higgs bosons ¢, 23 enter as parameters
in the computation of the process pp — ¢; — tt which constitutes the main part of this
thesis. Therefore the relevant leading order decay widths are collected and discussed in
this section. We are interested in scenarios where one of the neutral Higgs bosons, say
¢1, is light with mass close to 125 GeV and with couplings within a 10% - 30% range of
the SM values. The other two neutral bosons ¢, and ¢3 shall be heavy, with masses in
the range 2m; < mo, m3 < 800 GeV, so that their decay to top quarks is kinematically
allowed. Regarding the charged Higgs boson H*, we will assume in the following that
it is sufficiently heavy, so that the decays ¢o3 — HTH™ are not allowed. In this setup
the following two-body decay modes of the two heavy neutral Higgs bosons ¢, 3 are most
relevant:

¢2,3 — W+W—a ZZ: ti? b[;a T T_a Z¢17 ¢1¢17 99 -

The three-body decays induced by the quartic couplings (1.40) are suppressed due to the
reduced phase space and will be omitted in the following discussion.

The decay to fermion pairs ¢35 — ff

The tree-level decay width is given by

2

= N, ,
D6 = £1) = godmy (3,80 +83,8:) e {23}, (1.53)

4m?

with B]% =1- m—{ We have to set N. = 3 for the decay to quarks and N. = 1 for the

decay to charged leptons. Note that at the production threshold the decay of a CP-even

22
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boson is suppressed by a factor ﬁ]% with respect to that of a CP-odd boson. The reason is
that the parity of the ff state is P = (—1)"*! if the total angular momentum quantum
number is [. Thus, near threshold, a CP-odd boson will produce the ff pair in a 'S,
state whereas a CP-even boson produces the fermions in a 3P, state.

As already mentioned, we will set tan 3 ~ 1, so that the Yukawa couplings of the down
type quarks and leptons are much smaller than the SM Yukawa couplings, c.f. (1.51)
and (1.52). Then, for ¢ 3, only the decays ¢ 3 — ¢t will be relevant in this category.

The decay to gauge boson pairs ¢o3 — W W~ ZZ

The tree-level decay width is given by

4

Vv miy my .
F(Qb] — VV) = N 1(;71'1}2 m; BV (1 — 4@ + 127724) , J € {2, 3},

: : (1.54)

with By = /1 — 4;25’ and V = W= or V = Z. The tree-level coupling is given by
J

fivv = (cosBRji +sinfRj2) , j€{2,3}.

We have to adjust the symmetry factor N = 1 for the decay to W W~ and N = %
for the decay to ZZ. Note again that there are two disctinct ways in which this decay
can be suppressed: either the decaying heavy Higgs boson ¢; has only a small CP-even
component, so that R;; and R, are both small, or the couplings of the light Higgs boson
¢1 to gauge boson pairs are very close to the SM values. In that case the suppression of
the ¢93VV couplings follows from the sum rule (1.39).

If the decays to gauge bosons are not suppressed then the total widths I'y 3 will increase,

which leads to a reduced branching fraction Br(¢s 3 — tt). Signals in top observables,
for instance the tt mass spectrum, will then be diminished considerably.

The decay ¢273 — leZ

The tree-level width for the decay of a heavy Higgs boson to a light Higgs ¢; and a Z
boson is given by

2 A(m2.m2.m2)5
F(qb] N ¢1Z) _ VA (mj;méng)Q ’ ]G {2’3}7 (155)

16702 m;

with the tree-level coupling
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firnz = (—=sinfRy; +cosfRis)Rjs —(j < 1) , je€{2,3}

The function \(z,y,z) is defined as

Nzy,z) = 22 4+9y° + 2% — 2wz — 2wy — 22

In the CP-conserving scenario where we set ap = a3 = 0 in (1.33), the neutral boson ¢,
will be purely CP-even and ¢3 CP-odd. Since Ry3 = 0 in this case, we find

D(py = $:2) £ 0.

The decay ¢2,3 — ¢1¢1

The decay to a pair of light scalars ¢; — ¢1¢; is possible if m; > 2m,. The tree-level
decay width is

2

[(¢; = drn) = -0 je{2,3). (1.56)

32 m;’

The trilinear neutral Higgs coupling f;11 takes a quite complicated form in the general
type-II 2HDM and is derived in (A.13).

The decay ¢35 — gg

This decay is induced at leading order by a top-quark loop. The contribution of the
bottom quark is rather small in the case tan § ~ 1 which is considered here. The leading
order decay width is given by the squared matrix element (3.41) for the process gg — ¢,
only the spin average factor and the ¢ — tt decay part have to be removed. Adding
appropriate flux and phase space factors one obtains

1 CpCy [ag\?
Mo =00 = goyer (7)) (FF+17E). (1.57)
J

where the form factors F;, will be defined in (2.10). The colour factors are Cy = N,

N2-1
and Cp = N where N, = 3.
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The decays ¢23 — vy and ¢y3 — Zy

The loop-mediated decay ¢; — 7y provided the signal for the discovery of the 125 GeV
boson at the LHC, although the branching fraction is several orders of magnitude smaller
than those of ¢; — W*HW~,ZZ and ¢; — bb [34]. One reason for that suppression is
the destructive interference of fermion and gauge boson loops that contribute to the
leading order decay amplitude. For large Higgs masses m; the leading order decay width
decreases as I'(¢; — vy) ~ m;'. The same applies for ¢; — Z~ so that both channels
can be safely neglected in the computation of the decay widths of heavy neutral Higgs
bosons.

Radiative corrections

The C++ code 2HDMC [46] can be used to compute decay widths within the general
CP-conserving 2HDM. The program includes all the above mentioned two-body decays
as well as the three-body decays ¢; — V*V — ffV for one off-shell gauge boson. It
can also be used to check the tree-level stability, perturbativity and unitarity relations
for a given set of parameters. Additionally, the NNLO QCD corrections to the processes
¢; — ff and ¢; — gg in the large m, limit are included.

Since we also consider CP-violating scenarios, the 2HDMC results can not be used
directly. But as can be seen from (1.53), which can be put in the form

F(¢]_>ff) = a?”,jf‘(Hj_)ff>+bf”,jf‘(Aj_>ff)7

the interference of CP-even and CP-odd components, H; and A; respectively, of the Higgs
boson ¢; do not contribute to the total decay width. Further, the QCD corrections to the
total widths can be expressed as a global factor [46]. Thus one can add the corresponding
partial widths obtained with 2HDMC and reweight them with the reduced Higgs-fermion
couplings in the following way:

L(¢— ff) = C%ir?HDMC (H — ff) +%F2HDMC (A= £f).

In this equation, ay and l;f are the reduced Yukawa coupling for mass degenerate CP-
even and CP-odd Higgs bosons used in 2HDMC®, whereas a;; and by, are the reduced
Yukawa couplings of the Higgs boson ¢; obtained via (1.48). One can proceed similarly
to calculate the NNLO QCD width for ¢; — gg for the general CP violating 2HDM.

In 2HDMC, a tree-level CP conserving 2HDM potential is assumed, i.e. the Yukawa couplings depend
only on tan 8 and the parameter sin (o« — ). The latter is related to the parameter o in our convention
by a = ag + 3.
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1. Introduction

1.3. The Higgs sector in the MSSM

In this section we want to discuss briefly the Higgs sector in the minimal supersymmetric
standard model (MSSM). This is interesting for our discussion because the MSSM Higgs
sector resembles a type-11 2HDM where the parameters of the Higgs potential are fixed in
terms of the gauge coupling parameters g and ¢’. Thorough reviews on supersymmetry
in general and the MSSM can be found in [9] and [8]. The phenomenology of the MSSM
Higgs sector is also covered in the book [34]. The MSSM Higgs sector comprises two
complex SU(2),, doublets which we will denote as

T T
1 ‘ 1 . ~
H, = (soi, 7 (v1 + 1 +%><1)> , Hy= (\/5 (v2 + 2 +Z>(z),<p2> . (1.58)

The assignment (1.58) allows to generate masses of up- and down-type quarks simultane-
ously without the introduction of a charge-conjugate doublet like (1.13), the appearance
of which would violate supersymmetry. Further, to avoid chiral anomalies it is neces-
sary that the hypercharges of the fermionic superpartners — introduced together with the
scalar doublets — obey >, ¥; = 0. For these reasons (1.58) is the minimal Higgs multiplet
structure for an anomaly-free supersymmetric theory with massive up- and down-type
quarks. The Higgs potential can be written as

V (Hi,Hy) = (uz - m%) |H,|? + (uQ - mg) | Hy|?* — {mg HT (ioyHy) + c.c.]

A A
+31|H1|4 + ;’H2|4 + Na|H1 [P| Ho|* + M| HY Ho|?.
(1.59)

The terms proportional to u? and \; derive from the superpotential, whereas the terms
proportional to m? were introduced together with a minimal set of softly supersymmetry-
breaking terms. The phase of m32 can be eliminated by a redefinition of the H;, thus we
can assume that all parameters are real. The quartic couplings in (1.59) are related to
the electroweak gauge couplings g and ¢’ as follows:

Cou=2L. (1.60)

After EWSB one finds the same physical Higgs spectrum as in the non-supersymmetric,
CP-conserving 2HDM, namely one charged Higgs boson and its antiparticle H* and
three neutral ones, two CP-even, denoted as h and H, and one CP-odd, denoted as
A. Tt turns out that the terms proportional to m? in (1.59) are necessary to have a
SU(2), x U(1)y breaking ground state, meaning that EWSB is triggered automatically
by the mechanism that also leads to SUSY breaking”.

However one has to adjust parameters such that the ground state does not break SU(3) or U(1)em.
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1.3. The Higgs sector in the MSSM

In the MSSM Higgs sector there remain only 2 free parameters after EWSB. For example
one could choose the mass of the pseudoscalar m 4 and tan 8. At tree level, the Higgs
masses and the angle «, describing the mixing of the two CP-even Higgs bosons, are
related via

mi = mi +m%v,
1
Mha = 5 [mi +my F \/(mi + m22)2 — 4m?m? cos? 2[3] ,
1 2 2
a = arctan< ’24+m22 t (26))
A~ mz

(1.61)

One important implication of (1.61) is that the tree-level mass my, is bounded from above
my, < mgzcos2f.

(1.62)

The radiative corrections to the light Higgs boson mass m; are dominated by top and
stop loops. Due to SUSY breaking the cancellation of these graphs is incomplete, leading
to a considerable positive shift

3 cos’a mg, M;
A(my,) —————log e
47 v?sin” 3 m;

Indentifying h with the recently discovered boson my, ~ 125 GeV this translates (together
with experimental limits on the stop masses) into limits on tan 3. Global fits to data
typically yield tan 5 > 5 within the constrained MSSM [47, 12].

The couplings to the gauge bosons and fermions are the same as in a CP-conserving
type-1I 2HDM with o = a3 = 0 and a; = « in (1.33) and the identification ¢; = h,
¢o = H and ¢3 = A. The constraint on tan § implies that the reduced top-quark Yukawa
coupling is suppressed and the bottom- and 7 couplings are enhanced. Thus within the
MSSM one would choose the bb and 77 decay modes to search for additional neutral
Higgs bosons.

Although the MSSM Higgs potential conserves CP at the tree-level, it should be noted
that a sizeable mixing of the CP eigenstates can be induced by loop-corrections involving
trilinear interactions of the Higgs bosons and third generation squarks [48], [49].
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2. Inclusive Higgs production in
proton-proton collisions

For the theoretical description of hard scattering reactions in high energy proton-proton
collisions one usually takes the simplified viewpoint of the so-called parton model, where
protons are modelled as being composed of massless partons, a collective term for quarks,
antiquarks and gluons, each carrying a momentum fraction z; and having negligible
transverse momentum with respect to the proton direction of flight. In a high energy
collision one parton from each proton enters the hard scattering process with momentum
p1 = x1P; and py = x5, respectively, where the proton momenta are denoted by P;
and P,. The hadronic and partonic center-of-mass energies, sp.q and s respectively,
are then related by s = x1225paa. The partonic cross-section 6, x (s, pp, g, os(pr)),
where pp and pg are the factorization and renormalization scale, can be computed in
perturbation theory!, whereas the information about the parton content of the proton
must be extracted from experimental data. This information is encoded in the parton
distribution functions (PDF) of the proton, labelled as f; ,(z;,u%) in the following. The
PDFs f;,(z;,u%) are the probability distribution functions for finding a parton of type i
with momentum fraction x; inside a proton when it is probed in a hard scattering reaction
at an energy scale ur. The x; dependence of these functions has to be measured at a fixed
energy scale g = po, then the dependence on pur can be computed in perturbative QCD.
The hadronic cross section o, x (Shad, b, ) can then be written as the incoherent
sum over all possible parton configurations weighted with the PDF f; ,(z;,u%) times the
corresponding partonic cross section. To be more specific, for the inclusive production
of a neutral Higgs boson ¢ in proton-proton collisions,

p(P) p(P2) — ¢+ X,

the relevant parton processes are

9(p1) 9(p2) = 0+ X, (2.1)
g(p1) qp2) w0+ X | q={u,d,s,c,b}, (2.2)
9(p1) qp2) = 0+ X q={u,d,s,¢c,b}, (2.3)
q(p1) a(p2) > 6+ X, (2.4)

where X denotes generically all possible additional final state particles. In the SM and
in the application to 2HDM with tan 5 ~ 1, (2.1) gives the dominant contribution [50],

L We will consider at this point only the perturbation expansion in the strong coupling o.
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2. Inclusive Higgs production in proton-proton collisions

whereas in the type-I1I 2HDM with large tan 5 the Higgs Yukawa couplings to down-type
quarks are enhanced and the production process (2.4) with ¢ = b becomes also important.
Summing over these sub-processes and all possible values of x; and x5 one obtains the
total hadronic cross-section for inclusive Higgs production

1 1
Oppsét X (Shad) = /del/o dwy Y fip(n,15) fip (w2, 07)
i

. A
X Gijsprx (8 prs piry as(pr)) + O < i§D> . (2.5)
F

As indicated, the factorization of the whole reaction into soft processes, encoded in the
PDFs f;,, and hard scattering, encoded in 6;;_,x, only holds up to corrections of order

AS% [51]. In high energy reactions with characteristic scales up > Agep ~ O(200)
F

MeV this can be regarded a good approximation. If (2.5) could be computed exactly, the
hadronic production cross section would be independent of the arbitrary scales upr and
ir. However, in practice, a dependence on pp and pp remains since the perturbation
series of 6, x (s, u%, as(p?)) is truncated at a certain order in as. Usually one identifies
the two scales up = pg = p in (2.5) and sets p to the characteristic energy scale of
the process, in this case the mass of the Higgs boson 1 = 119 ~ mg. The remaining
dependence on p is used to asses the theoretical uncertainty of the obtained results by
varying p around the characteristic scale, usually one varies within the interval given by
£ and 2.

The leading order term in the squared scattering amplitude corresponding to the process
(2.1) can be computed from the one-loop Feynman graph in Fig. 2.1 and is of O(a?).
The leading terms corresponding to the parton processes (2.2) - (2.4) on the other hand
are of O(a?). As already mentioned, in the particular case of (2.4) with ¢ = b this is
only true for tan 8 ~ 1 in the 2HDM. In the SM and 2HDM with tan 3 ~ 1, the main
contribution in (2.1) comes from a top-quark loop, only at lower values of m,, the effect
of the bottom quark is sizeable. In the intermediate mass range 2m;, < m, < 2m; the
two amplitudes interfere destructively?, therefore the bottom contribution reduces the
total cross-section up to 10% in case of the SM Higgs boson [52]. For the mass range
mg > 2m, that is most relevant for this project the contribution of the bottom-quark
loop is negligible in the SM and in our 2HDM scenarios.

Note the relative signs of the one-loop form factors given in Eq (2.10).
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[

Figure 2.1. — Leading order diagram for the production of a neutral scalar boson ¢ via gluon
fusion gg — @. In principle all quarks are present in the loop, in practice only the heavy

quarks are relevant because the qq¢ Yukawa couplings are proportional to their masses, y;
m;
L

Since the SM Higgs Yukawa couplings to the fermions are proportional to the fermion
masses y; = " the one-loop amplitude corresponding to (2.1) exhibits the following
behaviour in the small and large quark mass limits [34]:

Y 0, —ﬁq <1, (26)
— 2 2.6
9979 const X %, —Qr;nq > 1,
#

This lead to the idea to neglect the lighter quarks completely and write down an effective
vertex for the coupling of the Higgs to gluons, which is strictly valid only in the limit
% — oo. This simplifies significantly the calculation of the QCD radiative corrections

to the process (2.1), which turn out to be very important, increasing the rate by up to
100% at the LHC at NLO and further by up to 25% at NNLO [27]. Already some time
ago the NLO corrections have been calculated exactly [22],[21], meaning that the full top-
and bottom-quark mass dependence is included. More recent calculations include the
NNLO corrections in the large m, limit [23],[24] as well as some electroweak corrections
26],[53]. Comparing exact NLO results with the effective approximation [20] shows that
the latter works very well for lighter Higgs bosons. In the following section the leading
order effective gluon-Higgs couplings will be derived. Subsequently the validity of the
effective approach will be tested numerically for the case of heavy neutral Higgs bosons
which is most relevant for main part of this thesis.
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2. Inclusive Higgs production in proton-proton collisions

2.1. Higgs-gluon coupling in the large m; limit

Applying the Feynman rules in App. A to the diagram in Fig. 2.1 one obtains the leading
order amplitude for the production of a single Higgs boson ¢ with undefined CP via gluon
fusion,

Mgg%d) — _i%éalfh |:FS <2p?2p§1 _ gmp2> + JT_‘P ENV'OWQM , (27)
27 S S
where p; and py are the momenta of the incoming gluons, py, ps and ay, as the corre-
sponding Lorentz and colour indices, and s = (p;+p2)? = mg, the partonic center-of-mass
energy. The model-dependent scalar and pseudoscalar form factors are given within the
SM with 3 quark generations by?

QN

ag ((s — 4m?) Co[,0,0; m2,m2,m?] — 2).

1
SERSE

RN

S22 2
by 5 Co[s,0,0; my,my,my],

L~
[
R
=

(2.8)

where the contributions of the first and second generation quarks have been neglected
in the sums. a, and b, are the reduced scalar and pseudoscalar couplings of the heavy
quarks to the Higgs boson ¢, c.f. (1.48). The scalar 3-point function Cy|s,0,0; mg,mg,mg]
is finite as long as m, > 0 and can be expressed in the compact form

2
—2 {arcsin (ﬁ)} . 0<s<4m?,
s 2myq q

00[57070; m§7m27m2] = 1 1484 .12 2
5 [ln (I—Bq) — m} , Amg <s,

(2.9)

m2 . . .
where 53 =1- 4Tq. In the limit m; — oo, where all other quarks are considered massless,
only the top-quark loop contributes in (2.8) and one can expand (2.9) in -%; < 1, which
yields

S
—
my

2 3
o\ s s s

_ o).

arest <2mt> 4m? + 48ms * (m?)

For m; > ? in (2.9) the leading term of the expansion of the form factors (2.8) has the
form

3 In the MSSM also squark contributions must be taken into account.
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2.1. Higgs-gluon coupling in the large m; limit

Fs = _%§+0< ),
Fp M= —f}t;—l—@(mt_Q).

(2.10)

Thus the leading order Higgs-gluon coupling in the large m; limit can be written as

- = i () (g — g7 prps) — 2 @]

with
(o) _ At
B 19
0) by
—— 2.11
fa 160 (2.11)

In general, this result as well as the Feynman rule (A.10) can be derived from the
Lagrangian
Lo = fuGLIGl 0+ fae™ GGl 0,

which encodes the effective scalar and pseudoscalar couplings of the physical Higgs boson
¢ to the gluon field strength tensor G*¥. The effective coupling constants

fH/A = f/A+< ) fH/A+

are then obtained by matching the effective theory order by order in ay to the exact
result. The next-to-leading order effective Higgs-gluon couplings (in the M.S scheme)
were derived in [23] and [54]:

n _ (47T)€at<11 ﬁo)
H )

I'(e) 120 \ 4 €
4)° by B
(1) ¢ Po
= — 2.12
A ['(e) 16v €’ (2.12)

where 3y = i (11 — %N f) and € = 4%‘1. This effective approach can easily be generalized
to models with more than one neutral Higgs boson and will be applied also in the main

part of this thesis.
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2. Inclusive Higgs production in proton-proton collisions

2.2. Numerical results and comparison

In this section the numerical results for the inclusive production of a Higgs boson ¢ = H
with SM couplings,

at:1,bt:0,ab:1,bb20,

will be presented. The radiative QCD corrections through next-to-leading order in as
obtained in the large m; limit are included. The results are compared to the best pertur-
bative predictions available in the literature in a wide mass range from my = 100 GeV
to 1 TeV. This serves as a benchmark for the validity of the large m,; approximation for
Higgs masses above the ¢t threshold my > 350 GeV. In the following, the Higgs-gluon
vertex with full top-quark and bottom-quark dependence will be denoted with a shaded
circle

— =3 >--. (2.13)

whereas the effective Higgs-gluon vertex will be denoted with a big dot

The latter will be used for the computation of the virtual and real corrections. The
partonic cross-section for the gluon fusion process is obtained by adding all these contri-
butions, schematically

OggmrHX X - | +2Re —| --- + - | (214)

Although not mentioned explicitly, the corrections from the processes qg — Hg and
qq — Hq are included in the computation. In the following this standard setup will be
compared numerically to the cross-section obtained when the radiative corrections are
rescaled by a global K-factor, schematically

34



2.2. Numerical results and comparison

2 2

(2.15)

which is given by the ratio of the full leading-order Higgs-gluon vertex and the effective
vertex,

_ |Fs|” + | Fpl”
© O 1emy, (\fﬁ?)f +4 \fﬁo)f)

. (2.16)

KQ(mHamhmbaataab) -

This approximation method was proposed and tested first in [55]. The contributions
Ogg—Hg a0d 0gg,my are treated similarly. The complex one-loop form factors Fg and
F, were already given in (2.8). For on-shell Higgs production, the factor K% does not
depend on the phase-space, only on the masses and couplings of the involved particles.

To summarize, the following setup is used for the computation of the total inclusive
Higgs production cross section:

The renormalization and factorization scale are set to ur = pr = " following the
approach in [53] to emulate soft gluon resummation [25].

The strong coupling a®) (1) Tuns with 5 active flavours from a(® (my) = 0.118001
(mz = 91.1876 GeV) to the respective scale jp = .

The top-quark mass is set to the most recent world average m; = 173.34 GeV [10].
This value is taken to be the top mass in the on-shell scheme.

For the bottom-quark the MS running mass is used with the reference value my,(7,) =

4.213 GeV

05(5) 33—2ny
mb(ﬂ) = mb(mb) (O[(;)((TZZ)> s ny = 5.

Only the top-quark contributes to the effective Higgs-gluon coupling, the SM values
a; = 1 and by = 0 are used .

The CT10 NLO PDF set [56] is used to obtain the total hadronic cross sections at
/Shad = 7 TeV and /spaq = 14 TeV.
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2. Inclusive Higgs production in proton-proton collisions

The computation of Anastasiou, et. al. (ABPS) [53], to which the results will be com-
pared, uses the following setup:

e QCD effects through NLO are computed exactly, including the full dependence on
top and bottom quark.

e The NNLO QCD corrections are obtained in the large m; limit.

e Some mixed electroweak/QCD corrections (using an effective Lagrangian valid for
mp < my ) are included, see [53] for details.

e Renormalization and factorization scale are set to ur = pur = = .
e The top-quark mass is set to m; = 170.9 GeV .

e For the bottom-quark the MS running mass is used with the reference value

(10 GeV) = 3.609 GeV. (2.17)

The MSTW2008 NNLO PDFs [57] are used to obtain the total hadronic cross
section.

In [26] one can find another set of NNLO predictions for inclusive Higgs production. It
turns out that the results are very similar to the ABPS computation, see [27] for an
overview. In tables (2.1) and (2.2) one can find the numerical results of my computation
for inclusive Higgs production at NLO for \/syaq = 7 TeV and /sy.q = 14 TeV, re-
spectively, using the approximation described above. These are compared to the ABPS
results, showing that the rescaling with the effective K-factor (2.16) leads to an agreement
of my results and the NNLO computation to better than 10% for 450 GeV < mpy < 1 TeV
at \/Shad = 7 TeV and /Sp.a = 14 TeV, c.f. also the plot (2.2) for the latter case. The
scale dependence of the ABPS computation is not sown explicitly. It is below 10%, see
[53] and [27] for details. In Figs. 2.3 and 2.4 the individual parton level contributions (for
V/5had. = 14 TeV) to my complete NLO result are shown without and with the effective
K-factor, respectively. It can be expected that my computation is also compatible with
the ’exact’ NNLO computation whithin the 2HDM with tan 5 ~ 1 where the top-quark
loops, too, are by far the dominant contributions to the effective gluon Higgs couplings.

In [58] a study was made for distributions of the parton process gg — ¢ggg computed
both in the effective Lagrangain approximation and exactly (at LO), within 2HDM. The
conclusion was that in the small tan 5 region the effective Lagrangain approximation gives
accurate results for invariant mass distributions as well as Pi* distributions if Pi** < 200
GeV. We shall apply the effective K-factor approximation in the following sections to
type-1I 2HDM with tan 8 ~ 1, where — according to the studies above — the K-factor
method should provide a reasonably accurate approximation. We emphasize that we
are primarily interested in the contributions to distributions of heavy Higgs bosons with
masses below 1 TeV relative to the NLO SM distributions in the resonance region.
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2.2. Numerical results and comparison

Table 2.1. — Inclusive Higgs production cross section pp — H + X for \/spaq = 7 TeV and
UR = pF = 1 = L.

mu (GeV ] || owor [pD] | o7, [PD] || o> [pb]
100 19.26 18.63 24.81
125 12.31 12.24 15.74
150 8.36 8.52 10.79
200 4.40 4.73 5.36
250 2.63 3.02 3.37
300 1.76 2.20 2.45
320 1.56 2.03 2.28
340 1.44 1.98 2.25
360 1.43 2.14 2.44
380 1.34 2.08 2.31
400 1.19 1.87 2.05
450 0.814 1.28 1.35
200 0.533 0.810 0.844
550 0.348 0.509 0.522
600 0.230 0.321 0.325
700 0.105 0.132 0.131
800 0.0518 0.0576 0.0850
900 0.0271 0.0265 0.0253
1000 0.0149 0.0127 0.0119
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2. Inclusive Higgs production in proton-proton collisions

Table 2.2. — Inclusive Higgs production cross section pp — H + X for /Snaq = 14 TeV and

my

HR = HFp = = —5~.

mu [GeV ] || ovor [pD] | o35, [pb] || o [pb]
100 96.09 54.19 76.07
125 38.60 38.34 51.47
150 27.92 28.45 37.43
200 16.45 17.70 20.64
250 10.91 12.47 14.23
300 8.00 9.92 11.28
320 7.32 9.51 10.81
340 6.96 9.58 11.00
360 7.20 10.70 12.30
380 6.95 10.73 12.01
400 6.39 9.99 10.98
450 4.70 7.31 7.81
500 3.31 5.01 5.24
550 2.31 3.38 3.48
600 1.63 2.28 2.32
700 0.855 1.07 1.07
800 0.477 0.530 0.525
900 0.282 0.276 0.270
1000 0.175 0.150 0.146
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2.2. Numerical results and comparison

----- ABPS: NLO + NNLO (eff.) + EW
------ NLO (eff.)

0-pp - H+X [pb]

NLO (eff.), rescaled §

10—1||||||||||||||||||||||||||||||||||||||||||||||
100 200 300 400 500 600 700 800 900 1000

my, [GeV]

Figure 2.2. — Comparison of the two NLO (effectve) calculations with NNLO results from [53]
for \/shad = 14 TeV and pr = pr = p = “§&. The effect of scale variation between
TH < p < mpg is indicated by the shaded band.
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2. Inclusive Higgs production in proton-proton collisions
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Figure 2.3. — NLO (effective) total Higgs production cross-section obtained via (2.14) for
VShad = 14 TeV and pp = pr = p = =f. The three parton subprocesses contributing
with dnro(ij) to the total cross-section are depicted separately (oxpo = oo+ Y. onro(ij)).
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2.2. Numerical results and comparison

i)
JE 1 B LO
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Figure 2.4. — NLO (effective) total Higgs production cross-section obtained via (2.15) for
Vhad = 14 TeV and pr = prp = p = . The three NLO contributions K dnpo(ij)
have been rescaled with the factor (2.16).
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3. Top-quark pair production in
proton-proton collisions

In this chapter we will study the inclusive production of top-quark pairs in proton proton
collisions and their decay to two leptons and b-jets

pp — tt_—|—X — l+Vlb+l/_l7[/B—|—X7 (31)

or one lepton and jets

pp — tt+X — ITyb+qib+ X, (3.2)

including effects of heavy, neutral Higgs bosons with undefined CP in the s-channel. In
(3.1) and (3.2), the letter X denotes generically all additional final state particles. Since
the top-quark width is much smaller than the mass, 7% ~ O(1%), it is reasonable to
work in the narrow width approximation and split the whole process into the production
of tt pairs in an arbitrary spin configuration and their subsequent decay. This is achieved

by the replacement

1

%
(2 —m2)* 4+ I2m? Lymy

0 (q2 - m?) )

in the full, squared matrix element. It was shown in [59] that non-factorizable corrections

connecting production and decay phase are of O (%) and can thus be neglected. Since
the top-quark spin can be analyzed via its decay products we will keep the full top-spin
dependence in the calculation of the cross-section for the process

pp — t(ki,s1)t(ka,s0) + X, (3.3)

where ki, ko denote the top and antitop quark 4-momenta, and s;, ss the top and antitop
quark spin 4-vectors which obey s? = —1 and s;.k; = 0.
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3. Top-quark pair production in proton-proton collisions

g t g t q t
Q00000000 ———
A
000000000/ ——— _ _ _
9 t 9 t q t

Figure 3.1. — Leading order QCD Feynman diagrams for tt production in hadron-hadron
collisions.

Analogously to (2.5), the hadronic cross section can be written as the incoherent sum
over all underlying parton cross sections &, x:

1 1
Upp—)tf—&-X(shad) - /0 dxl/o dx2 Z fi,p(xlauQ)fj,p(x%uz) a-ij—>tf+X (SaMQaa/S(H’Q))

%,J

+0O (Ai§D> . (3.4)

In (3.4) we set ur = pur = p. The usual choice for ¢ production would be u = my
but in this project we will tie the scale to the masses of the considered Higgs resonances
= %. The factor % is motivated by results from inclusive Higgs production, where it
reproduces the resummation of soft gluon contributions, c.f. Sec. 2. The parton processes
contributing to the reaction (3.3) are

9(p1) 9(p2) =t (ki,s1) t(kas2) + X, (3.5)
9(p1) a(p2) — t (k1.s1) t(kas2) + X, q € {u,d,s,c,b}, (3.6)
g(p1) @(p2) — t (k1,s1) t(k2s2) + X q € {u,d,5,¢,b}, (3.7)
q(p1) @(p2) — t(ki,51) t (ko,s0) + X (3.8)

At proton-proton colliders like the LHC, the dominant parton process is the gluon fusion
(3.9). The two Feynman diagrams contributing at O (a?) to the partonic cross section
are depicted in Fig. 3.1 in the left and center pane. The quark-antiquark annihilation
process (3.12) also contributes at O (a?) with the Feynman graph depicted in the right
pane of Fig. 3.1. However, in the case of proton-proton collisions this latter process
receives a suppression from the (anti-) quark PDF which becomes stronger with higher
hadronic center-of-mass energy. During the |/sh.q = 8 TeV run at the LHC nearly 90%
of all top-quark pairs were produced via gluon fusion (3.9), whereas quark-antiquark
annihilation (3.12) amounted to only 10%, [12]. The remaining parton processes, (3.10)
and (3.11), contribute at O (a?) to the cross section and will be taken into account as
part of the real QCD corrections to the process pp — tt + X in Sec. 3.5.
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To summarize, the perturbation expansion of the parton scattering amplitudes through
next-to-leading order QCD involves the tree-level (O (a!)) and one-loop (O (o)) graphs
corresponding to the parton processes

9(p1) 9(p2) = t (k1,81) t(koys2)
q(p1) q(p2) — t(k1,s1) t(kays2)

and the tree-level (O (g3)) graphs corresponding to the reactions

9(p1) g(p2) — t (ki,s1) t(ka,52) +g(p3) (3.9)
q(p1) g(p2) — t (k1,81) t (ka,s2) + q(p3) q € {u,d,s,c,b}, (3.10)
q(p1) g(p2) — t(k1,s1) t(ka,s2) +G(ps) q € {u,d,s,c,b}, (3.11)
qa(p1) q(p2) — t (k1,51) € (ka,s2) + g(p3) (3.12)

In the following we will assume that the SM particle spectrum is extended by one or
more heavy, neutral, colourless spin-0 bosons, generically denoted as ¢;, which couple
preferably to the top-quark. Their masses m; lie above the ¢ threshold, so that on top
of the QCD processes discussed above, resonant production of ¢t pairs is possible:

pp — ¢ — tt+ X. (3.13)

The CP properties of ¢; are not fixed so that both couplings to the scalar and pseudoscalar
top-antitop current have to be taken into account, c.f. (1.46). We will further assume
that its decays to gauge bosons ¢; — WHW =, ZZ and to the third generation down-
type fermions ¢; — bb, 77 are suppressed, so that the total width is given to a good
approximation by

FEOt ~ Fz(gb — ti)

Only under these conditions a signal of the resonances could be visible in observables
like the ¢ invariant mass spectrum on top of the large irreducible QCD background. Up
to these specifications, the setup of the computation is kept generic, only the reduced
Yukawa couplings a;;, b;; as well as the masses m; and widths I'; of each neutral Higgs
boson have to be specified. Thus, the computation can in principle be applied to all
physical models that provide scenarios which are compatible with the requirements stated
above. For the purpose of this project we will compute the widths I'{°" and couplings in
Sec. 3.7.1 for the type-II 2HDM, which has been discussed in Sec. 1.2.
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3. Top-quark pair production in proton-proton collisions

The couplings of the Higgs bosons ¢; to gluons, denoted with the shaded circle in the left
pane of (3.2), are induced at leading order by top- and bottom-quark loops as discussed
in Sec. 2. Regarding the radiative QCD corrections to the process (3.13), we will content
ourselves with the large m; approximation which has been discussed in Sec. 2.1 and
applied in the computation of inclusive SM Higgs production in Sec. 2.2. There we could
show that the large m; approximation yields reasonable results also for heavy Higgs
bosons with masses above the ¢t threshold, so that it can be assumed that it gives a
good estimate of the size of the radiative QCD corrections in this computation.

The parton scattering amplitudes receive several new contributions from resonant heavy
Higgs production. We have to consider

9(p1) 9(p2) = ¢ = t (k1,51) € (Ka,s2) + g(p3), (3.14)
g(p1) q(p2) — ¢i +qlps) = t(ki,s1) t (ka,s2) +q(p3), q € {u,d,s,c,b}, (3.15)
9(p1) @(p2) = ¢i+G(ps) =t (k1,s1) t(ko,s2) +@(ps) 4 € {1, d, 5, b}, (3.16)
q(p1) q(p2) = ¢ = t (k,51) € (Kay52) + g(ps) (3.17)
q(p1) 4(p2) — &i+9(ps) — t(k1,51) € (k2,50) + g(ps3) (3.18)

As mentioned above, we consider scenarios where the couplings of the heavy neutral
Higgs bosons to the gauge bosons are suppressed. Thus, the electroweak production
mechanisms do not play an important role in this setup. Otherwise, in particular the
vector boson fusion would become very important for the production of heavy, CP-even
Higgs bosons [12]. The contributions from gluon fusion and quark-antiquark annihilation
to the parton scattering amplitude enter the computation at leading order whereas the
processes (3.14) — (3.18) contribute initially to the next-to-leading order real radiation
corrections. The leading order contribution to the quark-antiquark annihilation process
(3.18) and (3.17) is depicted in Fig. 3.2 in the right pane. These diagrams, however, are
suppressed by a factor ¢ so that they can be neglected in the calculation. The same
applies for all one-loop graphs featuring a qg¢; vertex. The interferences of resonant
¢; production (3.13) and the QCD processes (3.3) are crucial in the calculation. These
interference terms cause a distinct peak-dip structure in the ¢¢ invariant mass spectrum
and other observables [13, 14].

3.1. QCD parton cross sections at next-to-leading order

For the computation of the NLO QCD corrections to the processes discussed above we

will apply the dipole subtraction method described in [60, 61] to handle the infrared and

collinear (IR) singularities appearing in the real and virtual corrections. A set of counter

terms will be constructed to render the real corrections integrable over the full 2 — 3

phase space. The d-dimensional, integrated version of these counter terms will be added

back to the virtual corrections to cancel all remaining IR divergences, which appear as
i-d

poles in the parameter ¢ = 5% in dimensional regularization. Schematically the NLO

contribution to the partonic cross sections can be written as
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3.1. QCD parton cross sections at next-to-leading order

Figure 3.2. — Leading order contributions to top-pair production with intermediate scalar ¢ bo-
son. Since the ¢; couplings to fermions are proportional to the fermion masses, the con-
tribution from the annihilation of light quark-antiquark pairs depicted in the right pane is
negligible in the SM or in models with tan § ~ 1.

= [y | S s B
NLO s dq)2—>2 d(I)2—>2 =

- do®
+ / d / i, > — B @ [P(2) + K(2)],
dq)2—>2

do_ab ddab
dd R B ; 1
+/ 243 [d%_{; > 0Dy 5 ®Vdp] ; (3.19)

where the phase spaces for 2 — 2 and 2 — 3 reactions are defined as

&3k
APy, H m (2m) 5(4)( p1+ ps — Ky — k)
~ 16 2
167T by, (3.20)
and
d3E' d3ﬁ3
dd = i 2)45@) ke
o il_ll,Q (27T>32Ez (27T)32E3 ( 7T) (pl + po 1 2 p3)
1 1 /{3*
NG |p3| Q23 dmas — - it 5 A9, (3.21)

2¢/s (2m)°

respectively. In (3.20) we used s = (p; + p2)?, B = /1 — % and y = cosf; denotes
the cosine of the top-quark scattering angle defined in the initial parton zero-momentum

frame with respect to the z-axis which is aligned to the beam direction. In (3.21) we
used

Mg = \/S12 = 1/ (k1 + k2)2,
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3. Top-quark pair production in proton-proton collisions

and €23 denotes the solid angle of the parton with momentum ps, the gluon in this case,
defined in the initial parton zero-momentum frame. The quantities k£ and d€2} denote the
3-momentum and solid angle of the top-quark defined in the ¢t zero-momentum frame.

The set of integrated counter terms in (3.19) is already decomposed into terms con-
structed from the universal I, P and K operators. The first contains the part of the IR
divergencies which is cancelled against the virtual corrections, whereas P and K consti-
tute the finite remainder of the initial state collinear counter terms. The divergent part
of the latter is absorbed in a redefinition of the PDFs. The integrated and unintegrated
dipoles will be addressed again in the following sections where real and virtual corrections
are discussed.

3.2. Top-quark decay modes

The top- and anti-top quarks can not be detected directly in experiments, thus their de-
cays have to be taken into account to construct realistic observables or apply kinematical
cuts. Here we will consider the dominant decay modes. Within the SM almost 100% of
the top and antitop quarks decay via

t(/ﬁ,sl) —
t —

W+ 4+,
t(k’Q,SQ) W_ + b

(3.22)

The intermediate W bosons subsequently decay either leptonically or hadronically

Wi — liyl 9 qq/ 3 Q7q/ c {U’7 d7 S,C}.

Since the decay W+ — tb is kinematically not allowed one counts in total 9 possible final
states for the decay of either top or anti-top quark. A tt pair can thus decay into 81
different final states. In the following we will refer to the decays

tt — 1Ty +ud/cs + bb,
tt — 17y 4 ud/cs + bb,

with [ = {e, u} as the single-lepton channels. The decays W* — 751, are not considered
here since the detection of the 7 lepton is rather difficult. The branching ratio is to a
good approximation Br(tt — 11) = 2 &~ 30%. The double-lepton channels involve the
decays

tt — 1Tv,+ 1"y + bb,
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3.2. Top-quark decay modes

with [,I" = {e, u}, the branching ratio is Br(tt — 2I) = gil ~ 5%. Thus, as long as
only spin-independent observables at the tt level are considered, the decays of top and
anti-top are taken into account by multiplying with the respective branching fractions for

either single-lepton or the double-lepton channel. Below we take these branching ratios
at NLO QCD into account.

In the following we will consider type-II 2HDM extensions of the SM, where flavour
changing neutral Higgs interactions are absent at tree-level. Thus the decays

t = ¢i+q, qe{ud}

for m; < m; are loop-induced and thereby highly suppressed. Further, we will analyze
scenarios of the type-II 2HDM where the mass of the charged Higgs is much larger than
the top-mass, m+ > m,, so that the contribution

AN

to semileptonic and non-leptonic top-quark decays is negligible. As a result, the SM
description of top-quark decays is sufficient, also within the 2HDM scenarios that are
considered in the following.

3.2.1. Decay of polarized top-quarks
The one-particle inclusive decay density matrices for top or antitop quarks decaying to

charged fermions are given by

r
I+ = gi (14 kpe (G - 7)), (3.23)

where o0; are the Pauli matrices and G+ is the momentum direction of the charged final
state fermion f*, defined in the top or antitop restframe, respectively. For f* = I* we
have k= = 0.998 and ;, = —0.37 for b-jets at NLO QCD [62, 63].

If Re*=1X denotes the ¢t production density matrix for the parton reaction ab — tt + X,
then the parton cross section in the on-shell approximation for the intermediate top and
antitop quark can be written as

1 _
do = —d® Tr [FW@HM r—} ,
2s

where d® denotes the measure of the respective phase space.
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3. Top-quark pair production in proton-proton collisions

3.3. Description of Higgs resonances

The unstable particles which are involved in the reactions considered in this thesis are
the top quark, the weak gauge bosons, and the three neutral Higgs bosons of the 2HDM
extension of the SM. The charged Higgs boson does not play any role here — see the
2HDM scenarios considered in Sec. 3.7.1. While we take higher order QCD corrections
to ab — tt + X for ab € {g9,q9, 49, 99, 93, qq} as well as the ¢ and ¢ decay into account,
we emphasize that we incorporate the electroweak gauge boson and Yukawa interactions
only to leading order. This is important to keep in mind for the following discussion.

As argued above, the top quark can be treated in the narrow width approximation.
The Z boson appears in tt + X production as s-channel resonance only far off-shell,
Z* — tt + X. Hence its width can be safely neglected. The same statement applies to
the light Higgs boson ¢ with m; = 125 GeV'. The W¥ boson is resonantly produced in
t and t decay, respectively. As we work to lowest order in the weak gauge couplings this
can be taken into account by using the width 'y, in the W-boson propagator.

In the resonant production of the heavy Higgs bosons, ab — ¢35 — tt+X, the finite width
effects must be taken into account. The adequate method which respects gauge invariance
also with respect to higher-order electroweak corrections is the so-called complex mass
scheme [64, 65, 66]. Let us illustrate this method for the case at hand, using only one
¢. We consider the amplitude for the process ab — ¢ — tt + X, taking only factorizable
QCD corrections into account. The non-factorizable QCD corrections are analyzed in
Sec. 3.6.3. In the complex mass scheme the amplitude is of the form

1
2

Mij =8 (¢ ) iP(@) Sy (- )+ N, Pd)

where the complex mass parameter ui is the pole of the full ¢ propagator, i.e. the point
in the complex ¢* plane where the renormalized Higgs-boson self-energy I1(s) vanishes:

(p3) =0. (3.25)

The symbol N in Eq. (3.24) denotes the non-resonant contribution to the scattering
matrix element. The complex mass parameter must be used wherever the ¢ mass squared
occurs in the scattering amplitude. However, as we compute (3.24) only to lowest order
in the electroweak and Yukawa interactions, /Lé does not appear in the loops contributing
to S;; and Sy, but only in P(s). We parameterize

,ué =m? —iml. (3.26)

Let us now determine the meaning of m and I'. The relation between the renormalized
and bare Higgs-boson self-energy is to one-loop order in the electroweak and Yukawa
coulings:

We note in addition that the total width of ¢; is SM-like, i.e. very small in the 2HDM scenarios
considered below, I'y ~ 4 MeV.
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3.3. Description of Higgs resonances

M(g%) = To(q®) — 13 + (¢° — 13) 02, (3.27)

where Zy, = 1+ 02 is the complex Higgs wave-function renormalization constant and
6/@, is the complex mass counterterm. The relation between the real bare Higgs mass
squared, mg, and the complex renormalized mass squared pJ is

m§ = pl + p - (3.28)

The condition (3.25) is the complex-mass-scheme generalization of the usual on-shell
renormalization condition. Using (3.27) it implies that

Spuz, = Mo (pu3) -

Now we use the parameterization (3.26) and the relation (3.28), i.e. du = mg — p3.
Taking the real part of this relation shows that m can be interpreted as the on-shell
mass of ¢. Taking the imaginary part gives the equation

ml' = Im [Ho(m2 — @mf)} : (3.29)

which in general can be solved iteratively for I'. Expanding this relation around m, one
gets to one-loop order in the electroweak and Yukawa couplings [65]:

ml = Im [[To(m?)| = mI Re [ITj(m?)] , (3.30)

where the prime denotes the derivative with respect to ¢. Again, this equation may be
solved iteratively for I'. Because we work to lowest order in the electroweak and Yukawa
couplings we can neglect the second term in (3.30). Then I is the total ¢-boson width
in the usual on-shell scheme.

In summary we use (3.24) where y is determined by the on-shell mass and total width
of the respective Higgs boson ¢s, ¢3.
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3. Top-quark pair production in proton-proton collisions

3.4. Leading order matrix elements

At leading order in the strong coupling «y, the parton processes

9(p1) g(pa) — t (k1,51) t(Koys) 3.31)
q(p1) @(p2) — t (ki,81) t (ka,52) q € {u,d, s,c,b}, (3.32)
and
a(p1) g(p2) — & — t(ky,81) t(ka,89) , (3.33)
q(p1) @(p2) — & — t(ki,s1) t(ka,s0), q € {u,d,s,c,b}, (3.34)

contribute to the reaction (3.3). The resepective amplitudes are labelled as

MY = MFocp+ > ME,,
i=1,2

i=1,2

The contributions from resonant ¢ production via quark-antiquark annihilation in (3.35)
contain a factor ¢ < 1 and can be neglected. In the case ¢ = b this is only valid as long
as one avoids scenarios where one of the ¢; has an enhanced coupling to the b-quark.
The squared gluon fusion matrix element contains the following terms:

MEP = [MEoen| (3.36)
+ Y 2Re (M oepMES,) (3.37)
1=1,2 ,
+1> MY, (3.38)
i=1,2

The computation of the non-resonant QCD contribution (3.36) as well as |./\/qu‘77QCD|2
for ¢ € {u,d, s, c,b} including the next-to-leading order corrections have already been
accomplished [67, 68] and the results can be used for this project. Here we will be
concerned only with the interference terms of resonant t¢ production amplitudes with
the non-resonant QCD background (3.37) and the purely resonant contribution (3.38).
Note that due to the presence of two heavy neutral Higgs bosons in our 2HDM scenarios,
the sum (3.38) contains additional interference terms.
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3.4. Leading order matrix elements

3.4.1. The parton process gg — tt
Interference of non-resonant and resonant LO amplitudes

The interference of resonant ¢t production amplitudes with the non-resonant background
(3.37) is given at leading order by the first two Feynman diagrams in Fig. 3.1 and the
first one in Fig. 3.2. Applying the Feynman rules in Appendix A one gets the result

/ ) 9 al  my
> 2Re (M%?QCDMQBQ,@-) - Nz (1—-p32) v : {

(amﬂf Re(Fs;) + Re(Fp,) btﬁ-)
b (ks kg 1) 28”” (ars I (Fpy) — by Im(Fs))
— (81 82) (amﬂf Re(]:'sﬂ») — by Re(}:pﬂ-))
+ 6’“’“251823 (at,i Re(Fp;) + by Re(f"g,i))

+ (kl . 82)(1{22 . Sl)i (atﬂ- Re(ﬁs’i) - bt,i Re(ﬁp’i)) }
(3.39)

Here we summed and averaged over initial spin and colour states, which is indicated by
/

the symbol Z . To simplify the notation, the complex form factors Fg,; and Fp; defined

in Sec. 2.1 have been combined with the Higgs propagator,

Pis) = (3.40)

in the following way:

-;Es,i = P(s) Fsils),
Fpi

|
T
N
5

»

The quantities s, 3; and y are defined as in Eq. (3.20). In (3.39) the shorthand notation
ehikesisz — ¢ Ll'EY (s was used. In the following we will always use the convention
0123 _ 4
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3. Top-quark pair production in proton-proton collisions

Summing over all ¢t spin configurations only the first term in (3.39) remains with a factor
4.

> Z,2Re (Mgg ./\/lgg*) = 2 a, m; X
bacoMbé) = NT=T(= ) v

5182

4 (at,iﬁf Re(ﬁsﬂ') + Re(.ﬁp,i) bm) }

Squared resonant LO amplitudes

The squared resonant tt production amplitude for a single boson is computed by applying
the Feynman rules given in Appendix A to the first graph in Fig. 3.2. The result can be
written in the following form:

- 8(N21—1> (i)Q (1F5:(5)* + 1 Fpi(5)1?) [ P(8) K (kv a, 51, 52)
(3.41)

99
B7¢i

>

The function K; (ky,ks, s1,52) describes the decay ¢; — tt at tree-level and is given by

Ne (my\? 2 52 | 12 2 2 52
KiGhukagsiysn) = 55 (M00) {s(a?, 5+ ) + s, — a2 57)(s1 - )

+2(CL§7,L- — bi»(kﬁl . SQ)(kQ . 51) —+ 4at’ibt’i€k1’k2’sl’52}. (342)

If one sums over the final ¢t spin states this reduces to

N, /my\2
K (ki ko, s1,82) = (;) {4s (af 57 + b} ,)}-

S182 2

Additionally, the interference of two neutral Higgs bosons has to be computed:

! * 1 Qg 2
> 2Re (M, MES) = T ) (W>
x Re [(‘FSJ‘FEJ + FP,@‘.F;]-) Pij(S)Kij (kl,kg, S1, 82)} .
(3.43)

Here the abbreviation Pj(s) = P;(s) P;(s) was used. Note, that we do not encounter
interference terms proportional to Fs;Fp ;. This is due to the fact that the two Lorentz
structures in the full as well as the effective gg¢; vertices are orthogonal, c.f. (A.9). If
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3.4. Leading order matrix elements

only the top-quark coupling is taken into account in the one-loop gg¢; vertices, one has
Fsi = ay;Fs and Fp; = b, ; Fp so that

2

Fs

K
-7:3,1‘-7:5,]- = Q05

Y

~ |2
sk
‘FP,Z'-FPJ‘ - bt;ibt,j ’FP’ .

Eq. (3.43) then simplifies:

Z/QRe( woME) = 4(]\/21_1) <O:>2 [atviaw ’]35’2 + beibe ‘ﬁp‘z]

x Re [Pi;(s) Kij (k1,k2, 51, 52)] -
(3.44)

The complex function K;; (k1,ks, s1,52) in (3.43) and (3.44) describes the interference of
the two decays ¢; ; — tt at tree-level and is given by

N, /m;\?2
Kij (ky,ko, 81,82) = 2<Ut> {5<at,z‘at,jﬁf+bt,ibt,j)

—s (at,iat,jﬂf — by b j)(s1 - 82)
+2(at,iat,j — bt,ibt,j)(kl . 52)(k2 . 51)
+2(agiby j + ag ;be ;) hrkz,s1,82

2% my(agibey — agbes)(ky - $5 4+ ks - 31)} . (345)

If one sums over top and anti-top spins this reduces to

N, /m;\?2
S Kig Gk s1,s2) = 8 (M) s, B + buibug)}-

5182

Note that the first 4 terms in (3.45) have the same structure as in (3.42) and can be
obtained by simple substitutions: a7 ;,b7; — aziay,j, by and 2a; by ; — (agibyj+az ;).
Only the imaginary part in (3.45) is new.
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3. Top-quark pair production in proton-proton collisions

3.5. Real radiation corrections

The next-to-leading order real radiation corrections to the reaction (3.3) consist of the
squared tree-level matrix elements corresponding to the resonant parton processes (3.14)
— (3.18) and the interferences with the tree-level matrix elements corresponding to the
non-resonant processes (3.9) — (3.12). Of these, the processes with initial gg and gg
require special attention since the corresponding amplitudes exhibit divergences in the
phase space regions where the parton momentum p3 becomes soft or collinear with the
initial state parton momenta p; and ps. The Feynman graphs that represent the corre-
sponding amplitudes are:

MEocp = MBocpasr[Figs. 3.3] + ME oop v [Figs. 3.5]

+ ME e rsr [Figs. 3.4],

Hocp = [Figs.3.9],
Wocp = |Figs. 3.11,3.12],
R = oror [Figs. 3.6] + ME 1y [Figs. 3.7]
+ M%,, psr [Figs. 3.8],
M§{¢i = [Fig. 3.10(a)],
MHE, = [Fig. 3.10(b)] .

(3.46)

Again, we will focus here on the ocmputation of the squared resonant ¢; — tt production
matrix elements and their interferences with the non-resonant QCD background, i.e. we
are concerned with the last two terms of

M = |[MBaen| + X 2Re (M oepMEs) + . (3.47)

i=1,2

Z MCIL{@

i=1,2

where ab € {99, 99,49, 94, 9q,qq}. The first term in (3.47) is part of the computation
described in [67, 68].

Interference of non-resonant QCD background and resonant real emission

The interference terms Y,_; , 2 Re (M‘}{QCDM‘}%Z_) with ab € {99, q9, 49, 94, 93, q7} can
not be expressed in compact form, therefore no analytic expressions will be given here.
Nevertheless, to simplify the computation it is useful to discuss which interferences vanish
due to colour algebra. Therefore one should classify the relevant Feynman graphs due
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3.5. Real radiation corrections

to the colour state of the initial gg or ¢ and final ¢ pair, i.e. if either of them is in a
pure colour singlet or octet state. Interferences of pure singlet and octet states can then
directly be dropped from the computation. Table 3.1 gives an overview.

Table 3.1. — Characterization of real amplitudes according to the colour state of the initial gg
or final tt pair.

?EgQCD _
9w, ISR: Figs. 3.3(c), 3.3(d) tt octet
ISR, INT: Figs. 3.6, 3.7 | i singlet  ISR: Figs. 3.4(c), 3.4(d), 3.5(b) | gg octet
FSR: Figs. 3.8 gg singlet INT: Figs. 35(]3) ( ) tt octet
tt octet FSR: Figs. 3.4(c), 3.4(d) gg octet

Mng: i _ M%QCD

Fig. 3.10(a) | tt singlet Fig. 3.9(a) | tt octet

qRq:¢>i _ MRq CD _
Fig. 3.10(b) | tt singlet ISR, Figs. 3.11(a), 3.11(b) tt octet
INT, Fig. 3.11(c) tt octet

Similar arguments hold for the other parton processes, for example the non-resonant
QCD diagram 3.9(a) does not contribute to the interference >>,_;  2Re (M(ﬁQCD ?{;i)
because the ¢t pair is in a colour octet state, whereas in the resonant diagram 3.10(a) it
is in a colour singlet.

3.5.1. Higgs production in gluon-fusion

Real emission from the initial state

The squared resonant tt production amplitudes can be expressed in a rather compact
form. The analytic expressions will be presented here to emphasize again the additional
interference terms that occur in the computation with two or more neutral Higgs bosons.

The squared amplitude given by the Feynman graphs in Figs. 3.6 and 3.7 can be written
as

2| Pi(s12)]? Ki(K1,ka,s1,82) , (3.48)

/
Z |M%],¢i,ISR + M%@,INTP = |Mgg—>¢ig

where the first factor, which describes gluon radiation from the initial state, is given by

167T2CA Qg [(3+t+U)4—|—84—|—t4+u4]
T = N2_1( ) (I + 41 £ ™ . (3.49)

‘Mggﬁcbig
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3. Top-quark pair production in proton-proton collisions

Summation and averaging over initial spin and colour is indicated by ZI in (3.48). The
functions P;(s) and K;(ki,ks2,s1,52) that describe the propagation and decay of the Higgs
boson ¢; into a tt pair at tree-level were defined in Sec. 3.4. Note that here we consider
2 — 3 scattering so that syo = (ky+k2)? # s = (p1 +p2)? and one has to use 82 = 1— %
in K;(k1,ko,81,82), c.f. (3.42). Further, the definitions

t=(ks—p1)>, wu=(ks—p2) (3.50)

were used in (3.49). The soft (E35 — 0) and collinear (y3 — 1) divergences in (3.48)
become apparent if one expresses the denominator in (3.49) in terms of energies and
scattering angles:

1 4

stu  E3(1—y3) (14 ys3)s®

In this equation, E3 denotes the outgoing gluon energy and y3 = cos 3 the gluon scat-
tering angle in the initial parton zero-momentum frame with respect to the z-axis, which
is defined by the direction of p;.

Real emission from the final state

In the squared final gluon radiation amplitude

/
Y MY psrl? = Mg P 1Pi(s) P K psr(ki,ke.ps.s1,52) | (3.51)

the Higgs to tt decay form factor contains additional correlations of the top and anti-top
spins s; and sg with the gluon momentum ps,

Ki,FSR(klyk%pSaSl;SQ) = N[Ai + CO,i<k1 : 82)(k?2 : 81) + Cl,i<81 : 82) - C2,¢€(/€1,k2781,82)
+Cgvi(k1 . 82)(/€3 . 81) -+ C4,i(k2 . 81)(l€3 . 82) -+ C5,i(k3 . 81)(l€3 . 82)
—07,1‘6(]{?1,’?3,51,32) - CS,iE(k27k3731732)] .

(3.52)
The squared, leading order matrix element for Higgs production via gluon fusion,
Mol = 7 () (00 + 020) (3.53)
99 i N2 o 1 T N K3

[

can be extracted from (3.41) and the propagator |P;(s)|?

(3.40). The normalization factor in (3.52) is

has already been defined in
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3.5. Real radiation corrections

m2
1
= dmas(N? —1 3.54
N T ( ) <U2 ) 8/1233/223 ( )
Here the abbreviations
s = (k1 4 ko + k3)* = (p1 + p2)?,
Sig = s13—mi = (k1 + ks)®> —mi = 2k - ks,
5/23: 323_m?: (k‘2+k3)3—mf :2k2'k3,

were used. The soft singularity in (3.51) becomes apparent if one expresses the denomi-
nator of (3.54) in terms of the gluon energies and scattering angles:

1 1
o2 12

513593 P Ikl\ 2 z
(E E1E2(1 By 213)(1 — 22’23))

Es

Here F; and E5 denote the top and anti-top energies and z;3 = cosf3, 293 = €0s 03
are the angles between gluon and top or anti-top directions of flight in the initial parton
zero-momentum frame. One factor F3 ! will be compensated by the phase space integral,
but one can easily see that divergent terms remain.

The spin independent part in (3.52) is given by
1

A = 1 {5,135/23[5/23[(25,23 - 48)(a1%,i + bi )+ 16mt ay z] + 4(2mt )[4a?,im? - S(Gii + b?z)]]
+25/123[5l23[<23/23 - 25)(‘121' + b2 )+ 8a?,imt] - ths(at,i + bt,i) + 8a?,im?]
+2523513(at it b ) + 4m§5/223[4a?,im? - S(Gii + b?z)]} )

(3.55)

and the coefficients of the different spin structures are
Coi = _2(at2¢ - b?z) [mf(s’lg + 8h3)" — 35/135/23} ),
Cri = [at z(4mt - 3) + b ][mt (313 + 323) + 513503(813 + S5 — )],
cgi = 2m(syy + shy) [_a?,i(slw Sh3) + btz<813 + 523)} g
C44 = 2mf(s’13 + 3/23) [aii(s'w 23) + bt 1(313 + 523)} )
C55 = 2m?(aii + bt2,i)(5/13 + 553)°
Cri — 4m§at,ibt,i3/13(5/13 + 5/23) )
Cgi = —Amiagbyishy (s + sh) -
(3.56)
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3. Top-quark pair production in proton-proton collisions

Note that there are no interference terms M ;¢p M pgp because the ¢t pair is

produced in a colour singlet state in M¥’ ;¢ ;v and in a colour octet state in My pgp,
ct. (3.1).

Higgs interference terms

The Higgs-gluon couplings in the effective approximation are real, thus

Im (M99_>¢i9 ;g—>¢jg) =0,

and the ¢;, ¢; interference of initial and intermediate radiation diagrams reduces to

/ * *
> 2Re (M%q,qbi,ISR—&-INTM!;%g,(zu]-,ISR—HNT) = 2Re (Mgg—>¢igMgg~>¢jg)
x Re {Pij(k'l + kQ)QKij(k‘l,kz,Sl,Sz)] ;
(3.57)

where
1672C 4 [ as\® / .(0) (0 0) £(0
o (Ze) (508 + 45000)

X[(S~|—t+u)4+s4~|—t4+u4]
stu

Re (MQQH@QMZg%zﬁjg)

™

The complex functions P;;(s12) and K;;(ky,ks,51,52) were already defined in Sec. 3.4. In
the case of the final state radiation ¢;, ¢; interference terms,

/ * *
Z 2 Re (M%¢i,FSRM%¢j7FSR> - 2 Re (Mgg—)(]ﬁngg—)(ﬁj)
x Re |:Pij<k1 + k2)2Kij,FSR(k17k2ap3a51a32>} ;
(3.58)

where

* 2 Qg 2 0) #(0 0) (0
2Re (Mygss. M3y 0,) = 73 =1 (W) S (Fintiny + 41008

we have to compute in addition the imaginary part of the interference of the decays
¢i, ¢; — tt which now has the structure
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3.5. Real radiation corrections

Kijrsr(kika,ps,s1,52) = N[Aij + coj(kr - s2)(ka - 51) 4 c1,45(s1 - 82) — C2,ij€k1’k2’81’82
+cs45(k1 - s2) (ks - s1) + caij(ka - 1) (ks - 52)
+csij(ks - s1)(ks - s2) — 077ijek1’k3’51’82
+i (coi5 (k1 - s2 4 ka2 - 51) + C10,45(p3 - 51) + €11,i5(P3 - 52)) -
(3.59)

ka,k3,s51,82
— Cg e ]

The coefficients of the spin structures that were already present in (3.52), i.e. the real
part, can be obtained from (3.55) and (3.56) by simple substitutions:

2 2
Ay = A [am = Qi b — bt,ibt,j] ;
- . ]
Cogj = Coi|i; = Qi by — bribej|
L ) .
Clij = Cuil|Gi; = Qa5 , by — byibyj|
Coij = Co;l2ap:b; — apiby; + ar bl
~, ] ]
C3ij = C34|Qp; = Qeiayj, by, — byibe ),
s ) .
Cajj = Caj|Qi; = QiGej, by, = bribej|
2 2
Cs4i5 = Cs4 {at,i = argaeg, by, — bt,ibt,j] )
crij = C1il2a:b; — apiby; + aq bl
Csij = Csil2a4ibi; — apiby; + aijby] .

The imaginary part in (3.52) is given by

coij = (asibar — a2tb3t)mt[(4mt2 — s+ 5/13 + 5/23)5/135/23 + 2mf(5’123 + 5/223,)] )
c105; = (asby — a2tb3t)mt[2m§(sl123 + 3’223) + (4m? - 3)3/135/23 - S 3/223] )
Cl1,ij = (aztboy — a2tb3t)mt[2mf(5/123 + 3/223> + (4mt2 - 3)3/133,23 - 3/123] .

3.5.2. Higgs production in quark-gluon-fusion

The computation of the interference terms 3>, , 2Re (M‘}{QC DM?{ ;z) involves the non-
resonant Feynnman graphs depicted in Figs. 3.9(b) and 3.9(c) as well as the resonant
graph depicted in Fig. 3.10(a) and leads again to a rather long expression.

The squared amplitude corresponding to the process (3.15) for a single Higgs boson can
be written as

q9
R7¢i

>

|ng_>¢iq|2|‘Pj(812)|2Ki(klak2731a82>- (360)
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3. 'Top-quark pair production in proton-proton collisions

(c) (d)

Figure 3.3. — Tree-level Feynman graphs for the real radiation process gg — tt + g with gluon
radiation from the initial state. The corresponding amplitudes give rise to soft and collinear
divergences.

Note that the spin and colour averaging factor for a gg initial state, (4N.(N?) — 1)71,

is different from that of the gg initial state, ((2(N2—1))%)"". The correct factor is
always implicitly assumed in the notation Z,. Only one Feynman graph, depicted in
Fig. 3.10(a), contributes to this amplitude. The squared matrix element describing the
production process qg — ¢;q is given by

|ng—>¢>iq

8712 /ag\3 2 2\ 52+ u?
2 _ Xs (0) (0)
= % () ()" +a () =R
The interference terms of two Higgs bosons have the form
/ * *
Z 2Re ( (ﬁ@M?‘g%) = 2Re (ng_>¢i9ng—>¢iQ)
x Re [Pij(s12) K;j(k1,k2,51,82)]
(3.61)
with

s% 4+ u?

(=)

3
Re (MugoraaMigona) = - (o) (F8) +47000) (3.62)
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3.5. Real radiation corrections

() (d)

Figure 3.4. — Tree-level Feynman graphs for the real radiation process gg — tt+g with gluon ra-
diation from the final state. The corresponding amplitudes give rise only to soft divergences.

The functions P;;(s12) and K;;(k1,k2,51,52) are known from Sec. 3.4.
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3. 'Top-quark pair production in proton-proton collisions

Q00000000 ——
| 209990000/ M wiz
000000000/ ———
(b) (c)

(a)

Figure 3.5. — Tree-level Feynman graphs for the real radiation process gg — tt + g with gluon
radiation from internal lines or vertices. The corresponding amplitudes are IR finite.

(a) (b)
Figure 3.6. — Tree-level Feynman graphs for the real radiation process gg — ¢; +¢g — tt + g

with gluon radiation from the initial state. The corresponding amplitudes contain soft and
collinear divergences.

A

Figure 3.7. — Tree-level Feynman graphs for the real radiation process gg — ¢; +g — tt + g
with gluon radiation from an internal line or a ¢; vertexr. The corresponding amplitudes are
IR finite.
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3.5. Real radiation corrections

(a) (b)
Figure 3.8. — Tree-level Feynman graphs for the real radiation process gg — ¢; — tt+g. Gluon
radiation from the final state. The corresponding amplitudes give rise to soft divergences.

q q q
- ! - - - -
t Et t
t m&m&w?:t
(a) t

(b) ()

Figure 3.9. — Tree-level Feynman graphs for the real radiation process qg — tt + q. The corre-

sponding amplitudes are divergent in the phase space region where the outgoing light quark
s collinear with the initial state quark.

q
- -
q t
< | W
(a) t q (b) t
Figure 3.10. — Tree-level Feynman graphs for the real radiation processs qg — ¢; + q — tt + q
and q7 — ¢; + g — tt +g. The amplitude corresponding to 3.10(a) is divergent in the phase

space region where the outgoing light quark is collinear with the initial state quark, whereas
the amplitude corresponding to 3.10(b) is IR finite.
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3. Top-quark pair production in proton-proton collisions

3.5.3. Higgs production in quark-antiquark annihilation

In this category all Feynman graphs with tree-level qq¢; coupling are neglected. In the
case ¢ = b this is only permissible as long as one does not consider an extended Higgs
sector with enhanced coupling to the b-quark. As long as tan § ~ 1 within the type-
IT 2HDM, we need to consider only the resonant diagram 3.10(b) in the interference
terms >>;_; 52 Re (M%QC DMqR‘%;). The computation simplifies further since due to the
colour structure only the non-resonant diagrams depicted in Figs. 3.12(a) and 3.12(b)
contribute.

The squared amplitude corresponding to the processes (3.17) and (3.18) is again split
into production, propagation and decay of the Higgs bosons:

qq
qusv',

= [Mogoogl’|Pi(s12)|* Ki(k1,ka,51,59). (3.63)

5

The spin and colour averaging factor for a qq initial state is (4N62)_1. Only one Feyn-
man graph, depicted in Fig. 3.10(b), contributes to the amplitude. The squared matrix
element describing the production process, qq — ¢;g, is given by

‘qu’%qﬁig

b o (%) G () ()

the other parts are known from the previous sections. The Higgs interference terms have
the form

! q q * *
Z 2Re ( %@MQR({%) = 2Re (quﬂ@'g q6—>¢j9>
x Re [Bj(Slz)Kij(k1,k2,51,$2)} )

with

2 2
Re (MagsaMigos,) = 167 <O;r)3 ?\f <( O 4 a( 533)2) tiu

The functions P;j(s12) and K;;(k1,k2,51,52) are known from Sec. 3.4.
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3.5. Real radiation corrections

q (a) t q (b) £ q (c) t

Figure 3.11. — Tree-level Feynman graphs for the real radiation process qq — tt + g with gluon
radiation from the light initial state quarks and internal line. The amplitudes corresponding
to 3.11(a) and 3.11(b) are IR divergent, whereas 3.11(c) is finite. The divergences of the
former do not concern us here since the interference with the Higgs production amplitude
3.10(b) vanishes.

q (a) t q (b) t

Figure 3.12. — Tree-level Feynman graphs for the real radiation process qq — tt + g with
gluon radiation from the final state top-quarks. The corresponding amplitudes contain soft
divergences.
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3. Top-quark pair production in proton-proton collisions

3.5.4. The unintegrated dipole counter terms

As discussed in the last section, the squared matrix elements corresponding to the res-
onant processes (3.14), (3.15) and (3.16) as well the interference terms with the non-
resonant background are IR divergent. The following section gives an overview over the
dipole counter terms neccessary to subtract these divergences so that the result can be
integrated over the full 2 — 3 phase space (3.21).

Counter terms for the reaction g,g, — tt + g3

The real matrix elements corresponding to this parton process exhibit IR divergencies
in the phase space regions where the momentum of final state gluon g3 = g(p3) be-
comes soft or collinear with the momenta of the initial state gluons ¢ = g(p1) or
g2 = g(p2). According to the method described in [60, 61] a dipole subtraction term
has to be constructed for each possible emitter/spectator assignment to the Born level
partons {g(p1), g(p2); t(k1),t(k2) }. The dipoles are further divided into subgroups de-
pending on whether emitter or spectator are initial (superscript) or final state (subscript)
partons. In the first category, initial state emitter and initial state spectator we have to

construct two dipole terms:

o ey o ey / /
initial — initial : ~ D917993:92 PI2T998 91 (3.64)

Further there are 4 dipoles each in the categories initial state emitter, final state spectator
and vice versa,

C —g" —gh —gb —gb

initial — final : Dy NP Dgl ngs pIrTRds D? 9295 3.65)
TSR a1 g1 92 92

final —initial - DyL,, . Dyt Dty Ditg,- (3.66)

Finally, there are two final state emitter, final state spectator dipoles to be constructed,

final — final :  Dy_yy. 7, Disigsu- (3.67)

For their construction we need the universal splitting kernels V%799 and V¢4, With
Q € {t,t} for the initial state splitting g/ — g¢; g3, Eq. (5.148) in [60], and the final
state splitting ¢ — tgs, t' — tgs, Eq. (5.7) in [61]. The respective splitting kernel
and a pair of colour charge operators, depending on the emitter and spectator parton,
are inserted instead of the respective sums over polarization/color states into the Born
matrix elements to obtain the dipoles. To describe the procedure it is useful to emphasize
the colour indices of the initial gluons gi(a1), g2(as) and the final state top t(m;) and

anti-top t(msg) by introducing the notation
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3.5. Real radiation corrections

99 _ .
B.QCD — \al,am m1>m2>QC’D>
99 _ .
B,p; |a1,a2, m17m2>¢,-,
MQB%QCD‘FM%Q’% = |CL1,CL2; ml,m2>.

Labelling the emitter parton with a prime and the spectator parton as S € {t,%, g1, g2},
the initial state emitter dipoles are constructed as follows:

9i—gi93 i—g'g3,S . i—qh /A ! /
Dy 77, DI o (ay, ag; ma, ma| (Ty - Ts) V979 |ay, ay; my,my), (3.68)

and similarly the dipoles with final state emitter:

Do5Qes.5s Doysqge < (a1, az; mu,mal (Tor - Ts) Vigrosqgs |at, ag; miy, my). (3.69)

The colour charge operators associated with the emission of a gluon from the emitter or
spectator parton are

_ b
T;f' - +tm1,m’1 )
_ b
Ty = _tmg,m’2 )

Tg; _ Z.faiba;.

In case of the initial-initial dipoles (3.64) both emitter and spectator are gluons and we
get the following colour correlations

(a1, az; my, my| (ifalbaflif@ba;) VORI |al | ah; my, ma)

= —Ca (ay, az; my, ma| V799 |ay ay; my, ms),

and the same for g; <> go. In case of the initial-final dipoles (3.71) we get

. ; b —9] / R
(a1, ag; mq, my| (Zfalba’ltmlm’1> VAT ), ag; my, ma)

_ . —gh .
= _CA% |:¢i<a17a27 my, mo| VI7993 ay, az; my, ma)gen +C~C']

The final-initial dipoles, where the splitting kernel V.o, has to be inserted, involve
the same color correlations. Note that the squared resonant Higgs contribution for the
final-initial and initial-final correlations vanishes and that we do not consider here the

69



3. Top-quark pair production in proton-proton collisions

squared non-resonant QCD contribution. Looking at the Feynman diagram in Fig. 3.2 it
becomes clear that an insertion of a single colour operator in the initial gluon lines or the
final top or antitop lines yields zero in the squared amplitude. In case of the final-final
dipoles (3.67) we find

. b b . ! /
<(11, Q2; My, m2| (_tml’m’ltm%mé) ‘/t’ﬁtgg ‘ala ag; m17 m2>

= —Cp (al,a2; ml,m2| V;S’—>tg3 |a1,a2; ml,m2>

Counter terms for the reaction ¢, go — tt + ¢3

In this case, the emission of a light quark g3 = ¢(p3) from the light initial state quark
¢1 = q(p1) causes the collinear divergence in the real matrix element. Thus one dipole
with initial state emitter, initial state spectator configuration has to be constructed:

initial — initial : D79 92, (3.70)

The splitting kernel V@9 describing the initial state splitting ¢; — g.qs, can be
found in Eq. (5.147) in [60]. Further, there are two dipoles in the category initial state
emitter and final state spectator:

initial — final : Dgl_)gll% : Dglﬁgi%. (3.71)

In the formalism described in [60, 61], the colour charge operators applied to the Born
matrix element refer to the emitter and spectator partons which are also identified
on Born level (¢) and go in this case). Thus we have to insert the color operator
(z’ f‘“b“ﬁ) (z f“zb“5>, which is somewhat unintuitive. This is compensated in the end by

applying the colour/spin sum and average of the Born level initial state (gg in this case).

The collinear limit for the momenta p; — p;

For later considerations it is useful to investigate in more detail the pattern of how the
different dipole terms cancel the IR divergences in the squared real emission amplitudes.
We will do this here for the squared amplitudes corresponding to the process gg — tt+g.
The divergent part is found by applying the parametrization

2 i
kxn

5 = l—o)pf+kp — —————
D3 (1 —a)pi + kp 261 —a)p1 -7

(3.72)

and expanding in kp, the momentum component orthogonal to p;. The vector n is an
auxiliary light like vector, i.e. n? = —1. They obey p; -k = n-kr =0, c.f. (4.2) in [61].
Doing this one finds the following asymptotic behaviour:
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3.5. Real radiation corrections

2Re [M%QCD,ISRM%;JSR: - 0 (k?%?) ; (3.73)
2Re {M%{QCD,ISRM%Q,;,FSR: - 0 (k’%) ; (3.74)
2Re [M%QCD,FSRM%;JSR} - O (k:%) : (3.75)
2Re (M oo rspMity, rse] — O (K) (3.76)
Similar patterns arise in the squared Higgs amplitudes
2
AZ My gsm| — O (/f%2) 7 (3.77)
i=1,2 2
21:2/\4?%97%%1% — O(ky), (3.78)

i.e. only the initial state radiation contribution is divergent in the collinear limit. The
unintegrated dipoles (3.64) — (3.67) reproduce this behaviour,

DI—Gi93.92 (O (k,;2> ’
PI2—9293, 91 = 0O (k%) :
Dtgl—>g’193 4 Dtg1—>g’193 0 ( k% ) ’
Dih—hqiga’ 'D;%_)gég?’ 0 (k:%) 7
Df gy DI iyy = O (kOT) ,
Dy_tge. 0 Dysigee — O (l{%) )

so that the initial-initial dipoles cancel the most divergent part in the the squared matrix
elements:

2

+ 3 e [MEpopMEL] = 2 Drmn o0 (k).

i=1,2 i#je{1,2}

Z %{@

i=1,2

This is integrable over the 2 — 3 phase space (3.21) since the phase space density yields
another factor kr. Similar results are obtained in the limit where p3 becomes collinear
with py. To obtain the parametrization one has to substitute p; <> po in (3.72).

The soft limit p3 — 0

To extract the soft divergences in the real corrections and unintegrated dipoles it is most
convenient to apply the parametrization
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3. Top-quark pair production in proton-proton collisions

py = - p, (3.79)

and expand in x. The following contributions to the squared real matrix element are
divergent in this limit,

2Re [M%Q,QCD,ISRM%;,ISR} - 0 (x’Q) ; (3.80)
2Re (M e rspMEs s — O (%), (3.81)
2Re {M%{QCD,FSRM%;,ISR} - 0 (55_2) ) (3.82)
2Re [M%QCD,FSRM%Q,;Z»,FSR} - O ($72) ; (3.83)
and similarly for the squared Higgs amplitudes,
2
Y. My 15| — O ($_2) ; (3.84)
i=1,2
2
> My rsr| — O (I_z) - (3.85)
i=1,2

The unintegrated dipoles (3.64) — (3.67) show the same limiting behaviour, so that the
differences

2

+ > 2Re [M%QCD,ISRM%{;,ISR] - ) DS 5 0 (330)’

i=1,2 i#je{1,2}

Z M%@JSR

i=1,2

2
+ > 2Re [M%],QCD,FSRM%Q,;Z-,FSR} -2 Dysigng = O (xo)’

i=1,2

Z M%@,FSR

i=1,2

> 2Re [M%QCD,ISRM%;,FSR}

i=1,2

1 i—q .
—2[ > D+ Y Dhg,| — 0%, (3.86)

i=1,2 Q=t,t i=1,2 Q=t,t

and
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Z 2Re [M‘ZQQCD,FSRML%;SR}

i=1,2

1 .

-5 [ S oDy Ly D"a%@gs] - 0(2"), (3.87)
i=1,2 Q=t,t i=1,2 Q=t,t

are seperately finite.

Thus, the integral over the 2 — 3 phase space (3.21) can be conducted and one obtains
finite results in 4 space time dimensions:

2

5.;]29 — 7/d(1)2_>3z Z 2R6< RQC gg*) Z Mg,¢z

i=1,2 i=1,2
i—9'93,95 _ _ 9i—9,93 i
— Y, DITEES — N Doy 64 a > [D + Dg’%@gs]]
i#je{1,2} Q=t,t i=1,2 Q=t,t
< 00, (3.88)
and
2
- = /
O'}Z_zg ;1% /d@gﬁg Z 2Re (M QCDMq ) -+ Z M%g’(bz
i=1,2 i=1,2

_Z’ (Dq1—>q391792 + Z p(ﬂﬁ%gl)] < 0. (3.89)
99

Q=tt

Note the different spin/colour sums and averages, Zlgg for the gg initial state and Z’qg

for the ¢g initial state in the last equation. The contributions %' and % 9 to the partonic
cross sections are obtained by the exchange p; <> ps in the respective matrix elements
and dipoles.

73
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3.6. Virtual corrections

In this section we will discuss the virtual corrections to the reaction (3.3) at next-to-
leading order in the strong coupling ;. Since we neglect all contributions of O ( s ) for
q € {u,d, s, c, b}, only the one-loop Feynman diagrams for the gluon fusion processes

glp) 9(p2) = t(ky) t(k2), (3.90)

9(p1) 9(p2) — i = t(k1) t(ka), (3.91)
have to be taken into account. This is not directly obvious but a closer inspection of the
remaining next-to-leading order contributions to the squared amplitudes corresponding
to the parton reactions qg — tt and qq — tt shows that they all vanish due to colour
algebra.

The one-loop amplitudes are generally divergent in d = 4 space-time dimensions and can
be regularized by assuming d = 4 — 2¢ and € # 0. The divergences originating from UV
and IR regions then appear as poles in the parameter . Continuing the expansion of the
squared matrix element corresponding to (3.90) and (3.91) one finds the next-to-leading
order contributions

(Mo = M
+ Z 2R,e (MB QCDMV(]ﬁZ) (392)

i=1,2

+ 3 2Re (MPpepMEL ) (3.93)

i=1,2

effO(z)z

+ > 2Re(/\/lB

4,7=1,2

+0(a?),

MY (3.94)

with |M%|? given in Eqns. (3.36)-(3.38). The various one-loop amplitudes (subscript V)
appearing in (3.92)-(3.94) are given by the following Feynman graphs:

MEocp = MVBep [Fig. 3.15] + M oop [Figs. 3.13(a) — 3.13(c)],  (3.95)

W, = M, [Figs. 3.14(a) — 3.14(c)] + M3, [Fig. 3.14(d)]
+ME o [Fig. 3.13(d)]. (3.96)

Note that the renormalization Counter terms are already included in the definition of the
one-loop amplitudes M. p and . Thus, these amplitudes are UV finite and the
remaining divergences originate from a soft and collinear gluon in the loop. These IR
divergences are cancelled by the integrated counter parts of the dipole subtraction terms
discussed in Sec. 3.5.4. Then the limit d — 4 can be taken to integrate over the 2 — 2
phase space (3.20) as indicated in (3.19).
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3.6. Virtual corrections

3.6.1. Regularization scheme

For the computation we will take the Lorentz indices of the external gluons in d = 4
dimension and all internal Lorentz indices in d = 4 — 2¢. Here we will substitute for the
sum over physical gluon polarization states

i+ Dy
S elp)e(ps) = —gWm 4 LT o g 9y (3.97)
phys. Di - Di

with 9(4)‘; =4 and p = (po, — ﬁ)T. Further, one needs a prescription for the treatment
of 5 in traces with d-dimensional Lorentz indices. Will will use an anticommuting s,

{’757 ’Y'u} = 0,

with 72 = 1 and substitute

—1
_ P1 ~P2 AP3 A~ PA
V5= Al €p1,p2,03,047 VTV TV

if necessary. This subsitution is sufficient since no ambiguities due to axial vector anoma-

lies arise in this computation [69]. As already mentioned, the convention for the Levi-

Civita symbol is €"1? = +1. Also the contraction of multiple occurences of e-tensors is

done in d = 4.

3.6.2. Renormalization

The one-loop amplitudes will be computed in renormalized perturbation theory where

the renormalized strong coupling a; = {* serves as expansion parameter. The renormal-

ization constants which relate bare and renormalized quantities,

1/2
Yio = Zylrds,

myo = th,Rmt;
Ay = ZypAr,
gs0 = Zg,R Js, (398)

are defined through the following renormalization scheme:

e quark mass and wavefunction renormalized in the on-shell scheme and

e the strong coupling g, in the M.S scheme.
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3. Top-quark pair production in proton-proton collisions

In (3.98), v;0, myo denote the bare quark field and mass for a quark of flavour j, and
Al gso the bare gluon field and the strong coupling, respectively. The renormalized
quantities are labelled without the subscript 0. The one-loop renormalization constant
for the strong coupling in the M S scheme is

as C(e) /11 4
s = 3o (5Ca— 3Tr(Nr+ 1)) + O(ad)
g,MS 4 € 3 A 3 F( f+ ) + (as)
where the abbreviation 7 = Z — 1 was used. Further, we have used C(e) = F((417T—)Z) =
(4m) T (1+€)+0O(e?), CF = 1\;%\[:1’ Ca = N.and Tr = 1. The number of massless flavours

is Ny = 5. The wavefunction and mass renormalization constants for the massive top
quark in the on-shell scheme are equal at one-loop order:

5ZZt,os - 5th,os

s C(e) 2¢ — 3 (,u%

— — O(a?).
A "6 1—2e m%) +O(a)

For massless quarks we have 07, ., = 0 and also §Zs;,5 = 0 at one-loop order. The
symbol p g denotes the renormalization scale. The on-shell wavefunction renormalization
constant for the gluon is

as, Cle)4 9
Tgps = —57 -
o 3,08 A F c 3 + O(as)’

assuming 5 active light quark flavours. The renormalization constant for the quark-gluon
vertex is given in terms of Z 4 375 Z.0s and Zs 5 as

Zy = Z,115%20s 240

g 3,08

073 0s
— 1+ <5ZQ7MS + 075,05 + 23 ) + O(a?)

as Ce) (11 4 de —6 [ pu%\*
- 1= —Cy— -TpNy — )
Ar 2e (3 ATy 1—2€<m§

Besides the non-resonant counter term diagrams in Fig. 3.13(a)-3.13(c) one also has to
take the resonant Higgs production diagram with second order effective gg¢ couplings
in Fig. 3.13(d) into account to cancel the UV divergences arising from the one-loop
contributions.
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TS 7,
NIV
(a) (b)
Q00000000 ——»—— SO0
>< i {g522 - mt(S(ZQth>] -q_b__
Q00000000 ———— ’

() (d)

Figure 3.13. — Figs. 3.13(a)-3.13(c): One-loop renormalization counter terms for the QCD am-
plitudes gg — tt. Fig. 3.13(d): Born level ¢; exchange diagram with next-to-leading order

effective ggp; coupling (2.12).

3.6.3. Non-factorizable and non-resonant one-loop Higgs exchange
amplitudes

So far only the factorizable, resonant one-loop amplitudes depicted in Fig. 3.14 have been
discussed. These have the structure

g/?d)i - Mgg—ﬂbz‘ iPi(QQ) M¢i—>tfa (399)

i.e. the Higgs boson propagator Pi(¢®) defined in Eq. (3.40) is not included in the
production or decay loop. In addition one encounters the non-factorizable diagrams
depicted in Fig. 3.16 as well as non-resonant Higgs exchange diagrams which do not obey
the decomposition (3.99). It was shown in [32] that the latter are negligible compared
to the resonant contribution. The non-factorizable diagrams on the other hand can not
be neglected because they contribute to the resonant part if the loop momentum is soft.
Thus, applying the soft gluon approximation (SGA) to the loop integrand to extract
the resonant part in the virtual corrections of the form 2 Re (MV,@,NFM*B,@) will give
a reasonable approximation for observables in the vicinity if the Higgs resonances. We
further assume that away from the resonances the next-to-leading order corrections are
small so that the errors introduces by this procedure can be neglected.

The SGA is obtained by taking the limit [ — 0 in the loop integrand. As an example,
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3. 'Top-quark pair production in proton-proton collisions
(a) (b)
(c) (d)

Figure 3.14. — Feynman graphs corresponding to the factorizable, resonant one-loop amplitudes
for the process gg — ¢ + g — tt.

the amplitude corresponding to the diagram in Fig. 3.16(a) plus the crossed diagram has
the following structure:

00 ddl 1
99
MY i NFa) X / (12 +1in) [(k1 + ko + 1)2 — m? + iT;m;]
» %1+l+mt B %2+l—mt
(ki + 02 —mf+in (ks +1)>—mf+in)|

The amplitude is IR divergent and is regularized by assuming d = 4 — 2¢ space time
dimensions. In the SGA the amplitude factorizes according to (3.99):

4
99 SGA 1 /Oo d'l 1 [k +my fy—my
Myonv@ = (ki + ko) — m? +ilim; Jooo (27)% 12 | 2Ky -1 2k - 1
—i /oo AU [k +me ey —my
oo (

(ki + ko)2 —m2 +ilim; J—oo (20)320 | 2ky -1 2ky -1

lo=|1]
(3.100)

The other parts of the amplitude are suppressed by factors of L= [70]. Note that the
integration range of [ is unchanged. In the second equation in (3. 100) the residue theorem
was used to eliminate the [y integration. This procedure essentially cuts the loop at the
gluon line and sets it on its mass shell, converting the loop integration into a phase space
integral. In this way we obtain a diagram with gluon radiation from the initial state.
Similarly, the SGA can be computed for the diagrams 3.16(b) and 3.16(c).

78



3.6. Virtual corrections

~~ —
3% Szi

o o)<

() (h) (i)

—
=

Figure 3.15. — Set of one-loop Feynman graphs for the process gg — tt involving only QCD
partons. Crossed diagrams are implicitly included in the computation.

Applying the same procedure to the final-initial type real corrections given by the in-
terference of the diagrams in Figs. 3.6, 3.7 and 3.4 one can split off the phase space
integration of the gluon

/ d®,_3 Re (Mgsg,ISRJrINTMg)ggD,FSR)
B / d3l;1 d3];2 /oo d3ﬁ3
B (2m)32E) (2m)32E, J—oo (27)32p3 0
Re (Mgg,ISRJFINTM%ggD?FSR)

3 —
SGA d°ps
— /dq)2—>2 m Re (./\/lg,i[SRJrINTMg]CD,FSR) ‘SGA .

5@ (p1 + p2 — k1 — ko — p3)

In this way it can be shown that in the SGA of the real corrections of the initial-final
type and the non-factorizable virtual corrections cancel each other, i.e.
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3. 'Top-quark pair production in proton-proton collisions

* * SGA
/d@2—>3 Re (MZ‘?,ISRHNTM%QCD,FSR) + /d®2—>2 Re (M‘(x]/‘(,}@-,NFM‘?BiH,QCD) — 0.

3.101)

Given this identity, which is strictly valid only in the soft-gluon approximation, we drop
the non-factorizable virtual corrections from the calculation and subtract instead the
term

D%;}%FSR = 2Re (M%,ISRHNTM%QSD,FSR) ‘SGA- (3.102)

from the real corrections. The corresponding unintegrated dipoles in Eq. (3.87) are not
needed anymore, thus all the initial-final and final-initial dipoles enter the computation
with a factor 5. Eq. (3.88) has to be rewritten as

2

~ s SGA
O_}q%g = /dq)2_)3 Z Z 2Re (MR QCDM%Q@) ISR FSrt Z MR 1Pi
g9 i=1,2 =1,2
) L oa 0. 1 ¢ g
_ Z DYi—9i93: 95 _ Z Dy 040 3 Z {Dg ~9i9s | Dgl’ﬁQgsu
i#i€{1,2} Q=ti i=1.2Q=t1

(3.103)

This must be taken into account also for the integrated dipoles which will be discussed in
the next section. Note also that the term D?gfg rsr depends on the choice of the physical
gluon polarization sum. All the following results are obtained with (3.97).

(a) (b) ()

Figure 3.16. — Feynman graphs corresponding to the non-factorizable one-loop amplitudes for
the process gg — ¢ + g — tt. The crossed diagrams are not shown explicitly.

3.6.4. Integrated dipoles & IR divergences

The process independent I, K and P insertion operators, which act on the color indices
of the Born amplitudes, are given in Egs. (6.66)—(6.68) in [61]. The dipoles constructed
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3.6. Virtual corrections

from the I operators cancel the remaining IR divergences in the virtual corrections and
are thus relevant for us only in the case of the gg initial state. First we consider the

integrated dipoles constructed from the interference terms of resonant Born amplitudes
and the QCD background:

1
Z Qeplar, az; my, ma| (Z IQ§+§ Z Lo+ Z IQin) |a}, a; mﬁvm/ﬁdn

i=1,2 Q=ti i=1,2Q=t,t i#je{1,2}
+c.c.
as (4m)° [ 1
= — — CaRe oM
’iTF(l—E){Q aRe [0 M ]

+ - CA In (z“) Re [5.415]

12

+1 (CF <12+6t6t In(z) + ) Caln (m) +250) Re [ M ]

+ O(eo)}, (3.104)

where the finite part will not be given explicitly. In (3.104) we defined t1; = 1 — (1“;1751')2

t
Bo = i (%C’A — %nf), xr = ;gz and used the abbreviations

5MB = Z 2MB QCDMgefde)z

i=1,2

5MB _ Bty SMp

(3.105)

The latter is the Born ampltitude with final-initial color correlations which is generated
by the I, operators in (3.104). Note the factor % that we have to introduce because
the SGA (3.101) is used as subtraction term instead of the unintegrated dipoles (3.87).
Thus also their integrated counter parts drop out of the calculation.
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3. Top-quark pair production in proton-proton collisions

As a test we compute explicitly the virtual corrections including the IR poles using the
Passarino-Veltman decomposition [71] to reduce the tensor loop integrals to a minimal
set of scalar loop functions given in [72]. The result is

* Qs ( ) 1 CA
i:zl;fRe (MgQCDME\I/?@) T S T(-o {_EQQRG[(SMB]
_ ! L+ 57 LY G
IR
s 1—|—Bt
+ ; ( 45,5 9 >Im[5/\/l]3]
+ Ofe } (3.106)
where Cp = (:ﬁ%)e Cr, and
as  (4m)° 1 Oy
ZZ;QZRe(MvQCDMgem@) = 7TF(1—6){_622R6[5MB]
- }OAl (tll) Re [5./\/13}
€ 12
(e (L )G (s
(o () Gn(3) )i
T (a5 Ca
. (CF 15, + 2>Im[5./\/13]
+ O(eo)}. (3.107)

The sum of (3.104), (3.106) and (3.107) is finite and the limit ¢ — 0 can be taken. Next
we consider the integrated dipoles constructed from the resonant Born amplitudes:

Z ¢>¢<a17a2; mlam?‘ (Z IQ@+ Z IgiQ+ Z IQ'LQJ’) ’a/laaé; mll7m,2>¢>j

,j=1,2 Q=tt i=1,2Q=t,t i#je{1,2}
= Z ¢i<al7a2; m1>m2| ( Z IQ§+ Z Igz‘gj) ’alha/Q; mllam/2>¢j
1,j=1,2 Q=tt i#je{1,2}
2
« 1
= = MY ~C
T F zzl:g eff 0,9i { 62 A
1 A 1+ Bt Ca S
-2(C In +1|——In|—
+6<F<4ﬁt +1) =G )+
+ (9(60)}. (3.108)
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3.6. Virtual corrections

The contribution of the I operators with final-initial correlations vanishes in (3.108) as
we already observed in Sec. 3.5.4 discussing the unintegrated dipoles. The divergent part
of the resonant virtual corrections (3.94) is canceled by the poles in (3.108) so that the
limit € — 0 can be taken as well.

The insertion operators P and K generate the finite remainder of the initial state collinear
counter terms, where P contains the dependence on the factorization scale pup and K
the factorization scheme dependent terms. The relevant P operators are

. T, T, 2 T, - T 2
P) = o2 (P(a)+Pu(x) | Y L —twmily v S SegfE)

2m i#je{1,2} Ca SZ%)

where s;; = 2p;.pj, 3%) = Qpi.kg) and k;g) is the top or antitop momentum on the

boosted 2 — 2 phase space d@gm_)m c.f. (3.19) and [60, 61]. The Altarelli-Parisi splitting
functions P9 (x) and P%(x) can be found in Egs. (5.94) and (5.89) in [61].

For the sake of clarity we split the K operators according to the relevant parton processes

K% (z) = _ozs{ > T%P{Prigg.(m) In(1-—2)

i#je{1,2}

o252 -3u-]

1 T T
+5 Z Tgi : TQ {‘Fgg(xvng)vmf) + K%Q(ZE,SEQ),T)’Z?)}
i=1,2 Q=t,t

—2 (K¥(x) — K% ()

(3.109)
and
T .T,
K% (z) = —O‘S{ Yy e {Prggg,(x) ln(l—x)}
2 i#£je{1,2} Ca
+ Y Ty To [F¥(wsiy my) + K (w,sy.m?)]
i=1,2 Q=t,t
— (K" (x) - K% (v))
(3.110)
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3. Top-quark pair production in proton-proton collisions

For the factorization scheme dependent part we assume K% = K =0, i.e. we work
in the MS scheme. Note again the factor 3 in the third line of (3.109) containing the
final-initial correlations. The factor 2 in the last line of (3.109) is due to the summation
over the two initial state gluons. The functions 7@ and F@’ are defined as follows:

99 2 1 99 (1 —x)s %)
Fo (:E,le my) = oL Preg_(x) In 01—2) EQ) e +7,6(1 —x)
R £ N RS
ks Fenien)|
(z)
FI9 (0,58 ) = C}A ) 51@32) 4

The definitions of K%, K, K and K% can be found in Egs. (6.56), (6.59) and (6.60)
n [61]. These are all the neccessary ingredients to evaluate the next-to-leading order
correction (3.19) to the process (3.3) numerically in a Monte-Carlo program. The results
will be discussed in the next section.
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3.7. Numerical results

For the analysis of the effects of heavy neutral Higgs bosons in tt production we will
focus on two CP-conserving and one CP-violating scenario within the type-II 2HDM
discussed in Sec. 1.2. In all scenarios the first neutral Higgs boson ¢, is identified with
the 125 GeV Higgs resonance discovered at the LHC, with SM like couplings to fermions
and gauge bosons. Choosing tan f = 0.7 rather small, close to the limits imposed by
theoretical considerations and experiments, the effects of the two additional neutral Higgs
bosons in ¢t production are close to maximal (within the type-II 2HDM). In the following
subsections the input parameters for the computation are listed and in particular the
decay widths of the two heavy Higgs bosons are given for each of the three scenarios.

3.7.1. Three type-1l 2HDM scenarios

Scenario 1, CP-conserving, tan 5 = 0.7

We investigate two CP-conserving scenarios where the Higgs bosons ¢1, ¢ are CP-even
and ¢3 is CP-odd. In this scenario, ¢ and ¢3 are nearly mass-degenerate,

my = 125GeV , mo =550GeV , m3 = 510GeV,

and the charged Higgs mass is set to

m+ = 550 GeV.

We will work exactly in the alignment limit, meaning that the neutral mixing angles,
defined in (1.33), are set to the values

051:6:0.611, 05220, agzo,

so that the couplings of ¢; are exactly the SM values. In particular, one obtains the
following values for the reduced Yukawa couplings, defined in (A.7):

agq = 1, b1 =0, ap1 =1, byp =0,
Qi o = 14286, bt’g == 0, Ap2 = —0700, bb’g == 0, (3111)
A3 = O, bt’g == 14286, ap3 = 0, bb’g = 0.700.

The reduced couplings to gauge boson pairs, defined in (A.11), are

Jivv =1, favv =0, favy =0. (3.112)

The decay widths obtained with the program 2HDMC are given in Tab. 3.2. The partial
widths for the channels ¢; — ff and ¢; — gg include the NNLO QCD corrections in
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3. Top-quark pair production in proton-proton collisions

Table 3.2. — Decay widths of the two heavy, neutral Higgs bosons ¢o and ¢z in the 2HDM
scenario 1. In the cases ¢; — ff and ¢; — gg the NNLO QCD corrections evaluated at
W= g = % are included, c.f. [46]. For the results of ¢; — tt and ¢; — gg, the scale
dependence introduced by the radiative corrections is indicated by a superscript (= 5 ) and

subscript (1= 2pp).

F2 [GGV] Fg [GGV]

by —tt | 3778708 54,9270
;= bb | 4.99 x 1073 4.63 x 1073

$—VV |0 0
i = Zp1 | 0 0
¢i = o191 | 0 0
¢ —gg | 01055991 0.18175.923
tot. 37.89°070 55

the large my limit [46], evaluated at the scale p = o = ™22 to be consistent with
the setup described in the next section. For the computation of ¢; — ¢t and ¢; — gg,
the top quark pole mass is used in the Yukawa couplings to evaluate the leading-order
contributions, while in the radiative corrections the running MS mass is used. In case
of the bottom-quark contributions we always use the MS mass. The decays ¢; — 77,
¢; — vZ and ¢; — 77~ are also present but their widths are < 1073 and will not be
considered any further.

Scenario 2, CP-conserving, tan 5 = 0.7

In the second CP conserving scenario a rather large mass splitting is chosen,

my = 125GeV , mo =550GeV , ms3 = 700 GeV,

and for the charged Higgs

my = 700 GeV.

The mixing angles and tan 5 have the same values as in scenario 1, thus also the reduced
Yukawa couplings are the same as given in Eqs. (3.111) and (3.112). The decay widths
obtained with the program 2HDMC are given in Tab. 3.3. Note that the decay widths for
23— VV, 923 = Z¢Py and ¢a3 — ¢1¢; vanish in the CP-conserving scenarios because
we work exactly in the alignment limit oy = 3, ap = 0. If one drops this restriction
there are substantial contributions to the total widths from the channels ¢ — V'V and
®2 — @101 in case of the CP-even heavy Higgs boson ¢9 and from ¢35 — Z¢; 5 in case of
the CP-odd Higgs boson ¢s.
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Table 3.3. — Decay widths of the two heavy, neutral Higgs bosons ¢ and ¢3 in the 2HDM
scenario 2. In the cases ¢; — ff and ¢; — gg the NNLO QCD corrections evaluated at
W= g = % are included, c.f. [46]. For the results of ¢; — tt and ¢; — gg, the scale
dependence introduced by the radiative corrections is indicated by a superscript (= %) and

subscript (u = 2ugp).

[y [GeV] I's [GeV]
¢ — 1t | 37637072 88.93%1 5
¢; —bb | 4.84x 1073 6.16 x 1073
¢ = VV |0 0
¢i — Zdr |0 0
Oi — Ly | — 3.13
Gi = o191 | 0 0
¢ —gg | 01037067 0.196750%
tot. 37.74505 92,2617

Scenario 3, CP-violating, tan 5 = 0.7

In the CP-violating type-II 2HDM the three mixing angles are set to the values

O‘lzﬂa

Since ay # 0 this setting does not correspond to the exact alignment limit anymore, c.f.
(1.50). Though, it is close enough to accomodate the recent LHC measurements for the
light Higgs bosons. The mass splitting of the two heavy, neutral Higgs bosons is again
chosen to be rather large. We set

my = 125 GeV ;

and the charged Higgs mass is set to

me = 500 GeV ,

my = 700 GeV.

ms = 800 GeV ,

Note that these mass parameters are not subject to the condition (B.11) so that this sce-
nario is actually not permitted within the type-II 2HDM with softly broken Z,. Instead,
the A\¢ and A7 terms in (1.18) have to be reintroduced to accomodate this setting. The
above choice of tan  and the mixing angles implies the following values for the reduced
Yukawa couplings defined in (A.7):
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ay = 0.9781, by = 0.2970, ayy = 0.9781, b,y = 0.1455,
aro = 0.8631,  byp = 0.9881, ayy = —0.6420, by, = 0.4842, (3.113)
ars = —1.1572, b3 = 0.9881, a3 =0.3480,  by3 = 0.4842.

The reduced couplings to the gauge bosons, defined in (A.11), are

Fivy = 0.9781, fovy = —0.1470, Fyy = —0.1470. (3.114)

Table 3.4. — Decay widths of the two heavy, neutral Higgs bosons ¢z and ¢z in the 2HDM
scenario 3. In the cases ¢; — ff and ¢; — gg the NNLO QCD corrections evaluated at
W= o = % are included, c.f. [46]. For the results of ¢; — tt and ¢; — gg, the scale
dependence introduced by the radiative corrections is indicated by a superscript (= &) and
subscript (u = 2ug).

T, [GeV] Ty [GeV]

b; — tt | 27.337050  105.337198

¢; —bb | 4.37x 1073 6.99 x 1073
¢ — VV | 1.125 5.107

b; — Z¢y | 0.647 3.238

i = Zpa | — 31.28

b; — P11 | 0.777" 1.453*

¢ —gg | 0.11570015  0.192700%

tot. 30.007033  146.61133

Again, the partial widths for the channels ¢; — ff and ¢; — gg, given in Tab. 3.4,
are obtained with the program 2HDMC and include the NNLO QCD corrections in the
large my limit, c.f. [46]. For the other channels, the tree-level formulae given in Sec. 1.2.5
are used.

Electroweak corrections

In particular for heavy Higgs bosons, the electroweak corrections to the decay processes
¢; — ff [73] and ¢; — V'V [74] become sizeable. A more thorough analysis would also
include virtual ¢; exchange in the corrections to these processes. Since we consider here
scenarios with suppressed ¢;V'V couplings for i = 2,3 the corrections to ¢; — V'V will
not affect the total width very much, whereas the corrections to ¢; — tt can be as large
as the QCD corrections.

Computed with the Feynman rule (A.13) for the type-II 2HDM with A\¢ = Ay = 0. This treatment is
not completely correct since, with the parameter choice given above, we disregard the constraint (B.11).
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3.7.2. General Setup

As in Sec. 2.2, the CT10 NLO PDF set [56] is used to compute total cross sections and
distributions at the hadron level. Renormalization and factorization scales are both set
to half of the mean value of the two heavy Higgs masses:

mo +m
[lo = jp = pp = %. (3.115)

The additional factor % is motivated by the observation that in the computation of
the total inclusive Higgs production cross section the effects of soft gluon resummation
are reproduced in this way [55, 24, 25]. To quantify the residual scale dependence, u
will be varied within the range {%, 2/;0] The strong coupling as(i) at the respective
renormalization scale is extracted from the CT10 NLO PDF set, the specific values are
summarized in Tab. 3.5.

Table 3.5. — Renormalization and factorization scales computed according to (3.115) for the
three scenarios specified in Sec. 3.7.1. The value of the strong coupling as(po) is extracted
from the PDFs [56] at the respective scale (5-flavour scheme).

Scenario | y10 [GeV] o) (o)

1 265.0 0.101693
2 312.5 0.099576
3 325.0 0.099085

The settings for the Higgs-specific parameters in the three 2HDM scenarios are listed in
the previous section, tan f = 0.7 is chosen for all of them. Apart from that, the setup
is similar to Sec. 2.1. The radiative QCD corrections involving resonant amplitudes
are computed using the Higgs-gluon in the large m, limit, while on Born level the full
top and bottom-quark dependence is taken into account. For the NLO contributions, a
rescaling method similar to that described in Sec. 2.2 will be applied. The difference is
that here we deal with two off-shell Higgs bosons and additionally with the interference
terms with the non-resonant background. Schematically, we apply the effective K-factors
in the following way:

MQCDMzsi — K- MQCDMZSN
with

2 2/ 2
K; - K (q , Mg, My, at7i7 bt,ia Qp 5, bb,i);
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where ¢ > 0 is the momentum squared carried by the Higgs bosons in the respective
amplitude.

Within the SM the distributions at next-to-leading order (NLOW) were computed with
the code of [68]. The acronym NLOW refers to the following corrections:

e The QCD corrections to the processes gg — tt (g), ¢q¢ — tt (g) and gq(q) —
tt q(q) are computed to O (a?).

e The SM weak-interaction processes qq — v*, Z* — tt are included to O (a?).

e The mixed QCD-weak corrections to the processes gg — tt and qq — tt (g) are
included through O (a2a).

e In addition to the latter, the corrections to the process gq(q) — tt q(q) include
the O (asa?) contributions.

Note that the SM weak corrections contain the contribution from the light neutral 125
GeV Higgs boson ¢;.

The top-quark pole mass and the combined Higgs VEV are set to values

m, = 173.34 GeV [10],
v = 246 GeV.

3.7.3. Top-quark distributions

Besides the tt invariant mass spectrum, the following observables at the tt level will be
investigated:

e The transverse momentum distributions of top and antitop quark, where kr =
(kz, k)" and the z-axis defines the beam direction.

E+k.
E—k. )’

e The rapidity distributions of top and antitop quark, where y = %log (

e The distribution of the rapidity moduli differences of top and antitop quark, Aly| =
lyel — Lyl

e The transverse momentum distribution of the top/antitop system, pr; = |IZT¢ +

ISTJ;]. This observable is generated solely through the real radiation processes and
the distribution should therefore be regarded as a leading-order approximation.

Although my computer program allows for the implementation of acceptance cuts at the
level of dileptonic and semileptonic ¢¢ final states, no such cuts will be applied in the
following.
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3.7. Numerical results

3.7.4. LHC 8 TeV

In this section the results for |/sy.q = 8 TeV proton-proton collisions are summarized. In
Tab. 3.6 the total tt production cross sections at NLO QCD are listed with and without
the resonant processes. As one can see the effect of the two heavy Higgs bosons on the
total cross section is only around 2% in the three 2HDM scenarios under consideration.
This is due to the peak-dip structure of the heavy resonances which is best visible in
the M,; distributions in Figs. 3.17, 3.23 and 3.29, i.e. the effects below and above the
resonance region partly cancel. To estimate the expected number of signal events in the
dilepton and [+jets channel due to resonant Higgs production,

<AN£2{5;§]3> = L- (Ogl(j‘%(-m)%% - UgléoDW) “E2/15 Bl"(tl? — 2l/l +jets)

we assume the branching fractions

- 4
Br(tt = 2l) = —
i) = o
_ ) 24
Br(tt — [+ jets) = 1 (3.116)

and an integrated luminosity and event selection efficiencies [75, 76] of

L = 20fb 1,
ey = 0.22,
e = 0.12. (3.117)

To get a better view of the Higgs effects we compute the NLO(W) cross sections within
the M;; range of [360,800] GeV below and above the resonance region and take the ratios

NLO(W)

o
D *
RO _ QED+¢2:93|360 GeV <M< M},
)

NLOW
QED 360 Gev<M ;<M
SNLOW)
QUD+¢2,:63]800 GeV>M,;>M*
R®) = — (3.118)
NLOW
QED 1800 Gev>M,y> M7,

Here we will define the boundary of the resonance region by the value M}; where the
ratio of the M,; distributions crosses one. The results are given in Tab. 3.7 and 3.8. To
estimate the significance of these deviations from the pure QCD cross sections in the light
of the parameters (3.117) we first compute the p-values corresponding to the excesses
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3. Top-quark pair production in proton-proton collisions

and deficits given in the fourth and fifth column of Tabs. 3.7 and 3.8 with respect to the
expected rates based on the QCD only hypothesis:

P = 1= Fa (AN, 2Va)), (3.119)
u_

where we assume that N2 (<) = (ijéf}) ’uz#o + (AN )

S

was measured experimen-
p=po
tally. The corresponding significance is then computed as

S = o (1-p"), (3.120)

where F2(z,y) denotes the cumulative x? distribution and ®'(z) the quantile of the
normal distribution. We see that — assuming the statistics of the |/sy.q = 8 TeV run at
the LHC — excesses such as these given in Tab. 3.7 are statistically significant whereas
the deficits in Tab. 3.8 are not. A similar analysis could be applied to the top-quark pr
distributions in Figs. 3.18, 3.24 and 3.30. Note that the antitop pr distributions are not
shown explicitly because — up to statistical fluctuations — they are equivalent to the top
distributions. In Figs. 3.20, 3.21, 3.26, 3.27 and 3.32, 3.33 the rapidity distributions of
top and antitop quark are given. The NLOW corrections to the SM processes induce a
small asymmetry between these two distributions. This effect can be quantified by the
charge asymmetry

N (Aly[ > 0) = N (Aly| <0)

AN?J\ _
¢ N (Aly| > 0) + N (Aly| < 0)’

(3.121)

where Aly| = |y — |yz| and y; are the lab-frame rapidities. A more detailed account
concerning charge asymmetries in the non-resonant QCD processes is given in [77]: The
prediction for the ¢t charge asymmetry Ac at NLO QCD including electroweak correc-
tions, for the LHC at 8 TeV, is Ac = 1.11(4)% [77]. This is in agreement with the results
of the ATLAS and CMS experiment. The asymmetry is due to the fact that at NLO in
the gauge couplings slightly more top-quarks than antitop quarks are produced in the
forward and backward region, while it is the other way around in the central region. The
size of A depends on the center-of-mass energy and on cuts, for instance on a cut on M.
We want to emphasize here that through NLO QCD there is no additional contribution
to the tt charge asymmetry Ac from the resonant Higgs processes and their interference
with the non-resonant background. This can be seen in the distributions of Aly| shown
in Figs. 3.22, 3.28 and 3.34, which are symmetric around Aly| = 0.

In all distributions one can observe that the effect of the NLO corrections is sizeable.
Also the shape of the distributions is changed significantly, note for example the shift of
the one-crossing in the ratios of the M,; spectra shown in the lower panes of Figs. 3.17,
3.23 and 3.29 or in the ratios of the top pr distributions in the lower panes of Figs. 3.18,
3.24 and 3.30.
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3.7. Numerical results

Table 3.6. — Total cross-sections for tt production in proton-proton collisions at \/Spaa = 8
TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD. In the third
and fourth column, the expected number of signal events in the dilepton and l+jets channel
(1 =emnp) (A Ndz)é 6s) and <ANJ ,) Tespectively, due to the resonant processes is given,
assuming the parameters given in (3 117). The scale dependence is indicated by a superscript

(1= 1) and subscript (u = 2puq).

Scenario ‘ oped” [ph] gé%(ml s IPD]  (ANZ ) <AN$2 b3
1 191.8673257  196.5673%93 1025192, 3355725
2 185.697209L  188.15128:92 53572 175178k,
3 184.22723:9%  187.68735%T 752712 24617337

Table 3.7. — Ratio of total cross-sections for tt production in proton-proton collisions at
V/Shad = 8 TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD.

The ratio of the NLO cross sections R(<) below the resonances is defined in Eq. (3.118). In
the third and fourth column the expected number of signal events, (AN, l(<3)> and <AN(;]2(¢3)>

in the respective M,y ranges in the dilepton and l+jets channel (I = e,,u) due to the resonant
processes is given, assuming the parameters in (3.117). The scale dependence is indicated
by a superscript (n = &) and subscript (u = 2pug). See Egs. (3.120) and (3.119) for the

definition of the statistical significances S?*>) and S'(>).

min * l i .
Sc. \ (M2 M [GeV] \ R (ANZIGy 52 (AN )y ()

1 (360, 540] 1.041:000s 115305, 6.8 3772738, > 16
2 (360, 560] 1.02050001 5891 3.4 1927M15 6.2
3 (360, 500] 1.036 0001 848753 55 2775138 >16

Table 3.8. — Ratio of total cross-sections for tt production in proton-proton collisions at
V/Shad = 8 TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD.
The ratio of the NLO cross sections R®) above the resonances is defined in Eq. (3.118). In

the third and fourth column the expected number of signal events, (AN21(>3)> and <ANZJ2(¢3)>

in the respective My ranges in the dilepton and l+jets channel (I = e,u) due to the resohant
processes is given, assuming the parameters in (3.117). The scale dependence is indicated
by a superscript (n = &) and subscript (u = 2pug). See Egs. (3.120) and (3.119) for the

definition of the statistical significances S*(<) and S (<),

Sc. | [Ms, M| [GeV] | R®) <AN£§7>)> S (ANYC)y gl )
1 (540, 800] 0.980700%  —189*1 1.9  —61873% 35
2 560, 800] 0.99150002  —68331 0.8  —223.09% 14
3 [500, 800] 0.9907 g0 —1237;% 11 —4013g 1.9
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Figure 3.17. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-
mass energy is \/Shad = 8 TeV, renormalization and factorization scales are set to = po =
265 GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%@/dag]é%w (thick line)
and daé%DJr(h@/da(I:?%D (dotted line). The effect of scale variation in the interval 52, 2p0]

for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.18. — Top transverse momentum distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-
mass enerqgy is \/Shad = 8 TeV, renormalization and factorization scales are set to p = py =
265 GeV, c.f. (3.115). The lower pane shows the ratios dagg%(mém/dagg%w (thick line)
and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval 52, 2p0]
for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.19. — Transverse momentum distribution of the top + antitop system for pp — tt
including the effects of two neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is \/shad = 8 TeV, renormalization and factor-
ization scales are set to p = po = 265 GeV, c.f. (3.115). The lower pane shows the ratios

dagé%(m)%%/daglé%w (thick line) and alagfgcc)wDJr(bQ,qj3 /dalé)%D (dotted line). The effect of scale

variation in the interval [“70, 2u0] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.20. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-mass en-

erqy i \/Shad = 8 TeV, renormalization and factorization scales are set to p = pg = 265
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.21. — Antitop rapidity distribution for pp — tt including the effects of two neutral

98

Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-mass
enerqy 1S \/shad = 8 TeV, renormalization and factorization scales are set to p = poy = 265
GeV, c.f. (3.115). The lower pane shows the ratios dagé%(_m)%m/dagg%w (thick line) and
dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for

the NLO(W) ratio is indicated by the shaded rectangles.



3.7. Numerical results
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Figure 3.22. — Distribution of top and antitop rapidity difference for pp — tt including the ef-
fects of two neutral Higgs bosons (2HDM scenario 1, see 3.7.1). The hadronic center-
of-mass energy is \/snad = 8 TeV, renormalization and factorization scales are set to
uw = po = 265 GeV, c.f. (3.115). Note that for this distribution the non-resonant QCD
processes are computed only at LO, whereas the resonant processes and the interference with
the background contain the NLO corrections. The figure shows that there is no significant

contribution to the charge asymmetry Aé‘yl at the LHC' from the resonant processes.
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Figure 3.23. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-
mass energy is \/Shad = 8 TeV, renormalization and factorization scales are set to = po =

312.5 GeV, c.f. (3.115). The lower pane shows the ratios dOGCD .65

NLO(W) / dagg%w (thick line)

and daé%DJr(h%/da(I:?%D (dotted line). The effect of scale variation in the interval 52, 2p0]
for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.24. — Top transverse momentum distribution for pp — tt including the effects of two

neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-

mass enerqgy is \/Shad = 8 TeV, renormalization and factorization scales are set to p = py =
312.5 GeV, c.f. (3.115). The lower pane shows the ratios dagl(}%(r;)z ¢3/dag%~%w (thick line)
and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval 52, 2p0]

for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.25. — Transverse momentum distribution of the top + antitop system for pp — tt
including the effects of two neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is \/Snaq = 8 TeV, renormalization and factor-
ization scales are set to u = po = 312.5 GeV, c.f. (3.115). The lower pane shows the

. NLO(W . . .
ratios dO'QCD(+¢)27¢3/dO'g%«%W (thick line) and da({f?%D+¢2’¢3/d05%D (dotted line). The effect
of scale variation in the interval [%, 240 for the NLO(W) ratio is indicated by the shaded

rectangles.
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Figure 3.26. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-mass energy
is \/Shad = 8 TeV, renormalization and factorizaion scales are set to p = pg = 312.5
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.27. — Antitop rapidity distribution for pp — tt including the effects of two neutral
Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-mass
energy is \/Shad = 8 TeV, renormalization and factorization scales are set to p = pg = 312.5
GeV, c.f. (3.115). The lower pane shows the ratios dagé%(_m)%%/dagg%w (thick line) and
dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.28. — Distribution of top and antitop rapidity difference for pp — tt including the ef-
fects of two neutral Higgs bosons (2HDM scenario 2, see 3.7.1). The hadronic center-
of-mass energy is \/snad = 8 TeV, renormalization and factorization scales are set to
w= o = 3125 GeV, c.f. (3.115). Note that for this distribution the non-resonant QCD
processes are computed only at LO, whereas the resonant processes and the interference with
the background contain the NLO corrections. The figure shows that there is no significant

contribution to the charge asymmetry Aé‘yl at the LHC' from the resonant processes.
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Figure 3.29. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-of-
mass energy is \/Shad = 8 TeV, renormalization and factorization scales are set to = po =

325 GeV, c.f. (3.115). The lower pane shows the ratios do

NLO(W)
QCD+¢2,¢3

/dO‘NLOW

ocD " (thick line)

and daé%DJr(h%/da(I:?%D (dotted line). The effect of scale variation in the interval 52, 2p0]

for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.30. — Top transverse momentum distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-of-
mass enerqgy is \/Shad = 8 TeV, renormalization and factorization scales are set to p = py =
325 GeV, c.f. (3.115). The lower pane shows the ratios dagg%(mém/dogg%w (thick line)
and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval 52, 2p0]

for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.31. — Transverse momentum distribution of the top + antitop system for pp — tt
including the effects of two neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is /Shad = 8 TeV, renormalization and factor-

ization scales are set to p = po = 325 GeV, c.f. (3.115). The lower pane shows the ratios
NLO(W I )

dUQCD(+¢)27¢3/dO'gIé%W (thick line) and daé%DJr@m/de%D (dotted line). The effect of scale

variation in the interval [“70, 2u0] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.32. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 8, see 3.7.1) at NLO QCD. The hadronic center-of-mass en-

erqy i \/Shad = 8 TeV, renormalization and factorization scales are set to p = pg = 325
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.33. — Antitop rapidity distribution for pp — tt including the effects of two neutral
Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-of-mass
enerqy 1S \/shad = 8 TeV, renormalization and factorization scales are set to p = po = 325
GeV, c.f. (3.115). The lower pane shows the ratios dagé%(_m)%m/dagg%w (thick line) and
dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.34. — Distribution of top and antitop rapidity difference for pp — tt including the ef-
fects of two neutral Higgs bosons (2HDM scenario 3, see 3.7.1). The hadronic center-
of-mass energy is \/snad = 8 TeV, renormalization and factorization scales are set to
= po = 325 GeV, c.f. (3.115). Note that for this distribution the non-resonant QCD
processes are computed only at LO, whereas the resonant processes and the interference with
the background contain the NLO corrections. The figure shows that there is no significant

contribution to the charge asymmetry Aé‘yl at the LHC' from the resonant processes.
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3.7.5. LHC 13 TeV

In this section the results for |/sp.q = 13 TeV proton-proton collisions are summarized.
The total cross sections for the three 2HDM scenarios are listed in Tab. 3.9. To obtain
the signal event numbers in the dilepton and [+4jets channel due to the resonant processes
we assumed that in the next few years data corresponding to an integrated luminosity of
100 fb~" will be collected at the LHC (13 TeV) [78]. We further assume that the combined
reconstruction and selection efficiencies for these channels are roughly the same as in the
V/5had = 8 TeV case given in (3.117):

L = 100fb !,
ey = 022,
e = 0.12. (3.122)

The M,; spectra in Figs. 3.35, 3.40 and 3.45 are analyzed in the same way as in the last
section to estimate the Higgs effects below and above the resonance region. I.e. the ratios
given in Tabs. 3.10 and 3.11 are defined analogously to (3.118). Table 3.10 shows that
there is only a slight increase of the Higgs effects relative to the SM background below
the resonance region compared to the /sp.q = 8 TeV results. Due to higher statistics the
excesses and deficits given in Tabs. 3.10 and 3.11 have much larger significances than in
the \/shaa = 8 TeV case. Applying (3.119) and (3.120) as in the last section shows that
even the deficits in the dilepton channel have significances S©) > 3 in all three scenarios.
The distributions of Aly| = |y;| — |yz| will not be considered again at this point. Also at
V/Shad = 13 TeV the distributions generated from the resonant processes are symmetric
around Aly| = 0 so that there is no significant contribution to the charge asymmetry
(3.121).

Table 3.9. — Total cross-sections for tt production in proton-proton collisions at \/Spada = 13
TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD. In the third
and fourth column, the expected number of signal events in the dilepton and l+jets channel
(= eu), (AN(%;%) and <AN(;J%¢3> respectively, due to the resonant processes is given,
assuming the parameters given in (3.122). The scale dependence is indicated by a superscript

(= 5) and subscript (1 = 2puo).

Scenario ‘ aglé%w [pb] agg%(ffb’m [pb] (AN;ém) <AN§,€ 7¢3>
1 637.867320%  653.06735 05 1652371355 540747370
2 618.917803%  627.0975092 88857422 2907973382
3 614.4478030  625.69750 4 1222971150 4002373550
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Table 3.10. — Ratio of total cross-sections for tt production in proton-proton collisions at
V/Shad = 13 TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD.
The ratio of the NLO cross sections R(<) below the resonances is defined in Eq. (3.118). In

the third and fourth column the expected number of signal events, (AN;Q%?} and <AN;;(;3)>,
in the respective M,z ranges in the dilepton and l+jets channel (I = e,u) due to the resonant
processes is given, assuming the parameters in (3.122). The scale dependence is indicated

by a 8up€7“scm'pt (:U‘ = %) and SUbSCT’?:pt (,LL = 2[[}10)
Sc. ‘ [M™, M) [GeV] ‘ R (AN g2 (ANF )y gli (<)

$2,03 92,03
1 (360, 540] 1.044:0003 1960311350 > 16 641561352 > 16
2 (360, 560] 1.023:0001 10261753 > 16 3358113725 > 16
3 (360, 500] 1.04050:001 1447311998 > 16 473651339 > 16

Table 3.11. — Ratio of total cross-sections for tt production in proton-proton collisions at
V/Shad = 13 TeV with and without effects of two heavy neutral Higgs bosons at NLO QCD.
The ratio of the NLO cross sections R®) above the resonances is defined in Eq. (3.118). In

the third and fourth column the expected number of signal events, (AN;; (¢>3)> and <AN$§ (;3)>,
in the respective M,y ranges in the dilepton and l+jets channel (I = e,u) due to the resonant
processes is given, assuming the parameters in (3.122). The scale dependence is indicated

by a superscript (u= 5 ) and subscript (1 = 2puo).

Sc. | [Mj;, M#p>] [GeV] | R®) (ANZ) 52 (ANZGH 51
1 (540, 800] 0.98010 00  —37227 55 —1218173% > 16
2 [560, 800] 0.99170001  —1392732 3.6  —4558 1192 6.8

3 [500, 800] 0.9902:00001 —23247582 4.8  —T7606.43" > 16
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Figure 3.35. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-
of-mass enerqy is \/Shad = 13 TeV, renormalization and factorization scales are set to p =

po = 265 GeV, c.f. (3.115). The lower pane shows the ratios dagé%(m)%%/dagg%w (thick

line) and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval
(52, 2u0] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.36. — Top transverse momentum distribution for pp — tt including the effects of two

neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-

of-mass energy is \/Shaqa = 13 TeV, renormalization and factorization scales are set to p =
o = 265 GeV, c.f. (3.115). The lower pane shows the ratios dag](}%(ml ¢3/dagg%w (thick
line) and dab%DJr(m@/da(B%D (dotted line). The effect of scale variation in the interval

(52, 2u0)] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.37. — Transverse momentum distribution of the top + antitop system for pp — tt
including the effects of two neutral Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is \/snad = 13 TeV, renormalization and fac-
torization scales are set to p = pog = 265 GeV, c.f. (3.115). The lower pane shows the

. NLO(W . . .
ratios dO'QCD(+¢)27¢3/dO'g%«%W (thick line) and da({f?%D+¢2’¢3/d05%D (dotted line). The effect
of scale variation in the interval [%, 240 for the NLO(W) ratio is indicated by the shaded

rectangles.
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Figure 3.38. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-mass energy

18 \/Shad = 13 TeV, renormalization and factorization scales are set to p = pg = 265
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.39. — Antitop rapidity distribution for pp — tt including the effects of two neutral
Higgs bosons (2HDM scenario 1, see 3.7.1) at NLO QCD. The hadronic center-of-mass
enerqy s \/Shad = 13 TeV, renormalization and factorization scales are set to p = pg = 265
GeV, c.f. (3.115). The lower pane shows the ratios do.

dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for
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the NLO(W) ratio is indicated by the shaded rectangles.

118

NLO(W)
QCD+¢2,p3

Jdogen”

(thick line) and




3.7. Numerical results

do
aM [pb/GeV]

----1L0QCD

NLOW QCD
——— NLOW QCD + NLO ®,, &,

| | | | |
500 600 700 800 900 1000
M, [GeV]

Figure 3.40. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-
of-mass energy is \/Shaqa = 13 TeV, renormalization and factorization scales are set to p =

o = 312.5 GeV, c.f. (3.115). The lower pane shows the ratios dOGCD .5

DL o JdoSEQW (thick

line) and dab%DJr@’@/da(B%D (dotted line). The effect of scale variation in the interval
(52, 2p0) for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.41. — Top transverse momentum distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-
of-mass enerqy is \/Shad = 13 TeV, renormalization and factorization scales are set to p =

po = 312.5 GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m%@/dagg%w (thick

line) and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval
(52, 2u0] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.42. — Transverse momentum distribution of the top + antitop system for pp — tt
including the effects of two neutral Higgs bosons (2HDM scenario 2, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is \/spad = 13 TeV, renormalization and fac-
torization scales are set to p = po = 312.5 GeV, c.f. (3.115). The lower pane shows the
ratios dagla%H)Z 5/ d0 glé%w (thick line) and dO'QCD+¢2 ¢3/dUQCD (dotted line). The effect
of scale variation in the interval [“O 24| for the NLO(W) ratio is indicated by the shaded
rectangles.
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Figure 3.43. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-mass energy

18 \/Shad = 13 TeV, renormalization and factorization scales are set to u = pg = 312.5
GeV, c.f. (3.115). The lower pane shows the ratios dagé%(_m)%%/dagg%w (thick line) and
dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.44. — Antitop rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 2, see 3.7.1) at NLO QCD. The hadronic center-of-mass energy

18 \/Shaa = 13 TeV, renormalization and factorization scales are set to u = pg = 312.5
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.45. — Top-/Antitop invariant mass distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-
of-mass enerqy is \/Shad = 13 TeV, renormalization and factorization scales are set to p =

po = 325 GeV, c.f. (3.115). The lower pane shows the ratios dagé%(m)%%/dagg%w (thick

line) and daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval
(52, 2u0] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.46. — Top transverse momentum distribution for pp — tt including the effects of two
neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-
of-mass energy is \/Shaqa = 13 TeV, renormalization and factorization scales are set to p =
o = 325 GeV, c.f. (3.115). The lower pane shows the ratios dag](}%(_mlm/dag}é%w (thick
line) and dab%DJr@’@/da(B%D (dotted line). The effect of scale variation in the interval

(52, 2u0)] for the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.47. — Transverse momentum distribution of the top + antitop system for pp — tt

including the effects of two neutral Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO
QCD. The hadronic center-of-mass energy is \/Shad = 13 TeV, renormalization and fac-
torization scales are set to p = po = 325 GeV, c.f. (3.115). The lower pane shows the

. NLO(W . . .
ratios dO'QCD(+¢)27¢3/dO'g%«%W (thick line) and da({f?%D+¢2’¢3/d05%D (dotted line). The effect

of scale variation in the interval [%, 240 for the NLO(W) ratio is indicated by the shaded
rectangles.
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Figure 3.48. — Top rapidity distribution for pp — tt including the effects of two neutral Higgs
bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-of-mass energy

18 \/Shad = 13 TeV, renormalization and factorization scales are set to p = pg = 325
GeV, c.f. (3.115). The lower pane shows the ratios dagg%(_m)%ﬁg/dagg%w (thick line) and
daé%D+¢27¢3/d05%D (dotted line). The effect of scale variation in the interval [, 2puq] for

the NLO(W) ratio is indicated by the shaded rectangles.
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Figure 3.49. — Antitop rapidity distribution for pp — tt including the effects of two neutral
Higgs bosons (2HDM scenario 3, see 3.7.1) at NLO QCD. The hadronic center-of-mass

enerqy s \/Shad = 13 TeV, renormalization and factorization scales are set to p = pg = 325
GeV, c.f. (3.115). The lower pane shows the ratios dagé%(_m)%%/dagg%w (thick line) and
dUcLQ%D+¢2,¢3/d05%D (dotted line). The effect of scale variation in the interval [&*,2pu0] for

the NLO(W) ratio is indicated by the shaded rectangles.
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3.7.6. Spin correlation and polarization observables

For the study of spin correlation and polarization observables in tt events at the LHC
we will focus on dilepton final states, i.e. on the reaction

pp — tt+X =170 +jets+ BRI € {e,ul,

taking into account the decays of top and antitop quark at leading order QCD. For the
sake of brevity we consider here only proton-proton collisions at 13 TeV. We will consider
the following observables:

OL = cosby,
Ope = cosf,cosf_,
Oopen = COS @,

Ocp = (L x 1) ki,
(3.123)

where 6, = / (i+,l%t), 0. =/ (lA_,lg:t-) and p = £ (l:r,lA_). The normalized 3-vectors Z+
and [_ indicate the lepton/antilepton direction of flight in the top/antitop rest frames,

whereas k; and k; denote the direction of flight of top/antitop in the ¢ zero-momentum
frame. We denote the expectation values as follows:

By = 3{cosby),
—9(cos b, cosh_),
Dopen = —3(cos ),

Ocp = <(ZA+ X lA_) -l%t>,

£«
e,
[

(3.124)

where

~ JdoO

In the plots below we will also show the unnormalized quantities

129



3. Top-quark pair production in proton-proton collisions

By = 3 /dacos@i,

Cha = -9 /da cosf, cosf_,
Dopen = —3 /do cos ©,

Ocp = /da (I x L) - ke

(3.125)

The helicity correlation C’hel and the lepton opening angle correlation ﬁopen are generated
in the SM and by the resonant processes in the 2HDM already at tree-level. If no cuts
other than M,; cuts are applied, the opening angle correlation ﬁopen can be extracted
from the normalized distribution

do 1 A
1 _ = B
o dcos o = 3 (1 Dpen COS gp) .

Similarly, the polarization observables Ei and the helicity correlation C’hel can be ex-
tracted from the double distribution

1 d*c

dcosf dcosf_

1 A N N
= 1 (1 + By costy + B_cosf_ — Cye cos b, cos 9_) .

In the 2HDM scenarios 1 and 2 the Higgs bosons do not make P-odd and CP-odd
contributions to the matrix elements. In this case the ¢ and ¢ polarizations B, and B_
are generated solely by the SM interactions, that is, by the parity-odd contributions from

qq — Z — tt,

at LO and by the parity-odd terms of the mixed QCD-weak contributions in the matrix
elements of ¢t production by the gg,qq and gq reactions. Note that (approximate) CP
symmetry in the SM then implies B+ — B_ and Ocp = 0 to a very high accuracy. In the
2HDM scenario 3 however, contributions to the polarization observables B, and the CP-
odd triple correlation Ocp are generated by the resonant processes already at tree-level.
In particular the ¢ and ¢ polarization difference

AB = B, -B.,

is non-zero in this case. Note that the effects of the two heavy Higgs resonances are only
included at LO QCD in the following results.
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LHC 13 TeV

The inclusive results for the normalized observables (3.124) are given in Tabs. 3.12, 3.13
and 3.14. One can observe that the relative effects of the two heay Higgs bosons on the
helicity correlation Chel and on the lepton opening angle correlation DOpen are around
10%, while the triple correlation Ocp and the longitudinal polarization Bi, respectively
the polarization difference AB are very small in scenario 3 and zero in the scenarios 1 and
2. In Figs. 3.50-3.55, the unnormalized opening angle correlation coefficients Dgpe, and
helicity correlation coefficients Cy,; are shown within M,; bins of 10 GeV in the range from
340 GeV to 1.2 TeV for all three 2HDM scenarios. In case of the CP violating scenario
3 we also consider the observables Ocp and AB, the results are shown in Figs. 3.56 and
3.57. One can see that the expectation values (3.124) can be enhanced by restricting
them to convenient M,; intervals, i.e. we will consider

<0>[MA,MB} o fdo-OlMA<Mtt‘<MB

9

J dU|MA<Mtg<MB

in the following and compute the ratio of SM NLOW background plus resonant processes
and SM processes only:

Ma, M
R[MA,MB} o <O>EVLAOW§-]LO¢2,¢3
(0) o <O>[MA7MB]
NLOW

As in the last section, RM4:Ms5l simply denotes the ratio of the cross sections in the given
M;; interval. The results for some specific choices of [M 4, Mp] are given in Tabs. 3.15
and 3.16. One can see that in this way the effects of the heavy Higgs bosons can be
enhanced up to 30% in the CP-even observables in case of scenario 1 and nearly one
order of magnitude in the CP-odd observables in case of scenario 3. Still the absolute
value of the normalized CP-odd observables in scenario 3 is very small. We estimate the
statistical error on these numbers as

1

5[MA7MB] —
N[MAvMB] ’

where N4 Msl g the number of dileptonic events in the specific M,; interval. This
shows that — assuming (3.122) — the results of the CP-odd observables given in Tab. 3.16
are not statistically significant.
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Table 3.12. — LHC \/spaq = 13 TeV, dileptonic tt events, 2HDM scenario 1, c.f. 3.7.1. In-
clusive results of helicity and lepton opening angle correlation coefficients, evaluated at the
scale po = 265 GeV.

‘ cAYhel ﬁopen OCP AB
NLOW 0.3279 -0.2390 0 0
NLOW + ¢, ¢3 | 0.3377 -0.2478 0 0

Table 3.13. — LHC' \/spaq = 13 TeV, dileptonic tt events, 2HDM scenario 2, c.f. 3.7.1. In-
clusive results of helicity and lepton opening angle correlation coefficients, evaluated at the
scale pg = 312.5 GeV.

‘ CA’hel Dopen OCP AB
NLOW 0.3283 -0.2387 O 0
NLOW + ¢o, ¢3 | 0.3210 -0.2350 0 0

Table 3.14. — LHC \/snaq = 13 TeV, dileptonic tt events, 2HDM scenario 3, c.f. 3.7.1. In-
clusive results of helicity and lepton opening angle correlation coefficients, evaluated at the
scale pg = 325 GeV.

| Cha Dopen Ocp [x107] AB [x1074]
NLOW 0.3284 -0.2387 0 0
NLOW —+ ¢o, ¢35 | 0.3707 -0.2614 -5.74 6.74

132



3.7. Numerical results

Table 3.15. — Ratios of the spin observables Chpel and Deopen in proton-proton collisions at
/Shad = 13 TeV in M,y intervals [Ma, Mp| with and without effects of two heavy neu-
tral Higgs bosons at LO QCD. The statistical fluctuation §™Ma-MBl s calculated assuming
the parameters (3.122). The scale dependence is indicated by a superscript (u = &) and
subscript (u = 2ugp).

Sc. | [Ma, Mp] [GeV] | RGN R Me] | glMa M5][10-9]

open

1 500, 580] 0.6867005  0.719705%3] 2.9
2 480, 560] 0.823700%7  0.8417001% 2.8
3 420, 520] 1.08470:068  1.07975:00 2.1

Table 3.16. — Scenario 3: triple correlation Ocp and polarization difference AB in proton-
proton collisions at \/Spaq = 13 TeV in the M,z interval [M a, Mp|. The statistical fluctuation
6Mas Mzl s calculated assuming the parameters (3.122). The scale dependence is indicated
by a superscript (u = 5 ) and subscript (1= 2p0).

9c. ‘ [MA,MB] [GeV] ‘ OA[CJ\;{A,MB][lofS] AB[MA,MB][:[O*?)] ‘ 5[MA,MB][10*3]
3 | [400,400] [ —27373% 06505 2.2
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Figure 3.50. — Unnormalized spin observable Dopen defined in (3.125) for \/Snaqa = 13 TeV
proton-proton collisions including the effects of two neutral Higgs bosons (2HDM scenario
1) at LO QCD. Renormalization and factorization scales are set to p = pg = 265 GeV.
The structures above 800 GeV in the ratio (NLOW + LO ¢2, ¢3)/NLOW , indicated by the
thick line in the lower plot, are due to the zero-crossing of the two distributions and do not
reflect physical effects. The effect of scale variation in the interval [5>,2pu0] is indicated by

the shaded rectangles.
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Figure 3.51. — Unnormalized spin observable Cye defined in (3.125) for \/spad = 13 TeV proton-
proton collisions including the effects of two neutral Higgs bosons (2HDM scenario 1) at
LO QCD. Renormalization and factorization scales are set to p = pg = 265 GeV. The
structures above 800 GeV in the ratio (NLOW + LO ¢2, ¢3)/NLOW , indicated by the thick
line in the lower plot, are due to the zero-crossing of the two distributions and do not reflect
physical effects. The effect of scale variation in the interval [%,Q,uo] is indicated by the
shaded rectangles.
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Figure 3.52. — Unnormalized spin observable Dopen defined in (3.125) for \/Snaqa = 13 TeV
proton-proton collisions including the effects of two neutral Higgs bosons (2HDM scenario
2) at LO QCD. Renormalization and factorization scales are set to u = pg = 312.5 GeV.
The structures above 800 GeV in the ratio (NLOW + LO ¢2, ¢3)/NLOW , indicated by the
thick line in the lower plot, are due to the zero-crossing of the two distributions and do not

reflect physical effects. The effect of scale variation in the interval [5>,2pu0] is indicated by
the shaded rectangles.
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Figure 3.53. — Unnormalized spin observable Cye defined in (3.125) for \/spaq = 13 TeV proton-
proton collisions including the effects of two neutral Higgs bosons (2HDM scenario 2) at
LO QCD. Renormalization and factorization scales are set to p = pg = 312.5 GeV. The
structures above 800 GeV in the ratio (NLOW + LO ¢2, ¢3)/NLOW , indicated by the thick
line in the lower plot, are due to the zero-crossing of the two distributions and do not reflect
physical effects. The effect of scale variation in the interval [%,Q,uo] is indicated by the
shaded rectangles.
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Figure 3.54. — Unnormalized spin observable Dopen defined in (3.125) for \/Snaqa = 13 TeV
proton-proton collisions including the effects of two neutral Higgs bosons (2HDM scenario
3) at LO QCD. Renormalization and factorization scales are set to p = pg = 325 GeV.
Above 750 GeV, the ratio (NLOW + LO ¢a, ¢p3)/NLOW , indicated by the thick line in the
lower plot, becomes larger than 2 due to the effects of the resonance ¢3. However, one should
notice that the absolute value of the spin observable is small in this M,z range. The effect of
scale variation in the interval [“—20, 2u0] is indicated by the shaded rectangles.
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Figure 3.55. — Unnormalized spin observable Cye defined in (3.125) for \/spaq = 13 TeV proton-
proton collisions including the effects of two neutral Higgs bosons (2HDM scenario 3) at
LO QCD. Renormalization and factorization scales are set to p = pug = 325 GeV. Above 750
GeV, the ratio (NLOW + LO ¢g, ¢3)/NLOW , indicated by the thick line in the lower plot,
becomes larger than 2 due to the effects of the resonance ¢3. However, one should notice
that the absolute value of the spin observable is small in this M range. The effect of scale
variation in the interval [%, 2410 s indicated by the shaded rectangles.
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Figure 3.56. — Unnormalized triple correlation observable Ocp defined in (3.125) for \/Shad =

13 TeV proton-proton collisions including the effects of two neutral Higgs bosons (2HDM
scenario 3) at LO QCD. Renormalization and factorization scales are set to p = py =

325 GeV. The effect of scale variation in the interval [%,Q,uo] 1s indicated by the shaded
rectangles.
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Figure 3.57. — Unnormalized polarization difference AB = By — B_ defined in (3.125) for
V/Shad = 13 TeV proton-proton collisions including the effects of two neutral Higgs bosons
(2HDM scenario 3) at LO QCD. Renormalization and factorization scales are set to jn =
o = 325 GeV. The effect of scale variation in the interval [“—2‘),2%] is indicated by the

shaded rectangles.

141






4. Summary and conclusions

The working hypothesis of this thesis is that, in addition to the 125 GeV Higgs boson,
additional heavy neutral Higgs bosons may exist, which have strong couplings to top
quarks but suppressed couplings to W and Z bosons. Top-quark pair production at
the LHC is the obvious reaction to search for such particles. The analysis of t¢ data
at the LHC, which so far has been very rudimentary with regard to this possibility,
requires precise theoretical predictions. In this thesis the effects of heavy, neutral Higgs
boson resonances in ¢t production at the LHC have been investigated at next-to-leading
order in the strong coupling. An essential new ingredient of our analysis, which has
not been done before in the literature, is the incorporation of the interferences of the
heavy Higgs production amplitudes with the respective non-resonant QCD tt amplitudes
at NLO QCD. The NLO corrections to heavy Higgs boson production were computed
in the large m, limit with an effective K-factor rescaling. For the case of the inclusive
production of a single neutral Higgs boson at the LHC, we could justify this approach
by comparing the results obtained with this method to the most precise values available
in the literature. We saw that this approximation yields reasonably good results also
for heavy Higgs bosons. The effective K-factor rescaling procedure which we applied to
obtain the numerical results is of course arbitrary. Other methods should be investigated
and compared to this one — and eventually be replaced by the Higgs boson production
amplitudes beyond one-loop for finite m;,.

Our NLO QCD computation of heavy Higgs production and decay into ¢f and the interfer-
ences with the QCD ¢t amplitudes are in principle rather model-independent. However,
an essential ingredient in our analysis are the total decay widths of the Higgs bosons,
which must be computed in a concrete model in order to maintain the unitarity of the
S matrix. To find viable sets of parameters, we used the type-II two-Higgs doublet
models (2HDM) with (and without) softly broken Z, symmetry, where three neutral
Higgs bosons appear in the physical particle spectrum. We investigated three parameter
scenarios in more detail, where one Higgs boson is identified with the 125 GeV neutral
spin-0 resonance recently discovered at the LHC. The free parameters of the model are
chosen such that this boson has SM-like couplings to the quarks, leptons, and weak gauge
bosons. The masses of the other two neutral Higgs bosons were chosen to lie above the tt
threshold, with top Yukawa couplings that are slightly larger than the SM top-Yukawa
coupling. This choice was made to assess — cum grano salis — the maximal size of the
effects of the heavy Higgs bosons in the ¢t decay channel.

We computed the (on- and off-shell) production of the heavy Higgs bosons ¢9, ¢3 and their
decay into tt and the respective interferences with the QCD amplitudes at NLO QCD
for gluon-gluon fusion, ¢¢ annihilation and ¢g fusion. For the description of the Higgs
resonances we used the complex mass scheme. Moreover we showed, using the soft gluon
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4. Summary and conclusions

approximation, that non-factorizable QCD corrections to resonant Higgs production and
decay do not contribute. The pure QCD ¢t production at NLO including the weak-
interaction corrections and the contribution of the light 125 GeV Higgs boson (NLOW)
was computed with an existing computer code. All computations were made for ¢t in
an arbitrary spin configuration. Semileptonic and non-leptonic ¢ and ¢ decay at LO
QCD was incorporated in our computer code in a modular way. This allows to compute
distributions, in particular ¢¢ spin correlations at the level of the final-state leptons/jets.

For the computation on tf level we considered proton-proton collisions at /s = 8 TeV
and /s = 13 TeV. We found that in the three 2HDM scenarios the effect of the two
heavy Higgs bosons on the inclusive ¢t cross section is at most 5 percent, which is within
the present experimental and theoretical (SM) uncertainties. For the three scenarios, we
computed several differential distributions at the ¢t level: the M,; distribution, trans-
verse momentum, and rapidity distributions. The most important observable for tracing
heavy (Higgs) resonances in tf events is the M,; distribution. Due to the fact that the
total widths of the heavy Higgs bosons in our three 2HDM scenarios are rather large,
the Higgs-QCD interference effects are important. As a result, the Higgs resonances do
not show up as a Breit-Wigner resonance bump in the M;; distribution, but produce a
peak-dip structure around the respective resonance location. Our results show that the
radiative QCD corrections are important for the description of the shape of M,; spectrum
in the vicinity of the resonances. The heavy Higgs effects on the transverse momentum
and rapidity distributions of the ¢ and ¢ quarks are less pronounced. We further in-
vestigated the distributions of rapidity moduli differences Aly| = |y;| — |y;| concerning
asymmetries with respect to Aly| = 0. We could not detect such an asymmetry in the
NLO distributions originating from the resonant production of the heavy Higgs bosons
¢9, ¢3 and their interference with the non-resonant background, i.e. the charge asymme-
try Aély‘ is generated solely by the NLOW corrections to the non-resonant ¢ production
processes.

An additional tool for tracing these resonances are tt spin correlations which lead to
characteristic angular correlations among the final-state leptons and/or jets. We con-
sidered dileptonic tt events in /s = 13 TeV proton-proton collisions and computed
the so-called helicity correlation and opening angle distribution at NLO QCD including
weak-interaction corrections in bins of M,;, with and without the contribution of the
heavy Higgs bosons at LO QCD. Eventually, the NLO QCD corrections to the resonant
processes and their interference with the non-resonant background should be taken into
account also here. The peak-dip structure in the vicinity of the resonances shows up also
in these observables. The Higgs sector of our 2HDM scenario 3 violates the CP symmetry
already at tree level, i.e. the heavy Higgs resonances are no longer CP eigenstates. They
induce a CP-odd transverse-transverse tt spin correlation and lead also to a difference in
the longitudinal polarization of the t and t quarks. We computed the resulting CP-odd
triple correlation and polarization difference at the level of the final-state leptons.

In order to assess the statistical significance of the heavy Higgs effects on the M,; distri-
bution and the spin correlation/polarization we computed for the respective observables
ratios of the distribution with and without the heavy Higgs contributions within M,;
intervals of with ~ 100 GeV below and above the lowest resonance. We found that
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particularly for /s = 13 TeV proton-proton collisions at the LHC it is possible to find
statistically significant excesses and deficits in the M,; distribution in all three scenar-
ios if convenient M,; intervals are chosen. Of course, the right M,; intervals can not be
known beforehand and also the sizes of the reduced Yukawa couplings of the heavy Higgs
bosons to top quarks are rather optimistic in the three scenarios. We also found that the
CP-odd effects which are induced in scenario 3 are statistically insignificant.

The beyond-the-SM heavy Higgs boson scenarios which we analyzed in this thesis are still
viable and lie on one of the several avenues towards answering the question whether the
electroweak symmetry breaking mechanism is as described by the SM Higgs mechanism
or whether there is more to it. Needless to say, our choice of parameters of the 2HDM,
in particular our choice of the masses of the heavy Higgs bosons, are examples and
do not exhaust the phenomenologically allowed parameter space of the 2HDM. Our
analysis shows that it is not easy to detect heavy Higgs resonances in tt events. The
only dedicated search so far at the LHC which we are aware of was made by the CMS
collaboration in their ## data produced at 8 TeV. However, they analyzed their data
with an M, distribution computed for Higgs production at LO and took Higgs-QCD
interference not into account. This is an unrealistic model, as our analysis shows. A
re-analysis of the 8 TeV ¢t data of the ATLAS and CMS experiments and the future
analysis of data recorded at 13 TeV with regard to heavy Higgs searches requires a very
good experimental resolution of the M,;; spectrum. As theory can make no prediction
where the resonances should be located, one must scan the whole M,; spectrum within
suitably chosen M,; bins. As Higgs physics is one of the central issues of present and
future research at the LHC, this is certainly worth the effort. Our computation of the
shape of the M,; spectrum and of other distributions, in particular spin correlations, in
the vicinity of a heavy resonance should become a useful tool in future analysis of ¢t
data.
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A. Feynman rules

This appendix contains a collection of Feynman rules which were used to obtain the
results presented in this dissertation. This list is not intended to be exhaustive. Note
that the Feynman rules involving Higgs bosons always refer to the 2HDM with the
potential (1.18), where A\¢ = A7 = 0. Whenever neccessary, a small arrow above a line
indicates the momentum flow direction. The gluon propagator (A.2) is given in the
Feynman gauge.

Propagators

- +
P S _ o prm (A1)
p? —m?+in
7 99000000 i (A.2)
@ +in
[ = ! (A.3)

k2 — mé +imgyl'y
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A. Feynman rules

QCD vertices

g3 [p37p37 @3]
_gsfmazag [ gp1p2 (pl o p2)l)3
g1 [p1, p1, a1 = 49773 (po — p3)” (A.5)

> +g°37" (ps — p1)"*]
g2 [P27/02; Gz]

91 [p1, p1, a1 94 P4, pa; Q4]
ig3 [ foramcfaacac (grargios — grieagrars)
- o frame faaaac (gpip2 gpars — gPaP2 gPies) (A.6)
o fraasc faraac (grar gpaps — gPari gPapt )]
g2 [p2,p2,a2] g3 [p3>,03, CL3]
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A. Feynman rules

Higgs-quark and effective Higgs-gluon vertices

g1 [ph P1, Cll]

g2 [p27 P2, GQ]

g1 [ph P1, Gl]

¢O; === 92 [p2aﬂ2>a2] =

Sl

»

g3 [P37 3, a3]
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2
—iVekn— " [mi cot Py g + m; tan 5PR/L} (A.8)
. 1
with PL/R = 5 (]l + ’)/5)
4759102 [fH,z (pllizppl _ gphPQ D1 .p2) _ QfA,i Eplpzmpz} (AQ)

with €"'?? = +1 and

s (0
fH/Avi:WfI(uT/)A,z’—i_( ) i) /A T

|

fri [ 9772 (01 — p2)™ + g7 (p2 — p3)™* + 977 (p3 — p1)™]

+2fa; (p1 +Dp2+Ds3), Eaplpgps} (A.10)
with €”? = +1 and

1
fH/A,i: f H/Aji < ) f(/)Az



Higgs-gauge boson vertices

The interactions of the physical Higgs bosons with the gauge bosons depend on the
entries of the neutral mixing matrix R, c.f. (1.33) for the convention used here.

Ve
m2
Gi ===-- - QiTVQW (cos BRy +sinBRyp) , V ={W,Z} (A.11)
=fivv
Vl/
o
/
// 4 g
71 A~~~ = 5 [(=sin SR + cos fRiz) Rjs — (i < 7)|(pi — pj)"
O cos Oy
\ =fijv
\
?;
(A.12)
Trilinear neutral Higgs self-interaction
o
//
// —283‘/
g ————- / = 9 i , k= A.13
) \\\ i fijk fijk 06:06,00 ( )
\
?;

The coupling constants f;j; of the trilinear neutral Higgs interaction are rather compli-
cated expressions. In [35], Egs. (383f) and (389), the relevant part of the Higgs potential
is given in terms of the mass eigenstates ¢;:

Vas = Y 0idjon
ijk
m?

2 2

v —mI

———T0jk | ,
v

1 m;
X 501‘ (06 — T Thg) + . (mi - 22> 11T Ty +
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A. Feynman rules

where

Ci = T1i5\3 + TQZ‘ Re (;\7) - ng‘ Im (;\7) .

Note that in the convention of [35], the orthogonal matrix 7" defines the relation of the
mass basis to the Higgs basis as

H,y ¢1
H2 = T ¢2 3
A P3

so that one has to substitute 7= BT RT in (A.14). The definitions of R and B’ are given

in (1.34). The parameters s, A; are the coefficients of the respective quartic interaction
terms in the potential (1.18) when the doublets are transformed to the Higgs basis (1.28).
One can use Eqs. (124), (128) and (129) in [35] to express these in terms of A\ 2345 and
tan 3'. The relevant relations read

_ in2?2
N = )\3+sm 15}

_ in 2
5 :_ﬁ%B(Mmﬁﬁ—&aﬁﬁ+%%wﬂﬁ+ﬂmM9%

(A1 4+ A2 — 2A345) ,

with

)\345 = )\3 + )\4 + Re ()\5) .

In the appendices of [40] and [79] the relations of the A; to the physical parameters (1.36)
are given. Setting & = A\g = A\; = 0 in these equations one gets

2

AN o= Vtan?B+Y ———R?%,
! p Z v2 cos2 g
2 m; 2
Ay = cot
2 v p+ Z v2sin? 32
2m 3 m2
N = VY S Ra Ry,
’ v? “— v2cos fsin e
2m2 3 m?2
A = V2 - = + 7ZR1 )
: v2 ; 2
1 3 3 m; ’RiR 5% m2RpR;
A — VZ—f Z 2R2 i=1 il Z3+ i=1 14 442443
> v\ “ sin /3 cos f3 '

(A.14)

1 Use x = & =0 and ¢ = 3 in these equations. Note that the case A\¢ = A7 = 0 is considered here.
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Combining these relation one can express the trilinear Higgs couplings (A.14) in terms
of the physical parameters (1.36).
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B. The 2HDM mass spectrum

In this appendix I will derive some equations that are useful to understand the mechanism
of EWSB and the physical implications within the 2HDM discussed in Sec. 1.2, assuming
that the potential has the form (1.18) with A\¢ = A\; = 0. In particular, the transition
from the parameter set (1.35) to the physical parameters (1.36) should become more
comprehensible.

Assuming that the minimum of the potential (1.18) has the form (1.25), i.e. that the
VEVs are real and do not break U(1)en, the minimization conditions (1.24) lead to two
complex equations. The real parts of these equations are

2 _ Uy + 021 — > Re (122)
M1—2345 UllvleM?”
2

2 _ U1 2y U1 2
Hoy = 2)\345—|—U2>\2 s Re (ILL3),

(B.1)

where we have used the abbreviation A3;5 = A3 + Ay + Re(X5). The imaginary parts
yield only one independent equation,

2Im(,u§) = Im (A5) vyvs. (B.2)

Thus the parameters Im (p2) and Im (\5) are related if one demands a purely real ex-
pectation value such as (1.25), and in particular none of them can be zero in the CP
violating scenario. In the following we will express the VEVs through the angle § as
v; = vceosf and vy = vsin g, such that tan§ = o2 We will further make use of the
definition of the dimensionless parameter v given in (1.32).

We defined the charged and neutral mass matrices in (1.27) in terms of the basis states

T
(@T?QP;) and (90179027X17X2)T
(118) with /\6 = /\7 =0 are

The explicit expressions derived from the potential

ME? v? ( sin? 3 (2v — \g5) —sin Bcos B (2v — Ays) )
ij )

2 \ —sinBcos 2V — Ays) cos® B (2v — A\ys)

(B.3)

for the charged Higgs mass matrix, and
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B. The 2HDM mass spectrum

M2 _ 2 vsin? B+ 2\ cos® 3 cos Bsin 8 (Azys — v
[1.211,2] cos Bsin B (Asys — v) vcos? B+ 2\ysin?3 /7

M2 _ 2 sin? B (v — Re()s))  cosfBsinf(Re(\s) —v)
[3:413,4] cosBsin B (Re(Ns) —v)  cos?B(v— Re()s)) ’

M2 _ v sin? 8 Tm (\5) sin 3 cos 8 Tm (A5)
(1,2[3,4] 2 \ —sinfcosBIm(Ns) —cos*BIm(N;) |~

(B.4)

for the neutral Higgs mass matrix. The latter is a 4 x 4 matrix which, for readability,
is split here into 2 x 2 blocks, the numbers in square brackets indicating the respective
submatrices.

Now me make the transition to the Higgs basis. Arranging the component fields of the
Higgs doublets appropriately into column vectors, the basis transformation (1.28) takes
the form

H, ¥1
B 0
GT ) _p (¥ Hy | _ 2 (B.5)
HJF ()03_ ’ A 0 B X1 '
Go X2

with

cos  sinpf

B = (—sinﬁ cosﬁ)’

which we already used in (1.28). In the Higgs basis, the charged mass matrix (B.3) is
diagonal:

BME2ET — (0 0 )

2
0 mi

with eigenvalues 0 and m4. The latter is the mass of the physical charged Higgs boson
H™, expressed in (1.31) in terms of the parameters (1.35).
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As to the neutral Higgs mass matrix, we will convert only the two CP-odd fields x; and
X2 to their Higgs basis counterparts, i.e. we will apply the following basis transformation:

zl 1 0 zl
2 2
— . B.6
A 0 B X1 o
Go X2
=B

In the new basis, the neutral mass matrix (B.4) has the form

. . (2
BM2BT = M0

0 0

with

v sin? B+ 2\, cos? B sin Bcos B (g5 — V) —% sin 5 Im (As5)

M2 = o*| sinfBcosf (Agus — ) v cos® B+ 2\gsin? —3 cos SIm (\s)

—isinfIm () —feosfIm(Ns) v — Re(Xs)
(B.7)

Note the permutation introduced with the Pauli matrix o in (B.6) to move the eigen-
value 0, corresponding to the neutral pseudo-Goldstone boson Gy, to the lower right
corner. We can now focus on the part of the mass matrix (B.7) which corresponds to the
fields (¢1, 2, A)T. The transformation to the mass eigenstates (¢, ¢2, ¢>3)T is defined in
(1.33). In our convention the orthogonal matrix R is defined such that it diagonalizes
the remaining 3 x 3 block M2 of the neutral mass matrix, i.e.

m? 0 0 .
0 m? 0 = RM?RT, (B.8)
0 0 m?

where the eigenvalues m%% correspond to the masses of the neutral physical Higgs

bosons, i.e. in all physical scenarios the eigenvalues of M have to be real and positive.
The inverse of this relation,

m? 0 0 X
Rl 0 m2 0 |R = M (B.9)
0 0 m3
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provides 6 equations, which relate the physical parameters mim and a; 2 3 to the original
set (1.35). Focusing on the entries (1,3) and (2,3) of the matrix equation (B.9) and using
the explicit expression (B.7) of M? we find

1.
m%Ran + ngle% + m§R31R33 = D) sin B1m (As),

1
m%ngng + m%RQQRgg -+ ngnggg = —5 COS ﬂ Im ()\5) .
(B.10)

Note that the two entries of the neutral mass matrix are related via M2, = tan fM32,".
For Im (A5) # 0 we can divide the two equations (B.10) and express for example m3 in
terms of mi2, the components of the mixing matrix R, and tan 3:

2 m%ng (R12 tanﬁ — Rll) -+ m%Rgg (RQQ tan 6 — R21>
ms = . (B.11)
R33 <R31 — tan 6R32)

Note that the requirement m?2 > 0 implies boundaries on the values of the mixing angles
v 2,3 for given tan § and m7 ,. In models with Ag, A7 # 0 the relation (B.11) for ms does
not hold.

As to the relation of the parameter set (1.35) to the physical parameters (1.36): The
conditions (B.1) and (B.2) allow us to express 1, g3 and Im (¢3) in terms of v, tan 8 and
Im (\;). We further use the definition of v, given in (1.32), to eliminate Re (y2). The
6 equations (B.9) are then used to relate m?,4 and o123 to the remaining parameters
M234, Re(As) and Im (A5), see [42] for the explicit expressions. Finally, in the case
Im (X\;) # 0 we see from (B.11) that m3 is determined by m? ,, a1 23 and tan 3. Thus,
there are in total 8 parameters that can be chosen independently, for example the physical
set (1.36). Alternatively one could solve (B.11) for tan f.

In the case Im (\5) = 0, which corresponds to the CP conserving scenarios within the
type-II 2HDM, the mass matrix of the neutral Higgs fields (B.7) in the Higgs basis
reduces to a 2 x 2 block and one non-zero diagonal element. The latter is the mass
m? = v? (v — Re()s)) of the CP-odd field A, which consitutes a physical Higgs boson in
this case. The matrix that diagonalizes the remaining 2 x 2 block can be parametrized
by means of a single angle «, describing the mixing of the two CP-even fields ¢ and 5.
Thus all physical Higgs fields are also CP eigenstates in this case. Equation (B.10) poses
no additional constraint in the case of Im (\s5) = 0, so that the 7 parameters m7 , 3, o,
m?2, tan 3 and v can be chosen independently.

This is not the case anymore if A7 # 0.
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