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Abstract

Supersymmetric (SUSY) theories such as the Minimal Supersymmetric Standard Model
(MSSM) predict a new particle spectrum, including an extended Higgs sector, in order
to address fundamental questions that remain unanswered with the results obtained at
the Large Hadron Collider (LHC) so far. Despite an extensive programme to search
for additional Higgs bosons at the LHC, no new Higgs-like particles have been observed
beyond the discovered signal at 125 GeV. Such searches have not taken into account
CP-violating effects in the Higgs sector, which are well-motivated in the light of the per-
ceived baryon asymmetry in the universe, and which can induce significant deviations in
the phenomenology of the Higgs bosons. The search for additional Higgs bosons should
therefore account for the possibility that they may not necessarily be CP-eigenstates. In
the most general case where the MSSM parameters can be complex, the three neutral
Higgs bosons of the theory are the loop-corrected mass eigenstates {hy, ha, h3}, which are
admixtures of the tree-level CP-even and CP-odd Higgs states. This thesis focusses on the
effects of complex parameters on the production cross sections of these Higgs bosons and
the interference occurring between nearly mass-degenerate Higgs states. In the first part
of this thesis, we discuss higher-order corrections in the Higgs sector which give rise to
CP-violating mixing between the tree-level mass eigenstates, and present a computation
of inclusive cross sections for the production of the CP-admixed Higgs bosons through
gluon fusion and bottom-quark annihilation. The predictions for the gluon-fusion pro-
cess are based on an explicit calculation of the leading-order cross section for the general
case of arbitrary complex parameters, supplemented by various higher-order corrections.
The cross sections for the bottom-quark annihilation process are treated with a simple
re-weighting procedure. In the next part, we describe the implementation of our cross-
section predictions into an extension of the numerical code SusHi, named SusHiMi. In
our numerical analysis, we employ SusHiMi to study the effects of the phase of the soft
SUSY-breaking trilinear coupling of the Higgs with the top squark, and of the phase
of the gluino mass parameter on the neutral Higgs cross sections, masses, and mixings.
We demonstrate that squark effects can be strongly dependent on the phases of the
complex parameters, and emphasise the relevance of the resummation of squark effects
in the bottom-Yukawa coupling. Furthermore, we show that in a scenario where the
two heavy Higgs bosons, he and hg, are strongly admixed and nearly mass-degenerate,
experimentally resolving the two Higgs bosons as separate signals may not be possible.
Only the sum of their cross sections including interference terms can be measured ex-
perimentally. Finally, we incorporate our cross section predictions into a formalism to
account for the CP-violating interference between the Higgs bosons. In the prediction of
the process bb — ho, hs — 717, we show that strongly destructive interference arises
in the benchmark scenario defined in this thesis. Consequently, considerable parameter
regions escape the exclusion bounds, which would be ruled out in LHC searches which
neglect these interference contributions.



Zusammenfassung

Supersymmetrische (SUSY) Theorien wie das Minimale Supersymmetrische Standard-
modell (MSSM) sagen ein erweitertes Teilchenspektrum inklusive eines erweiterten Higgs-
Sektors voraus, um damit Fragen zu beantworten, die nach der bisherigen Datennahme
des “Large Hadron Collider” (LHC) noch offen geblieben sind. Obwohl am LHC sehr
intensiv nach weiteren Higgs-Bosonen gesucht wurde, gibt es keine Anzeichen auf weit-
ere Higgs-Bosonen neben dem beobachteten Signal bei 125 GeV. Bisher beriicksichtigten
die Suchen jedoch keine CP-verletzenden Effekte im Higgs-Sektor, obwohl Letztere ins-
besondere durch die Baryonasymmetrie im Universum gut motiviert sind. Zudem haben
sie einen erheblichen Einflufl auf die Higgs-Phénomenologie. Im allgemeinsten Fall mit
komplexen MSSM-Parametern sind die drei neutralen Higgs-Bosonen schleifenkorrigierte
Masseneigenzusténde {hq, ho, hs}, die Mischungen der CP-geraden und -ungeraden Higgs-
Zustande in niedrigster Ordnung Storungstheorie sind.

In dieser Arbeit konzentrieren wir uns auf Effekte dieser komplexen Parameter auf die
Produktionswirkungsquerschnitte der Higgs-Bosonen und auf die Interferenzen, die zwis-
chen massenentarteten Higgs-Bosonen auftreten. Die Arbeit gliedert sich in drei Teile: Im
ersten Teil diskutieren wir Korrekturen hoherer Ordnung im Higgs-Sektor. Wir berech-
nen den inklusiven Wirkungsquerschnitt fiir die Produktion durch Gluon-Fusion und
Bottom-Quark Paarvernichtung. Die Vorhersagen fiir Gluon-Fusion basieren auf einer
expliziten Berechnung des Wirkungsquerschnittes in fiihrender Ordnung Stérungstheo-
rie fiir den allgemeinsten Fall komplexer Paramter. Dieses Resultat wird ergénzt durch
Korrekturen hoherer Ordnung. Die Wirkungsquerschnitte durch Bottom-Quark Paarver-
nichtung werden durch eine Reskalierung gewonnen. Im zweiten Teil beschreiben wir die
Implementierung unserer Wirkungsquerschnittsberechnung in einer Erweiterung des nu-
merischen Programmes SusHi namens SusHiMi. Wir nutzen SusHiMi um die Effekte
der Phase der trilinearen Kopplung des Higgs-Bosons an Stop-Squarks und der Phase
des Gluino-Massenparameters auf die neutralen Higgs-Boson Wirkungsquerschnitte, die
Higgs-Massen und deren Mischung zu untersuchen. Wir zeigen, dass die Squarkeffekte
stark von den Phasen der komplexen Parameter abhédngen und betonen die Bedeutung
der Resummation von Squarkeffekten in der Bottom-Quark Yukawa-Kopplung. Desweit-
eren zeigen wir in einem Szenario, in dem zwei schwere Higgs-Bosonen hy und hg stark
mischen und nahezu massenentartet sind, dass die beiden Higgs-Bosonen als getren-
nte Signale experimentell im allgemeinen nicht auflésbar sind, sondern nur die Summe
der Wirkungsquerschnitte inklusive des Interferenzterms experimentell bestimmbar ist.
Zuletzt lassen wir unserere Wirkungsquerschnittsberechnung in einen Formalismus ein-
flieen, der die hervorgerufene Interferenz zwischen den Higgs-Bosonen im Falle von
CP-Verletzung beriicksichtigt. Fiir den Prozess bb — hg,hs — 777~ zeigen wir die
starke desktruktive Interferenz fiir ein in dieser Arbeit definiertes Szenario. In einem
solchen Fall sind Parameterregionen erlaubt, die im reellen Fall der Parameter (ohne
Interferenzbeitrage) durch LHC Suchen bereits ausgeschlossen wéren.

vi
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Chapter 1

Introduction

Search for invariances

The discovery of a Higgs boson in 2012 [3,4] occupies a unique and essential place in the
story of our pursuit for invariances; of lawfulness and regularities in the behaviour of the
universe. That the spontaneous breaking of electroweak symmetry is realised through an
SU(2) doublet scalar field had evaded many attempts at experimental confirmation since
the independent conception of the idea in 1964 by Robert Brout and Frangois Englert [5],
by Peter Higgs [6] and by Gerald Guralnik, Carl R. Hagen and Tom Kibble [7]. Tts
eventual discovery was the cumulative success of thousands of scientists and engineers
who contributed not only to the knowledge that was required for the genesis of the Higgs
hypothesis, but also to the theoretical and experimental expertise needed to confirm its
existence.

The 125 GeV Higgs boson is the last particle that can be accommodated within the
Standard Model (SM) of particle physics, a well-tested theory that has been remarkably
successful in describing the electroweak and strong interactions of elementary particles.
However, the SM suffers from several experimental and theoretical shortcomings, which
give us ample reason to believe that it can at most be a low-energy manifestation of a more
fundamental theory. The search for this underlying fundamental theory, or what is often
referred to as new physics, continues with Run IT of the Large Hadron Collider (LHC), now
operating at an unprecedented centre-of-mass energy of 13 TeV and steadily increasing
luminosities. Of the many new models hypothesising what may lie beyond the SM, one of
the most popular and widely studied class of models proposes an extension of the direct
product of a gauge symmetry with the Poincaré group, called supersymmetry (SUSY).
Indeed, phenomenologically viable SUSY models such as the Minimal Supersymmetric
Standard Model (MSSM) or its next-to-minimal extension can not only alleviate many
shortcomings of the SM, but also accommodate the observed signal at 125 GeV as one of
several Higgs bosons predicted by their extended Higgs sectors. The precise measurement
of the properties of the discovered Higgs boson is necessary in order to detect any possible
deviations from SM expectations, and therefore is as important as searching directly for
additional Higgs bosons belonging to new physics models.



1 Introduction

The possible landscape of new physics is vast, and so far undetected. The LHC exper-
iments ATLAS and CMS have carried out extensive direct searches for signatures of new
physics, including the MSSM. The failure to observe its signatures has set constraints on
its parameter space and limits on the masses of SUSY particles. In the face of a seem-
ingly shrinking parameter space that is available phenomenologically, it is important
to carefully examine all the assumptions that go into the construction of the exclusion
bounds and study how they are altered when some of these assumptions are modified.
Most experimental analyses are optimised to search for a surplus of observed events over
the background expected from the SM hypothesis. However, new physics can be de-
tected not just in the form of an excess of measured data, but particles from beyond
the SM spectrum could also cause a deficit of events due to destructive interference with
the SM background. Moreover, new physics could be hidden from LHC searches due to
destructive interference between closely appearing new resonances.

In the context of searches for additional Higgs bosons of the MSSM, such an effect
can arise between the two neutral heavier Higgs bosons when we assume, for instance,
that the CP symmetry is violated. In such a case, the experimental limits which have
been set under the assumption of CP conservation may not present an accurate picture
of the unambiguously excluded parameter regions and might need to be re-evaluated.
Confronting the observed limits from the LHC searches with possible modifications arising
due to such interference effects needs an accurate knowledge of production cross sections
and branching ratios of the additional Higgs bosons, as well as the interferences that can
occur between them. At the same time, computational tools need to be developed to
perform and optimise theory calculations.

This forms the central theme of this thesis. The work presented in the following chap-
ters aims to investigate the influence of CP-violating phases of the MSSM on production
cross sections of the neutral Higgs mass eigenstates, the interference effects that result
from CP-violating mixings of the neutral Higgs bosons, and their implication on Higgs
searches at the LHC.

Thesis outline

The thesis begins with a theoretical introduction to the SM in Chapter 2, focussing
on its particle content, and detailing in particular the electroweak symmetry breaking
mechanism. Following a discussion on the demerits of the SM, supersymmetry is moti-
vated in Chapter 3, where we describe the particle sector of the MSSM at tree level, and
the complex parameters in the theory which provide additional sources of CP violation
beyond the SM. The extended Higgs sector of the MSSM with its two Higgs doublets
is discussed in detail, and we set the notations needed for the work presented in later
chapters. In Chapter 4 we briefly review the Higgs results from the ATLAS and CMS
experiments, and summarise the exclusion limits from recent searches for SUSY particles
and additional Higgs bosons relevant to the processes studied in this thesis.



Chapter 5 is dedicated to higher-order contributions to the Higgs sector of the MSSM
with complex parameters. We begin with a discussion on the CP-violating Higgs self-
energies which give rise to mixing among the tree-level CP-even and CP-odd Higgs states
of the MSSM. Next, we describe the use of wave function normalisation factors (or the Z
factors) needed to provide a correct and consistent description of the on-shell properties
of external Higgs bosons, and introduce the notation for 7. factors which is used in
Chapters 6-9. The central work of this thesis is contained in Chapters 6-8. In order
to adequately study the effects of CP-violating phases on searches for additional Higgs
bosons, precise theoretical predictions for production cross sections of the Higgs bosons
are required, followed by a formalism for taking into account CP-violating interference
effects that can arise between nearly mass degenerate and heavily admixed states in
their production and decay. In Chapter 6, first the leading order calculation for Higgs
production via gluon fusion in the SM is reviewed, followed by a discussion on the various
ways in which CP-violating phases modify the production cross sections of the neutral
Higgs mass eigenstates of the MSSM, as compared to the CP-conserving case. We then
present the state-of-the-art gluon-fusion and bottom-quark annihilation cross sections for
Higgs bosons in the MSSM for the general case of complex parameters.

Developing tools to automate calculations is crucial in making the theoretical predic-
tions useful and accessible. In Chapter 7, we describe the FORTRAN code SusHi and
introduce its extension SusHiMi, where we have implemented our predictions for produc-
tion cross sections of CP-admixed Higgs bosons in the MSSM with complex parameters.
SusHiMi is employed in the phenomenological studies in Chapter 8, wherein the numer-
ical impact of the phases of the trilinear coupling of the Higgses with the stop, and the
gluino mass parameter (¢4, and ¢y, respectively) on Higgs masses, cross sections and
7 factors is investigated. Our studies are carried out in two scenarios where the lightest
MSSM Higgs boson, interpreted to be the SM-like Higgs, is accompanied by a strong
admixture of two heavy Higgs bosons nearly equal in mass. The chapter also examines
the assorted theoretical uncertainties that are involved in our cross section predictions.

The cross section predictions developed in Chapter 6 and their subsequent implementa-
tion in SusHiMi need to be accompanied by an appropriate treatment of the interference
effects that arise in the calculation of cross section times branching ratio of a full pro-
cess of production and decay of the nearly mass-degenerate Higgs bosons. Chapter 9
reviews such a formalism and describes the implementation of the relative interference
factors in SusHiMi, which is then used to explore the implications of CP-violating phases
giving rise to Higgs mixing and interference in the process bb — 7+t7~. The resulting
exclusion bounds are compared to existing bounds from Run II of the LHC which assume
CP conservation. For this purpose, we define a benchmark scenario in accordance with
the most up-to-date bounds on masses of SUSY particles and parameters described in
Chapter 4. With Chapter 10 we summarise the results presented in this thesis and
conclude.






Chapter 2

The Standard Model

This chapter provides a brief introduction to the Standard Model of particle physics,
describing its particle content and underlying symmetries. Subsequently the need for
new physics beyond the Standard Model is motivated. This introductory chapter mainly
follows Refs. [8-12].

2.1 Introduction

The history of particle physics is a long and involving tale. Attempts to deconstruct the
structure of matter date back perhaps to the earliest origins of scientific thought itself.
Generations of physicists have built upon the works of those who came before them,
which led to a series of experimental and theoretical breakthroughs in the 20th century
finally culminating in a singularly successful theory of fundamental particles and forces:
The Standard Model.

The Standard Model (SM) of particle physics is a theory describing the elementary
particles that make up the observed matter in the universe, along with their interactions
via the electroweak and strong forces [13-20], which encompass all the known forces
except gravity. Formulated in the 1970s, it accounts for practically all the experimental
data from high energy physics experiments so far. The Higgs boson, whose existence
is required for generating masses of the matter particles (fermions) and force carriers
(bosons), was predicted as a part of the SM a little more than half a century ago [5-7,21].
The breakthrough discovery of a new scalar confirmed to be a SM-like Higgs boson at
the LHC in July 2012 put in place the last missing piece of the SM and paved the way
towards a new era of particle physics. In this chapter, we will describe the particles that
make up the Standard Model and the underlying symmetries that drive their interactions.
The primary focus will be on electroweak symmetry breaking and the Higgs mechanism,
in order to set up the concepts and notations used throughout the thesis. We will then
discuss the shortcomings of the theory and incite the need for searches for physics beyond
the Standard Model (BSM), and in particular the role of extended Higgs sectors.
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2.2 Symmetries

The SM contains fermionic (spin 3) fields ¢, bosonic (spin 1) fields Af, and a scalar (spin
0) field ®. Fermions make up the visible matter in the universe. They interact with each
other through the intermediaries of the Yang-Mills gauge fields, the force carrying vector
bosons. This means that the various gauge interactions are completely determined by
the algebraic structures of certain internal symmetry groups. The remaining scalar spin
0 field is required for the Brout-Englert-Higgs (BEH) mechanism in the SM, which will
be discussed in detail in Section 2.3.

The Standard Model is a renormalisable and mathematically self-consistent quantum
field theory (QFT). It is invariant under the transformations defined by the Poincaré
group, the full symmetry of special relativity, namely the Lorentz transformations and
the inhomogeneous translations in Minkowski space-time. The gauge structure of SM is
the non-Abelian group SU(3)c ® SU(2), ® U(1)y. It comprises of two parts. SU(3)c
with a conserved colour (C') charge is the symmetry group of Quantum Chromodynamics
(QCD), the theory of strong interactions. SU(2);, ® U(1)y describes the electroweak
theory, with left chiral fields charged under weak isospin (subscript L for the left-handed
fermions it couples to) and the weak hypercharge (V).

The derivatives of the fermionic fields ¢ and general gauge fields Af, define their kinetics
and are fully determined by the global symmetries of the Poincaré group:

fermion
£kin - Ekjn + Egauge

e 1 a rauv
= i) — 1 Eit H (2.1)
with ¢ = ¥f1% and § = ~v*0,,. With the coupling of the gauge group g and the structure
constants fe¢, the field strength tensors F i, for all gauge groups are defined as

Fp, = 0,A5 — 0,45 + gf*™ A} A5 (2.2)

For gauge invariance of the Lagrangian under a generic gauge group, a covariant deriva-
tive D, = 0, — igT"Aj, with generators! T replaces the derivatives 9, in the kinetic
terms.

More specifically, if we demand invariance of the SM fields under gauge transformations
of the SU(3)c®SU(2),®U(1)y group, the derivatives 9, need to be replaced by covariant
derivatives D, as follows?

a

AN L e Y
Oy — Dy =0, — 195~ 9n +igo "W, — ZglgBu

1 fabe are defined by 7%, the N2 — 1 generators of a generic gauge group SU(N): [T%,T®] = ifabeTe.
Zthe sign convention is — in the SM and + in the MSSM.
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where gs, g2, g1 are the coupling constants of the gauge groups SU(3)c, SU(2);, and
U(1)y, respectively, and summation over the gauge indices a is implied. This replacement
by covariant derivatives leads to couplings of vector fields to fermions and scalars, as we
will see in Section 2.3. The group SU(3)¢ is generated by the eight Gell-Mann matrices
A a € {1,...,8}, with the corresponding gauge fields gy, called gluons, the carriers of the
strong force. The Pauli matrices 0% a € {1,2,3}, generate the SU(2);, group through
1% = 0'2—“, and define the weak isospin I2. The gauge bosons of this group are the three
Wi, Finally, the Abelian group U(1)y has the generator %, defining the weak hyper-

charge, and one gauge field B,,. For the strong SU(3)¢ interactions we define oy = %,
and for the electroweak SU(2);, ® U(1)y interactions we will use the relations
9192 e’

Vot + g am

The weak isospin and hypercharge together define the electric charge by the Gell-Mann-
Nishijima formula

Y
Q:F+§. (2.4)
Replacing @ with ) = 7D, and using the definition of field strength tensors for gy, Wy
and B, from Eq.(2.2) in Eq.(2.1), we obtain the fermion and gauge boson dynamics
encoded in the SM Lagrangian as
1 1

- 1
Liin = VilD) — ZGZVG%V _ ZWSVWGW _ ZBWB/W _ (2.5)

2.3 Electroweak theory and the Higgs mechanism

For the SM Lagrangian to be invariant under gauge transformations there can be no
explicit mass terms for the charged fermions and the gauge bosons, since they violate
gauge symmetry. However, the only massless gauge bosons observed experimentally are
the gluons in the strong sector and the photon in the electroweak sector. This means that
the SU(2),®U(1)y symmetry must be broken down to the U(1)gm such that masses can
be introduced for the gauge bosons while still maintaining the renormalisability of the
electroweak theory. Moreover, a mechanism for generation of fermion masses is required
as well. Therefore the theoretical explanation for the experimentally observed massive
bosons and SM fermions needs a new ingredient. Such a mechanism was proposed in
1964, by introducing a new SU(2),-doublet scalar field ®, which induces a spontaneous
breaking of the SU(2),®U(1)y gauge symmetry via the Brout-Englert-Higgs mechanism
[5—7,21]. The complex scalar field ®, a colour singlet with hypercharge Y = 1 was named
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the Higgs field, and can be represented as

o(z) = (2;53) . (2.6)

To obtain the masses of the gauge bosons, the Lagrangian receives the additional terms
Litiggs = (D, ®)(D"®) — V(D). (2.7)
The most general gauge invariant scalar potential in ® is given by
241 A mtan2
V(®) = —pd'd + Z(CD D)=, (2.8)

This potential must be renormalisable, so V(®) cannot contain powers higher than
(®T®)2. Additionally, a stable potential must be bounded from below, which requires
A > 0 and no dependence on odd powers of ®. Furthermore, choosing pu? < 0 results
in a minimum of the potential at | (®) | = V®T® = 0. In this case the minimum of the
potential leaves the electroweak symmetry unbroken and no mass terms emerge. In order
to induce the spontaneous breaking of the SU(2); ® U(1)y symmetry we need u? > 0,
resulting in a non-zero vacuum expectation value (vev) v of the neutral component of the

v

field | (@) | = % =75 This choice of parameters in the Higgs potential gives rise to
the famous Mexican Hat shape, which has an infinite set of degenerate minima lying on
a circle of radius % These degenerate ground states rotate into each other under gauge
transformations. It is now possible to obtain a physical picture of the excitations around
the vacuum state. The system is free to rotate along the circumference of the circle of
minima: since the potential is flat along the circle, the excitations along that direction
do not cost any energy. Excitations along this circumference therefore correspond to the
massless or Goldstone modes. In contrast, the potential looks approximately like that of
a harmonic oscillator in the radial direction, and an excitation along a radius gives rise
to the massive particles.

Following phase conventions, we can choose a specific minimum for ® as

d = \}5 <S> . (2.9)

The spontaneous breaking of the SU(2), ® U(1)y symmetry of the potential to U(1)gm
by this ground state is known as FElectroweak Symmetry Breaking (EWSB). The full Higgs
field can be written as an expansion around the minimum as

- ¢t ()
() = (;i (v + () + ixo(zzr))> ' (2.10)



2.3 Electroweak theory and the Higgs mechanism

This Higgs field possesses four real degrees of freedom (dof). Here H°(x) is the physical
Higgs field that predicts a massive scalar Higgs boson in the SM [21]. The other three
degrees of freedom ¢* and x° are the unphysical Goldstone bosons [22, 23] with zero
vacuum expectation value. They are absent in the unitary gauge and contribute to the
longitudinal dofs of the gauge bosons W* and Z.

2.3.1 Gauge boson masses

The masses of the gauge bosons are obtained by expanding the kinetic term (D, ®)"(D*®)
of Eq. (2.7) around the minimum of the Higgs field. The physical mass eigenstates for
charged gauge boson fields W# are derived from the gauge eigenstates as

1
Wt =—
V2

and the neutral mass eigenstates Z and A result from the following rotation of the neutral

<ii> N (—CZVW iZ) @f) (2.12)

with sy = sin Oy, cyw = cos Oy, and Oy is the weak mixing angle having the tree-level

(W, FiW}), (2.11)

gauge eigenstates:

definition

(2.13)

g1 g2
Sy = ——, = — .
Vi + 9 VI3 + 93

To understand in detail how the gauge boson masses arise, we look at the following
expansion of the kinetic term:

1 1 . .
(Du®@)!(D"®) = (0, H) (9" H') + 2 g5 (v+ H)* (W, —iW) (W —iW™)
1
+ g (U + HO>2 (g2W3 + ngN>(g2W3'LL + ng‘u) .
(2.14)

From the second term of the above equation we see that the two electrically charged
mass eigenstates VVMi acquire the mass

g2 - (2.15)

v
mwy = <
2



2 The Standard Model

The third term contains the masses for the neutral gauge bosons. They are the eigen-
values of the mass matrix obtained from the v?-term:

2 2
M2 = UZ ( 91 gl?) . (2.16)
9192 92

The determinant of M2, and therefore one of the eigenvalues is zero, so we get a massless
photon corresponding to the gauge boson of the unbroken U(1)gy symmetry, while the
second eigenvalue gives the mass of the Z boson:

v
my =0, mz = 5\9i + 95 (2.17)

Finally, expanding the Higgs potential V(®) around the minimum of the Higgs field, we
determine the mass term for the Higgs boson, which arises from the Higgs self-coupling
Al

0

M = % = ;1;2. (2.18)
The Higgs mass in the SM is a free parameter and needs to be measured experimentally.
The gauge bosons v, W* and Z are intermediaries of the electroweak forces. All electri-
cally charged particles interact electromagnetically by exchanging photons. The W* and
Z bosons carry the weak force. While the Z couples to all fermions, W* couple only to
the left-handed ones. Gluons, the gauge bosons of the strong sector, remain unaffected
by electroweak symmetry breaking and are massless. They mediate interactions between
coloured particles.

2.3.2 Fermion masses and Yukawa couplings

Fermions make up the visible matter in the universe. SM fermions can be classified
into quarks and leptons. Quarks are SU(3)¢ triplets that carry a colour charge. Since
all freely existing particles are colour neutral, quarks can only exist in colour-neutral
bound states called hadrons. Leptons are chargeless under SU(3)c and can exist as free
particles. Fermions are chiral fields, which means that left-handed quarks and leptons
(qr, 1) transform differently from the right-handed ones (gg, [g). The SM contains three
copies or generations of fermions (¢ € {1,2,3}) with similar quantum numbers, each
containing a collection of chiral fields (f;,, fi,,) with different particle masses. The left-
handed fields in each generation (g¢;,,(;, ) transform as doublets under SU(2), while the
right-handed ones (¢;,,,l;,) transform as weak singlets.

Within a generation, the left-handed quark doublet ¢;, consists of an up-type (u;,)
and a down-type (d;, ) quark. The corresponding right-handed singlets are w;, and d;.
Similarly, the left-handed lepton doublet has an up-type lepton, which is a neutrino v;
and a charged down-type lepton. The corresponding down-type right-handed leptons are
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2.4 Full SM Lagrangian

€ip- There are no right-handed neutrinos in the SM.

Fermions acquire masses in the SM through Yukawa couplings of the Higgs field to
the Dirac fields, since explicit fermion mass terms break the gauge symmetry of the
Lagrangian. These appear in the Lagrangian as follows:

Lyukawa = —qryaPdr — QL}’uEUR - ZLYZ(I)GR + h.c. (2.19)

where the charged conjugated Higgs field ® = ioy®*, with the neutral (¢%*) in the upper
component, induces masses for the up-type fermions. As a result, just one Higgs doublet
is sufficient for generating masses for both the up- and down-type fermions and the gauge
bosons in the SM. The lepton mass matrix is given by

(Y

ﬁ}ﬁ .

Since there are no right-handed neutrinos to participate in the Higgs couplings, neutrinos

m, = (2.20)

are massless in the SM, although more recent evidence of neutrino oscillations indicates
that they are in fact massive (see e.g. Ref. [24]). A diagonal mass matrix for the quarks
is obtained by diagonalising the 3x3 Yukawa matrices y, f € {u,d} through a unitary
transformation:

m, = Vy, Vi (2.21)

P

7
Notice that the coupling strength of the massive fermions (as well as the massive gauge
bosons) to the Higgs boson is directly proportional to their masses, which is a consequence
of the BEH mechanism. The product of the unitary matrices VL“VLdT appears in the
couplings of the charged-current W¥ interactions to the physical states uy,d; and is
called is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [25,26]. It contains the only
complex parameter of the SM, and it is the solitary source of CP violation within the SM:

Vo = ViV (2.22)

2.4 Full SM Lagrangian

Quantisation and higher-order corrections in the SM require gauge fixing terms in the
Lagrangian, set by Lg,. These terms introduce additional, unphysical degrees of freedom
of the gauge bosons to the theory, which must be cancelled. This compensation necessi-
tates the introduction of the so-called Faddeev-Popov ghost and anti-ghost terms Lgpos .-
These ghosts are not real physical quantities, they are purely mathematical entities ap-
pearing as virtual particles within loops. Therefore the full Lagrangian of the Standard

11
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Model is

Lsnt = Lyange + L™ + Lyvukawa + Litiggs + Leix + Lehost - (2.23)

2.5 Shortcomings of the Standard Model

The Standard Model has been extremely successful in the description of almost all the
measurements made in high energy experiments over the past decades, with no unam-
biguous hints of additional physics found in these measurements even as the TeV scale
is probed. However, the SM falls short of explaining several experimental observations,
in addition to certain theoretical shortcomings. This suggests that the SM cannot be
the complete theory of nature but it can only serve as an effective theory describing the
universe at the energy scales we currently explore.

The first and most obvious indication of the SM being an inherently incomplete theory
is that it cannot accommodate a description of the gravitational force. Gravitational
effects in the quantum regime become discernible only at Mp, the Planck energy scale®.
While these hardly have any phenomenological impact at the current energy scales in-
vestigated by particle physics experiments, a new framework is certainly required at Mp,
which serves as the maximal cut-off scale for the validity of the SM.

The SM is a renormalisable QFT, which means that even if no new physics exists
between the electroweak scale (Mgw) and the Planck scale, it can be run all the way
up to the highest cut-off A ~ Mp. If we treat the SM as an effective theory, one would
expect the Higgs mass to be a prediction of the full theory above Mp, which is 17 orders of
magnitude higher than Mgw. This hierarchy of scales can drastically effect the stability
of the Higgs mass in the presence of quantum corrections. The mass of the Higgs boson
receives radiative corrections from every particle that can couple to it, either directly
or indirectly, giving rise to a term AM7, which is independent of the bare mass of the
Higgs:

Mpo = Moo+ AMppo . (2.24)

These correction terms are quadratically dependent on the ultraviolet momentum cut-oft
A. For example, a one-loop correction to the Higgs mass from a fermion loop takes the
form

2
AMF, = —%AQ + - (2.25)

The ellipsis represents terms proportional to m% which grow logarithmically with A.
Setting the cut-off to the Planck scale makes the quantum correction around 30 orders

SMp = O(10'9) GeV.

12



2.5 Shortcomings of the Standard Model

of magnitude larger than the measured Mpyo ~ 125 GeV, which then requires the bare
mass Mo in Eq. (2.24) to be extremely fine-tuned. This instability is unique for scalar
masses. The masses of fermions and gauge bosons are protected by symmetries such that
they are not quadratically divergent with the cut-off momentum. Furthermore, there can
be contributions similar to Eq. (2.25) from virtual effects of any new heavy particles that
might exist and couple to the Higgs. Such contributions are sensitive to the masses of
the heavy particles, not just the cut-off. While within the SM itself such a cancellation is
technically possible since the Higgs mass is a free parameter, for a UV completion of the
SM where the Higgs mass is a predicted quantity, it is considered highly unnatural to have
such an enormously precise cancellation without a symmetry reason, and is called the
Hierarchy Problem. It motivates new physics below the Planck scale which can regulate
these radiative corrections.

If one demands theoretical elegance from the SM, then an explanation for fractional
electric charges of the quarks giving rise to accidental cancellation of gauge anomalies is
missing, as is an explanation for the hierarchy in masses of fermions. In addition, if we
expect the gauge couplings g1, g2, g3 to unify at the GUT scale, then new particles need
to be introduced to alter the running of the couplings [27].

It would seem fair to conclude that worrying about perceived imperfections of a theory,
even a phenomenologically successful one, can pay off. However, the shortcomings of the
SM are not just limited to aesthetics. As mentioned earlier, the observation of non-
zero neutrino masses leading to neutrino oscillations [24] is not explained by the SM.
Furthermore, the only source of CP violation in the SM is the single phase of the CKM
matrix. CP violation, along with baryon number violation and departure from thermal
equilibrium, is a condition required for the observed baryon asymmetry in the universe
[28-30]. However, the one complex parameter in the SM is not adequate to explain
the perceived matter-antimatter asymmetry, and additional CP-violating parameters are
needed. Evidence from astrophysical observations points to the existence of Dark Matter
(DM) and Dark Energy (DE), which make up ~ 27% and ~ 68% of total energy density of
the universe, respectively [31], whereas ordinary matter only constitutes ~ 5%. For DM
to be made up of elementary particles, not only does it need to have no electromagnetic
or strong interactions with the SM particles, it also needs to be stable on cosmological

time scales. The SM does not offer a viable candidate for cold DM, or an explanation for
DE.

In recognition of these shortcomings, there are several extensions of the Standard
Model that attempt to tackle a combination of these problems. They include ideas
proposing composite Higgses, extended Higgs sectors, additional space-time dimensions,
new symmetries etc. Even though there has been no evidence of new physics beyond the
SM so far, the search for new particles continues as we probe higher energies with greater
luminosities in present day particle accelerators.

This thesis focuses on one such BSM theory, Supersymmetry (SUSY), which introduces
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2 The Standard Model

a new symmetry relating fermions and bosons. As one of the most widely studied BSM
theories, it offers solutions to the fine-tuning of the Higgs mass, provides candidates for
DM, enables the unification of the gauge couplings and can provide additional sources
of CP violation which contribute to the matter-antimatter asymmetry in the universe,
making it a compelling phenomenological theory.
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Chapter 3

The MSSM with complex
parameters

This chapter discusses the basic features of supersymmetry, with focus on the physics of
the MSSM, and is based on Refs. [12, 32-38]. In particular the properties of the Higgs
sector and the role of complex parameters relevant for this thesis are outlined. Similarities
to Ref. [1] are intended and reflect the contributions of the author.

3.1 The Minimal Supersymmetric Standard Model

In the early 1900s, only three types of particles had been discovered: photons, electrons
and protons. Wolfgang Pauli addressed his now famous letter suggesting the existence
of a new kind of weakly interacting particles, the neutrinos, to the Radioactive Ladies
and Gentlemen [39], who would meet in Tibingen to discuss beta decays, at a time
when conception of new particles was not considered a popular solution to fundamental
problems. However, neutrinos were indeed the correct solution to the problem of the
continuous beta decay spectrum. Problem solving paradigms in particle physics have
changed since then; new particles are suggested in most of the prominent models of
new physics in order to overcome the shortcomings in the field. Perhaps the boldest of
these models is supersymmetry, which proposes a vast and new, yet undiscovered particle
spectrum which could solve many of the problems that plague the Standard Model today.

In this section we give a brief historical perspective to the motivations for developing
SUSY and its resulting implications on particle physics phenomenology. We will discuss
how weak scale supersymmetry provides solutions to the shortcomings of the SM and
subsequently we will describe the particle content of the minimal realisation of SUSY:
The Minimal Supersymmetric Standard Model (MSSM).

3.1.1 A brief history of supersymmetry

It is a plausible assertion that a dominant theme in twentieth century physics was that of
symmetry, the pursuit of which was heuristically very successful. Symmetries are often
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the primary feature of nature that constrain the allowed dynamics of an interaction, and
have proved to be a reliable concept for exploring and formulating physical laws.

In Chapter 2 we saw that the interactions of the SM are driven by symmetries and
the subsequent breaking of some of them. However, the SM does not encompass all the
symmetries of nature that are compatible with Lorentz invariance. This can serve as a
motivation for studying extensions of the SM symmetries that can manifest physically.
Nonetheless, space-time symmetries and internal, local symmetries cannot be combined
arbitrarily. Every realistic quantum field theory can only have a Lie group symmetry
that is the direct product of the Poincaré group and the internal symmetry groups. This
was proven in the landmark “no-go” theorem by Sidney Coleman and Jeffrey Mandula
in 1967 [40] which stated the “impossibility of combining space-time and internal sym-
metries in any but a trivial way”. In 1971, Y.A. Golfand and E.P. Likhtman introduced
four anti-commuting spinor generators in 341 dimensions that can extend the Poincaré
group [41], which came to be known as supercharges. In 1972, D.V. Volkov and V.P.
Akulov independently suggested non-linear realisations of supersymmetry [42]. Rudolf
Haag, Jan Lopuszanski and Martin Sohnius analysed all possible superalgebras in the
general form and showed that by weakening the assumptions of the Coleman-Mandula
theorem and allowing both commuting and anticommuting symmetry generators such
that the ordinary Lie algebra was replaced by a Lie superalgebra, it was possible to
non-trivially bypass the no-go theorem [43].

In 1974, Julius Wess and Bruno Zumino introduced the simplest interacting super-
symmetric quantum field theory with a free chiral supermultiplet [44]. The minimal
supersymmetric extension of the Standard Model proposed in order to address the short-
comings of the SM was developed starting in the late 1970s and early 1980s. While the
number of viable supersymmetric models has greatly increased over the last decades; with
several models containing additional symmetries and ingredients, as well as non-minimal
extensions, the non-observation of SUSY has severely constrained the parameters of the
theory.

3.1.2 A symmetry of fermions and bosons

Supersymmetry is a space-time symmetry that relates a fermionic state to a bosonic
state and vice versa. Even though the initial reasons for studying SUSY were purely
mathematical, it is well motivated in the light of the shortcomings of the SM. SUSY
predicts new scalar particles for each SM fermion, and a fermionic particle for each SM
gauge boson. These new particles are called superpartners. The supersymmetric operator
Q generating such a transformation is an anti-commuting spinor which changes the spin
of a particle by % The single particle states of a supersymmetric theory are contained
in irreducible representations of the supersymmetry algebra, called supermultiplets. A
supermultiplet contains both fermionic and bosonic states with equal degrees of freedom.
Q and its hermitian conjugate Qf, also a supersymmetric operator, must satisfy the
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3.1 The Minimal Supersymmetric Standard Model

commutation and anti-commutation algebra defined by

[P*,Q.] = [P, Qf] =0, (3.1)
{Qa, QL} = 204, P, (3:2)
{Qa, Qs = {0k, Ql} =0, (3.3)

where P* is the 4-momentum generator of space-time translations with Lorentz index
w, ot are the Pauli matrices, and «, &, 3 , 3 are the spinor indices. @ and Q' also com-
mute with generators of all the gauge transformations, so that the particles housed in a
single supermultiplet have the same quantum numbers for electric charge, weak isospin
and colour. Furthermore, we see from Eq.(3.1) that the squared mass operator — P>
commutes with Q and Of:

[Qa, P?] = [Qu, P,JP" + P*[Q,, P, =0. (3.4)

This relation implies that all the fields in a supermultiplet have equal eigenvalues of — P2
and are mass degenerate in unbroken supersymmetric models.

We can already notice hints of how a supersymmetric extension of the Standard Model
can alleviate some of its shortcomings. As discussed in Section 2.5, each fermion loop in
the Higgs self-energy contributes a quadratically divergent term proportional to —y?AQ,
where y; is the Yukawa coupling and A is the momentum cut-off of the integral. The pre-
dicted existence of a scalar partner fL /r for each fermion chirality state fr,/r means then
that the Higgs self-energy receives quadratically sensitive contributions from the scalar
loops, which are proportional to y}%AQ. As a result, the quadratically divergent contri-
butions from the fermions are cancelled by those from the scalar loops if yy = y;. The
complete quantum corrections to the Higgs mass also contain logarithmically divergent
terms, which vanish entirely if the masses of the SM particles and their superpartners
are equal. However, SUSY cannot be realised in nature as an exact symmetry, as we dis-

cuss in more detail in Section 3.1.5. SUSY breaking results in a mass splitting between

2 _
. . . f._ . . . .

the dimensionless couplings y; = y; is maintained, A? does not spoil the cancellation

fermions and their superpartners, m m?c + A% As long as the relationship between
of the quadratically divergent terms. This is known as soft breaking of SUSY. However,
even though the mass split is performed such that it does not affect the quadratically

divergent terms in the renormalised self-energy corrections to the Higgs mass, it induces
2

correction terms of the form In (m£ . These corrections can be kept small enough such

s
that fine-tuning is not reintroduced if the masses of the superpartners are not too separate
from those of the SM particles and appear at O(TeV).

TeV scale masses of the superpartners can additionally improve the unification of the
strong, weak and electromagnetic couplings [27]. SUSY not only addresses the theoretical
shortcomings of the SM, but can also provide explanations for experimental observations
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not predicted by the SM. The new SUSY particle spectrum contains a light, stable,
weakly interacting state which could be a candidate for cold dark matter. Finally, several
parameters of the theory may be complex, opening up new portals to CP violation. We
will discuss the last feature in greater detail in Section 3.3.

Incorporating the SM into SUSY

In a supersymmetric extension of the SM, the known fermions and bosons are embedded
into chiral or gauge supermultiplets, with a superpartner having a spin differing by
%. We saw that Standard Model quarks and leptons have left- and right-handed parts
that transform differently under gauge transformations, therefore they must be a part
of chiral supermultiplets. Since these left- and right-handed components are separate
Weyl spinors v, each of them has its own complex spin 0 scalar partner (called a scalar
fermion or sfermion). On-shell, this complex field has two real propagating degrees of
freedom, similar to the two spin polarization states of 1. However, off-shell the Weyl
fermion is a complex object with two components and four real degrees of freedom, two
of which are eliminated on-shell. We see that there is a mismatch in the fermionic and
bosonic degrees of freedom off-shell. The chiral supermultiplet therefore also contains an
auxiliary complex scalar field F' which closes the supersymmetry algebra off-shell. This
field vanishes on-shell and does not propagate. The chiral Lagrangian including auxiliary
terms is given by

) . ) 1. .. .
Leniral = —D"¢*' D, ¢; + 15" Dby + F*'F; + [(—2W”1/)iwj + W’E) + h.c.} . (3.5)

The W; and W;; are the first and second derivatives of the superpotential with respect
to the complex scalar fields:

ow O*W

W= a6 T Bg00,

(3.6)

The Euler-Lagrange equations of motion for the auxiliary fields give F; = —W}, F™* =
—W?, which can be replaced accordingly. In the above equations W is the superpotential
containing the most general set of renormalisable, SUSY-invariant non-gauge interactions:

W= L6+ L MY60; + 60,00 (3.7
Here, L; are parameters with mass dimension 2 and only affect the scalar potential part
of the Lagrangian. They are allowed only when ¢; are gauge singlets and can play an
important role in spontaneous supersymmetry breaking.

Analogously, the gauge supermultiplet contains the SM vector bosons A}, along with
their fermionic superpartners \* (called gauginos), and a real bosonic auxiliary field D?,
included for the same reasons as F'. The Lagrangian describing the vector supermultiplets
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is
1 a prapy 1 a Ma yat =@ a
Loauge = _ZF’“’F + §D D 4+ iX""a" D, A", (3.8)
with the field strength tensors Fy, defined in Eq.(2.2). Finally, the complete SUSY
Lagrangian is expressible as

ESUSY = Echiral =+ ‘Cgauge - \/§g ((¢*Ta¢))‘a + )\Ta(wTTa¢)) + g(¢*Ta¢)Da ) (39)

where T are the gauge group generators. The additional terms in the Lagrangian consist
of all possible gauge invariant and renormalisable interaction terms, and the equation of
motion for D® turns out to be D* = —g(¢*T¢).

The scalar potential of the supersymmetric Lagrangian can be split into “F”-terms,
determined by the Yukawa interactions, and “D”-terms determined by the gauge inter-
actions, and is bounded from below:

. 1 1
V(p,¢") =Vr+Vp=F"F + FDID = WiW! 5gg(gb*T%)? . (3.10)

3.1.3 The MSSM superpotential

The MSSM is the simplest phenomenologically viable SUSY model. The SM particle
spectrum is more than doubled, with each left- and right-handed fermion and gauge
bosons getting their corresponding superpartners. The gauge and chiral multiplets are
detailed in Table 3.1. By convention, the chiral multiplets are defined in terms of the left-
handed Weyl spinors, with the right-handed fermions and their superpartners being the
conjugate of the left-handed ones. With a generation index i € {1, 2,3}, the left-handed
quark doublets are denoted as ¢; = (u;, ,d;, ). Their scalar superpartners (or squarks) are
g = (u;,, JiL). Transforming under the same representation of the gauge groups, both
q; and ¢; are contained in a chiral supermultiplet ;. The right-handed up-type quark
singlet uIR,
the supermultiplet @;. Similarly the multiplet d; contains the down-type quark singlet
d

denoted in our convention as u;, , and its superpartner u;, are contained in

;, along with its superpartner d;, .

The supermultiplet L; contains the left-handed lepton doublets e; = (14, ¢;,) along
with the corresponding scalar leptons (sleptons) é; = (;,¢;,). Finally, é; contains the
charged lepton singlets (e}z, ), owing to the absence of right-handed neutrinos in the
SM or the MSSM.

The gauge bosons and their superpartners occur in three supermultiplets: one each for
the B-boson and the bino B, the {W= W3} bosons and the winos {W=,W?}, and the
gluon g with the gluino g.

The Higgs sector of the MSSM is richer than that of the SM. The MSSM is a two-Higgs
doublet model that is constrained by supersymmetry. Constraints imposed by SUSY, as
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Table 3.1: Chiral and gauge supermultiplets of the MSSM [36, 37].

Chiral Label Spin-0  Spin-1/2 (SU(3)c,SU(2)1, U(1)y)
(S)quarks Q (tig,, d) (uz,dr) (3,2, 1/3)

a oy uf (3.1,-4/3)
(S)leptons L (U, €r) (vp,er) (1, 2,-1)

é & eh (1,1, 2)
Higgs(inos> Ha (h(c)l? h(}) (]:Z?l? i};) (17 2, _1>
Gauge Spin-1/2 Spin-1
Gluino, gluon 7] g (8,1, 0)
Bino, B-boson B B (1,1, 0)
Winos, W-bosons (W W3} (W w3} (1, 3,0)

will be discussed subsequently, dictate that at least two Higgs doublets are required to
provide masses for both the up- and down-type fermions and the gauge bosons. In the
SM, these masses are generated by the scalar doublet ® and its complex conjugate ®.
The two complex Higgs doublets of the MSSM have a total of eight degrees of freedom.
Three of these dof lend longitudinal components to the massive gauge bosons via the
EWSB mechanism. The remaining physical dof manifest themselves as five Higgs bosons.
Each of these Higgses have corresponding spin % superpartners called Higgsinos. We
discuss the mixings of the particles described in Table 3.1 into mass eigenstates and their
manifestation as physical fields in Section 3.2.

The chiral and gauge supermultiplets appear in the R-parity (see Section 3.1.4) con-

serving superpotential containing the non-gauge interactions as follows:
Wussm = Uyu@Q - Hy — dyaQ - Hi —€yeL - Hi+pn Hy - Hs. (3.11)

The dot operator is the SU(2) p-invariant product contracted by the total anti-symmetric
tensor €,3, and the gauge indices and generations of the supermultiplets have been sup-
pressed. The y, qe are the 3x3 Yukawa matrices in family space as described in Sec-
tion 2.3.2. Here we see two separate Higgs doublets that couple to the up- and down-type
fermions, in contrast to the SM where the doublet ® with a vev in the lower component
and ® with a vev in the upper component render both the up-type and down-type
fermions massive. However, it is not possible to replace Hy by Hi, since Wygsm is a
holomorphic function that cannot contain complex conjugates in order to preserve SUSY.
Furthermore, we also need two Higgsinos and therefore two Higgs doublets with hyper-
charges Yy, , = £1 to facilitate the cancellation of gauge anomalies that would occur in
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a scenario where only one fermionic Higgsino existed. In Eq.(3.11), u, the only SUSY
conserving parameter later appears as the potentially complex Higgsino mass parameter.

3.1.4 R-parity

Experimental searches have not shown deviations from lepton (L) and baryon (B) num-
ber conservation so far. In the SM, their conservation occurs accidentally, since all
possible renormalisable terms exclude ones that violate L and B. Even though Wyssum
in Eq. (3.11) conserves lepton and baryon number, L- and B-violating terms are not ex-
cluded from the renormalisable and gauge invariant MSSM, which can lead to an unstable
proton. In order to safeguard the MSSM from the consequences of B and L violation,
a new symmetry called R-symmetry [45] is introduced. We require that every coupling
preserves R-parity, which is defined as

R = (—1)3B+L+25 (3.12)
where S is the spin of the particle. This assigns R = 41 for SM particles and R = —1
for their superpartners. It allows all interactions in Eq.(3.11) but forbids the baryon-
and lepton-number violating terms. Mathematically, it can be motivated as the discrete
subgroup Zs, a remnant of the continuous U (1) gauge symmetry. If R-parity is conserved,
SUSY particles can only be produced in pairs, and the lightest supersymmetric particle
(LSP) is completely stable. This has phenomenological importance: if the LSP is colour
and charge neutral as well as weakly interacting, it is an ideal candidate for cold non-
baryonic dark matter [46,47]. In the MSSM the lightest neutralino Y’ can play this
role. Additionally, any sparticle can only decay into an odd number of LSPs. There
exist phenomenological SUSY models that allow for R-parity violation, however all the
interactions considered in this thesis preserve R-parity.

3.1.5 SUSY breaking

As discussed in Section 3.1.2, unbroken SUSY interactions would imply that the SM
particles and their SUSY counterparts are mass degenerate. However, the fact that we
have not detected SUSY particles in experiments so far means that supersymmetry is not
realised exactly in nature. Any phenomenologically viable model must therefore involve
SUSY breaking. From a theoretical perspective, one would expect SUSY to be broken
spontaneously in the manner of EWSB. Spontaneous breaking of SUSY could occur in a
hidden sector which has no direct renormalisable couplings to the visible sector and could
be mediated to the visible sector through different mechanisms. From a practical point
of view, the exact SUSY breaking mechanism does not have much phenomenological
impact. It is therefore useful to parametrise our ignorance of the exact dynamics of
supersymmetry breaking by introducing terms that break the symmetry explicitly in the
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Lagrangian. As argued in Section 3.1.2, the SUSY breaking couplings must be soft, which
means that the relations between the dimensionless couplings must remain unmodified
in order to avoid reintroducing the quadratic divergences in the Higgs mass correction
terms.

The most general renormalisable Lagrangian for soft SUSY breaking terms with gauge
invariance and R-parity conservation is [36,37]

1 . s

Lot == 5 (Msg"g" + MoW*W* + My BB + h.c.)
— <&auQ : HQ - jadQ : 7‘[1 — éaeQ : Hl + hC)
~Q'm3Q ~ L'm2L — am2a' — dm2d' — émZ2é'

—mi My Hy —mi Hy - Ha — (mEyHy - Ho + hec.). (3.13)

Here, a is the gauge index, and M; 53 are the bino, wino and gluino masses, respec-
tively. The second line contains the dimensionful trilinear interaction terms a,,aq and
a, of the Higgs boson with two sfermions. Each a,,aq and a, is a complex 3x3 ma-
trix in family space, with a one-to-one correspondence to the Yukawa couplings of the
Supelrpotential~ [36]. In the third line are the soft sfermion squared masses m% with
f e€eA{Q.L,u,d, e}, which, along with M; 53 from the first line, break the mass degen-
eracy between the SM particles and their superpartners. The last line introduces the
squared mass terms of the Higgs supermultiplets m%{m and the bilinear term in the

Higgs field with the soft breaking mass parameter m?2,.

We see that while the superpotential (which conserves SUSY) introduces only one new
parameter, p, the SUSY breaking Lagrangian introduces a number of masses, mixing
angles and couplings with potentially complex values that are not present in the SM.
The MSSM contains 105 new parameters in the most general case, in addition to 19
from the SM. It is useful to impose an organizing principle on the SUSY breaking La-
grangian, since several of the new parameters in Eq. (3.13) are severely constrained by
experiment. Therefore, in phenomenological studies of the MSSM, one imposes simplify-
ing assumptions motivated by experimental constraints that can reduce the parameter
space considerably.

In this thesis, we will assume that SUSY breaking is “universal” with respect to flavour.
In an idealised limit where the squark and slepton squared mass matrices are flavour
diagonal, one can assume

AR

m%i" = m%j/l’ m% = m%l, ms= — mf?]_, mg = m 1 . (314)

This ensures that SUSY contributions to the severely constrained flavour-changing neutral
currents are minimal. Assuming minimal flavour violation (MFV) [48-50], which means
that SUSY does not introduce any flavour violating interactions beyond those already
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3.2 The mass spectrum of the MSSM

present in the SM, renders the trilinear couplings proportional to the corresponding
Yukawa couplings:

Ay = AuYu7 ag = Ade) A, = AeYe . (315)

As a consequence of this structure in the MFV case, only squarks and sleptons of the third
generation have large couplings to the Higgs boson. Another simplifying assumption to
further shrink the parameter space in the MSSM is to assume CP conservation. However,
as we will demonstrate in Chapter 5 and onwards, CP-violating terms can give rise to rich
phenomenological features and we therefore allow parameters to be complex throughout
this thesis. Lastly, along with the unification of gauge couplings, one can also assume
that the gaugino masses unify at GUT scale, which leads to the following relation for the
electroweak soft-breaking mass parameters:

5 52
My = =3 M. 3.16
re 3CW 2 ( )

3.2 The mass spectrum of the MSSM

The gauge eigenstates of the sfermion and gaugino sectors mix into and propagate as
physical mass eigenstates as a result of electroweak symmetry breaking. In the subsequent
sections, we describe the physical fields of the MSSM, especially the ones relevant to this
thesis. A significant portion of this section will be dedicated to detailing the Higgs sector
and the electroweak symmetry breaking mechanism in the MSSM.

3.2.1 Sfermion sector

In the MSSM without flavour mixing in the sfermion sector, sfermions fL7 r of one genera-
tion mix into mass eigenstates f1 5. The term of the Lagrangian containing the sfermion
mass matrix of one generation is given by [51]

Ef (va fR)M2 <§;> with
(Mfi o cos25(7} — Qysh) i ) o

M2 =
mpX; M3 +mj +m3 cos 26Q sy,

f

Here my is the corresponding fermion mass and Xy := Ay — p* - {cot 3, tan 8}, where
cot # and tan 3 apply to up- and down-type sfermions, respectively. The soft-breaking
masses M 2 and M 2 the third component of the weak isospin I3 ¥, the electric charge Q)
and the mass of the fermlon my are real parameters. This also applies to the Z-boson
mass my and the sine of the weak mixing angle sy = sinfy,. Contrarily, in the CP-
violating MSSM the trilinear couplings of the Higgs to the sfermions Ay = |Ay|e’ P45 and
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3 The MSSM with complex parameters

the Higgsino mass parameter u = |p|e®*, and hence X, can be complex. These complex
parameters enter the Higgs sector via the Higgs—sfermion couplings, see Appendix A, and
are thus also of direct relevance for Higgs boson production.

For minimal flavour violation, the mass matrix is diagonalised for all f separately
through the unitary matrix U; having real diagonal elements and complex off-diagonal

(2) =U; (}Z) . (3.18)

The sfermion masses mjf and my,, using the convention myz < m#,, are calculated as
the eigenvalues of Eq. (3.17). Explicitly, these are given by

elements,

1
m}m = mfc + 5 M]%L + M]%R + Ifm?% cos 263 (3.19)

2
T \/{M]%L — M}%R +m? 00825(];’ — Qfs%v)} + élmfc|)(]c|2 )

The fact that the left-handed soft-breaking parameter MJ%L is the same for the fields
in an SU(2); doublet gives rise to a tree-level relation between masses of up-type and
down-type squarks.

3.2.2 Gluino sector

The gluino g, a colour octet fermion with spin s = %, does not mix with other fields and
enters the tree-level Lagrangian in the form
1
L3> —=Gmgd, (3.20)

2

where my is the absolute value of the possibly complex soft-breaking parameter M; =
mge'?Ms. In the Feynman diagrams for the Higgs boson self-energies and the Higgs
boson production via gluon fusion, the gluino only contributes beyond the one-loop
level. However it affects the bottom-quark Yukawa coupling already at the one-loop
level, where it enters the leading corrections to the relation between the bottom-quark
mass and the bottom-quark Yukawa coupling which can be resummed to all orders. A
more detailed discussion of this will follow in Section 6.4.1.

3.2.3 Neutralino sector

The Higgsinos and electroweak gauginos mix with each other as a result of electroweak
symmetry breaking. The neutral Higgsinos (h2, hY) and the neutral gauginos (B , W3)
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3.2 The mass spectrum of the MSSM

combine into four neutral eigenstates called neutralinos. Their gauge eigenstates

B
0 W3
G = o | (3.21)
d
BO
appear in the MSSM Lagrangian as
1. _
LoD 5GOTI\/IXOGO +he., (3.22)
where the Y° denote the neutralinos,
0 B
~0 T3
ACd I (3.23)
X3 {Ld
Xi h
Mo is the symmetric neutralino mass matrix given by
M, 0 —myzSw cos B mzSy sin 3
Mo — 0 My mycy cos 3 —mycy sin 3 7 (3.24)
—mMySw cos B mycy cos 3 0 —
myzSwsin B —mgew sin 8 — [ 0
and the complex, unitary matrix N diagonalises the mass matrix':
N*M;(ONil — dlag (mxtl), mxg, m)zg, m;(éol) y (325)

such that mgo < My < My < mgo. The gaugino mass parameters M; and My, in
addition to the Higgsino mass parameter u, can also be complex. However, one of the
phases of M; and M, can be rotated away by an Ry transformation without loss of
generality and the other only has a minor impact on the Higgs sector. We will therefore
neglect their phase dependence in this thesis.

3.2.4 Chargino sector

Analogous to the mixings that result in neutralinos, the charged Higgsinos (h, h;) and
the charged winos (W®) mix into charginos, )ZfQ. The mass eigenstates are related to

'Mjo can have negative mass eigenstates, which is fixed by applying the Takagi factorisation. A
unitary transformation 7" rotates the eigenvalue resulting in mgo > 0 [52,53].
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3 The MSSM with complex parameters

the gauge eigenstates by

@t) - (%) ’ (E) =v @;) - (3.26)

Notice that the mixing matrix for the positively charged and negatively charged fermions
is different. The gauge eigenstates can be defined as

and the MSSM Lagrangian containing the chargino mass terms is

L. o N
L+ D §[g+TM£ig +g TM>~<:t9+] + h.c., (3.28)

with the tree-level chargino mass matrix Mg+ governed by the Higgsino mass parameter
1 and the gaugino mass parameter M, as follows,

B M,y V2myy sin 8
Mz = (ﬂmw cos 3 " ) . (3.29)

The masses of the charginos are obtained by diagonalising M=+ using the two 2x2 unitary

matrices U and V:
UMV = diag (mgs, met) (3.30)

such that My < M. This results in the eigenvalues

m.+

X1,2 2

M3+ |+ 2mdy qEJ (M% + |paf? + 2m3,
2

) — |uMy — m%,sin268)° . (3.31)

3.2.5 Higgs sector and EWSB in the MSSM

As discussed in Section 3.1.3, the MSSM contains two Higgs doublets with opposite
hypercharges Y3, , = %1 in order to introduce masses for both the up- and down-type

hY hi
Hy = (hi> , Ho= (hg> . (3.32)
d u

fermions:
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3.2 The mass spectrum of the MSSM

The Higgs potential consists of Higgs-specific F- and D-terms, and the soft-breaking
terms from the last line of Eq. (3.13):

Vi = (Ve + Vp — Leott) ’H

= (|uf* + m3, ) (|RO)? + [RE1P) + (Jul® + m3,, )[R + |hy [7)

2 2
_ 91t g — 212
+ [miy(hhg — hSRY) + hoc| + = < 2 S + R = B9 = [ha PP]” (3.33)

where we employed

ow > |ow |
Ve — 3.34
F OH, |5H2 ’ ( )
2 3 a a 2 2 1 1 2
Vp =23 (H{"Hl + H%"HQ) + 4 <7—[§7—t2 - HI%) : (3.35)
9 2 2 9 9 2 2

The quadratic terms of Vg contain the SUSY parameter |u|? and the real soft breaking
terms myg,, my,. The full scalar potential of the MSSM also contains terms that in-
volve squark and slepton fields that are ignored here since they do not get vevs. The
bilinear terms have the soft coefficient m?,, which can be complex, but whose phase can
be absorbed by redefining the phases of ;1 and m?, through a Peccei-Quinn transforma-
tion [54,55].

So far, we have encountered the possible complex parameters M;, My, M3, Ay, j1 and
m?,. In Section 3.3, we will describe the Ry and Peccei-Quinn (PQ) transformations
used to absorb the phases of M, and m?, and discuss the experimental bounds on the
rest of the phases.

Electroweak symmetry breaking in the MSSM

In order to obtain massive fermions and gauge bosons, we require that the minimum
of Eq. (3.33) should break down the symmetry to SU(2);, ® U(1)y — U(1)gm in accor-
dance with observations in nature. However the presence of an additional complex Higgs
doublet makes the EWSB mechanism more complicated than in the SM.

In order to simplify the EWSB mechanism in the MSSM, one can take advantage of
the freedom to use gauge transformations, and carry out an SU(2), transformation to
rotate away h; at the minimum such that we can assume without loss of generality that
<hj > =0 [36]. A potential satisfying this minimising condition also has <h;> = 0. This
implies that the U(1)gy symmetry is unbroken in the vacuum state since the charged
components of the Higgs doublets have vanishing vevs.
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3 The MSSM with complex parameters

We can now express the Higgs potential V; in terms of the neutral Higgs states:
Vir = (lul® + mi, )Rl + (el +ma,, ) [hal*

2 + 2
— [mdohih + hee] + R — |G, (3.36)

For the MSSM scalar potential to successfully induce EWSB, it must satisfy the same
properties that we imposed on the SM scalar potential in Eq. (2.8). Not only must it
have a stable minimum that does not lie at the origin, but it must also be bounded from
below. The quartic interactions of V are able to stabilise the potential for arbitrarily
large values of h2 and hY. However, when h2 = h3, the quartic D-term (proportional to
g3 + g3) is identically zero. This is called the D-flat direction in field space, and for the
scalar potential to be bounded from below we require the quadratic part of the potential
to be positive in this direction. This imposes the following relation on p, H1 o and mi,:

0 < 2mfy < 2|ul* +m3;, +ms, . (3.37)

The second condition on the scalar potential is that it needs to have a saddle point at
the origin |h%] = |hY] = 0. This unstable origin is achieved when the linear combination
of h? and hY has a negative mass squared:

miy > (Jpl* +miy,) + (lul® +m3,,) . (3.38)

It is clear that Eq. (3.37) and Eq. (3.38) cannot be simultaneously fulfilled if m3, = mj,
and especially for m%l = m%z = 0, which means SUSY breaking is necessary for successful
EWSB in the MSSM. There exist models with boundary conditions derived from Mini-
mal SUper GRAvity (MSUGRA) or Gauge-Mediated Supersymmetry Breaking (GMSB)
wherein m3, L= m?_b holds at the GUT scale, but radiative corrections involving large
top-Yukawa couplings can drive m3, , to small values, unequal to m3, .» at the electroweak
scale. In such models electroweak symmetry breaking is induced by quantum radiative
corrections proportional to the squared masses of SUSY particles via a mechanism known
as radiative EWSB, which generates EWSB dynamically for universal boundary condi-
tions. Naturally, in order to prevent the reintroduction of large fine tuning of the bare
Higgs mass in such a case, the SUSY particle masses should not be larger than O(TeV).

Having established the conditions necessary for h) and hj to have real non-vanishing
vevs, we can write

(hS) =vu,  (hG)=rva. (3.39)
Their ratio is written as y
tan 3 = — (3.40)
Ud

and is one of the primary input parameters describing MSSM phenomenology. The values
of v, and vy must satisfy the observed phenomenology of the Higgs sector, and hence we
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3.2 The mass spectrum of the MSSM

define their relation to the SM vev

v =0 +0i = dmy ~ (246 GeV)? (3.41)
! gt + 93 ’

where m is the mass of the Z-boson.

The 1 problem

The minimisation condition for the scalar potential leads to the relation

m3, —mj, tan® 3
tan? 8 — 1

—Z =7+ (3.42)
The left-hand side of this equation resides at the electroweak scale. On the other hand,
p is a SUSY conserving parameter, and m3, ., are soft-breaking parameters with mgf
as their mass scale. These parameters on the’right—hand side of Eq. (3.42) with a priori
separate origins must combine to result in the electroweak scale. Unless their mass scales
are within a couple of orders magnitude of m, additional cancellations will be required
to fulfil the above relation. The MSSM does not provide an explanation for why p? must
be small compared to, say, M3 and in particular why it should be of the order of 102 or
10® GeV. This is known as the “u problem” [56,57] and serves as a motivation for next-
to-minimal supersymmetric models, where p naturally arises at the electroweak scale as
the vev of an additional singlet. However, in this thesis we will limit ourselves to the
MSSM.

Tree-level masses and mixings

In an expansion around the minimum, the neutral fields of the two Higgs doublets can
be decomposed into CP-even (4%, ¢3) and CP-odd (x?, x3) components as follows?

_ Ud"‘%@?‘*’i?((l)) _ it 2
= ( 2¢I M=t (95 +ixg)) (3.43)

Here £ is a possible relative phase between the two doublets. Inserting this expansion
into the scalar potential we obtain

1 1
Vi D — ZE@? + §<I>°M¢¢XX<I>OT + §¢—M¢i¢i¢+T e (3.44)

2We note that the convention differs from the convention employed by FeynHiggs by a different sign
of x¥ and ¢, which induces different signs in the corresponding elements of the matrices in Eq. (3.44),
Eq. (3.46) and Eq. (3.47) and the x{ couplings to (s)quarks displayed in Appendix A.
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3 The MSSM with complex parameters

with @0 := (9, 3, X}, x3) and ®F := (4T, ¢3). T; are the tadpole coefficients, Mg, is
the mass matrix of the neutral degrees of freedom,

M2, M3
Mgy = (Mjg M<12>x> ; (3.45)
X xx

and My+,4+ is the 2x2 Hermitian mass matrix of the charged Higgs components. At
tree level, the minimisation conditions for Vg require the tadpole coefficients and the
relative phase £ between the Higgs doublets to vanish. Consequently, the Higgs sector
of the MSSM is CP-conserving at lowest order. This also implies that Mgy, is block
diagonal. The two complex Higgs doublets of Eq. (3.43) contain eight degrees of freedom.
In analogy to the SM, EWSB results in three of these degrees of freedom contributing
to the longitudinal polarisation components of Z and W* bosons. The remaining five
degrees of freedom manifest themselves as five physical Higgs bosons of the MSSM: CP-
even h, H, a CP-odd A and two charged Higgses H* at lowest order. The tree-level
neutral mass eigenstates {h, H, A,G} , where G is the unphysical Goldstone boson, are
obtained from the tree-level neutral gauge eigenstates {99, ¢9, x{, x5} through a unitary
matrix as follows:

h —S4 Co 0 0 gzﬁ(l)
H 0
N (3.46)
A 0 0 sz, cs, X1
G 0 0 —cs s/ \X5

Similarly, for the charged Higgs states one obtains

I‘Ii S8 Ca gbit
= © ¢ 3.47
()= (25 %) () a7
where s, = sinzx,c, = cosz. «, 3, and [, are the mixing angles for the CP-even Higgs
bosons (h, H), the neutral CP-odd states (A, G), and the charged states (H*, G%),

respectively. Minimising the Higgs potential leads to 5 := 3, = . at tree level, with the
following relation between the mixing angles

2 2
tan(2a) = W tan(20) . (3.48)
z

The masses of the Higgs bosons at tree level are given by the relations

1
My = 5 <m?4 +m% F \/(mi +m%)? — dm?im? 0082(25)> (3.49)
2m?
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3.2 The mass spectrum of the MSSM

Table 3.2: A summary of physical states of the MSSM [36] excluding the SM fermions

and gluons.
Names Gauge eigenstates Physical states
Sfermions fL,fE fis fo
Neutralinos B,W?, R, hy X1 X9, X35 X4
Charginos W hf hy i, xa
Gluino J g
Gauge bosons B, W' w2 w3 v, Z,W*
Higgs bosons RO RO, hl hy h,H, A H*

with m; < mpg. The Higgs sector of the MSSM at lowest order is fully determined
(besides the gauge couplings) by two parameters, which are usually chosen as m4 (or
equivalently, mg+) and tan 5(= t3) for the case of the MSSM with real parameters. For
the MSSM with complex parameters, we choose the mass my+ instead of m 4 as the input
parameter, since beyond tree-level, CP-violating mixings give rise to CP-admixed Higgs
bosons and A is no longer a mass eigenstate. At higher orders as particles from other
sectors contribute to loop-induced effects, also other SUSY parameters affect the Higgs
boson masses and mixings.

Eq. (3.49) gives the upper bound m; < mgz at tree level, which had already been
excluded at LEP for a SM-like Higgs boson [58]. We must take into consideration higher
order corrections to the Higgs mass; while the 1-loop contributions from third generation
(s)quarks are substantial and can shift the upper bound to about 140 GeV [59-63],
leading 2-loop corrections reduce this bound to about 130 GeV for TeV scale SUSY
masses [64]. For the latest developments in Higgs mass calculations we refer the reader
to Refs. [65-69] and references therein. The discovery of the SM-like Higgs signal at
~125 GeV by ATLAS and CMS in 2012 is therefore a priori compatible with the lightest
MSSM Higgs boson h. While there exist scenarios wherein the heavier CP-even Higgs
boson H can be interpreted as the SM-like discovered state [70-74], in this thesis we will
mainly consider scenarios where the lightest MSSM Higgs boson is SM-like.

A summary of the mass eigenstates of the MSSM resulting from mixings of the gauge
eigenstates is presented in Table 3.2.

The decoupling limit

In the MSSM, the tree-level couplings of the neutral Higgs bosons to the up and down-
type fermions and gauge bosons depend on the mixing angles  and 3. These couplings,
relative to those of the SM Higgs, are summarised in Table 3.3. Eq. (A.1) in Appendix A
illustrates how they explicitly appear in the Lagrangian.

In models with an extended Higgs sector, the SM Higgs coupling to gauge bosons is
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3 The MSSM with complex parameters

Table 3.3: Tree-level couplings of the neutral MSSM Higgs bosons to SM massive fermions
and gauge bosons relative to the couplings of the SM Higgs.

o g? 95 90
SM HO 1 1

MSSM  h  c¢o/Ss —Sa/cs sin(f — a)
H s./ss cafcg  cos(f—a)
A 1ty tg 0

distributed among the neutral BSM Higgs bosons to maintain unitarity. For example,
the MSSM features the following sum rule for the relative gauge boson (V') couplings to
the three neutral Higgs bosons [75]:

> (=1, (3.51)

¢e{h,H,A}
. These couplings of the Higgs bosons of the MSSM relative to SM values are

gt =sin(B —a), gif =cos(f—a), (3.52)
with no tree-level couplings of the CP-odd A or H* to VV. When m 4 > m, the Higgs
masses and mixing angles simplify:

m? sin? 43

m; ~mycos’2B, my ~mi +mysin?28, cos?(B— a) ~ g
my

(3.53)
In this limit, it is apparent that m4 ~ my ~ mpy=+, and cos( —«a) — 0 up to corrections
of O(m%/m%). Consequently, the tree-level mixing angles a and 3 approach the limiting
values

sin(a) — —cos(B), cos(a) — sin(f5), sin(f—a) — 1, cos(f —a) — 0. (3.54)

This results in H and A decoupling from V'V, and the hAZ coupling g%, = cos(8 — a)
vanishes. The h coupling to V'V and the fermions behaves like that of the SM Higgs boson.
This is called the decoupling limit [76]. In this limit, the MSSM Higgs sector behaves
SM-like, and the heavy Higgs bosons searches in the production and decay channels with
gauge bosons become difficult because of small rates. The couplings of the heavy Higgses
to the fermions may either be suppressed or enhanced depending on the angles o and f3.

As the discovered 125 GeV scalar has yet to show any significant deviation from SM
properties, limits such as the decoupling limit or the more general alignment limit® [77-79]

3Here an SM-like Higgs boson arises if one of the neutral Higgs mass eigenstates is approximately
aligned with the direction of the Higgs vev in field space.
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where one of the Higgs bosons can be interpreted as the SM-like discovered state are
crucial for benchmark scenarios for MSSM Higgs searches. The scenarios investigated in
this thesis will largely lie in the decoupling region.

3.3 CP-violating phases in the MSSM

In Section 3.1.5 we discussed the introduction of 105 additional parameters in the MSSM
parametrising our ignorance of the precise SUSY breaking mechanism. Assuming MFV
restricts the total number of new MSSM parameters to 41. Along with a mass in the Higgs
sector! My (or Mpy+), they are: tan 3, the gaugino mass parameters |M;|, |Ms|, | Ms|
and ||, the sfermion masses mg,, mg , me;, My, mg, for the three generations, and the
trilinear couplings |A¢|, f € {e,u, 7, u,d, c,s,t,b} of the sfermions.

In addition to these real parameters, there are also 14 possible CP-violating phases:
the Higgsino mass parameter phase ¢,, the gluino mass parameter phase ¢, the phase
of the soft-breaking bilinear mass term ¢,,2 , the phases of the gaugino mass parameters,
G, ¢, and the phases of the trilinear couplings ¢4,, f € {e, u, 7,u,d, c,s,t,b}. How-
ever, as we have already mentioned in Section 3.2.3 and Section 3.2.5, not all of the 14
phases are physical. The phases of m2, and M, (or M;) can be rotated away, leaving us
with 12 independent CP-violating phases.

To absorb the phases of M, and m?,, we perform two U(1) transformations: R, and
Peccei-Quinn (PQ), as follows [32]. The transformation of parameters M o3, A, m3,
and p is defined such that the Lagrangian remains invariant. Quantities are multiplied
by €% under a general U(1) transformation, where ¢ is the rotation angle and ¢ is
the U(1) charge. The U(1) charges of the parameters Mj 3, Ay, miy and p under an
R, transformation are gg, = —1,—1,0, 1, respectively. Similarly, their charges under
a P() transformation are gpg = 0,0, —1, —1, respectively. First, an R, transformation
with the angle ¢);, is performed on each of the parameters and fields, followed by a PQ
transformation with the angle ¢,,2 . This has the following effect on the phases:

{¢#7 ¢M17 ¢M27 ¢M37 ¢m%27 (bAf}

L Ro(¢nr,)
{Du + Ortys Orty — Oty 0, Orty — Oty P2, Py — Py }
b PQ(¢2,)
{bu + drt, — Pz, Oary — Oy, 0, Oy — Pary, 0,94, — Oy }

The remaining non-vanishing phases and fields are redefined to absorb ¢y, and ¢,,2 . The
phases of M, and m?, are thus rotated away. If we attempt further U(1) transformations

4We use capital letters to denote loop-corrected Higgs masses.
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on the remaining angles, no more phases can be absorbed. Note that the phases of M; or
M3 could also have been chosen for the R, transformation but ¢y, is chosen as a matter
of convention.

The complex parameters in the MSSM provide additional sources of CP violation be-
yond the single phase of the CKM matrix [25,26]. Such additional sources are needed to
explain the observed baryon asymmetry in the universe. However, this thesis will concen-
trate on investigating the impact of these complex parameters on the Higgs phenomenol-
ogy of the MSSM applied to key processes at the LHC. In particular, we concentrate on
parameters that have a significant impact on Higgs boson production via gluon-fusion
and bottom-quark annihilation. The most important of these are the phases of the tri-
linear couplings of the Higgs to the third generation fermions ¢4, 4,, owing to potentially
large stop and sbottom loop effects arising from large top- and bottom-Yukawa couplings.
We also investigate the effect of the phase of the gluino mass parameter and the Hig-
gsino mass parameters ¢y, and ¢,, respectively. While ¢y, affects the bottom-Yukawa
coupling at one-loop level and the Higgs boson self-energies at two-loop level, ¢, affects
both at one-loop level.

However, the phases of these parameters face experimental constraints. The most
restrictive constraints on the phases arise from bounds on the electric dipole moments
(EDMs) of the electron and the neutron [80-82]. EDMs from heavy quarks [83, 84]
and the deuteron [85] also have an impact. MSSM contributions to these EDMs already
contribute at the one-loop level and primarily involve the first two generations of sleptons
and squarks. Thus, EDMs lead to severe constraints on the phases of A, for ¢ € {u,d, s, c}
and A, for [ € {e, u}. Using the convention that the phase of the wino soft-breaking mass
M, is rotated away, one finds tight constraints on the phase of p [86]. On the other hand
constraints on the phases of the third-generation trilinear couplings are significantly
weaker. Ref. [87] provides a comprehensive review of the same. While recent constraints
from EDMs [88] taking into account two-loop contributions [89] have the potential to
rule out the largest values of the phase of A;, there is still significant room for variation
of the phases of A; and M;.

In this thesis, we will therefore display the full range of the phases of A; and Mj
in our considered scenarios without explicitly imposing EDM constraints, following the
common approach in benchmark scenarios for Higgs phenomenology (Ref. [90] provides
a recent discussion). In Chapter 5, the impact of the complex parameters giving rise to
CP-violating self-energies which induce a mixing between the tree-level mass eigenstates
h, H and A will be discussed. In Chapter 6 we will investigate the effects of CP-violating
couplings and mixings on gluon-fusion and bottom-quark annihilation cross sections for
neutral Higgs production, and provide a numerical and phenomenological study of the
processes in Chapter 8.
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Chapter 4

Experimental status at the LHC

This chapter provides a brief review of the current experimental status for a selection of
measurements and searches at the LHC relevant for the work in this thesis. Note that it
s in no way an overview of all the important results and measurements made by high-
enerqgy experiments in the past years, and more recently at Run II of the LHC. Other than
the sources cited in the text, Refs. [91-96] have been used for this chapter.

4.1 Introduction

The Large Hadron Collider builds on the successes of collider experiments such as the
Large Electron-Positron Collider (LEP), the Tevatron, and the DESY colliders HERA,
DORIS, and PETRA. The LHC at the European Laboratory for Particle Physics (CERN)
is a circular proton—proton collider with a circumference of 27.6 km. It is housed in the
tunnel that was built for the LEP, and is placed at a depth ranging from 50-175 m. The
tunnel has two beamlines intersecting at four points. Particle collisions are analysed by
seven experiments: ATLAS and CMS, the biggest of these, use general purpose detectors
to study a wide range of physics. The LHC started up in the fall of 2008 and in the years
2010-12 ran at centre-of-mass (com) energies /s = 7 TeV and /s = 8 TeV. At design
luminosity, the LHC can allow more than 2800 bunches of protons to circulate in each
beam with the nominal intensity of 10! protons per bunch. In the first years of Run I of
the LHC, ATLAS and CMS had collected more than 20 fb=! of integrated luminosity. In
2015, the LHC started to collide protons at the centre-of-mass energy of 13 TeV, which
substantially improves the reach of searches for BSM physics. The anticipated integrated
luminosity for Run II of the LHC, scheduled to end in 2018, is around 120 fb~! per
experiment, leading to much larger sets of available data.

In the following sections, we present a summary of the measurements of the SM Higgs
production and decay rates made by ATLAS and CMS, following which we will discuss
the relevant results for SUSY and heavy Higgs searches. In particular, we will discuss the
exclusion limits on the masses of stops and gluinos from direct SUSY searches, and the
bounds on the MSSM parameter space from searches for additional Higgs bosons.
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4.2 Experimental results

4.2.1 Higgs production and decay at the LHC

In 2012, ATLAS and CMS announced the discovery of a new particle with a mass of
125 GeV compatible with the properties of the SM Higgs boson. With its measured
properties, the discovered particle can also be interpreted to be a Higgs boson belonging
to new physics models having extended Higgs sectors, such as the MSSM. The neutral
Higgs bosons h, H and A of the MSSM can be produced via the main SM Higgs production
channels (Fig.4.1):

gluon fusion : g9 — h/H/A
associated production with heavy quarks : 99 — qq+ h/HJ/A
associated h/H production with W/Z (Higgsstrahlung) : qq—V +h/H
vector boson fusion for h/H production : qq—VV = qq+h/H

However, due to modified couplings of the MSSM Higgs bosons to the fermions and gauge
bosons, as well as the presence of additional SUSY particles that couple to the Higgses
and participate in the loops, the production rates and cross sections of the MSSM Higgs
bosons are significantly different than for the SM case. The differences that arise in the
gluon-fusion and bottom-quark annihilation cross sections of the MSSM Higgs bosons
in comparison to the SM Higgs will be discussed in detail in Chapter 6. For low and

000 y—>—

[ — = = = = =

Figure 4.1: The dominant neutral Higgs production mechanisms in hadronic collisions
are (a) gluon fusion (b) associated production with heavy quarks (c) Hig-
gsstrahlung and (d) vector boson fusion.
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medium values of tan 3, the MSSM Higgs bosons are predominantly produced through
gluon fusion. At high tan g3, the production in association with a pair of bottom quarks
is the dominant process, due to the enhanced bottom-Yukawa coupling to the Higgs
bosons. Additionally, at tree level, only the CP-even MSSM Higgs bosons h and H can
be produced in the Higgsstrahlung and vector boson fusion processes, since there are no
tree-level couplings of the CP-odd A to V = W, Z. The lowest-order cross sections in
these processes are those of the SM Higgs boson folded with the square of the normalised
g?} couplings to the MSSM Higgs bosons h and H. Beyond tree level, couplings of the
CP-odd Higgs A to the vector bosons can also be induced. Moreover, SUSY particles
participating in the loops can alter the production rates of the MSSM Higgs bosons
compared to the SM case. There are also other mechanisms for the production of the
MSSM Higgses, as in the SM. The processes for the production of two Higgs particles,

Higgs boson pair production : qq,99 — 0i9; ,

with ¢; ; € {h, H, A} are naturally more numerous for extended Higgs sectors than in the
SM, and can be enhanced due to resonant heavy Higgs bosons. In the MSSM, two of these
processes, the production of hA and H A, can occur at tree level through gq annihilation,
and at one loop in the gg — hA, HA mechanisms. The other pair production processes
g9 — hh, HH,hH, AA, are loop induced, as in the case of the SM [97].

For the 125 GeV Higgs, H°, at the LHC, the dominant production channel is the gluon-
fusion process. This can be seen from Fig.4.2 (a) which shows the inclusive Standard
Model Higgs boson production cross sections at 13 TeV for various production modes.
The Higgs is detected through its final state decay products F', and can decay via several
modes, each of which is quantified by its branching ratio:

BRY = I'7/Tt (4.1)

where 'Y is the partial width of the process H® — F and I'*** is the total width. A
125 GeV Higgs provides an excellent opportunity to explore Higgs couplings to many SM
particles. The dominant decay modes for a 125 GeV SM-like Higgs are H° — bb and
H° — WW* followed by H° — gg, H* — 7777, H® — c¢ and H° — ZZ*, as seen
in Fig.4.2 (b). The rates of H* — v, H® — vZ and H® — puTp~ are much smaller.
However large the branching ratio for H® — bb is, for any given Mo, the sensitivity of a
search channel depends not only on the production cross section and the branching ratio
of the decay channel, but also on the reconstructed mass resolution, selection efficiency
of the detector, and the amount of background in the final state. The H® — bb and
H® — 77~ channels suffer from large backgrounds — with the QCD backgrounds for
the former being much more overwhelming — and a relatively poor mass resolution.
The H® — WTW~ — [Tyl'"vp channel has a relatively large branching fraction but the
presence of neutrinos spoils the mass resolution. The channels where the signal has been
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Figure 4.2: (a) Inclusive production cross sections at the LHC for the SM Higgs boson [92]
and (b) the SM Higgs boson decay branching ratios at 13 TeV [91].

discovered first, therefore, are H° — ~vv and H® — ZZ* — 41, where all the final state
particles are measured very precisely and the Mo resolution is very good. For Mo > 150
GeV, the most sensitive search channels are H° — WW* and H — ZZ*, with W and
Z decaying into several leptonic and hadronic final states. With the combined 2011-12
dataset at 7 and 8 TeV com energy and an integrated luminosity 25 fb™!, the excess
in H° — ~v had a local significance of 7.40 as measured by ATLAS [98], and 4.20 as
measured by CMS [99], for a background only hypothesis. In the H° — ZZ* — 4l
channel the values were 6.60 in the ATLAS measurement [100], and 6.8¢0 in the CMS
measurement [101]. The 125 GeV Higgs boson was “rediscovered” by ATLAS and CMS
in 2016 with the 13 TeV dataset in Run II of the LHC, and so far no significant deviation
from the properties predicted for the SM Higgs have been found.

One possibility for characterising Higgs boson yields is by using the signal strength
1, defined as the ratio of the measured Higgs boson rate to its SM prediction. For a
specific production process I — H° and decay mode H® — F, the signal strengths for
the production p; and decay pf” are defined as

F
P BR

d - 4.2
an n BR oy (4.2)

or

I p—
a (UI)SM

where o; and BRY are the production cross sections for I — H® and branching fractions
for H° — F, respectively. The data does not allow the quantities pu; and pf to be
measured separately for a given process, and the experimentally measured quantity is

38



4.2 Experimental results

ATLAS and CMS @ ATLAS+CMS ATLAS and CMS -@- ATLAS+CMS
LHC Run 1 - ATLAS LHC Run 1 - ATLAS
- CMS
- . - CMS
H —_—+1o — .
H ——— — x20 : —tlo
ggF e va ——— 120
————— -
- — :
”VBF ———— H
H zZZ 4:_._7
— : K [
. T —r———
e ———— H
Hovn : B :
L : wWw —=——
H ) e
[ ————— A
ZH —_— — :
I ; 1T ——l.——l
M H K H
ttH : <_..._7—'—"_—:
: bb e ———
——— v
H [t M o ——
— —
bbb b b b b b Lo Lol Lo b b b b e b
-1-05 0 05 1 15 2 25 3 35 4 -1 -05 0 05 1 15 2 25 3 35 4
Parameter value Parameter value

Figure 4.3: Run I legacy: Best fit for (a) the production and (b) the decay signal strength
parameter p in individual channels for the combination of ATLAS and CMS
data. The thick error bars indicate 1o, and the thin bars indicate 20 intervals.
For the production signal strength, an extrapolation from fiducial to the
inclusive cross section was performed. Figures from Ref. [102].

the product p; - #f". This gives the combined signal strength

» or - BRF »
! (UI)SM : (BRF)SM ! ( )

All combined fits of signal strengths therefore make assumptions about the relationship
between pi; of different production processes or similarly between pf" of different decay
modes. Thus the meaning of the signal strength depends on the assumptions made. The
signal strengths for individual production and decay channels are shown for combined
ATLAS and CMS data at 8 TeV in Fig. 4.3. While they show a great degree of agreement
to the SM prediction, the measurements are still affected by considerable uncertainties.
The mass of the discovered Higgs boson determined from combined measurements from
ATLAS and CMS is [102]

Mo = 125.09 4 0.21(stat.) & 0.11(syst.) GeV . (4.4)

In order to probe the spin and CP-properties of the discovered Higgs, systematic analyses
of its production and decay angles are needed. Most of these analyses are based on the
discrimination of distinct hypothesis for the spin and CP-properties. The experiments
so far provide evidence of the spin-0 nature of the Higgs [103,104]. The detected signal
disfavours the pure CP-odd hypothesis, but the experimental measurements have a very
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limited sensitivity to a possible admixture of CP-even and CP-odd components.

4.2.2 Direct SUSY searches

Among the results from the ATLAS and CMS experiments are a multitude of searches for
supersymmetric particles. The programmes for SUSY searches in both experiments are
based on a wide range of techniques that measure SM background contributions and a
plethora of final states. No evidence of the SUSY sparticle spectrum has been detected so
far [94,96]. However, unlike the SM, SUSY has different possibilities for mass hierarchies,
decay patterns etc., which can give rise to a variety of signatures. The reported limits
on masses of SUSY particles are therefore reliant on specific assumptions placed on the
model parameters. Consequently, the results presented cannot be interpreted in a wholly
generic way and one must be careful when making use of these limits in a particular SUSY
model. One approach is to conduct the search in specific models with a reduced set of
free parameters. The phenomenological MSSM or pMSSM assumes no R-parity violation,
no new sources of CP violation, mass degenerate first and second generation scalars and
no flavour changing neutral currents. These assumptions reduce the parameter set of
SUSY to 19. Another popular approach is to present the experimental results within the

CMS 2.3fb"(13Tev) CMS 2.3t (13 TeV)

% 1400|PP -~ 90,9 — tf% NLO+NLL exclusion

% 1400|PP - 99,7 - &t - c% NLO+NLL exclusion

[y
[y

= —Observed £ 10
?1200 s::Expected * 10,

= —Observed £ 10

theory -
?1200 s::Expected = 10,

theory m; - Mo = 20 GeV
1

experiment experiment

PR
PR

1000 1000

H
S}
-
i
S}
-

800

.......
3
------
=

800

UL LR B

6000 600

H
Q
3
i
Q
3

400 400

ANy v
ANy v

200 200

PN I VN SIS EIVA VSN VR A Y /Y =
900 1000 1100 1200 1300 1400 1500 1600 1700

95% CL upper limit on cross section [pb]
95% CL upper limit on cross section [pb]

i
S
3

=

=)
G

o

AR 27 ot uluad]
900 1000 1100 1200 1300 1400 1500 1600 1700
m; [GeV] mg [GeV]

(a) (b)

Figure 4.4: Exclusion limits at 95% CL for simplified models of top (s)quarks produced
via decays of gluino pairs in the (a) T1tttt and (b) T5httce scenarios. The
solid black curves represent the observed exclusion contour with respect to
NLO+NLL cross section calculations and the accompanying 41 standard de-
viation uncertainties. The dashed red curves represent the expected exclusion
contour and the +1 standard deviation uncertainties including experimental
uncertainties. Figures from Ref. [105].
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constrained MSSM or the CMSSM, which only has 4 parameters, and a sign.

A complementary approach to searches in specific models is to present search results in
terms of simplified models [106-111]. These are effective models built with a minimal set
of particles necessary to produce SUSY-like final states, with a specific sequence of their
production and decay contributing to the channels of interest. They are parametrised
directly in terms of sparticle masses. The simplified model approach can quantify the
dependence of an experimental limit on the particle spectrum or a certain sequence of
particle production and decay more generally than a specific model [109]. Confronting
the limits obtained in simplified models with the predictions of a realistic model, one
needs to take into account the fact that the sensitivity in a simplified model is in general
higher, since the considered decay chain is assumed to occur with 100% branching ratio.

As an example, in Fig. 4.4 (a) and (b) we show exclusion limits at 95% CL for simplified
models of top quarks and squarks produced via decays of gluino pairs in the T1tttt and
Tbhttce scenarios, presented by CMS for a dataset at 13 TeV com energy and an integrated
luminosity of 2.3 fb=!. The T1tttt is a scenario in simplified models of gluino pair
production where each gluino decays into a top-antitop pair and a neutralino, whereas
in Thttce the gluino decays to an on-shell top squark and a top quark, and the top
squark decays to a charm and a neutralino [105,108]. The colour spectrum depicts
the 95% CL upper limit on the cross section values in pb. As described in the plot,
the observed exclusion contour with respect to NLO+NLL cross section calculations
[112] and corresponding +1 standard deviation uncertainties are represented by the solid
black curves. The dashed red curves indicate the expected exclusion contour for the
background-only hypothesis with the £1 standard deviation uncertainties. For the T1tttt
scenario shown in Fig. 4.4 (a), gluino masses up to 1550 GeV and neutralino masses up
to 900 GeV are excluded'. In the depicted T5ttce scenario in Fig. 4.4 (b), gluino masses
up to 1450 GeV and neutralino masses up to 820 GeV are excluded.

In a similar vein, Fig. 4.5 shows a summary of ATLAS searches for stop pair produc-
tion [94]. The dashed and solid lines show the expected and observed limits, respectively,
including all uncertainties except the theoretical signal cross section uncertainty (PDF
and scale uncertainty). Four decay modes have been considered separately with the as-
sumption of a 100% branching ratio: £ — W + b+ x? which is a three-body decay for
mg < mg+mgo, t — f+f'+b+x) which is a four-body decay, £, — t+x? and £ — c+ ¢J.
These exclusion plots are an overlay of contours resulting from different stop decay chan-
nels which have different sparticle mass hierarchies and simplified decay scenarios, so
their interpretation in a realistic model is not straightforward. The full understanding
of the implications of these searches requires the interpretation of the experimental re-
sults in the context of all kinds of theoretical models. A description of one of the several
methods to use simplified model limits to constrain general SUSY models can be found in

LA Moriond 2017 update from CMS to the gluino mass limits in the T1tttt scenario with data from
35.9 fb~! of integrated luminosity excludes gluino masses up to a little more than 2 TeV, see Ref. [96].
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Figure 4.5: Summary of the dedicated ATLAS searches for top squark pair production
based on 3.2 to 36.1 fb~! of pp collision data taken at /s = 13 TeV. Exclusion
limits at 95% CL are shown in the mj; — Mgo Mass plane. Figure from
Ref. [94].

Ref. [113]. There are many publicly available tools that have been developed for recast-
ing results from LHC searches for BSM physics, such as CheckMATE [114,115], RIVET [116],
XQCAT [117,118], ATOM/Fastlim [119], SModelS [120,121], and the more recently released
GAMBIT [122], among others.

4.2.3 Searches for heavy Higgs bosons

The first run of the LHC in 2011-12 imposed strong constraints on the allowed MSSM
parameter space, arising from the discovery of a scalar boson at 125 GeV, with couplings
that are compatible with the SM predictions, the non-observation of SUSY particles and
the non-observation of additional neutral Higgs bosons in direct searches [123-126]. As
discussed in Section 3.2.5, the discovered Higgs can be interpreted as the lightest neutral
Higgs h of the MSSM, while interpreting it as the heavier scalar H of the MSSM is under
pressure from the data [125,126]. If we consider the discovered state to be the lightest
MSSM Higgs h, the predicted existence of heavier Higgses H, A and H* needs to be
probed. In this interpretation, M4 must be large so that the theory is in the decoupling
limit. In the decoupling limit for ¢g 2 10, the mass of the lightest scalar is bound at tree
level by mj, < myz and a SUSY mass scale of ~1 TeV is required in the maximal mixing
case to obtain the observed Higgs mass of 125 GeV, whereas, when the value of |X;|
is small, multi-TeV stops are necessary [129]. However, the tan S-enhancement of the
couplings of the heavy Higgs bosons to bottom quarks and 7-leptons leads to significant
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Figure 4.6: (a) The observed (black) and expected (dashed) limits at 95% CL on tan 3

as a function of M, are shown in the m}*** scenario of the MSSM, measured

by ATLAS in the H/A — 77~ channel for /s = 13 TeV and 36.1 fb~! of
integrated luminosity [127]. (b) Exclusion limits combining all channels in
the mj**4* scenario of the MSSM measured by CMS for /s = 13 TeV and
12.9 fb~! of integrated luminosity [128].

constraints on the (M4, tan §) plane from direct searches by ATLAS and CMS [123-126].

Searches for SUSY Higgs bosons are typically carried out in benchmark scenarios, de-
scribed for example, in Ref. [130]. Fig.4.6 shows the exclusion contours in one such
benchmark in the MSSM, called the m™" scenario. In Fig.4.6 (a) regions in the
(M4, tan B) plane excluded at 95% CL in the mj™" scenario of the MSSM measured
by ATLAS for /s = 13 TeV and 36.1 fb~! of integrated luminosity are shown. Dashed
lines of constant M}, and My are shown in red and blue, respectively. The observed (ex-
pected) 95% CL upper limits exclude tan 8 > 5.3 (7.5) for M4 = 0.25 TeV and tan § > 54
(60) for M4 = 1.5 TeV. Fig. 4.6 (b) shows the model exclusion limits in the (M4, tan f3)
plane combining all channels, for the same scenario in the MSSM, measured by CMS for
Vs = 13 TeV and 12.9 fb~! of integrated luminosity. The red contour indicates the
region which does not yield a Higgs boson consistent with a mass of 125 GeV within the
theoretical uncertainties of +3 GeV.

It is pertinent to note that these exclusion limits assume that all parameters in the
MSSM are real and CP-symmetry is conserved. Recall from our discussion in Section 3.3
that in the most general case, the MSSM can have 12 physical CP-violating phases. Their
inclusion in the predictions of observables such as masses, cross sections, and decay rates
leads to significant changes in the phenomenology of the MSSM, and is necessary for
the general case of the MSSM with complex parameters to have an accurate compari-
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son of theoretical predictions with experimental results. We presented a brief overview
of experimental constraints on the phases of the complex parameters of the MSSM in
Section 3.3. In Chapter 5, we will describe the Higgs sector of the MSSM with complex
parameters beyond the lowest order and show that at higher orders an admixture of all
three neutral Higgs bosons, i.e. the two CP-even Higgs bosons h, H and the CP-odd
Higgs boson A, is induced. In Chapter 8, we will analyse scenarios where the light Higgs
boson describes the SM-like Higgs at ~ 125 GeV and the heavy Higgs bosons are strongly
admixed. For a proper prediction in such a case, CP-violating interference effects need
to be taken into account in the full process involving production and decay of the Higgs
bosons, which requires going beyond the usual narrow-width approximation (see also
Refs. [131-135]). A convenient way to incorporate interference effects is a generalised
narrow-width approximation for the production and decay of on-shell particles as de-
scribed in Refs. [32,136,137], where in Ref. [136] only lowest-order contributions have
been considered, while in Refs. [32,137] also the inclusion of higher-order corrections has
been addressed. In Chapter 9, we will review such a formalism and define benchmark
scenarios with CP violation to describe the effect of the interferences on the exclusion
limits for Higgs searches at the LHC.
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Chapter 5

Higgs mixing at higher orders

In this chapter, we discuss the higher-order corrections that give rise to CP-violating
mixings in the Higgs sector of the MSSM with complex parameters. We will set up the
notations for the calculation of y/ factors which are used throughout the thesis. This
review largely follows Refs. [33,138] and references therein. Similarities to Ref. [1] in
parts of this chapter are intended and reflect the contributions of the author.

5.1 Introduction

In Chapter 3, the Higgs sector of the MSSM was reviewed, along with a discussion
on the possible complex parameters of the theory which could give rise to interesting
phenomenological implications. The Higgs sector of the MSSM is CP-conserving at tree
level. Higher-order corrections in the MSSM Higgs sector have a huge impact on its
phenomenology, with particles from other sectors contributing significantly to observables
such as masses, widths, and cross sections via loop diagrams. In particular, we must
account for higher-order corrections in order to study the impact of CP-violating phases.
Beyond the lowest order, the Higgs sector receives contributions from loop corrections
and all possible mixings with other particles that are CP-violating in the most general
case. In the following sections, we present a discussion on CP-violating effective self-
energies in the general case of complex parameters, and the treatment of masses of the
resultant physical eigenstates. We will then introduce the non-unitary Z matrix which
is required for the correct on-shell properties of incoming and outgoing loop-corrected
mass eigenstates.

CP-violating mixing between the neutral Higgs bosons {h, H, A} arises as a consequence
of radiative corrections and results in the neutral mass eigenstates {hi, ho, h3}. The
full mixing at higher orders takes place not just between {h, H, A}, but also with the
Goldstone boson and the electroweak gauge bosons. In general, 6 x 6 mixing contributions
involving the fields {h, H, A, G, Z,~} need to be taken into account. However, for the
calculation of the Higgs boson masses and wave function normalisation factors at the
considered order it is sufficient to restrict ourselves to a 3x3 mixing matrix among
{h, H, A}, since mixing effects with {G, Z,~} only appear at the sub-leading two-loop
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level and beyond. In processes with external Higgs bosons, on the other hand, mixing
contributions with G and Z already enter at the one-loop level, but the numerical effect
of these contributions has been found to be very small, see e.g. Refs. [51,139-141]. In
the description and numerical analysis of Higgs production through gluon fusion and
bottom-quark annihilation presented in Chapters 6 and 8 respectively, we will therefore
neglect these kinds of (electroweak) mixing contributions of the external Higgs bosons
with Goldstone and gauge bosons.

Concerning electroweak corrections, we only incorporate the potentially numerically
large contributions to the Higgs boson masses and wave function normalisation factors
as well as the electroweak contribution to the correction affecting the relation between
the bottom-Yukawa coupling and the bottom-quark mass (detailed in Section 6.4.1). All
other contributions considered here such as the electroweak corrections to gluon fusion
involve at least one power of the strong coupling. For the contribution of the Z boson
and the Goldstone boson to the gluon-fusion process via gg — {Z*,G*} — h; (the
photon only enters at higher orders) it should be noted that contributions from mass-
degenerate quark weak-isodoublets vanish and only top- and bottom-quark contributions
proportional to their masses are of relevance, as can be inferred from the discussion of the
Higgsstrahlung process in Refs. [142,143]. This is a consequence of the fact that only the
axial component of the quark—quark—Z boson coupling contributes to the loop-induced
coupling of the Z boson to two gluons. Similarly, squark contributions in gg — {Z*, G*}
are completely absent at the one-loop level, even in case of CP violation in the squark
sector. The one-loop contributions to gg — {Z*,G*} therefore have no dependence
on the phases of complex parameters. Thus, for the remainder of this chapter, we
focus our discussion on the contributions to the 3x3 mixing between the lowest-order
mass eigenstates {h, H, A} giving rise to the loop-corrected CP-admixed mass eigenstates

{h17 h27 h‘3}
5.2 Effective self-energies
The 3x3 mass matrix M contains the tree-level masses m? on the diagonal and has non-

zero (off-)diagonal self-energies involving the Higgs states [144]. It enters the Lagrangian,
with ® € {h, H, A}, as follows

1
LD —§<I>1\/I<I>T, (5.1)
with
mj, - Shn(p?) —ihg (p?) —AihA(]f)
M(p?) = —Xth(pz) my - Yun(p?) —EHAA(QDQ) : (5.2)
—Yan(p?) —Yau(p?)  mi—Xaa(p?)
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When all the parameters are real, the CP-even Higgs bosons h and H do not mix with
the CP-odd A and therefore f]h = ) ma = 0. However, allowing for certain parameters
to have CP-violating phases permits all self-energies ‘Z?ij (p?) for 4,5 € {h, H, A} to be in
general non-zero. The propagator matrix (up to contributions from Goldstone bosons
and gauge bosons that are neglected here, see above) is then given by

Apga(p®) = — [f‘hHA(pQ)]_l ; (5.3)

where the irreducible 2-point vertex functions

A A

Ui (p?) =i [(p* — m?)oy; + Xij(p°)] (5.4)
form the elements of the matrix
Lura(p®) =i [p1 — M(p?)]. (5.5)

Therefore the 3x3 propagator matrix can be written as

Apn(P?)  Dnm(P?)  Ana(p?)
Apua(P®) = | Aun(P®) Auu(p?) Awa(p?)
Aun(P?) Aan(p?) Aaa(p?)
P’ =i, + S (p?) Sur (0?) Snap’) -
=1 Xan(p?) p* = mi + Su(p?) Xna(p?)
X an(p?) Yan(p?) p? —m%4 + Xaa(p?)

(5.6)

The individual components of A4 are the propagators A;;(p?), which result from the
matrix inversion in Eq. (5.3). The diagonal Higgs propagators are therefore given by the
following expression:

C e ey
Ujilhe — T,

Ni(P?) = === A A A A, A

= : = ! (5.7)
A o0 Tk D=1, 12, — T 12, 2 2 Seff (,,2) ’
2 2 - 2050 e U =T U, = Der L5 P m? + ¢ (p )
P 771z + E” — 1 Fjjrkk—r‘?k 7 2

All the 2-point vertex functions depend on p? through Eq. (5.4), which we have dropped
for ease of notation, and i, j, k are all different with no summation over them. The
diagonal propagator obtained in the last line of Eq. (5.7) has the same structure as for
the case without any CP-violating mixing, but the self-energy is replaced by the effective
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self-energy S (p?),
Se(p?) = $,(p%) — 2Ll ki — Ujil% — Tl
il — PJQ-,C

: (5.8)

which is defined such that it also includes the mixing contributions in the off-diagonal
elements. Notice that it separates the diagonal self-energy S already existing at 1-loop
order from the mixing 2-point functions whose products contribute to f]fff only at 2-loop
level. When there is no CP-violating mixing, the second term in Eq. (5.8) is zero and we
obtain the result for the CP-conserving propagator matrix.
Similarly, for ¢ # j, the propagator entries are
DT — Djpl i

Aij(p2) = X =z = < A & =~ <& ~ A - (59)
Uyl + 20505 Tk — Tiil%, — T3 — Tl

Using the notation D;(p?) = p? — m?, the ratios of the propagators can be written as,

Aji Lyl — T%, (Dj + %55) (Dr + i) — 2

The above equation can be used to express the effective self-energy alternatively as

Sveff (0 2\ _ Y (.2 Aij(p2> S A (p?) ¢ 2
E”ﬁ(p ) - Eii(p )+ Aii(pQ) Eij(p )+ Aii(p2) Eik(p )7 (5'11)

with @ # 7 # k. In Eq.(5.11), we see that the ratio of the off-diagonal and diagonal
propagators are weights of the off-diagonal self-energies, and the total effective self-energy

appears as a sum of the diagonal and weighted off-diagonal self-energies.

5.3 Higgs masses

Since the renormalised self-energies are complex in general, the propagator poles can
lie on the complex momentum plane. The neutral Higgs masses are determined as the
complex poles of the propagators,

M? = M? —iMT, (5.12)

where M are the loop-corrected masses extracted from the real parts of the complex pole,
and I' are the total widths obtained from the imaginary parts of M?2. These complex
poles are the roots of the determinant of the matrix I’y 4 (p?),

det [Bura(p?)] = — (det[Anma(p?)]) = 0. (5.13)
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5.3 Higgs masses

It is straightforward to ascertain the masses at tree level when there are no self-energy
contributions to the 2-point vertex functions,

Liy(p*) = i(p* — m3)d; , (5.14)
and the matrix I' is diagonal,
Dy(p?) 0 0
Dia) =i 0 Du() 0 |. (5.15)
0 0 Da(p?)

In this case, the solutions to Eq. (5.13) are the tree-level masses m? for the lowest-order
mass eigenstates h, H and A. One can now go beyond the lowest order and consider the
case where self-energies are restricted to just the diagonal elements, i.e. iij =0 for ¢ # j.
In this case where no mixing is allowed, we determine the masses from the roots of the
determinant of the matrix

B Dy (p?) + i (p?) 0 0
LA™ (") = i 0 Dir(p?) + Zran(p?) 0
0 0 Da(p®) + Xaa(p?)
(5.16)
The condition
det [P p?)] = T D) +Sa(p?) =0 (5.17)
ie{h,H,A}

is fulfilled for any p? —m?—l—f]ii (p?) = 0, and there is one pole p* = M? for each propagator
A;i(p?), which yields the loop-corrected masses M? for i € {h, H, A}. In the absence of
mixing self-energies among the lowest-order mass eigenstates h, H, A, the loop-corrected
mass eigenstates hq, ho, h3 maintain their pure CP-even and -odd nature. As a result,
there is a clear one-to-one correspondence such that hi, hs and hz can be identified as
h, H and A respectively.

The case for a CP-conserving 2x2 mixing between h and H is more involved. In this
case, the matrix I is block diagonal,

8(2%x2
FI(U;A) (P2)

<th(p2) U ) (5.18)

where I, (p?) is the 2x2 matrix,

Ly (p?) = 3

i Di(p%) + Sn(p?) S (0?)
( Sun(p?) Dy (p?) +2HH(p2)> , (5.19)
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5 Higgs mixing at higher orders

and I'4(p?) = i[p? — m?% + S 44(p?)]. Since A does not participate in the mixing, we can
infer right away that the pole M? fulfils M?% — m? + X 44(M?%) = 0, and results in the
loop-corrected mass My for the lowest-order mass eigenstate A.

The other two masses are determined from the poles of the propagators from the 2x2
matrix I, 7(p?). Tts determinant, given by

det [ (0)] = [Da(@) + S @] [P @) + Sun@?)] — S0 () (5.20)

has two roots. However, unlike the previous cases, we do not have a trivial one-to-one
correspondence between the lowest-order mass eigenstates {h, H} and the loop-corrected
mass eigenstates {hj, ho}. This can be understood by inverting the 2x2 matrix to obtain
the individual propagators:

Au(p®) = e T e (5.21)
[Dilp) + ()] | D (%) + 255 (0%)] = 535 (0%)
1

= =0 (5.22)

Di(p?) + Zu(p?) — D50 455, %)

7
_ _ : 5.23
p* —mi + X (p?) 2%
where the effective self-energy is described as

. . $2 (2

20 = Bulp?) - 52 (5.24)

D;(p) + £55(p?)
and i # j in all of the above. On comparing Eq. (5.20) and Eq. (5.21), we notice that the

inverse diagonal propagators are proportional to the determinant of the 2x2 matrix,

1 i R ,
Aa?®) D) + 55 et Dhn(0?)] - (5.25)

The above equation tells us that the two roots of the determinant are poles for both Ay,
and Aggy. If we label the two poles M; and M., then the equation

p*—m?+ S (p?) =0 (5.26)

is satisfied by p* = M,, a € {1,2} for each i € {h, H}. As a result, the straightforward
correspondence between {h,h,} and {H, hy} no longer holds, since the loop-corrected
mass eigenstates {hi, ho} are admixtures of the lowest-order mass eigenstates {h, H}.
From Eq. (5.26) we deduce the loop-corrected masses M, and Mp,. By convention we
choose M;, < Mp,. However, note that they are still both purely CP-even and it is
therefore often convenient for a CP-conserving 2x2 mixing to label h; as h, and hy as
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5.4 Wave function normalisation factors for external Higgs bosons

the heavy state H.

One can now extend these results to the general case of 3x3 mixing in the MSSM
where the CP-violating self-energies f]h A and Spa participate in the loop-corrections as
well. In this case, the loop-corrected mass eigenstates h,, a € {1,2,3} are admixtures
of the lowest-order mass eigenstates h, H and A. The determinant of Thma (p*) now has
three roots. Following the same procedure as in the case for 2x2 mixing, the diagonal
propagator can be written as

1 det [thA (pQ)}
— = - - ~ (5.27)
N (Dj+%55) (Dx+ Sw) — 2
Similarly, the off-diagonal propagator is
1 det f‘ A p2
- Loia (07)] . (5.28)

Ay ijkiki - iij (Dk + ikk)

Both the inverse diagonal and the off-diagonal propagators are proportional to the de-
terminant of Tz, analogous to the case for the 2x2 mixing. Consequently, all the
three roots of the determinant are poles of each propagator i.e. the three poles p* = M2,
a € {1,2,3} satisfy the equation

M?Z—m? + 2 (M2

a

) =0 (5.29)

for any i € {h, H, A}. Therefore, there is no one-to-one mapping between the lowest-
order and loop-corrected mass eigenstates. Each loop-corrected mass eigenstate h, is an
admixture of all three lowest-order mass eigenstates h, H, A. Finally, we obtain the loop-
corrected masses My, from Eq. (5.29), which are ordered such that M, < M, < M,,.

5.4 Wave function normalisation factors for external
Higgs bosons

In the Feynman-diagrammatic approach, a physical process that involves external Higgs
bosons is defined in terms of the tree-level mass eigenstates ¢ € {h, H, A}. However, as
we saw in Section 5.3, CP-violating higher-order contributions induce mixings between
the tree-level mass eigenstates and they are no longer the physical states. Instead, the
physical states are the CP-admixed h,, a € {1,2,3}. In evaluating processes with external
Higgs bosons beyond lowest order, an appropriate prescription to account for the mixings
is required so that the outgoing particle has the correct on-shell properties, and the S-
matrix is properly normalised. This is fulfilled if the fields are renormalised according to
the full on-shell conditions, where it is ensured that all the different fields do not mix on
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5 Higgs mixing at higher orders

their mass shells at the loop level. The on-shell renormalisation conditions also result in
a unit residue for the fields. However, in the Higgs sector of the MSSM we adopt the DR
scheme for tan § and field renormalisation [144]':

- 1 - -
§ tan PR = 5(5225 —6Z7%)  with (5.30)
OZp = —Re Sy (miy)] (5.31)
0Zps = —Re [T (m)] . (5.32)

The field renormalisation constants in this scheme do not ensure that all mixing con-
tributions between the mass eigenstates {h1, ho, h3} vanish on-shell and the propagators
of the external particles have unit residue. As a result, the correct on-shell properties
need to be established via the introduction of finite wave function normalisation factors,
denoted as the so-called Z factors [145-147]. The matrix of those Z factors contains
the correction factors for the external Higgs bosons {hi, ho, hg} relative to the lowest-
order mass eigenstates {h, H, A}. The (non-unitary) matrix elements Z,; [138] (see also
Refs. [51,139]) are composed of the root of the external wave function normalisation
factor Zia, and the on-shell transition ratio Zf} which are evaluated at the complex pole
M2, The wave function normalisation factors for an external Higgs boson i € {h, H, A}
are defined as the residue of the propagators at the complex pole M, according to the
LSZ formalism [148],

Z;l = RGSME{A“<]?2)} . (533)

They are obtained by expanding 3¢f(p?) around the complex pole p? = M2 in the
diagonal propagator in Eq. (5.7),
_ 1

p? —m? + S (p?)

Aii(p2)
B 7
p* —m? + S (M2) + (p? — M2) - S5 (M2) + O((p? — M2)?)
7 1

— . _ , 5.34

P = Mi 14 S (M2) + O(p* — M2) (539
which gives the following residue at p* — M2
A 1

z (5.35)

LS (Mm2)

For going from the second to the third line of the equation in Eq. (5.34) we used the pole
condition to substitute M2 = m? — 3¢(M2). Since the propagator for Higgs boson i on

LA summary of renormalisation schemes for the Higgs sector of the MSSM is given in Appendix C.
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5.4 Wave function normalisation factors for external Higgs bosons

an external line has three poles M2, a € {1,2,3} there are three choices of M? at which
the residue of A;(p?) can be computed for each i. If we evaluate the amputated Green’s
function at M?2, the correct S-matrix normalisation is given by \/Z@, and the outgoing
mass eigenstate is h,. Similarly, if the amputated Green’s function is evaluated at M3,
the normalisation factor is \/Zb with Ay as the outgoing particle. Thus, the factor \/ZT“
accounts for the normalisation of each external particle i € {h, H, A} at the mass shell
p? = M2 a € {1,2,3}. Furthermore, the mixing between ¢ and j on an external line at
M? needs to be accounted for as well. For this, the factor \/ZT“ needs to be multiplied
by the transition ratio Zg which occurs in a diagram where h, is the external particle
but 7 couples to the vertex. It is defined as

Ay (p?)
Aji(p?)

28 = (5.36)

p?=M2

The indices {a, b, c} refer to the loop-corrected mass eigenstates, while {i, j, k} label the
lowest-order mass eigenstates. As before, there are three possible poles { M2 M2 M?}

A

at which {Zi,Zij,Zik} can be computed. Similarly, {Zj, Zﬁ, ij} and {2k, A Zk]}
can also be evaluated at all possible poles { M2, M2, M?}. Even though all possibilities
allowed by the mixing can be used because of the pole structure of each propagator, it
is necessary to be consistent and define at which pole to evaluate the factors ZZ for any
given state 7. Moreover, a particular choice can be numerically more convenient than
another one. Throughout the thesis, we follow the index scheme defined in Ref. [13§],
unless stated otherwise. Under this scheme Z, Z»j and sz are evaluated at Mi; Zj, Zji
and ij are evaluated at M37; and finally Zk, Z;% and ij are evaluated at M2, Using

this scheme we will employ the notation [33, 13§]

o= Af, Zaj = Zg, T = Z;-’i, Zei 1= Zgl (5.37)
The Z factors are therefore written as
Zj = \/EQZW., (5.38)

7 — \/522% \/EQZQH \/EQZQA . (5.39)
\/532% \/E3ZSH \/53

The non-unitarity of the matrix results from the imaginary parts of the self-energies of

wN>
B

unstable particles evaluated at a non-vanishing incoming momentum. As a result we do
not get a unitary transformation between the lowest-order mass eigenstates {h, H, A}
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5 Higgs mixing at higher orders

and the loop-corrected mass eigenstates {hy, ho, h3}. As explained above, these 7. factors
provide the correct normalisation of a matrix element with an external on-shell Higgs
boson h,, a € {1,2,3}, at p* = M?2. Consequently, they satisfy the condition of unit
residue and vanishing mixing on-shell [32,51,139],

. 7 A A 5T\
A T A (2 Tuna-27), =1, (5.40)
/L. A A A
lim — (Z-T VA =1 5.41
L P VT (Z-Twna-2"), =1, (5.41)
) i A A e B
p21i>njl\/lg —m (Z . FhHA . Z )AA = 1 . (542)

Starting with Eq.(5.40)-Eq. (5.42) and deriving the elements of the Z matrix works
equally well. The application of the Z factors yields an expression of the amplitude Ap,
for an external on-shell Higgs boson h, in terms of a linear combination of the amplitudes
resulting from the one-particle irreducible diagrams for each of the lowest-order mass
eigenstates {h, H, A} according to

-Aha = Zah.Ah + ZQHAH + ZaA.AA +...= 2a (ZahAh + ZQHAH + ZQA.AA> + ...,
(5.43)

which can be written more succinctly in matrix form as

A, Ap
A | =Z | A | +---. (5.44)
Ap, Ay

The ellipsis indicates additional mixing effects with Goldstone bosons and gauge bosons,
which we neglect in our numerical analysis, following the discussion in Section 5.1. The
sum arises because contributions from each lowest-order mass eigenstate need to be
taken into account for each loop-corrected mass eigenstate h,. Eq.(5.43) is pictorially
represented in Fig. 5.1. Thus, we see that the propagator corrections at the external legs

/ \

AN ~ h h, H _ h A hq
Ah,,/ p?l;&;?‘ :\/Za( Ah>'-: ol AH>'"A R AA>---A ___.)+

Z{)H Z(IA I)ZZ./VI%

ah

Figure 5.1: A diagrammatic representation depicting the use of Z factors for external
Higgs bosons. The amplitude Ay, is composed of a combination of the in-
dividual amplitudes of the tree-level mass eigenstates computed on the mass
shell of h,, along with the transition ratios Zaj and the overall normalisation
factor Za.
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5.4 Wave function normalisation factors for external Higgs bosons

are absorbed into the vertices of the neutral Higgs bosons h,. The calculation of 7 factors
for the MSSM Higgs bosons can be performed using the code FeynHiggs [64,67, 144,149,
150], where these results are obtained for the general case of complex parameters.

In Section 6.3.2, we will detail the application of the Z factors in the analytical calcu-
lation of gluon-fusion and bottom-quark annihilation cross sections for the CP-admixed
Higgs states hy, hy and hs, and we will study their numerical impact in Chapter 8. In
Chapter 9 we will discuss them in the context of internal propagators and investigate
their role in interferences between the Higgs bosons being exchanged in a full process of
production and decay.
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Chapter 6

Higgs cross sections in the MSSM
with complex parameters

In this chapter, we will present the results for the gluon-fusion and bottom-quark annihi-
lation cross sections in the MSSM with complex parameters. The chapter begins with an
illustrative procedure for calculating the gluon-fusion process in the Standard Model and
subsequently presents the cross section for neutral Higgs production in the MSSM with
real parameters. Finally, results for the cross section for gluon fusion and bottom-quark
annihilation in the MSSM with complex parameters including higher-order contributions
are presented. These results have been published in Ref. [1].

6.1 Motivation

As we have discussed previously, the 125 GeV Higgs signal observed by ATLAS and
CMS can easily be accommodated in extended Higgs sectors like a Two-Higgs-Doublet
Model (2HDM) or supersymmetric extensions, e.g. the Minimal Supersymmetric Standard
Model. Therefore, an essential part of the programme of the LHC experiments in the
upcoming years will be the search for additional Higgs bosons predicted by such models.
For this purpose, and in order to test possible deviations from the SM expectations for the
SM-like Higgs boson, the precise knowledge of production cross sections through gluon
fusion and bottom-quark annihilation for these Higgs bosons is a key ingredient. For a
detailed summary of current efforts in this direction, the reader is referred to the reports
of the LHC Higgs Cross Section Working Group, see Refs. [91,92,151,152].

We saw in Chapter 4 that the searches for additional Higgs bosons have been inter-
preted in various scenarios beyond the Standard Model, including several supersymmetric
ones. However, there have been no analyses so far for the most general case where CP is
violated and leads to mixing between CP-even and -odd eigenstates. This is mainly due
to the lack of appropriate theoretical predictions for the Higgs production rates at the
LHC for complex parameters in the MSSM and of a practical prescription for taking into
account relevant interference effects in Higgs production and decay. A discussion of the
latter has recently been given in Ref. [137].
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6 Higgs cross sections in the MSSM with complex parameters

Therefore the primary goal of this thesis has been to provide state-of-the-art cross-
section predictions in the MSSM, taking into account CP-violating effects, for the two
main Higgs production channels at the LHC, which can be used as input for future
experimental analyses in CP-violating Higgs scenarios. We present in this chapter precise
predictions for neutral Higgs boson production through gluon fusion and bottom-quark
annihilation in the MSSM with complex parameters, in which CP-even and CP-odd Higgs
states form three admixed Higgs mass eigenstates h,,a € {1,2,3}.

Early investigations of Higgs production through gluon fusion at hadron colliders in
the MSSM with complex parameters were carried out in Refs. [153-155]. A thorough
analysis taking different production channels into account was presented in Ref. [156],
and results for Higgsstrahlung can be found in Ref. [157]. Large effects of stops on
the cross section for a CP-odd Higgs boson neglecting CP-even and -odd Higgs mixing
were discussed in Ref. [158]. Refs. [159,160] discuss the production of a light Higgs
through gluon fusion including its decay into two photons in the MSSM with complex
parameters. It should be noted that the mentioned references were published before
the Higgs discovery in 2012 and mostly employ only the lowest order in perturbation
theory for the production processes. It is therefore timely to improve these predictions
by including up-to-date higher-order corrections and to investigate the compatibility with
the experimental results obtained for the observed signal at 125 GeV.

For this purpose, the results presented in this chapter for cross section predictions in
the MSSM with complex parameters were implemented into the numerical code SusHi
(SUperSymmetric Hlggs) [161, 162], which calculates Higgs production cross sections
through gluon fusion and heavy-quark annihilation [163] in the SM, the MSSM, the
Two-Higgs-Doublet-Model (2HDM) and the Next-to-Minimal Supersymmetric Standard
Model (NMSSM) [164]. However, until now, SusHi did not support complex parameters
in the MSSM and thus did not provide predictions for CP-admixed Higgs bosons.

The structure of the chapter is as follows: We start by presenting the calculation for
the gluon-fusion cross section for the SM Higgs in Section 6.2. This will be followed
by discussing the additional ingredients that modify this cross section for neutral Higgs
bosons in the MSSM with real parameters in Section 6.3.1. In Section 6.3.2, we will
then present the full leading order cross section for gluon fusion in the MSSM with CP
violation considering the mixing of Higgs bosons (discussed in Chapter 5), the complex
Yukawa couplings, and resummation of SUSY QCD corrections. Higher-order corrections
to this gluon-fusion cross section are modified and adapted for the complex case from
results available for the case of the MSSM with real parameters.

These cross section predictions have been implemented into an extension of SusHi,
named SusHiMi (SUperSymmetric Hlggs MIxing) [1]. SusHiMi will be released as a part
of SusHi-1.7.0, the next update of SusHi. Higher-order corrections and the scope of
their implementation in SusHiMi are discussed in detail in Section 6.4. Finally, we discuss
the calculation and implementation of bottom-quark annihilation cross sections in the
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MSSM with complex parameters, which have been treated with a simple re-weighting
procedure.

Program packages for cross section calculations

In the following, a number of particle physics program packages have been employed at
various steps of the calculations. We make use of the Mathematica package FeynArts
[165-169] to generate the processes considered here. The package FormCalc [170-174]
has been used to compute amplitudes and cross sections for the processes. Furthermore,
we employ the package FeynCalc [175,176] for the reduction of tensor integrals. To
obtain cross sections for the CP-violating MSSM, we made use of the MSSMCT model file
available within FeynArts [169]. For the calculation of the masses and the wave function
normalisation factors ensuring the correct on-shell properties of external Higgs bosons,
which involves the evaluation of Higgs boson self-energies and their renormalisation (see
Chapter 5), we use the code FeynHiggs [64, 67,144,149, 150]. The numerical evaluation
of cross sections is carried out using SusHi [161,162]. The exclusion bounds for heavy
Higgs searches in the MSSM with complex parameters are obtained using HiggsBounds
[177-180].

For the calculations presented in Section 6.2 and Section 6.3 we use FeynArts-3.9,
FormCalc-8.4 and FeynCalc-8.2.0. In our phenomenological studies in Chapter 8
we use SusHiMi within SusHi-1.7.0 (to be released) and FeynHiggs-2.11.2. For the
implementation of interference factors and the study of their phenomenological impact in
Chapter 9, we use SusHiMi along with FeynHiggs-2.13.0 and HiggsBounds-5.1. 1beta.
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6 Higgs cross sections in the MSSM with complex parameters

6.2 Gluon-fusion cross section in the SM

Neutral Higgs production at the LHC mainly takes place via five channels, as described in
Section 4.2.1, with the main channel being gluon fusion due to high gluon luminosity. In
the SM, there is no direct coupling between the Higgs boson and the gluons. The gluon-
fusion process is therefore loop mediated, with quarks running in the loops. We know
from Section 2.3.2 that the Higgs—quark Yukawa coupling is directly proportional to the
quark masses. This means that the biggest contribution to the gluon-fusion cross section
comes from third generation quarks coupling to the Higgs. The Higgs boson Yukawa
coupling is 35 times larger for the top quark in comparison to the next heaviest fermion,
the bottom quark. The top-loop coupling corresponds to an effective Lagrangian that is
given by

L=H"G,G", (6.1)

with the Higgs field H° and the QCD field strength tensor G*. At leading order (LO),
the gluon-fusion cross section has been known since a long time [181,182]. In this section,
we will present those results for the lowest order calculation in the SM with only the top
quark running in the loop, as an illustrative procedure. The derivation and notations
used largely follow the detailed review in Ref. [183].

At the lowest order, there are two Feynman diagrams that contribute to the process,
shown in Fig.6.1. The momentum definitions have been labelled in the figure. The
kinematic relations are

k2 =k = (6.2)

The colour of the gluons in the SU(3) adjoint representation is denoted by the indices
a,b; the colour of quarks in the fundamental SU(3) representation is denoted by i, j.

Figure 6.1: The two contributing diagrams along with the notation used for momenta and
indices. Charge flow is indicated by arrows on spinor fields and momentum
flow is denoted by separate arrows.
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6.2 Gluon-fusion cross section in the SM

Lorentz group indices for gluons are given by u, v and spinor indices by «, 5. Next, we
need the Feynman rules to write down the matrix elements of the diagrams:

i J
M
: —iY19ij003
I V2

The top quark propagator, neglecting width effects, is therefore given by

i(p +m)gadij

. 6.4
P2 —m?2 + e (6-4)

With the polarisation of external gluons given by €, (), k) with spin A and momentum k,
the momentum in the loop [, the mass in the loop m, and the loop integral regularised
in d = 4 — 2¢ dimensions, the matrix element for the two diagrams is as follows,

M = (—ig,)? <—z\%> PBTe[tat) (—1)en (A, ky)en(Aa, ko)

/ (;lﬁl)d D1D12D3 Tl“[(l + Ko + m)v”(l + m)’y”(l — K+ m)

+ (=1 + i +mV (=] +m)y (=] — o+ m)]. (6.5)

Here, the propagators in the denominator are

Dl = l2 — m2 s

Dgz(l—k1)2—m2,

D3 = (l + k2)2 - m2 . (66)
The trace in Eq. (6.5) can be simplified using FORM, and results in [183]

Te[(/ + Ko +m)y" (I + m)y" (] — Ky +m)+
(=1 + M +m)y (=] +my"(=] — Ko +m)] =
8m [kVKY — kYL + 2KE1Y — 2kVIH 4 AP — ¢" kg kg — gM L L+ g"'m?] . (6.7)

The principal complexity of the calculation comes from the fact that this expression
needs to be integrated over the loop integral [. Inserting Eq.(6.7) in Eq. (6.5) requires
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6 Higgs cross sections in the MSSM with complex parameters

us to calculate the tensor integrall

i L,
ij N / (27T)d D1D2D3 ’ (68)

Using the method of Passarino-Veltman reduction of tensor integrals [185,186] it can be

shown that C,, can be written in terms of the scalar two- and three-point functions By
and Cy:

il 1
Co= /(27r)d D\DyD;’ (6.9)

Bo(p,q) = /(jﬁl)d Dpqu’ (6.10)

with p, ¢ € {1,2,3} and p # ¢. Carrying out the Passarino-Veltman reduction of C),, and

expanding the dependence on the dimension d in terms of € as 1/(d—2) ~ $(1+e+e4- )
2

the complete integral of the trace is

d
M= / (gﬂ'l)d D152D3 Tr[(l + ]3/2 + m)’Yu T (_l o 'Ii/Q + m)]

= (e1-€2) [8m(e +€2)Bo(2,3) — 4mCom¥o + 16m*(1+ € + £2)Cp

16m 32m3
H H

(6.11)

Here we have redefined M by leaving out all the pre-factors before the integral in Eq. (6.5)
for ease of expression. We will take them into account again in the end. The above result
can then be expressed as

M = (61 : 62) a + (kl . 62) (k‘g . 61) b, (612)
with

a=8m (¢ +¢€?) By(2,3) — 4m Com¥o + 16m3*(1 + ¢ + %) Oy,
2a
mi,

b= — (6.13)

Evaluating the scalar integral By and applying the limit ¢ — 0 simplifies the coefficients

LA detailed description of the scalar one loop integrals can be found in Ref. [184].
ZSee Ref. [183] for a step-by-step derivation. This reduction was re-derived using FeynCalc as a
cross check.
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6.2 Gluon-fusion cross section in the SM

to
8m 1
a = @ <1 — im%o(l — 7—)1677200) s
2
b= — . (6.14)
M0
where 7 = 73‘1”;2 . Finally, the cross section can be written as
HO
s— L [aps S M)’ 6.15
o= 27:9‘/ Zspin,colou1r| | ’ ( ’ )
with the 2 — 1 phase space
[aps = [ 2L or) 6,2 = mi) @2n)'6 (ks 4k — )
(2m)?
= 216(8 — m7po) . (6.16)

Averaging over colour gives a factor of (%)2 and averaging over initial state spin gives a

factor of (3)?. Furthermore, we use m = my, (g2)* = 16m2a2 and (%)2 = T—Q’% = V2G pm?,
where Gp is Fermi’s constant. The square of trace of the colour factor (Tr[t.t] = 30u)
contributes a factor 2. Therefore the total cross section, using Eq. (6.12) and Eq. (6.14),

1S

. oy (ur)mV2GE m]

0= = ST IMP mie 6(5 — m?)
HO HO spins
2 G 1 2
— Oéfégf/)iFTQ 1-— §m§{0(1 — 7')167'(200 m?{o 5(§ — m%{o) s (617)
T

where pg is the renormalisation scale, which at LO only enters through the scale depen-
dence of the strong coupling constant a,. In the last line, we used the fact that summing
the squared matrix element over the gluon polarisation gives us a factor of 2|a|>. Cj is
the scalar three-point function given by [185]:

I (42) —in]”  p=vi-7, r<1

o i
0= 5=
16725 | —2 arcsin? (%) , T>1.

(6.18)

Therefore, the complete result of the lowest order partonic cross section is expressed
as [182]:
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06{0 2
6 = 0 (S S — m s
LO m;{g ( HO)
oH° — Gpol(ir) ’ HO|?
0 28821 ’
3
0
A = 224 (=)o)
R i (6.19)
T) = 2 .
—1 (logi\/i}:—:—m) , T<1.

With increasing mass, the width of the Higgs boson of the SM becomes broader as it
approaches WTW =, ZZ thresholds. In the lowest order approximation, it is possible to
incorporate this effect by replacing the zero-width d-distribution with the Breit-Wigner
function and changing the kinematic factors m%, — § appropriately [182]:
1 §Fh / mgo

§(8 —mipo) = — :
(5 = mip) T (8 —m2)? + (8T o /mppo)?

(6.20)

So far we have discussed the calculation of the partonic cross section. However, gluons are
a part of the colliding protons and therefore a convolution with the parton distribution
functions (PDFs) needs to be performed in order to obtain the hadronic cross section.
This also induces a dependence on the factorisation scale pp. If we denote the gluon
luminosity as

o) = [ Colg(r/a), (6.21)

the lowest-order proton—proton cross section in the narrow-width approximation is
oLo(pp — H®) = og70 L9 (1) (6.22)

where 7o = m?,,/s and s is the hadronic centre of mass energy.

6.3 Gluon-fusion cross section in the MSSM

In this section we discuss the calculation of the gluon-fusion cross section in the MSSM
with particular emphasis on the effects of complex parameters. In Section 6.3.1, we will
review the lowest order gluon-fusion cross section for the case of the MSSM with real
parameters, where no CP violation is allowed. A detailed discussion of this process can
be found in Ref. [182] and references therein. Our notation closely follows Ref. [161] and
Ref. [1]. In Section 6.3.2 we will present the results for the leading order cross section
in the CP-violating case of the MSSM.
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6.3.1 Cross section in the MSSM with real parameters

We saw in Section 4.2.1 that the main mechanisms for production of neutral Higgs bosons
in the MSSM are the same as those in the SM, with gluon fusion being the dominant one
as before. Since the leading order process for gluon fusion starts at one-loop level, it is
a production mechanism where new physics can play a significant role in changing the
production cross section by entering the loop and couplings with the Higgs. In the MSSM,
in addition to the quark induced contributions, the squark induced contributions to the
gluon-fusion process also participate, even though they are suppressed by inverse powers
of the supersymmetric particle masses if those masses are heavy. However, these contri-
butions become significant and even comparable to quark contributions when the squarks
have sub-TeV masses as predicted in several benchmark scenarios for the MSSM [130],
as well as many supergravity-inspired models, see for instance Ref. [187]. While these
benchmark scenarios with light squarks in the MSSM are in tension with current exclu-
sion limits from squark searches, there exist parameter regions where they haven’t been
completely ruled out.

In the calculation for the gluon-fusion cross section in the MSSM, differences from the
expression for the SM cross section arise not just from the squark loops, but also from
the weights of the top- and bottom-loop contributions which have to be modified by the
relative couplings to the MSSM Higgs bosons presented in Table 3.3, since the mixing
angles of the Higgs sector can alter the hierarchy of the couplings. For example, the
coupling of the bottom quarks to the Higgs states is strongly enhanced for large tan
compared with the coupling to the heavier top quark?.

When CP is conserved, the physical Higgs states are the CP-eigenstates h, H and
A. There are no CP-violating mixings between the three neutral Higgses, and at tree
level only the CP-even eigenstates mix?, which is controlled by the mixing angle a.

Figure 6.2: Lowest order diagrams for gluon-fusion Higgs production in the MSSM with
real parameters.

3Note that this is not true for A in the decoupling region.
4Going beyond tree level, higher-order contributions can induce additional CP-conserving mixings
between the Higgs states, as was described in Section 5.3.
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The LO diagrams for the process gg — ¢ with ¢ € {h, H, A} are depicted in Fig.6.2°.
In this section, we will present only the lowest order results for the gluon-fusion cross
section in the MSSM with real parameters. The leading contributions arise from the third
generation quarks and squarks: i.e. the top, bottom, stop and sbottom loops. We defer
the discussion of higher-order corrections to Section 6.4.

The procedure for calculating the amplitudes for stop- and sbottom-induced loops is
similar to what was outlined in Section 6.2. The matrix elements can be obtained by
using the Feynman rules for the squark—gluon and squark—Higgs vertex for the CP-even
and CP-odd Higgses, which can be found, for e.g., in Ref. [188].

The tensor structures of the loop amplitudes for the CP-even Higgses ¢¢ € {h, H} are
given by [153]:

ieu(kr)ey (ko) My (99 — ¢%) oc davep(kr)ey (ko) (g“”krl ke — YK ) %

{ > g {1+(1 — 1INV (7Y } E Z qu” [1 —7'~ (Tg:e)}} . (6.23)

qe{tb} qe{t by i=1

The tensor structure for the CP-odd Higgs boson A is
iEM(k1)€V<k2)MZg(gg — A) X 5ab6#(k1)e,j(l€2)x

{z’e"”p”klpk% > gj;‘ {Tff(T;‘)}} . (6.24)

qE{t,b}

The definitions for momentum, colour and, spin follow the same conventions as in Sec-

m2 € 4m2~ . . .
tion 6.2. Here T¢’ = ;—2‘1 and 7; = —*. The gg’ are the relative Higgs—quark couplings
$ e

as specified in Table 3.3 for ¢ € {h, H, A}. The Higgs—squark couplings gqm for this case
can be obtained from Appendix A by setting all the parameters to be real. Needless to
say, the SM results are recovered by setting the Higgs—squark couplings to zero, and the
relative Higgs—quark couplings gff to 1. Notice that there is no contribution from squarks
in the amplitude for the CP-odd Higgs boson A. This is because in the CP-conserving
MSSM, the squarks do not couple to the CP-odd Higgs A at LO due to CP invariance;
only couplings involving f; — fj — A with ¢ # j are non-vanishing, which do not enter the
LO calculation. Averaging over all the polarisations and colours, the LO partonic cross
section in Eq. (6.19) for ¢ € {h, H, A} can be written in the form

o _ Gros(pn) ] (6.25)

70 = Tog8var

SHere we denote the CP-eigenstates by ¢, in a convention that differs from our notation for the
tree-level mass eigenstates ¢ in Chapter 5, in order to avoid confusion with the squark index §;;.
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6.3 Gluon-fusion cross section in the MSSM

where the loop amplitude is the sum of the individual quark and squark contributions:

A= 3 (af+ag) . (6.26)

qe{t,b}
The quark contributions to the amplitude for the CP-even Higgses are the same as for
the SM Higgs boson, barring the Higgs—quark couplings that contain the mixing angles

for the CP-even Higgs bosons. On the other hand, the amplitude for the CP-odd Higgs
has a much simpler form factor:

o _ o 370 6 (10

ag =gy - 1+ 1 =71 (6.27)
374

a; = g5 - f0). (6.28)

Similarly, the individual squark contributions are

T¢e 2 ¢
qum [1 — 7'~ (Ti )} , (6.29)

a;;‘ =0. (6.30)

Ql

6.3.2 Cross section in the MSSM with complex parameters

For the case of the MSSM with complex parameters we need to compute cross sections for
the three neutral mass eigenstates hq, ho and hs, which are admixtures of the lowest-order
mass eigenstates h, H and A. The leading order diagrams for the production of h 3
via gluon fusion therefore additionally include the loop-induced CP-violating mixings as
depicted in Fig.6.3. Differences with respect to the calculation in the MSSM with real
parameters are induced due to the following reasons:

1. CP-violating couplings between the CP-odd Higgs A and the squarks g4 i give rise
to a non-zero amplitude: @;' # 0 in Eq. (6.30).

Figure 6.3: Feynman diagrams for the LO cross section with (a) quark and (b) squark
contributions in the MSSM with complex parameters.
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2. Different left- and right-handed quark couplings, ¢¢ and g2 = (gg’L)* with ¢ €
{h,H, A} result in non-zero contributions to the quark loop amplitudes for the
three neutral Higgses proportional to (g,‘fL — gZ’R). In the b/b sector, we take into
account higher-order corrections to the relation between the bottom-quark mass
and the bottom-Yukawa coupling [189-194]. These corrections, known as the A,
corrections, are a function of the complex gluino and Higgsino mass parameters
Mj; and . Therefore, we cannot use the relation gZSR = (g;fL)* = g? for the bottom-
quark coupling to the Higgs as we did for the cross section calculation in the SM
and the MSSM with real parameters. A detailed description of these SUSY QCD
contributions will be given in Section 6.4.1.

3. Z factors, which determine the CP-violating mixings between the CP-eigenstates,
relate the amplitude for an external on-shell Higgs h, in the mass eigenstate basis
to the amplitudes of the CP-even lowest-order states h and H and the CP-odd
state A (recall the discussion in Section 5.4). The cross section pp — h,, which
involves one-loop diagrams in the production process pp — ¢, is denoted as “LO
cross section” despite the fact that it contains higher-order effects through the
application of the Z factors (Fig. 6.3).

In order to clearly see how CP violation affects the cross section due to these three
factors, we will investigate each effect one at a time and subsequently build up the final
cross section.

6.3.2.1 Effect of non-zero couplings g}é‘ii

When we allow CP invariance to be violated, a non-zero 9;?1'1' coupling gives rise to an
additional term in the loop amplitude. A first analysis of this effect was presented in
Ref. [153]. Assuming, at this point, that there is no mixing between the neutral CP-
eigenstates, and neglecting SUSY QCD corrections at the vertex, the tensor structure of
the loop amplitude in Eq. (6.24) is modified by an additional term,

i€, (k1)ey (ko) MEY (g9 — A) o¢ Sap€p(kr)en (ko)X
e 1 , v o

{ze“P k1pkao Z 9;4 [T;‘f(TqA)} 1 Z 7-;‘ (g" kl-kg—klkg)Zggi [1—T£f(7'£)}} )
qef{t,b} qe{t,b} i=1

(6.31)

Notice that the tensor structure of the squark contributions to the amplitude of the
CP-odd Higgs is similar to that of the squark contributions to the CP-even Higgs. Fur-
thermore, there is an antisymmetric part containing the Levi-Civita tensor e associated
to the quark contributions and a symmetric part associated to the squark contributions.
As a result, there are no interference terms between the quark and squark loop con-
tributions for the CP-odd Higgs production. As we will see in the next sections, this
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6.3 Gluon-fusion cross section in the MSSM

will no longer be true when we take into account SUSY QCD corrections that make the
bottom-Yukawa coupling complex or when an admixture with CP-even states is induced.
The squark loop amplitude for ¢, averaging over all spins and colours, is

___W-E:Qm[l_T ()] - (6.32)

The amplitudes of the CP-even Higgses at this stage have the same expression as given
in Eq. (6.27) and Eq. (6.29).

6.3.2.2 Effect of complex Yukawa couplings

In the following, we will present the expressions for the quark-loop amplitudes of h, H

and A for a general case of complex Yukawa couplings, without limiting ourselves to just

6

the complex bottom-Yukawa couplings resulting from A, corrections®. As mentioned

earlier, when the Yukawa couplings are complex, the relation gg’L = g(‘fR = gg’ we have
used in the expressions for the amplitudes so far is invalid, and there are additional
contributions that modify the quark loop amplitude which need to be considered. For

the CP-even Higgses ¢¢ € {h, H}, the quark loop amplitudes now consist of two parts,

written as
€ ]_ e 3 e €
age = 5 (90 +95) 370 [1+ Q=706 (6.33)
e Z 3
237 - 2 (gtIR QQL) 5 f( ) (634)

where the subscripts + and — denote amplitude components proportional to the sum
and difference of the left- and right-handed couplings respectively. Similarly, the quark
loop amplitudes for the CP-odd Higgs also contain an additional contribution:

gy = ; (g0 + g:fR) §T“f (), (6.35)
ato =1 (o — ) 2 1+ = f )] (6.30)

Terms in a3+ do not interfere with terms in agi_, due to the fact that they are associated
with symmetric and antisymmetric terms, respectively, in the tensor structure of the loop
amplitude for the scalars ¢¢, and vice versa in case of the CP-odd Higgs A. Furthermore,
it is easy to see that in the limit where all the Yukawa couplings are real we retrieve the
results obtained in Section 6.3.1 and Section 6.3.2.1.

6In Section 6.4.1 we will point towards a possibility of redefining (s)quark fields such that their
phase is rotated away. However, here we will stick with the most general description of complex Yukawa
couplings.
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6 Higgs cross sections in the MSSM with complex parameters

6.3.2.3 Effect of the Z factor matrix

So far we have studied how the individual amplitudes for the lowest-order mass eigen-
states h, H and A are affected by CP-violating interactions and contributions. The next
step is to obtain the amplitudes for the mass eigenstates h,, a = 1,2, 3 as admixtures of
h, H and A using the non-unitary Z matrix. Recall that the full mixing takes place not
just between the tree-level Higgs mass eigenstates but also with the Goldstone boson and
the electroweak gauge bosons. However, following the discussion in Section 5.1, we only
consider the 3x3 mixing between {h, H, A}. The LO hadronic production cross section
of the mass eigenstates h, can be written as

L dx

G10(pp = ha) = oo, £9(m,) with £9(r) = [ Zg@yg(r/a), (637

T

where 7,, = M ,%a /s, and M, is the loop-corrected mass of the eigenstate h,. Accordingly,
the partonic LO cross section for gg — h,, is given by

F A

Gra*(pr) 2
h FOG\UR ha,e
a — as 638
% 288/ U“4 } (6.58)
with A" = Z, A" + Z g AT+ Zy 0 A?
and Aha’o = ZahA}i + ZaHAI_{ + Za,A-/Aﬁ )

where Z,4 are the elements of the Z matrix from Eq. (5.39). We see from Eq. (6.38) that
the final polarisation and colour averaged squared loop amplitude for a mass eigenstate
h, consists of two non-interfering terms. This is a consequence of the different tensor
structures of various contributions, as we have illustrated in previous sections. In the
effective field theory approach of heavy quark and SUSY masses, where the gluon—gluon—
Higgs interaction is condensed into a single vertex, the amplitudes of the first term in
Eq. (6.38) can be identified with a contribution that stems from £ > G*G,,, ¢ with the
gluon field strength G*. The amplitudes of the second term stem from £ D é‘“’Gng,
which involves the dual of the gluon field strength tensor G#*. This results in the cross
section being expressible as the sum of two non-interfering squared amplitudes. This also
explains the naming of the first and the second term with A"¢ and A"°, respectively:
the terms in A" possess a tensor structure similar to the quark and squark contributions
to the CP-even amplitude in Eq. (6.23), while the terms in A" possess a tensor structure
similar to the quark contributions to the CP-odd amplitude in Eq. (6.24). Similarly, we
can split oo into of, and o?,. Each of A"¢ and A" is comprised of the individual
quark and squark loop contributions to amplitudes of A, H and A, now evaluated on the
mass shell of h,. For the two CP-even lowest-order mass eigenstates ¢¢ € {h, H} we
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obtain the amplitudes
AV = % (agp+al), A= > af- (6.39)
ge{t,b} ge{t,b}

e 1 3 l 3
¢ _ ¢ ) 2 ha ha) f(ha ¢ _ ¢ ) 2_ha f(+ha
ag = (g;: - ij) 374 [1 + (1 —71,) f(7, )} ) Gg- =5 (gg’R - gﬁfL) 5T (74)

Similarly, for the CP-odd Higgs boson A we have

A= 3 (e +al), A=Y ap, (6.41)
qe{t,b} qe{t,b}
with
L/ 4 AN S ha A LA AN\ S ha ha
Qg+ =5 (qu + qu) 274 fr*), ag = 9 (qu - ng%) 54 {1 + 1 =7)f (7 )} ’
_ 3 2
i =2 S 1= et 612

We checked that this result is consistent with Ref. [153], which however assumes g7, = g9
and does not take into account the mixing among the tree-level mass eigenstates ¢ €
{h,H, A}. All squark contributions, i.e. &jfe and dg‘, enter the first term, A"° in
Eq. (6.38). Quark contributions to A"e:¢ which couple to the CP-odd lowest-order mass
eigenstate A are proportional to the difference between the left- and right-handed quark
couplings. The same holds for the quark contributions to the second term .4"a° in
Eq. (6.38) which couple to the CP-even lowest-order mass eigenstates ¢°. All these terms
are therefore denoted with the subscript A_. It should be noted that the quark contri-
butions in A% only arise due to the complex nature of the Yukawa couplings, which
is a consequence of the incorporation of higher-order contributions entering via the A,
corrections, and our choice of working with a complex Yukawa coupling. Consequently,
they vanish in the MSSM with real parameters.

The expressions in Eq. (6.38)-Eq. (6.42) contain the central result of this chapter. This
analytical form of the leading order gluon-fusion cross section for the loop-corrected mass
eigenstates hq, ho and hz of the MSSM, taking into account complex Yukawa couplings,
CP-violating Higgs—squark couplings, and a 3x3 mixing for the general case of complex

parameters has been presented for the first time in our publication Ref. [1].
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6 Higgs cross sections in the MSSM with complex parameters

6.4 Higher-order contributions

6.4.1 Resummation of SUSY QCD contributions

At tree level in the MSSM, there is no BthbR coupling, only the neutral component of
the Higgs doublet H;, hJ couples to the bottom quark. However, a coupling of the form
BthbR can be induced by corrections from gluino—squark loops, such as the one shown
in Fig.6.4.

The leading parts of such SUSY QCD corrections arising from gluino—squark loops,
as well as leading electroweak corrections, can be absorbed into the effective bottom-
Yukawa coupling to the Higgs bosons [189-194]. For a heavy SUSY mass scale, the
leading corrections are obtained from an effective Lagrangian

7 A *
Eeﬁ = _ybbR [hg + t;hg ] bL + h.c. (643)

This loop induced correction shifts the b-quark mass from its tree-level value and is
described by

my — YpUg (1 + Ab) . (644)

It also results in a shift of the bottom-Yukawa couplings from the tree level relations.
Following the treatment in Ref. [32], and inserting the expression for the bottom-Yukawa
coupling from Eq. (6.44) into Eq. (6.43) for the general case of a complex A, results in

1 _ Ay o
Log = UL lhg ) ] by + h.c.
B

_1—|—Ab V4
1 —ix my- JAVSE

= —bg |RS+ =hY | b h.c. 4
1+y v Rld+tﬁ u] . + h.c (6 5)

Figure 6.4: Feynman diagram that induces an effective coupling of the bottom quarks to
the Higgs field component 7.
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where the quantities x and y are defined as

ImAb
S — 6.46
1+ ReAb ’ ( )
y = ReAy + 2ImA,, . (6.47)
Neglecting terms involving Goldstone bosons, the effective Lagrangian reads [51]
-1 [ 1 1
Log=b—-| |1— ' 14— freep,
f 1+y(_ tat/gy—f—Z%I( ‘f‘tatﬁﬂ Uhbb
i tOé . ta tree
+ 1+—y+w5m 1—— || vguH
ts ts
1 1
+ 11— tfy + 152 (1 + t2>] UZEEA) b+---, (6.48)
B
where t, = tana.
Finally, viie viee o' are given by
£ = b |ojiith + viipH + vigig Al b
=1 v v Yo
=b|—=%(—584)h — co)H — ==(1 Alb+ , 6.49
R L (AL S AT (6.49)
with
0
Yo my My mye
222 7 6.50
V2 vg wveg (2easwmw) (6.50)
where we have used v = 27;W and ¢go = == from Eq.(2.3), Eq.(2.13) and Eq. (2.15).

Substituting the expressions from Eq. (6. 46) Eq. (6.47) and Eq. (6.49) into Eq. (6.48) we
obtain the following expression for the effective Lagrangian,

my

Leg = > bl Pu+ (g5,) Pr| b¢e+z—b (96 P — (9)" P bA (6.51)

U geeh,m)

in terms of the left-handed and right-handed couplings gg)L and ng = (g,f’L)*, where
Pr/r = %(1 F 5) are the left- and right-handed projection operators, respectively. The
explicit form of the couplings can then be deduced to be

h H A
h B cot o I B tan a A oB Ay
= 1— A = 1 A = 1-—
o 1+Ab[ tan 3 b]’gbL 1+Ab[ +tan6 b]’gbL 1+Ab[ tan? 3|’
(6.52)

with fgﬁ = sina/ cos (3, f(fg = cosa/ cos f and fof‘ﬁ = tan 3 (see also Refs. [51,195]).
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The effective Lagrangian therefore provides a resummation of leading tan f-enhanced
contributions entering via the quantity A,. The leading QCD contribution to A, has the
form
Ay = go‘sgr“d)Mgu* tan 5 1(m2 ,m2,, m2), (6.53)
abLog (g) + acLog (%) + bcLog (g)
(a—c)(c—=Db)(b—a)

I(a,b,c) = (6.54)
where o is typically evaluated at an averaged SUSY scale pig = (mp, +my, +mg)/3. As
one can see from Eq. (6.53), the leading contribution to A, has an explicit dependence
on the complex parameters Ms and p. In the numerical analysis in this thesis the value
for A, is obtained from FeynHiggs (see Ref. [196]), which includes additional QCD and
electroweak contributions [197-200].

We will use the expression for the bottom-quark Yukawa coupling according to the
effective Lagrangian of Eq. (6.51) and Eq. (6.52) in our leading-order expressions for the
(loop-induced) gluon-fusion process. For bottom-quark annihilation and the implemen-
tation of higher-order corrections to the gluon-fusion process, we will use as a simplified
version [51]

i = 6ty = db = i (6:55)
in which the left- and right-handed couplings to bottom quarks are identical to each
other. We will compare the numerical impact of the two implementations at LO in
Chapter 8. The effective Yukawa coupling in Eq. (6.51) is complex. The phase of this
coupling could be rotated away by an appropriate redefinition of the (s)quark fields, as
described e.g. in Ref. [197]. This redefinition could be used to avoid having to explicitly
differentiate between gg)L and ng. Still, we prefer to use the most general expression for a
complex Yukawa coupling. In the phenomenological discussion in Chapter 8 we compare
the effect of the complex Yukawa coupling of Eq. (6.51) with the simplified real coupling
of Eq.(6.55) (which are not equivalent to each other) and subsequently show that the
numerical differences are small.

6.4.2 Gluon fusion at higher orders

Gluon fusion receives sizeable corrections at higher orders. Higher-order corrections have
been calculated for the production of the SM Higgs boson, as well for the Higgs bosons
of the MSSM with real parameters, in various orders of perturbation theory and expan-
sions. In the following, we provide a brief overview of status of higher-order calculations
for the gluon-fusion process involving both the SM, and SUSY particles for the case of
real parameters. In the next sections, we will discuss to what degree they have been
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implemented in SusHi. Subsequently, we will explain how they can be modified and
incorporated into the cross sections for Higgs production in the MSSM with complex
parameters, as well the scope of their implementation in SusHiMi.

The total effect of the next-to-leading order (NLO) real and virtual corrections for the
SM quark contributions is the increase of the LO cross section by a factor of 1.5-1.7, with
a residual dependence on renormalisation and factorisation scales of about 30%. These
NLO QCD contributions have been known for arbitrary quark masses since the late 1990s
and early 2000s [182,201-205]. Their sizeable effect motivated the calculation of next-to-
next-to-leading order (NNLO) SM QCD contributions which were calculated in the limit
of a heavy top-quark mass [206-208]. The NNLO QCD corrections are smaller than the
NLO ones, but are still significant and improve the stability against renormalisation and
factorisation scale dependence. Finite top-quark mass effects at NNLO are known in an
expansion of inverse powers of the top-quark mass [209-216].

More recently, N3LO contributions for a CP-even Higgs boson in an expansion around
the threshold of Higgs production [217-221] were published, also in the heavy quark mass
limit”. We will later discuss in more detail for which Higgs mass ranges these corrections
are applicable, which also explains why the above mentioned N3LO contributions will
only be employed for the CP-even component of the light Higgs boson.

Higher-order corrections to the gluon-fusion process are not just limited to QCD effects.
Electroweak (EW) NLO corrections have been accounted for as well. In Refs. [224,225]
they were calculated in the infinite top mass limit, and the corrections to the gluon-fusion
cross section were found to be less than 1%. However, contributions from diagrams with a
closed loop of light fermions were more sizeable. These contributions have been evaluated
in a closed analytic form in terms of generalised harmonic polylogarithms (GHPLs) in
Refs. [226,227]. In the intermediate Higgs mass range between 114 GeV up to the
threshold of 2my, these corrections can lead to an increase from the LO cross section
by 4-9%. For masses of the Higgs boson above the 2my threshold, the light fermion
corrections change sign and decrease the LO cross section by up to 2%. In Ref. [228§],
the remaining EW corrections from top quark contributions were evaluated in a Taylor
expansion in m2,/(4my )?, with a valid result in the mpyo < 2myy range. However these
corrections were found to be very small in size, reaching at most 15% of the light fermion
contributions. Electroweak corrections as discussed in Ref. [226] can be added as well.

For the production of CP-even MSSM Higgs bosons h and H, the QCD effects from the
quarks can be adapted from the SM calculation by using the rescaled Yukawa couplings
shown in Table 3.3. NNLO QCD corrections to the quark induced cross section for the
CP-odd Higgs boson A were calculated in Refs. [229,230] in addition to Ref. [214].
In the MSSM with real parameters, NLO corrections from real radiation arising from
Higgs production in association with a quark or gluon jet at one loop, mediated by

"Most recently the N*LO QCD corrections for CP-odd Higgs bosons have also become available [222,
223]. In the analysis presented in this thesis, those contributions are neglected.
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quarks and squarks, can be expressed in terms of Passarino-Veltman functions [186],
as presented in Ref. [231]. The analytical NLO virtual contributions involving squarks,
quarks and gluinos are either known in the limit of a vanishing Higgs mass [232-235] or in
an expansion of heavy SUSY masses [236-238]%. Even NNLO corrections of stop-induced
contributions to gluon fusion are known [242-244]. We neglect the latter contributions
in our analysis for the MSSM with complex parameters.

6.4.2.1 NLO contributions

In this section, we will describe the numerically relevant NLO corrections to the LO cross
section. A brief discussion of electroweak contributions will follow.

As explained in Section 6.4.1, a complex Yukawa coupling is only induced for the
bottom quark through the incorporation of A, contributions. According to this approach,
for the top-quark Yukawa coupling gf’ , left- and right-handed components are identical
also in the MSSM with complex parameters. Therefore we can directly take over the
known higher-order QCD corrections to the top-quark loop contribution for the MSSM
with complex parameters. For the incorporation of the bottom-quark contribution at
NLO (SM) QCD, on the other hand, we will rely on the simplified version of the A,
corrections to the bottom-Yukawa coupling as specified in Eq. (6.55). This approximation
ensures that the higher-order quark contributions, both real and virtual, are of the same
structure as in the CP-conserving MSSM.

The hadronic cross section for h,,a € {1,2,3} at NLO can be written as

e/o a,€/0 eoas e/o e/o €/0
Ao lpp = o+ X) = 04/, £99(,) [+ O %] 4 Aotle + Mgl + Aoy

(6.56)

At NLO in the MSSM with complex parameters, supersymmetric contributions are present
both in virtual and real corrections. The terms Ao denote the real corrections. They
arise from the hard gg, gg and gq scattering and are regular as § — M, in the partonic
cross section. They are one-loop processes where the Higgs boson is produced with a
gluon or quark jet. In the MSSM, the loop can be mediated by quarks as well as squarks.
Example processes are depicted in Fig. 6.5.

The real corrections show a similar behaviour as observed for the LO cross section.
Working with Eq. (6.55) implies that the left- and right-handed Yukawa couplings are
equal and terms in the cross section proportional to their difference are absent. Therefore
in the real corrections the only new ingredients arising due to complex parameters are
Higgs—squark couplings to the CP-odd, g;]f‘ii. These squark induced contributions of CP-
odd components proportional to 92’@ are added as a complex component to the CP-even
couplings. Consequently, the real corrections can be split in Ac® and Ac® since no

8Exact numerical and for certain contributions analytical results for NLO virtual contributions were
presented in Refs. [204,205,239-241].
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6.4 Higher-order contributions

Figure 6.5: Sample Feynman diagrams contributing to real corrections at NLO in gluon-
fusion Higgs production. The loops containing quarks can also be mediated
by squarks.

interference terms arise. In SusHiMi, the real corrections have been taken over from
the implementation in SusHi which uses the full analytical expressions presented in
Ref. [231].

The factors C*/° in Eq. (6.56) contain the NLO virtual corrections to the gg process,
regularised by the infrared singular part. They also contain counterterms to the LO
quantities. For the quark induced contributions SusHi incorporates the full analytical
formulas of Ref. [203]. These results are directly taken over for the complex case in
SusHiMi. The NLO virtual contributions from supersymmetric particles can arise from
diagrams containing gluon—squark or gluino—quark—squark loops. In order to preserve
supersymmetry, the purely squark induced terms need to be evaluated in combination
with the mixed gluino—quark-squark terms. Some example diagrams for the NLO virtual
contributions are shown in Fig. 6.6.

In SusHi, these contributions are implemented for the case of real parameters in two
limits [161]. The expansions in those limits hold if the Higgs mass is not much larger in
comparison to the SUSY masses. For very large Higgs masses, only the numerical result
of Ref. [239] is known so far.

1. The first limit is mg, mq < mg,,,my [231,236-238], which can be applied to
the bottom-sbottom sector and the top-stop sector, and is valid when my <
min(2mg, mg + my). SusHi uses the formulas of Refs. [237,238] in these cases.

2. The limit my < my, mg, ,, mg [232,233,235] is valid for mg < min(2mg, 2mg, mg +
mg+mg) and is applied to the top-stop sector as long as ¢ is not too heavy. These
corrections are incorporated in SusHi using the subroutine evalcsusy.f [245].
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Figure 6.6: Example Feynman diagrams for virtual corrections at NLO in gluon-fusion
Higgs production. Apart from quarks and gluons, squarks and gluinos can
also participate in the loops.

The approach using the second limit in evalcsusy.f uses the tree-level coupling «
explicitly in the amplitudes, and therefore is not compatible with the implementation of
7 factors used for the amplitudes according to Eq. (5.43) in SusHiMi. Consequently, we
will use the first approach in our computation of NLO virtual contributions to hq, hs, hg
production and its implementation in SusHiMi.

However, the NLO virtual contributions from supersymmetric particles as described
above are not easily adjustable to the MSSM with complex parameters. We therefore
interpolate the NLO virtual contributions between phases 0 and 7 of the various MSSM
parameters using a cosine interpolation [246,247]. This interpolation makes use of on-
shell stop- and sbottom-quark masses defined at phases 0 and w. Thus, within the
interpolated result we have to ensure the correct subtraction of the NLO contributions
that have already been taken into account through A, effects in the bottom-quark Yukawa
coupling. This is done by expanding the A, correction to next-to-leading order in the
subtraction term.

For a certain value of the phase ¢, of a complex parameter z, the virtual NLO amplitude
A% o(6.) can be approximated using

1+ coso,
2

1 —coso,

B0 Aro(m) (6.57)

Alro(6:) = Aro(0) +
for each of the lowest-order mass eigenstates ¢ € {h, H, A}. Here A%, (0) is the analyt-
ical result for the MSSM with real parameters, and Af\}LO(W) is the analytical result with
2z — —z. Using the factors cos ¢, ensures a smooth interpolation such that the known

results for a vanishing phase are recovered. Whereas a dependence on the phases of A,
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6.4 Higher-order contributions

and p is already apparent in the lowest-order diagrams of gg — ¢, the phase of M3 only
enters through the NLO virtual corrections. Besides the A, contributions, where the full
phase dependence is incorporated, the treatment of the phase of Mj therefore relies on
the performed interpolation. While the implemented routines for the MSSM with real
parameters are expressed in terms of the gluino mass, they can also be used for a negative
soft-breaking parameter M3, such that we can obtain interpolated results for a complex-
valued parameter M3;. We note that the NLO virtual amplitudes with a negative M3 are
identical to the virtual amplitudes for positive M3 with opposite signs of the parameters
Ay, Ay and p. This can be understood from the structure of the NLO diagrams involving
the squark—quark—gluino couplings. It should however be noted in this context that due
to the generation of Higgs—squark couplings g;%i for non-vanishing phases, a new class
of NLO virtual diagrams arises which is not present in the MSSM with real parameters.
Since the interpolation is based on the result for the MSSM with real parameters as in-
put for the predictions at the phases 0 and 7, the additional set of diagrams may not be
adequately approximated in this way and therefore remain unaccounted for.

Despite this fact, we expect that the interpolation of the virtual two-loop contributions
involving squarks and gluinos to the gluon-fusion amplitude provides a reasonable ap-
proximation, for the following reasons (we discuss the theoretical uncertainty associated
with the interpolation in Section 8.6 and assign a conservative estimate of the uncer-
tainty in our numerical analysis). We focus here on the gluon-fusion amplitude without
7 factors, since in the Z factors the full phase dependence is incorporated without ap-
proximations. Gluino contributions are generally suppressed for gluino masses that are
sufficiently heavy to be in accordance with the present bounds from LHC searches, while
gluon-exchange contributions do not add an additional phase dependence compared to
the dependence on the phases of A; and p in the LO cross section, which is fully taken
into account. The dependence of the NLO amplitude on the phases of A, and p is there-
fore expected to follow a similar pattern as the LO amplitude, which is also what we find
in the application of the interpolation method.

One can also compare the higher-order corrections to the gluon-fusion process with the
ones to the Higgs boson masses and 7 factors. In fact, a similar interpolation was applied
in the prediction for Higgs boson masses in the MSSM with complex parameters, see e.g.
Refs. [144,247-249], where the phase dependence of sub-leading two-loop contributions
beyond O(ayars) were approximated with an interpolation before the full phase depen-
dence of the corresponding two-loop corrections at O(a?) was calculated [250,251]. Gen-
erally good agreement was found between the full result and the approximation [250,251].
In order to investigate the interpolation of the phase of M3 we performed a similar check
concerning the phase dependence of two-loop squark and gluino loop contributions. We
numerically compared the full result for the Higgs mass prediction at this order from
FeynHiggs with an approximation where the phases at the two-loop level are interpo-
lated. Despite the fact that for the Higgs mass calculation new diagrams proportional
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6 Higgs cross sections in the MSSM with complex parameters

to g(‘lf‘ii arise away from phases 0 and 7 as well, the phase dependence of the interpolated
results generically follows the behaviour of the full results very well.

Based on the NLO amplitude that has been obtained as described above, we can
construct the NLO cross sections oy, and oy, individually, following Ref. [161], by
defining the NLO correction factors C'° and C°:

ha,e/0 9
C°/° = 2Re Agif/o + 7% + By log ('Zg‘) : (6.58)
F

ha,e

The amplitudes are given by AktS = Zapn Al o + Zag AH o and ALS = Zua AL, o, pir
denotes the factorisation scale, and fy, = 11/2 — ns/3 with ny = 5. Note that the LO
amplitudes A"</° entering Eq. (6.58) are taken in the limit of large stop and sbottom
masses, see Ref. [161].

6.4.2.2 Electroweak corrections

The full NLO electroweak corrections are known only in the Standard Model [252]. Con-
sequently, for the MSSM, we can construct the EW amplitude only for the CP-even
eigenstates h and H. Since the CP-odd Higgs A does not couple to gauge bosons, EW
corrections to the CP-odd Higgs production are expected to be negligible. This follows
from the fact that important EW corrections arise from two-loop diagrams containing an
internal light quark loop where the Higgs couples to the W and Z bosons. An example
diagram is depicted in Fig.6.7. These light quark diagrams are not suppressed by quark
Yukawa couplings and therefore have a multiplicity enhancement from summing over the
light quarks.

The electroweak effects of this kind are incorporated into the cross section in terms of
a correction factor that multiplies the NLO cross section®:

UELO, Ew = Onol(l + 5gw> . (6.59)

The factor i, parametrises the contribution from light quarks, which can be reweighted

“000Y >

<

Figure 6.7: Example two-loop light-quark diagram contributing to the gluon-fusion cross
section.

9This assumes factorisation of electroweak and QCD effects.
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6.4 Higher-order contributions

to the MSSM with complex parameters. We follow Ref. [253] and define the correction
factor

ha,e Aha,EWx
st _ on 2Re (.A A ) (6.60)
EW T |Aha7e|2 ) .

where A" which has been given in Eq. (6.38), denotes the CP-even part of the LO
amplitude including quark and squark contributions. Accordingly, this electroweak cor-
rection factor is only applied to the CP-even component of the LO and NLO cross section.
The electroweak amplitude is given by [226]

gremw _ 31 [2(5 7, 22

135w + 98%1/> Ailzz] + 4A1[9€W]] (6.61)

. (—Zah sin v cos 5 + ZaH COs (v sin 5) ,

TR o2 | A
8 Twsiy |

with the abbreviation

Ve{Wz}. (6.62)

In Eq. (6.60) agym denotes the electro-magnetic coupling. I'yy and my are the mass and
the width of the heavy gauge bosons V € {W, Z}. The function A;[z] is expressed in
terms of the GHPLs defined in Ref. [226] as follows,

Aa] = — 442 (1 + i) G(~1;2) + ie(o, “1z) 42 (1 + i) G(0,0,-1,2)
+ (1 + i) [2G(0, —r, —r;2z) — 3G(—r, —r,—1;2)] — \/x(z + 4) {iG(—T; )
+”T;;2 2G (=1, —r, 13 2) + 2G(—1,0, —1; ) — 3G(—4, —r, —1;x)]} . (6.63)

The numerical evaluation of this function is very involved, and in SusHi the dL, are
implemented through an interpolation grid in M}, using fixed values for the masses and
widths of the gauge bosons and the weak mixing angle,

mw = 80.385 GeV, Ty = 2.085 GeV, sin6fy = 0.22295
my = 91.1896 GeV, TI'y = 2.4952 GeV . (6.64)

Thus, the electroweak input values to SusHi for these correction factors are ignored.
Until now, we have presented how the gluon-fusion cross section in the MSSM is calcu-
lated considering all the different effects arising from the presence of complex parameters
in the theory. We discussed the addition of higher-order contributions from various
sectors and their adaptation and generalisation to the case of MSSM with complex pa-
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6 Higgs cross sections in the MSSM with complex parameters

rameters. In Chapter 7, we will describe how these components of the cross section,
including NNLO and N3LO contributions, are assembled in the numerical code SusHiMi.

6.5 Cross section for bottom-quark annihilation

The Higgs boson can be produced in association with bottom quarks (bbg), similar to
the process tt¢. In the SM, an increased phase space for bbg can compensate for the
suppression by smaller Yukawa couplings. Depending on the centre-of-mass energy and
the Higgs mass, this can result in the bbg cross section being even greater than that for
tt¢ [254]. However, its experimental significance is reduced due to an enormous QCD
background. In theories with extended Higgs sectors such as the 2HDM or the MSSM,
the bottom-Yukawa couplings can be enhanced relative to the SM one so that bb¢ can
become a dominant production channel for the Higgs bosons.

The theoretical prediction for this process can be made in two approaches. The first is
called the four-flavour scheme (4FS) [255-257], where the leading order partonic processes
are qg — bb¢ and gg — bbe, with ¢ € {u,d, ¢, s}. Here, the bottom quark appears as a
final state particle and is not associated with a PDF. An example leading order diagram
for this is depicted in Fig.6.8 (a). In the 4FS, the cross section is known at NLO QCD
in the SM. However, integration over phase space can lead to divergences arising from
kinematic regions where the bottom quarks are collinear to the incoming partons which
result in potentially large logarithms In my,/my.

Ideally, these can be dealt with by resumming the large perturbative coefficients. This
can be done in the five-flavour scheme (5FS) [258,259], which introduces bottom-quark
PDFs such that bottom quarks appear in the initial state (Fig.6.8 (b)). The PDFs
implicitly resum the momenta of the bottom quarks through DGLAP evolution!®. SusHi
employs the 5F'S for the bottom-quark annihilation process for a SM Higgs boson at NNLO
QCD. In the employed five-flavour scheme, where the bottom quarks are understood as

(a) (b)

Figure 6.8: Leading order diagrams for bottom-quark annihilation in the (a) four-flavour
scheme and (b) five-flavour scheme.

0Recently, calculations that perform a resummation of the logarithms combining the 4FS and 5FS
are available, see e.g. Refs. [260-263].
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6.5 Cross section for bottom-quark annihilation

partons, the result equals the cross section of a CP-odd Higgs A (in a 2HDM with tan 8 =
1). In the MSSM with real parameters, SusHi links to the program bbh@nnlo [264] for
obtaining the inclusive cross section o550 in the SM at NNLO QCD which uses m)® (up)
for the bottom-Yukawa coupling. This is subsequently reweighted by the resummed
SUSY coupling gf.

For the production of the Higgs boson h, in the MSSM with complex parameters, as
implemented in SusHiMi, the results for the SM Higgs boson are further reweighted to the
MSSM with |Zangl + Zargl'|? + |Zaagi*|?, which includes tan S-enhanced squark effects
through A, according to the simplified resummation of Eq. (6.55). This procedure equals
the application of a K-factor on the full LO cross section including 7 factors. In case of
non-equal left- and right-handed couplings ¢;, and g,, due to the application of the full
resummation in Eq. (6.52), the SM cross section has to be multiplied with

|Zah<gl}7LL + gir) + ZaH(gzi + gip) + iZq algin — 9ip)?

A

+ ‘izah(gz}f}% — gr) + iZaH(ngJ{% 9i1) + Zaa(gir + 9i8) - (6.65)

We only discuss Higgs production through bottom-quark annihilation with simplified A,
resummation in this thesis.
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Chapter 7

The program SusHi and its extension
SusHiMi

This chapter describes the code SusHi and its extension SusHiMi, which incorporates the
results for cross sections for neutral Higgs bosons in the MSSM with explicit CP violation
presented in Chapter 6. The summary of the computational framework for SusHi is based
on the manual Ref. [161]. The description of SusHiMi closely follows Ref. [1], reflecting
the author’s contribution.

7.1 Introduction

Studying the phenomenology of BSM models with high precision is a challenging task,
especially since it can involve complex computations of mass matrices, interaction ver-
tices, cross sections, and decay rates in a large number of processes. For this reason, it is
essential to develop computational tools that can automate complicated and time con-
suming calculations and get robust numerical predictions to a high degree of precision.
Such precise predictions are indeed required to discriminate between different models, or
constrain the parameter space of new physics models at the level of accuracy delivered
by the experiments.

One such computer code, whose development and extension this thesis is largely con-
cerned with, is SusHi. SusHi is a numerical FORTRAN code [161,162] which combines
analytical results for the calculation of Higgs boson cross sections through gluon fu-
sion and heavy-quark annihilation in models beyond the Standard Model up to the
highest known orders in perturbation theory. It harbours several extensions, such as
aMCSusHi [265,266], a script for generating events for Higgs production at the LHC via
gluon fusion which is used within MadGraph, and MoRe-SusHi (MOmentum REsummed
SusHi) [266-268], which allows for the calculation of the transverse momentum distri-
bution of a Higgs boson in the SM, the 2HDM, the MSSM, and the NMSSM by applying
the formalism of analytic resummation to the gluon fusion-process. However, SusHi up
to now did not allow for CP violation in the Higgs sector. Following our discussion in
Chapter 6 we present the calculation of Higgs boson production in the context of the
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7 The program SusHi and its extension SusHiMi

MSSM with complex parameters, which we have included in an extension of SusHi named
SusHiMi.

7.2 Workflow of SusHi

The input of SusHi is controlled by an SLHA-inspired [269,270] input file. For the
MSSM, the Higgs mass can be calculated by FeynHiggs or input by the user. The
renormalisation scheme to be used is chosen in the input file, using which SusHi initialises
the internal parameters. Various choices for the bottom-quark Yukawa coupling are
supported, including the resummation of tan S-enhanced sbottom effects. Subsequently
the cross sections for gluon fusion and bottom-quark annihilation are calculated up to
the order specified in the input file. The link to LHAPDF [271] takes place at various stages
in the internal calculation. The output is generated in an output file as well as printed
on the screen. The workflow for SusHi has been summarised in Fig. 7.1.

The external codes ggh@nnlo and bbh@nnlo are integrated into SusHi and are a part
of the distribution. However, it must, especially for the MSSM with complex parameters,
be linked to FeynHiggs, which is used to calculate the Higgs boson masses and mixings,
and to LHAPDF, which provides the PDF sets that are used within SusHi.

7.3 The extension SusHiMi

The extension SusHiMi allows for complex values for the trilinear couplings of the Higgs
with third generation sfermions A; ;, the Higgsino mass parameter j, and the gluino mass
parameter Ms. While it is possible to also take into account CP violation in other sectors,
we focus on the parameters that most affect the production cross sections through gluon
fusion and bottom-annihilation.

We proceed along the lines of Fig. 7.2, which depicts the SusHiMi workflow, and calcu-
late the Higgs boson production cross section through gluon fusion as follows: SusHiMi
calls SusHi twice and in these two calls performs a “CP-even” calculation for oy;, and a
“CP-odd” calculation for og; o according to Eq. (6.56). Thus, the total gluon-fusion cross
section is the sum of the two parts

oniLo(Pp = ha + X) = oxrp,0 (0D = ha + X) + oRepo (P — he + X). (7.1)
We obtain the result beyond LO QCD through®

e _ e 1f t,e t,e
oxtLo = Oxro(l + Opw) + (UNkLo, grT — ONLO, EFT) (7.2)

o o t,o t,o
OntLo = OnLo T+ (UNkLQ erT — ONLO, EFT) ) (7.3)

!These formulas equal the master formulas employed in previous SusHi releases [161,162].
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/{ SusHi input file in SLHA-style 1\

. 2HDM, SUSY:
SM, SUSY: Higgs .
mass as input Siizs mEEs loy
SusHi initialization 2HDMC,FeynHiggs
Transformation to specified renormalisation scheme;
calculation of couplings (including resummation)

[ Total cross section }/ Q Diff. cross section ]

/ bbh@nnlo, bbh diff.
Calculation of ggh/bbh at [ Calculation of ggh/bbh at (N)LO ]
(NN)LO
ggh@nnlo, electroweak contr. ]
Re-weighting ggh: ggh@nnlo top Performing cuts in pr,y,n
contribution, electro-weak contr. geh: do/dpr/dy/dn

Screen output/output file in
SLHA-style

Figure 7.1: Internal workflow of SusHi. Red boxes indicate interaction with the user
while green boxes refer to external code (see text), which is linked to/included
in SusHi. Figure from Ref. [161].

whereas UE/S was specified in Section 6.3.2, and k € {1,2,3}. The CP-odd component
crf\}(,fLO zpp 18 only implemented up to k& = 2 (see below). In the previous formulas JEI/I?O

are the NLO cross sections including real contributions and the interpolated NLO virtual
corrections as discussed in Section 6. 4 2 1. They employ the simplified A, resummation

according to Eq. (6.55), named Ay;. o and o' are cross sections including

N "LO, EFT NRLO EFT
the top-quark contribution only. They are based on a K-factor calculated in the EFT
approach of an infinitely heavy top-quark obtained for a SM Higgs boson H and a CP-
odd A (in a 2HDM with tan 5 = 1) with mass M, , respectively.

This K-factor is subsequently reweighted with the exact LO cross section. For this
purpose the employed LO cross sections or§ and o9 are again evaluated as discussed
in Section 6.3.2 with full Z factors, but include only the top-quark contribution. They

and o respectively. Due to their

are multiplied with the K-factors in O-N’“LO — o LO, EF T

t,e/o
N"'LO, EFT
beyond NLO even though they are implemented in SusHi. An alternative approach,

small numerical impact in o we do not take into account top-quark mass effects
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[ SusHi input file in SLHA-style ]

(—[ Higgs masses and Z factors by FeynHiggs ]

[_YSusHiMi initialization ]

-

F——— SusHiMi Call #1: (s — Full A, resummation [Eq. (6.52)— Ay)]

.

7

SusHiMi Call #2: aig) — Simplified A, resummation

k———
. [Eq. (6.55)— Ap]
'-O % \ J
3|z
% % SusHiMi Call #3: 0;/,&0 — Simplified A, resummation
= [Eq. (6.55)— Ay]
—j— e/o e/o t.e/o t,e/o
UN/kLO = UN/LO<1 + dpw) + (UN3£0/NNL0, EFT UNL/O, EFT)
U;/I?O — Exact results for quark contributions

Interpolated results for squark contributions

Y ¥

[ Combination to o(pp — h, + X) ]

!

(] (o) (S (e} e (o)
ONfLOAy, T ONFLOA,, |+ [ 0L0,Ap, T OLO,Apy ]— [ OL,0,Ay T OLO,A,, ]

Figure 7.2: Pictorial view of the gluon-fusion cross section calculation in SusHiMi.
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which is not discussed in this thesis but can be implemented in SusHiMi, is to include
the relative couplings gf and the Z factors into the complex-valued Wilson coefficients
of the EFT directly.

As already mentioned in Section 6.4.2, the N®LO QCD corrections are only taken into
account, for the CP-even component of the light Higgs boson, which allows us to match
the precision of the light Higgs boson cross section in the SM employed in up-to-date
predictions. This is motivated by the fact that the light Higgs boson that is identified
with the observed signal at 125 GeV is usually assumed to have a dominant CP-even
component, which is also the case in the scenarios which are considered in the numerical
discussion that will follow in Chapter 8. For the CP-odd component of the light Higgs
and the heavy Higgs bosons we employ the NNLO corrections for the top-quark induced
contributions to gluon fusion in the effective theory of a heavy top-quark, i.e. we do not
take into account top-quark mass effects beyond NLO, but only factor out the LO QCD
cross sections o5 and op9.

The strategy to employ the EFT result at NNLO beyond the top-quark mass threshold
can be justified from the comparison of NLO corrections, which are known in the EFT
approach and exactly with full quark-mass dependence and agree also beyond the top-
quark mass threshold. On the other hand, the N3LO QCD corrections that were obtained
for the top-quark contribution are only known in the EFT approach and for an expansion
around the threshold of Higgs production at = M} /s — 1, which we can take into
account up to O(1 —z)'. Since the combination of the EFT approach and the threshold
expansion becomes questionable above the top-quark mass threshold, we apply N3LO
QCD corrections only for the CP-even component of the light Higgs boson and thus
match the precision of the SM prediction. Finally, the electroweak correction factor iy
multiplied in the “CP-even” run is obtained from Eq. (6.60).

As shown in Fig.7.2 we call SusHiMi three times in order to take into account the
different possibilities of the resummation of tan S-enhanced sbottom effects in the LO
QCD contributions. We add the results as follows

olpp = he + X) = aﬁk”io + O’LA(152 - aﬁ’;l , (7.4)
where in the N*LO QCD cross section following Eq. (7.1) the simplified resummation
according to Eq. (6.55) is employed, indicated through the index A,. We add and
subtract the LO QCD cross section using the full resummation according to Eq. (6.52),
named Ay, and the simplified resummation, respectively. As we will demonstrate, the
differences between the two versions of resummation are small, which can partially be
understood from a possible rephasing of complex Yukawa couplings by a redefinition of
all (s)quark fields (see the discussion in Section 6.4.1).

The cross section for the bottom-quark annihilation process is implemented in the 5FS
at NNLO QCD by modifying the bottom-Yukawa couplings as in Eq. (6.65).

SusHi also allows one to obtain differential cross sections as a function of the transverse
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7 The program SusHi and its extension SusHiMi

momentum or the (pseudo-)rapidity of the Higgs boson. These effects can be studied
also in the MSSM with complex parameters. In the case of non-vanishing transverse
momentum, which is only possible through additional radiation, i.e. real corrections, the
precision for massive quark contributions in extended Higgs sectors is currently limited to
the LO prediction [266,272]. The predictions of the py distributions in SusHiMi have been
obtained from the LO contributions with arbitrary complex parameters, and in contrast to
the total cross sections are therefore not affected by additional interpolation uncertainties
from higher orders in comparison to the case of the MSSM with real parameters.

In Chapter 8, we will discuss the applications of SusHiMi for the Higgs boson phe-
nomenology of the MSSM with complex parameters and study the effects of the phase of
the complex parameters A; and M3 on the masses, mixings and cross sections of the three
neutral Higgs bosons. In Chapter 9, we will discuss the CP-violating interference factors
that arise in a process of production and decay of the Higgs states h,,a € {1,2,3} and
describe their implementation in SusHiMi. We will then employ our cross section pre-
dictions along with the interference factors from SusHiMi to study how such interference
effects can modify exclusion bounds for the MSSM from collider searches.

90



Chapter 8

Phenomenology of CP violation in
MSSM Higgs production

In this chapter we address the phenomenological implications of the CP-violating param-
eters in the Higgs sector of the MSSM wusing the results from Chapter 6 and their im-
plementation into the code described in Chapter 7. The results presented in this chapter
have been published in Ref. [1].

8.1 Introduction

In the previous chapters we studied how to calculate the production cross sections of
neutral Higgs bosons for the gluon fusion and bottom-quark annihilation processes in the
MSSM with explicit CP violation, and described their implementation in SusHiMi. After
these methodological studies, we will now investigate the phenomenological implications
of the complex parameters on various aspects of the Higgs sector. In particular, we will
focus on the role played by the CP-violating phases of the trilinear couplings of the Higgs
with third generation sfermions, specifically A;, and of the gluino mass parameter M;
in affecting the predictions for mixings and cross sections of the heavy Higgs bosons
hs and hs. In the context of CP-violating mixing, loop contributions can lead to large
interference effects in the cross sections of the highly admixed heavy Higgses. Such
interferences can lead to significant enhancement or suppression of the heavy Higgs cross
sections, giving rise to modified exclusion bounds from collider searches as compared to
the MSSM with real parameters.

As a first step, we will study scenarios where ¢4, and ¢y, substantially alter the
phenomenology of Higgs bosons via CP-violating effects from the squark and gluino
sectors. The scenarios presented in this chapter were originally published before the
latest updates on exclusion bounds for SUSY particle masses were released by CMS and
ATLAS using data from Run II of the LHC. While the phenomenological viability of these
scenarios may be under pressure in view of the latest exclusion bounds from the SUSY
searches, they are useful for illustrating the possible effects of the CP-violating phases.
Note also that the cross section predictions in this chapter are for the individual Higgs
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8 Phenomenology of CP violation in MSSM Higgs production

states h,, and the interference between the production and decay contributions of the
different Higgs bosons have not been taken into account. In Chapter 9, we will explore
scenarios that are up to date with the most recent experimental results, and incorporate
the effects of interference terms in our studies.

8.2 Definition of scenarios

For our numerical analysis we slightly modify two standard MSSM scenarios introduced

in Ref. [130], namely the m4*

and the light-stop scenario’. As mentioned above, the
scenarios have been chosen for illustration, featuring relatively large squark and gluino
contributions to the gluon-fusion process. The corresponding effects will be relevant in
our discussion of the associated theoretical uncertainties.

The light-stop inspired scenario that we use for our numerical analysis is defined for

vanishing phases as follows

M1 = 340 GGV, M2 = U= 400 GGV, M3 =15 TeV,
Xt:Xb:XT: 10T€V, Aq:Al :0, (81)
fig, = my, = 1TeV, Mg, = 0.5TeV,

where the modified values of M; and M5 have been chosen to avoid direct bounds from
stop searches obtained in LHC Run I (assuming R-parity conservation). For the mled*-
inspired scenario we choose for vanishing phases of the complex parameters:

M, =250GeV, My =500GeV, M;=15TeV,
Xt = Xb = XT =15 TeV, Aq = Al = O, (82)
uzﬁzszL: 1TeV.

The values of the SM parameters for both the scenarios are

m® =17320GeV,  m)S(m,) = 4.16 GeV,
mS =4.75CGeV,  as(myz) = 0.119. (8.3)

The on-shell bottom-quark mass is used as internal mass for propagators and for the
bottom-quark Yukawa coupling in the gluon-fusion process. The specified value of ay
is only used for the evaluations of FeynHiggs, for the cross sections the value of ay
associated with the employed PDF set is taken. We employ the MMHT2014 PDF sets at
LO, NLO, NNLO and N3LO QCD [273]. The central choice for the renormalisation and
factorisation scales u$ and pl, respectively, is (u%, u%) = (My, /2, My, /2) for gluon fusion
and (u, u%) = (My,,, My, /4) for bottom-quark annihilation. More details are described

LA detailed documentation of the parameters for each scenario presented here is given in Appendix B.
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in Section 8.6.

For the mledJr—inspired scenario we choose the heavy Higgs boson masses through
Mp+ = 900 GeV with tan 5 = 10 and 40 for the study of A, effects, while for the light-
stop inspired scenario we set My+ = 500 GeV with tan 8 = 16. A detailed discussion of
squark effects for the Higgs boson cross sections in the light-stop scenario in the MSSM
with real parameters can also be found in Ref. [274]. For the chosen parameter point
the squark effects are sizeable, both for the light Higgs boson and in particular also for
the heavy CP-even Higgs boson, where they reduce the gluon-fusion cross section by
about ~ 90%. The Higgs boson masses and the Z factors are obtained from FeynHiggs
2.11.2. The cross sections are evaluated with SusHiMi, which is based on the latest
release of SusHi. We will mostly focus on the gluon-fusion cross section and present

the bottom-quark annihilation cross section only for the mh”1Od+

tan 8 = 40.
In order to isolate the effects of individual phases, we vary them one a time, keeping

-inspired scenario with

the rest of the parameters real. For the parameter points associated with the mentioned
scenarios, the absolute value of A, is set using A; = X; — u*/ tan 3, and we set the values
A, = A, = |A;|. Therefore, we will vary the phases of A; = |A;|e’®4:, and similarly
M3 = mge'®Ms | leaving the absolute values constant in order to address various aspects in
the phenomenology of Higgs boson production. The phases of A, and p do not introduce
new phenomenological features, and we do not display results for the variation of those
phases. A variation of the phase of X; leads to very similar cross sections for all Higgs
bosons as observed for the variation of the phase of A;. This can be understood from
the fact that the chosen values of p and tan 5 > 10 are not too large, and so X; ~ A;.
Note that the stop masses are constant as a function of the phase of X, if the absolute
value of X; is fixed.

Recall that in Section 3.3 we discussed bounds on the phases of complex parameters
resulting from limits on EDMs of heavy quarks and the neutron. We had concluded
from that discussion that the phases of A; and Mj still offer large room for variation
and therefore, in the plots shown in this chapter, we will consider the full range of ¢4,
and ¢y, from 0 to 27 radians, as is done frequently in such studies. It should be
noted in this context that in particular the variation of A; affects the values of the stop
masses. Additionally, the Higgs boson masses are a function of the phases of the complex
parameters. The impact of the phases can be particularly pronounced for the mass of
the light Higgs boson. A significant part of the observed phase variation of the cross
sections can be a kinematic effect from the variation of mass. In general h; is almost
fully CP-even in the decoupling limit. In order to factor out the impact of phase space
effects, we normalise the prediction for the cross section of the light Higgs boson in the
MSSM to the cross section of a SM Higgs boson having the same mass M}, as the light
Higgs hy. In case of the heavy Higgs bosons for which the phase space effects are much
less severe, we stick to the inclusive cross sections without such a normalisation. The
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8 Phenomenology of CP violation in MSSM Higgs production

predicted value for the Higgs boson mass M}, deviates from 125GeV by up to a few
GeV in our studies. Deviations from the experimental value in this ballpark are still
commensurate with the remaining theoretical uncertainties from unknown higher-order
corrections of current state-of-the-art calculations of the light Higgs boson mass in the
MSSM [65,68,92,275,276].

In the studies that follow, we will discuss three aspects: We start by investigating
the effect of squark loops on the Higgs boson production cross sections. They are of
relevance both for the heavy Higgs bosons and the light Higgs boson. Second, we focus
on the admixture of the two heavy Higgs bosons (described through y/ factors) and its
effect on production cross sections. Lastly we discuss A, corrections in the context of
the mznOdJ“—inspired scenario with large tan 8, for which the bottom-quark annihilation
process for the heavy Higgs bosons is relevant as well.

Note that given the large admixture of the two heavy Higgs bosons in the MSSM with
complex parameters, interference effects in the full processes of production and decay
can be large. The results for the cross sections obtained in this chapter can be employed
in a generalised narrow-width approximation as described in Refs. [137,277] in order to
incorporate interference effects. This issue will be addressed in the next chapter.

The prediction for Higgs boson cross sections is affected by various theoretical un-
certainties, which will be discussed in detail in Section 8.6. In order to demonstrate
the improvement in precision through the inclusion of higher-order corrections, all sub-
sequent figures which show the LO cross section and our best prediction cross section
according to Eq. (7.1) include renormalisation and factorisation scale uncertainties. The
procedure for obtaining these scale uncertainties is outlined in Section 8.6.

8.3 Squark contributions in the light-stop inspired

scenario

We start with a discussion of squark effects on the Higgs boson cross section o(gg — hy)
for all three Higgs bosons h, within the light-stop inspired scenario with My+ = 500 GeV
and tan S = 16. The variation of the light Higgs boson mass M), as well as the stop
masses is depicted in Fig.8.1 (a) as a function of ¢4,. The light Higgs mass in this
scenario may appear to be too light to be compatible with the signal observed at the
LHC, however we regard it as sufficiently close in view of the issue that our discussion
should demonstrate phenomenological effects only, and that on the other hand there are
still sizeable theoretical uncertainties in the MSSM prediction for the light Higgs boson
mass. The lightest stop mass has its minimum at around 308 GeV. For the heavy Higgs
bosons with masses between 492 and 494 GeV, which are shown in the Fig. 8.2, the NLO
squark—gluino contributions [236-238] which assume squarks and gluinos to be heavier
than half the Higgs mass are thus well applicable. The variation of the heavy Higgs
boson masses as a function of the phases of ¢4, (as well as ¢,/,) turns out to be small,

94
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namely within 0.6 GeV. Due to the strong admixture of the left- and right-handed stops
through a large value of A;, also a phase dependence of the stop masses is observed, see
Fig.8.1. We checked that we obtain constant stop masses upon varying the phase of X,
for a constant value of | X|.

Fig. 8.1 (b) shows the production cross section through gluon fusion for the light Higgs
boson h;. The black, dot-dashed curve depicts the cross section with only top-quark and
bottom-quark contributions and electroweak corrections in the production amplitudes,
i.e. in the formulas of Chapter 7 we omit all squark contributions which enter either
directly or through A,. Note however that squark contributions are always part of the
7 factors.

Due to the decoupling with large values of My+ in our scenarios, the light Higgs hy
has mostly SM-like couplings to quarks and gauge bosons. Thus, thanks to the inclusion
of N3LO QCD contributions for the top-quark induced contribution, our prediction of the
gluon-fusion cross section omitting the squark contributions (black, dot-dashed curve
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o 123F 1
<] ] S ;
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Figure 8.1: (a) Mass of h; and stop masses in GeV as a function of ¢4,; (b) LO (red) and
best prediction for the gluon-fusion cross section (blue) for the light Higgs h4
in pb as a function of ¢4,. The results are shown for the light-stop inspired
scenario as specified in Eq.(8.1). The black, dot-dashed curve depicts the
best prediction cross section without squark contributions (except through
7 factors). The depicted uncertainties are scale uncertainties. In the lower
panel we normalise to the cross section of a SM Higgs boson with the same
mass My, .
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Figure 8.2: Variation of masses (in GeV) of the heavy Higgs bosons hy (violet) and hg
(green) with ¢4, in the light-stop inspired scenario specified in Eq. (8.1).

in Fig.8.1 (b)) is very close to the one for the SM Higgs boson with the same mass
as provided by the LHC Higgs Cross Section Working Group [92,278]. The inclusion
of squark contributions explicitly and through A, resummation lowers the gluon-fusion
cross section by about 20%, as can be inferred from the blue, solid curve, which is shown
together with its renormalisation and factorisation scale uncertainty (to be discussed in
Section 8.6). For completeness we also show the LO cross section calculated according
to Eq. (6.37) including squark effects as the red curve. It is apparent that the scale
uncertainties are significantly reduced from LO QCD to our best prediction cross section
calculated according to Eq. (7.1).

Fig.8.1 (b) also includes the cross section for h; normalised to the cross section of a
SM Higgs boson with the same mass. Here the ~ 20% reduction due to squark effects
is apparent once again, while the quark-induced cross section shows the decoupling be-
haviour. Not shown in the figures are the following effects, which are stated here for
completeness: The variation of ¢, leads to a very similar picture, even though the light
Higgs mass variation is not as pronounced and the stop masses are unaffected. More-
over, in the comparison of the simplified and the full resummation of A, contributions in
the LO gluon-fusion cross section of hy, we observe a well-known behaviour, namely the
simplified resummation of Eq. (6.55) does not yield a decoupled bottom-quark Yukawa
coupling, whereas the full resummation of Eq. (6.52) does.

Fig.8.3 (a) and (b) show the gluon-fusion cross sections of the heavy Higgs bosons
he and hg, respectively, as a function of ¢4,. The colour coding is identical to Fig.8.1
except for the fact that the lower panel depicts the K-factor of our best prediction for
the cross section with respect to the LO cross section, o /o0, rather than a cross section
normalised to the SM Higgs boson cross section. Since the heavy Higgs masses change
only slightly as a function of the phase ¢4,, the associated phase space effect is small.
For vanishing phase ¢4, = 0 it is known that squark effects are huge and reduce the
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cross section by ~ 89% (hy) and ~ 22% (hs) [274]. These squark effects are strongly
dependent on the phase ¢4, and induce a large positive correction at phase ¢4, = 7
in case of hy. For hj the effects are not as pronounced, but still sizeable. The K-
factor for both processes gg — he and gg — hs remains within [1, 1.6], i.e. higher-order
corrections mainly follow the phase dependence of the LO cross section. The dependence
of the K-factor on ¢4, follows the black, dot-dashed curve, which shows the cross section
with quark contributions only. The significant dependence of the cross section where
only quark contributions are included on the phase ¢4, is induced by the admixture of
the two Higgs bosons through Z factors. We will discuss this feature in detail for the
mi*°4*_inspired scenario in Section 8.4.

The phase dependence on ¢, is less pronounced. The corresponding cross sections
for the two heavy Higgs bosons hy and hg are shown in Fig.8.4. As in previous figures,
we observe a significant reduction in the scale dependence from LO QCD to our best
prediction for the cross section. The inclusion of squark and gluino contributions through
the Z factors and through A, induces a dependence on the gluino phase already for the

200 r T - T - T . 200 r T T T T T r
. light-stop, tg = 16, My+ = 500 GeV . light-stop, tg = 16, My+ = 500 GeV
g9 — ha] & g9 — hs
— (13 TeV) — (13 TeV)
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100 ¢ 100 f
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o/oLo
DhED o
/010

oA~ O

Figure 8.3: LO (red) and best prediction for the gluon-fusion cross section (blue) for (a)
hy and (b) hs in fb as a function of ¢4,. The results are shown for the light-
stop inspired scenario as specified in Eq. (8.1). The black, dot-dashed curve
depicts the best prediction cross section without squark contributions (except
through Z factors). The depicted uncertainties are scale uncertainties. In the
lower panel we show the K-factor o/o0.
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Figure 8.4: LO (red) and best prediction for the gluon-fusion cross section (blue) for (a)
hy and (b) hg in b as a function of ¢,y,. The results are shown for the light-
stop inspired scenario as specified in Eq. (8.1). The black, dot-dashed curve
depicts the best prediction cross section without squark contributions (except
through Z factors). The depicted uncertainties are scale uncertainties. In the
lower panel we show the K-factor o/o0.

LO cross section. The almost flat black dot-dashed curves show the cross section with
quark contributions only, and any variation with ¢y, is an effect of the 7 factors, which
in this case is negligible since ¢, only enters at the two-loop level. The K-factor, which
takes into account our interpolated NLO virtual corrections, only shows a relatively mild
dependence on the phase. We will discuss the interpolation uncertainty for this scenario
in Section 8.6, since we obtain the largest relative interpolation uncertainty in the cross
section variation with phases for the interpolation of the gluino phase ¢yy,.

8.4 Admixture of Higgs bosons in the m"*!"-inspired

scenario

In this section we discuss the m}"**-inspired scenario with tan 3 = 10 and My+ =

900 GeV. Since the squark masses are at the TeV level in this scenario, the numerical
effect of the squark loops in the gluon-fusion vertex contributions is rather small for the
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production cross section of the light Higgs boson h;. We will not discuss the results for
hy in this section, however the considered scenario is typical for the decoupling region of
supersymmetric theories, where a light SM-like Higgs boson is interpreted as the signal
observed at about 125 GeV, as can be seen in Fig.8.5. The predicted mass of hy in
this scenario is close to the experimental value of the observed signal. It is accompanied
by additional heavy Higgs bosons that are nearly mass degenerate. The results for the
two heavy Higgs bosons are displayed in Fig.8.6 and Fig.8.7. The effects from squark
loops are at the level of about £20% for the cross sections of hy and hsz. In the general
case where the possibility of CP-violating interactions is taken into account, there can
be a large mixing between the CP-even and CP-odd neutral Higgs states. This feature
is clearly visible in Fig.8.6. The dependence on the phase ¢4, is seen to be closely
correlated to the mixing character of the two neutral heavy Higgs bosons.

Fig. 8.6 depicts the masses of the two heavy Higgs bosons hy and hs as a function
of ¢4, together with the CP-odd character of hy and hs, being defined as \ZGAF. For
illustration here and in the following we call the mass eigenstates ho and hg either h, or
ho, depending on their mixing character: if |Z,4|?> > 1/2 the mass eigenstate h, is called
ho, otherwise it is called h.. It can be seen in Fig.8.7 (a) and (b) that the behaviour of
the cross sections as a function of ¢4, closely follows the variation in the CP-even and
CP-odd character of the Higgs states. A similar effect was already apparent in the top-
and bottom-quark induced cross sections depicted in the light-stop inspired scenario, see
Fig. 8.3, however there the effects of squark contributions are dominant. As above, also
in Fig. 8.7, the uncertainty of our best prediction for the cross section is significantly
reduced in comparison with the prediction in LO QCD. The variation of the K-factors
between about 1.2 and 1.5 with the phase ¢4, follows the modification of the mixing
character of the two neutral heavy Higgs bosons.

Since the heavy Higgs bosons are nearly mass degenerate, it may not be possible in such
a case to experimentally resolve the two heavy neutral Higgs bosons as separate signals.

126 T T T
; ~mPet ty =10, My+ = 900 GeV
& 125}
§ 124 v
123 ¢
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0 /2 T 3mw/2 2
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Figure 8.5: Mj,, in GeV as a function of ¢4, in the m{** -inspired scenario specified in

Eq. (8.2) with tan g = 10.
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Figure 8.6:

Figure 8.7: LO (red) and best prediction for the gluon-fusion cross section (blue) for (a)
hse and (b) hs in fb as a function of ¢4, in the same scenario as Fig. 8.6. The
black, dot-dashed curve depicts the best prediction for the cross section with-
out squark contributions (except through y/ factors). In the lower panel we
show the K-factor o/oro. The depicted uncertainties are scale uncertainties.
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Masses of hy and hg in GeV as well as CP-odd character |Z,4|? as a function
-inspired scenario specified in Eq.(8.2) with tan/ =
10. The solid and dashed curves depict regions in ¢4, where hy and hg are
predominantly CP-even (h.) or odd (h,), respectively, corresponding to |Zq4|?
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8.5 A, corrections in the m™‘ -inspired scenario

Rather than the individual cross sections times their respective branching ratios, the
experimentally measurable quantity then consists of the sum of the cross sections of the
two Higgs states times their respective branching ratios together with the interference
contribution involving the two Higgs states. The latter can be particularly important if
the mass difference between the two Higgs states is smaller than the sum of their total
widths [137]. The incorporation of such interference effects into the prediction for the
production and decay process will be discussed in Chapter 9. One can already infer from
the plots of Fig.8.7 (a) and (b) that in the overall contribution there will be sizeable
cancellations between the phase dependencies of the separate contributions.

8.5 /A, corrections in the m™*_inspired scenario
b h

We finally discuss the impact of A, effects, which have been investigated for the two
heavy Higgs bosons in the m}**-inspired scenario with tan 3 = 40. In this scenario
the admixture between the two heavy Higgs bosons, hy and hg, is sizeable both as a
function of ¢4, and as a function of ¢,,. This even leads to mass crossings as seen
in Fig.8.8. Since the mass eigenstates are defined such that M;, > M,,, for a case
where the masses are degenerate and their hierarchy varies as we scan through ¢4, s,
we observe a continuous mass curve only when we plot both the masses together. It is
therefore convenient to discuss the results in terms of the predominantly CP-even mass
eigenstate h, and the predominantly CP-odd mass eigenstate h,, as defined in Section 8.4,
as for those states a smooth behaviour of the cross section as function of the phases is
obtained. The masses of the two heavy Higgs bosons and their CP character (defining h,
and h,) are shown in Fig. 8.8 as a function of ¢4, and ¢,z,. One can see that the states hy
and hg drastically change their CP character upon variation of the phases ¢4, and ¢y,
while on the other hand the state h,. is almost purely CP-even and h, is almost purely
CP-odd for the whole range of phase values, unlike what we saw in Section 8.4. Thus
the mixing between the tree-level mass eigenstates is not very pronounced. It should
be kept in mind in this context that |Z,4|? arises from a non-unitary matrix and can
therefore have values above 1. For vanishing phases the mass eigenstate hy corresponds
to h. and hs to h,. This can also be seen in Fig.8.9 (a) and (b), where we show the LO
(red) and our best prediction cross section for gluon fusion (blue) for the Higgs states hqy
(solid curve) and hs (dotted curve) as a function of ¢4, and ¢y, respectively, with their
K-factors depicted in the lower panel. These plots further illustrate the discontinuities
in the cross sections of hy and hs that occur due to the mass crossings and the jumps in
their CP-character as discussed for Fig.8.8. Continuous curves are obtained only when
the cross sections for hy and hgz are plotted together. The lower red and blue curves in
Fig.8.9 (a) and (b) correspond to h. and the upper red and blue curves to h,. In order
to demonstrate the discontinuities encountered in the cross sections of hy and hg, they
have been plotted without uncertainty bands.
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Figure 8.8: Masses of hy and h3 in GeV and CP-odd character as a function of (a) ¢4, and
(b) ¢ar, in the m)***-inspired scenario specified in Eq. (8.2) with tan 3 = 40.
As in Fig. 8.6, the solid and dashed curves refer to h. and h,, respectively.
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Figure 8.9: LO (red) and best prediction for the gluon-fusion cross section (blue) of ho
and hy in fb as a function of (a) ¢4, and (b) ¢y in the m°*-inspired
scenario specified in Eq. (8.2) with tan f = 40. The solid curves specify the
cross section for hy whereas the dotted curves denote the cross section for hs.
In the lower panel we show the K-factor o/or0.
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Figure 8.10: LO (red) and best prediction gluon-fusion cross section (blue) for h. in fb

as a function of (a) ¢4, and (b) ¢y, in the m™inspired scenario speci-
fied in Eq. (8.2) with tan 8 = 40. The black dot-dashed curves depict the
best prediction cross section without squark contributions (except through
Z factors). In the lower panel we show the K-factor o/o.o. The depicted
uncertainties are scale uncertainties. Figures (¢) and (d) show the corre-

sponding results for h,.

103



8 Phenomenology of CP violation in MSSM Higgs production

In the following we mainly describe the results for the predominantly CP-even mass
eigenstate h.. The observations for h, are very similar. We will only add comments
where appropriate, though they are presented for completeness in Fig.8.10 (c¢) and (d).
In Fig.8.10 (a) and (b) we show the gluon-fusion cross section for h. as a function of
the phases ¢4, and ¢y,. Fig.8.10 (c¢) and (d) show the corresponding results for h,.
The behaviour for the full prediction, including the squark contributions, is dominated
by A, corrections. For vanishing phases those corrections significantly reduce the cross
sections compared to the case where only quark contributions are taken into account.
For phase values around 7, however, the A, corrections can also give rise to a substantial
enhancement of the cross section. In particular, for ¢, the quantity A, changes sign
between ¢, = 0 and ¢p, = 7, such that the bottom-Yukawa coupling is suppressed
for small values of ¢, and enhanced for ¢, values close to m as a consequence of the
resummation of the A, corrections. The reduction of the scale uncertainties from LO
QCD to our best prediction for the cross section is similar as in the previous plots. The
K-factors in the lower panel show that the dependence of the NLO cross sections on the
phases ¢4, and ¢y, follows a similar trend as the LO cross section.

In Fig. 8.11 we separately analyse the squark contributions for the LO cross section of
he. The prediction omitting the squark loop contributions (black dot-dashed curves) is
compared with the ones where first the pure LO squark contributions are added (depicted
in cyan), and then the resummation of the A, contributions to the bottom-quark Yukawa
coupling is taken into account. For the latter both the results for the full (Ayy from
Eq. (6.52), blue) and the simplified (A, from Eq. (6.55), red) resummation are shown.
While the pure LO squark contributions are seen to have a moderate effect, it can be seen
that the incorporation of the resummation of the A, contribution leads to a significant
enhancement of the squark loop effects. Looking at the blue and red curves, it can
be confirmed that for the heavy neutral Higgs bosons considered here the simplified
resummation approximates the full resummation of the A, contribution very well. The
curves corresponding to Ay and A,y hardly differ from each other both for the variation
of ¢4, and ¢pr. As mentioned before all curves include the same 7. factors obtained
from FeynHiggs. The results for h,, which are not shown here, are qualitatively very
similar. The LO squark contributions are less relevant for the h, cross section, since those
contributions are absent in the MSSM with real parameters. We also note that the curves
for h, follow a similar behaviour as the ones for h., which implies that there are no large
cancellations expected in the sum of the cross sections for the two heavy Higgs bosons
times their respective branching ratios. Thus, the phases entering A, could potentially
lead to observable effects in the production of the two heavy Higgs bosons even if the
two states cannot be experimentally resolved as separate signals.

Having discussed the three different sources for CP-violating effects relevant for Higgs
boson production through gluon fusion in the MSSM — squark loop contributions, ad-
mixtures through Z factors and resummation of A, contributions — for completeness we
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Figure 8.11: Effect of A, contributions on the LO cross sections of h. as a function of
(a) ¢4, and (b) ¢z in the m*YT-inspired scenario specified in Eq. (8.2)
with tan 8 = 40. The black dot-dashed curves depict the prediction without
squark contributions (except through y/ factors), while the cyan lines corre-
spond to the prediction where the squark loop contributions at the one-loop
level are included. In the red (blue) curves furthermore the simplified (full)
resummation of the A contributions is included.
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Figure 8.12: Bottom-quark annihilation cross section for h. in fb as a function of (a)
¢, and (b) ¢y, in the m™**-inspired scenario specified in Eq. (8.2) with
tan 8 = 40. The depicted uncertainties are scale uncertainties.
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8 Phenomenology of CP violation in MSSM Higgs production

also briefly discuss the bottom-quark annihilation cross section for the mi™*-inspired

scenario with tan 8 = 40. The corresponding cross section is shown in Fig.8.12 as a
function of ¢4, and ¢,,. For such a large value of tan 3 this cross section exceeds the
gluon-fusion cross section by far. It shows a very significant dependence on the phases
¢4, and ¢y, which is mainly induced by the A, contribution.

8.6 Theoretical uncertainties

In the previous section we analysed the behaviour of our cross section predictions with
CP-violating effects entering via squark loop contributions, 7. factors and A, contribu-
tions. Therein, we included renormalisation and factorisation scale uncertainties, which
as expected are reduced upon inclusion of higher-order corrections. However, the cross
section predictions are also affected by other relevant theoretical uncertainties, which
will be discussed in detail in this section.

Some of the theoretical uncertainties of cross sections in the MSSM with complex
parameters are very similar to the ones in the MSSM with real parameters as discussed in
Ref. [274]. Therefore, we can directly transfer the discussion of PDF+q; uncertainties as
well as the uncertainty associated with the renormalisation prescription for the bottom-
quark Yukawa coupling from the case of the MSSM with real parameters.

PDF+«o, uncertainties

The inexact knowledge of the proton PDFs affects the cross section predictions at the
hadron level. Uncertainties due to PDFs can arise not only due to the fact that the PDFs
are fitted from experimental data whose experimental errors permeates the prediction
of any PDF-dependent quantity, but they also arise from the fitting methodology and
mathematical representation used, which can create an ambiguity in the predictions. PDF
uncertainties are of particular significance for the prediction of bottom-quark annihilation
cross sections. The bottom mass effects need to be included consistently in the evolution
of the PDFs according to the DGLAP equations. The transition between the 4FS and
5FS occurs at a matching scale set to the bottom mass, on which the bottom density in
the proton is dependent. This consequently affects the cross section prediction.

The uncertainty due to experimental errors in the data from which the PDFs are
extracted are estimated as follows: The PDF collaborations introduce N different replicas
of PDF sets which can equivalently describe the data from a statistical point of view. To
get the uncertainty associated with the experimental data and the fitting methodology,
an observable must then be computed N different times to obtain the spread in its
values. Moreover, there is an additional source of uncertainty arising from the choice for
the input value of the strong coupling constant a,. The recommended central value of
as(myz) is different for each PDF set, which also results in a spread of calculated values
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8.6 Theoretical uncertainties

depending on the PDF set employed. Since the gluon-fusion cross section is proportional
to a? at LO with QCD corrections of O(a?) at NLO, these uncertainties are very relevant.

Ref. [279] first discussed the correlation and combination of PDF and a, (PDF+a)
uncertainties. In Refs. [164,274] it was observed that the relative size of PDF+a, un-
certainties does not depend on the details of the partonic process, but only on the Higgs
mass, even upon inclusion of supersymmetric effects of squarks. We will therefore not
discuss them in more detail, since — similar to the prescription for MSSM Higgs boson
cross sections by the LHC Higgs Cross Section Working Group [92] — relative uncertain-
ties can be taken over from tabulated relative uncertainties obtained for the SM Higgs
boson or a CP-odd Higgs (in a 2HDM with tan 8 = 1) as a function of its mass.

In our calculation we employ the MMHT2014 PDF sets at LO, NLO, NNLO and N3LO
[273], which can be used for both gluon fusion and bottom-quark annihilation. For Higgs
masses in the range between 50 GeV and 1TeV the typical size of PDF+a, uncertainties
for gluon fusion is £(3 — 5)% following the prescription of Ref. [280]. They increase up
to £10% for Higgs masses up to 2TeV. For bottom-quark annihilation they are in the
range +(3 — 8)% for Higgs masses between 50 GeV and 1 TeV and up to £16% for Higgs
masses below 2 TeV.

Renormalisation of the bottom-quark mass and definition of the
bottom-Yukawa coupling

In our calculation, the bottom-quark mass is renormalised on-shell, and the bottom-
Yukawa coupling is obtained from the bottom-quark mass as described in Section 6.4.1.
The renormalisation of the bottom-quark mass and the freedom in the definition of
the bottom-Yukawa coupling are known to have a sizeable numerical impact on the
cross section predictions. This is in particular the case for large values of tan § where
the bottom-Yukawa coupling of the heavy Higgs bosons is significantly enhanced and
the top-quark Yukawa coupling is suppressed. On the other hand, in these regions of
parameter space bottom-quark annihilation is the dominant process, for which there
is less ambiguity regarding an appropriate choice for the renormalisation scale. The
described uncertainties in the MSSM with complex parameters are analogous to the case
of real parameters. We therefore refer to the discussion in Ref. [274] and references
therein for further details.

8.6.1 Remaining theoretical uncertainties

The approximate NNLO stop-quark contributions and accordingly the uncertainty asso-
ciated with the approximation of the involved Wilson coefficients, which was discussed
in Ref. [274], are neglected in our analysis. The impact of the NNLO stop-quark con-
tributions for the case of the MSSM with real parameters can be compared with our
estimate for the renormalisation and factorisation scale uncertainty of our calculation.
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8 Phenomenology of CP violation in MSSM Higgs production

As an example, the NNLO stop-quark contributions lower the inclusive cross section for
the light Higgs boson by about 2pb for zero phases in the light-stop inspired scenario,
which is at the lower edge of the scale uncertainty depicted in Fig.8.1 (b).

Other uncertainties discussed in Ref. [274] are renormalisation and factorisation scale
uncertainties and an uncertainty related to higher-order contributions to A,. Moreover,
we add another uncertainty related to the performed interpolation of supersymmetric
NLO QCD contributions. We discuss in the following our estimates for the three previ-
ously mentioned uncertainties:

Scale uncertainties: The complete all-order result for a hadronic cross section would
be independent of the renormalisation and factorisation scales® jir and pp. However, the
cross section at a fixed order of perturbation has a dependence on pug and pp, which is
usually one order higher than the accuracy of the calculation. For a calculation at a given
order, the choice of scales is usually arbitrary, and is fixed at some central value for g
and pp which is characteristic for the hard process. The variation of scales around the
central values gives us an estimate of the size of the excluded higher-order contributions.
We obtain the renormalisation and factorisation scale uncertainty as follows: The central
scale choice is (%, u) = (My, /2, My, /2) for gluon fusion and (ul, u$) = (Mp,, My, /4)
for bottom-quark annihilation. We obtain the scale uncertainty by taking the maximal
deviation from the central scale choice Ao obtained from the additional scale choices:

(1w, ie) € {(205 200), (0%, 10), (s 2000), (e 1 /2),s (/20 1), (e /2, 113/ 2) }

We perform this procedure individually for all three cross sections in Eq. (7.4) and
then obtain the overall absolute uncertainty through

NFLO

AgScale _ \/(AO_Abl )2 + (AJLAbe _ AO€81>2, (84)

where we assume the two LO cross sections to be fully correlated. The uncertainty bands
that we have displayed in the plots shown in the previous sections correspond to the
cross section range covered by o & AgS@le,

Ap uncertainty: Here we largely follow the discussion presented in Ref. [274]. The
value for A, used in our analysis is obtained from FeynHiggs, which also contains elec-
troweak contributions to A,. One can improve the calculation of A, corrections by
including other one-loop contributions such as those arising from diagrams with stops
and charginos, controlled by the top-Yukawa coupling. The calculation of A, effects can
further be extended by including dominant two-loop contributions. Refs. [198,199,281]
showed that the one-loop result for Ay is quite sensitive to the scales at which the strong,
gauge, and top-Yukawa couplings are expressed. This can be stabilised by including two-

loop contributions. The one-loop sbottom-gluino and stop-chargino contributions to A

2While this is true in principle, note however that since the PDFs are fitted from data it is hard to
get rid of the upr dependence fully.
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8.6 Theoretical uncertainties

vary by around +10% when the renormalisation scales are lowered or raised by a factor
of two around their central values.

Therefore, in order to display the propagation of an uncertainty arising from higher-
order contributions to Ay to our cross section calculation, we vary the value of A, obtained
from FeynHiggs by £10%. We label the obtained uncertainty as Ao

resum

and assign an
uncertainty band of o + Ag*s™™,

Interpolation uncertainty: The employed interpolation for the two-loop virtual
squark—gluino contributions following Eq. (6.57) leads to a further uncertainty. A con-
servative estimate for it can be obtained as follows: We determine the cross section o (¢, )
following Eq. (7.1) not only for the correct phase ¢, in Eq. (6.57), but also leave the phase
within Eq. (6.57) constant, i.e. fixed to 0 and m. We call the obtained cross sections o(0)
and o(m). For each value of ¢, we take the difference Ac™ = sin?(¢,)|c(0) — o(m)|/2.
It is reweighted with sin?(¢.), since we know that our result is correct at phases 0 and
7. The obtained uncertainty band is given by o 4= Ag™.

In the following we display the effects of the estimated uncertainties for certain scenar-
ios, where we choose the displayed scenarios and the displayed cross sections such that
the effect of the uncertainties is largest. While the scale uncertainties were included in all
previous figures for the LO prediction as well as for our best prediction already, we will
discuss the interpolation uncertainty for the light-stop inspired scenario with tan 8 = 16

and the resummation uncertainty for the m}***-inspired scenario with tan 8 = 40.

Fig.8.13 shows the renormalisation and factorisation scale uncertainties Ao®® as

before and in addition the above described interpolation uncertainty Ao, which in case
of the variation of ¢z, can be substantial. As can be seen in Fig. 8.13, the interpolation
uncertainty obtained from our conservative estimate can in this scenario even exceed the
scale uncertainty for the gluon-fusion cross section of hs. It should be noted that this is
an extreme case, while the interpolation uncertainty, which is an NLO effect related to the
squark and gluino loop contributions, remains small for the other previously described
scenarios (which we do not show here explicitly). This is simply a consequence of the
fact that the relative impact of the squark and gluino contributions in the other scenarios
is much smaller than in the light-stop inspired scenario.

The interpolation uncertainty for the gluon-fusion cross section of hz in Fig.8.13 is
much less pronounced than for hs, since as discussed above the squark loop corrections
are significantly smaller in this case and would vanish if h3 were a pure CP-odd state.
The behaviour in the lower panels of Fig.8.13 displays the fact that by construction the
assigned interpolation uncertainty vanishes for the phases 0 and 7, where the interpolated
result in the MSSM with complex parameters merges the known result of the MSSM with
real parameters and thus reflects the sin? ¢, behaviour. For the variation of ¢4, the LO
cross section incorporating squark contributions already includes the dominant effect on
the cross section, such that the uncertainty due to the interpolated NLO contributions is

also less pronounced than in case of the variation of ¢yy,.
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8 Phenomenology of CP violation in MSSM Higgs production

The described A, uncertainties are depicted in Fig.8.14. Since A, crosses 0 as a
function of ¢, twice, the uncertainty that we have associated to it according to the
prescription discussed above also vanishes there, as can be seen in the lower panel of
Fig.8.14(b). Even for the large value of tan  chosen here the assigned A, uncertainty
of £10% is much smaller than the scale uncertainty of the displayed cross sections.
Despite the different behaviour with the phases ¢4, and ¢y, displayed in the lower panel
of Fig.8.14 the qualitative effect of the resummation uncertainties on the Higgs boson
production cross sections is nevertheless rather similar. The latter is also true for the
bottom-quark annihilation cross section, which is not depicted here. The resummation
uncertainties are of most relevance for large values of tan 5, where the cross section of
bottom-quark annihilation exceeds the gluon-fusion cross section.
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Figure 8.13: Renormalisation and factorisation scale uncertainties Ao*® (blue) and in-
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ified in Eq. (8.1). In the lower panel the upper and lower edge of the band
of the cross section prediction with the assigned interpolation uncertainty is

normalised to the cross section without this uncertainty.
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111






Chapter 9

Impact of interference effects on
MSSM Higgs searches

This chapter discusses the effects of CP-violating mixing and interference between the
Higgs bosons of the MSSM with complex parameters on exclusion limits from the LHC.
We will set up the analytical framework for calculating the interference terms in the full
process of Higgs production and decay, following Refs. [32,33,138,277], and describe their
implementation in SusHiMi. Finally, we will present a numerical study of interference
effects with a proposed benchmark scenario for CP-violating MSSM Higgs searches at the
LHC. The results presented in this chapter are based on ongoing work.

9.1 Introduction

So far we have focussed our studies on effects of the complex parameters of the MSSM
on individual cross sections of the neutral Higgs bosons hi, ho and hs. These parame-
ters impact the cross section predictions through CP-violating Higgs—sfermion couplings,
complex Yukawa couplings, and the mixing of tree-level Higgs states described by the
application of Z factors to the external Higgs bosons. However, as we saw in Section 8.4,
in scenarios where the two heavy Higgs bosons, hs and hs, are nearly mass degenerate
and strongly admixed, it may no longer be possible to experimentally resolve the two
states as discernible signals. The measured quantity in this case is the total cross section
times branching ratio (6 xBR) of hy and hs combined. The amplitude of the full process
of production and decay of the two Higgs states contains non-zero interference terms,
which would vanish for the case where all the parameters of the theory are real.

In order to accurately interpret the experimental limits on o xBR from Higgs searches
at the LHC, it is therefore crucial to also account for these interference contributions
in their predictions, which could significantly enhance or diminish the value of o xBR
in comparison to their values for the CP-conserving case. At the LHC, all searches for
additional heavy Higgs bosons that are interpreted in specific scenarios assume that the
signal contributions from different Higgs bosons can be added incoherently, i.e. without
any interference effects. In the MSSM with real parameters, where the physical states
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9 Impact of interference effects on MSSM Higgs searches

are the CP-eigenstates h, H and A, interference can occur only between the CP-even
Higgs bosons h and H, and any interference contributions between the CP-even and CP-
odd Higgs states are absent. However, if we allow for CP violation, the tree-level mass
eigenstates can mix and all three loop-corrected mass eigenstates can interfere. Such
interference effects are especially significant when the mass splitting between the Higgs
bosons is smaller than the sum of their total widths and they are strong admixtures of
CP-even and CP-odd states, as is the case for hy and hz in the m}**4*-inspired scenario
with tan 8 = 10 in Section 8.4. In this chapter, we present the calculation of these
interference effects and discuss their impact on the MSSM Higgs searches carried out
at the LHC. In particular, we will study the modification of current exclusion bounds
when CP-violating interference effects are taken into account in the predictions for Higgs

production and decay.

9.2 Use of Z factors for internal Higgs bosons

In Chapters 5 and 6, we discussed the use of the Z factors to calculate amplitudes and
cross sections of external, on-shell Higgs bosons. Although the 7 matrix was introduced
for the correct normalisation of external Higgs bosons, it is also applicable to internal
Higgs bosons appearing between two vertices, in order to account for higher-order mixing
properties [277]. For this, we employ the formalism developed in Refs. [33,138,277].
Recall the propagator matrix Ajpa(p?) defined in Eq. (5.6). The elements of Ajp4 are
the propagators A;;(p?), which start as Higgs state ¢ and end on Higgs state j, with
all permutations of mixings in between. The off-diagonal propagators of the propagator
matrix can be expanded around the three complex poles M2 M? and M2, First, we
carry out the expansion around p* ~ M? as follows [33],

Aij(p?)
JAVH (PQ)

where we use the Breit-Wigner propagator with constant width defined as

A A

Ni(p?) = ZojZei A (0°) = 20 2o ATV (17) (9.1)

Ay (p?) =

ABW(2 i ' 9.2
o (P7) p?— M2 p?— M} +iM,, Ty, e

The second equivalence in Eq.(9.1) is obtained through the expansion of the diagonal
propagator around p? ~ M? derived in Eq. (5.34),

B 1 1

P ML M)

We can recognise the first term on the right-hand side of Eq. (9.3) as the Breit-Wigner
propagator from Eq. (9.2). Furthermore, we use the index notation defined in Eq. (5.37)
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9.2 Use of Z factors for internal Higgs bosons

to identify the second term as Z,. This results in the expression

ANu(p?) = APV (p*) Z, = APV (p*)Z2;. (9.4)

A

For the final equivalence Z,;Z2,ABY (p?) = Z4;2,; APV (p?) in Eq. (9.1), we make use of

the fact that Ze; = \/Ze and Za; = \/ ZaZu;, following Eq. (5.37).

Similarly, A;;(p*) can also be expanded around the poles M} and M?2. Since the
7 factors are scheme invariant [33], for the expansion around the poles p* ~ M3 and
p? ~ M2, we switch to a scheme where the index i is associated with state b, and c,
respectively,

Ny(07) = Zu AP (0) Zy (9.5)
Ay ABV(HZ,.; . (9.6)

It is therefore possible to approximate the resonant contribution to the propagators close
to one of the poles by a combination of the corresponding Breit-Wigner propagator
and the Z factors calculated at that pole. In order to account for possibly overlapping
resonances, the approximation can be extended to a general case by summing all three
expansions of the propagators,

3
ZZ ABY (5125 (9.7)

as visualised in Fig.9.1. Here the non-unitary 7 factors quantify the transition between
the states ¢ and h,. From Eq.(9.7), we see that the main momentum dependence is
contained in the Breit-Wigner propagators ABWV(p?), a € {1,2,3}. Furthermore, Eq. (9.7)
also covers the possibilities where CP is conserved and only the CP-even eigenstates mix,
in which case Zgh and 23 g are zero. Similarly, if CP is violated but the theory is in the
decoupling regime such that hy is mostly CP-even and the mass splitting between h; and
ho s is very large, then ZlH and ZM are close to zero.

Consider a physical process involving the production and decay of Higgs bosons, where
they appear as internal particles exchanged between the production vertex X and decay

7 J 7 hy J n 7 hs J 7 hs J

12

e @----@--- S e ®---@--t+ - @---@--

ZM ZU Z% Z% Zm ZM

Figure 9.1: The full mixing propagators illustrated as a sum of the Breit-Wigner prop-
agators combined with Z factors to account for the change of state from
lowest-order mass eigenstate i to loop-corrected mass eigenstate h,. See also
Ref. [138].
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Figure 9.2: Pictorial representation of the amplitude for a process containing an internal
exchange of Higgs boson h,. All the diagrams contributing to the sum in
Eq. (9.12) are shown, with the Breit-Wigner propagator ABW(p?) for the state
hq denoted by the internal red line. Its transition from and into the tree-level
states i and j is represented by the violet lines connected to the vertices [138].

vertex Y. In such a process, contributions from all permutations of the mixing propa-

gators A;;(p?) need to be taken into account when calculating the full amplitude. From

Fig. 9.1, we can count 27 diagrams that would contribute to the amplitude if we account

for all possible combinations of 7 and j. The total amplitude is expressed as a sum over

the irreducible vertex functions for a coupling of the Higgs i at the first vertex X (I'¥)

and the irreducible vertex functions for a coupling of the Higgs j at the second ver-

tex Y (fg/), combined with the momentum-dependent mixing propagators A;;(p?) from

Eq. (9.7) [138]:

3
A= > IfA;eY = Y TF [Z ZaiAaBW(pQ)Zaj] Y (9.8)
i,je{h,H,A} i,je{h,H,A} a=1
3
= Z( > za,.rj() AaBW(pQ)< > ZajF}”> (9.9)
a=1 \:e{h,H,A} je{h,H,A}
3
= S EXABYGAT) (9.10)
a=1

In the last line we have expressed the one-particle irreducible vertex functions fha as

a linear combination of the vertex functions of the lowest-order states using 7 factors,

analogous to Eq. (5.43),

fha = Zahfh + ZaHfH + ZaAfA + -
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9.3 Interference effects in Higgs production and decay

where the ellipsis denotes additional mixing contributions from Goldstone and vector
bosons, which are neglected here. From Eq. (9.10), the contribution of a single resonance
hq can be expressed as

Ap, = TR ABVA)TY (9.12)
= Y (0F%a) APV (2a,1Y) (9.13)
i,je{h,H,A}
= Y DX (ZuAPV (D) Z4) IY (9.14)
i,j€{h,H,A}

Eq. (9.12)-Eq. (9.14) can be pictorially represented as shown in Fig.9.2.

9.3 Interference effects in Higgs production and
decay

In the previous section, we discussed the treatment of Higgs bosons appearing as internal
propagators between two vertices X and Y. We now consider a full process of Higgs pro-
duction and decay and calculate the interference of amplitudes in an s-channel exchange
of the Higgses hy, ho and hg in a generic 2 — 2 parton level process

I — hl,hg,hg — F, (915)

with the initial state I denoting the production process and final state F' denoting the
decay products. Later on, we will apply this to specific production and decay mechanisms.

The calculation of the interference factors is carried out at leading order taking into
account Higgs masses, total widths, and Z factors from FeynHiggs computed with full
one-loop and leading two-loop contributions. State-of-the-art higher-order contributions
are taken into account in the computation for production cross sections for I and branch-
ing ratios for F'. For the QCD corrections, a factorisation of higher-order corrections
between initial and final states is often justified. This only misses corrections connecting
initial and final state particles. Therefore it is well motivated to apply the interference
factor calculated at LO only, with the full process containing higher-order corrections.

The interference term for a process I — F' with hy 5 3 Higgs exchange is obtained from
the difference between the coherent and incoherent sum of the 2 — 2 amplitudes,

’A|i2nt - |A|Zoh - ’A|i2ncoh (916)
= > 2 Re Ay, A; ] (9.17)
a<b
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Figure 9.3: A pictorial representation of coherent and incoherent amplitudes in Eq. (9.18).

where the coherent and incoherent sums are defined as

2 3 2

) | "4 | incoh — Z

a=1

|"4|coh

Z An,

Ap,

(9.18)

The coherent sum of the partonic amplitudes therefore accounts for the interference
between the amplitudes for production and decay of the three Higgs bosons hq, hy and hs.
The coherent and incoherent sums of amplitudes are depicted for two example production
processes in Fig. 9.3. Using the expression for A, from Eq. (9.12) in Eq. (9.17) we obtain
|AlZ, = 2Re |Ap, A, + ApAn, + A A (9.19)
= 2Re [ ([}, APV ()07 (T1LAPY ()T

+ (DLAPYE)TE,) (D4, APY (1)

+ (DL AP (TL,APY )] (9.20)

w

. SLLF . .
where each vertex function I';)” is expanded according to

| N/ (9.21)
ie{h,H,A}

For a scenario where we only consider mixing between the two heavy Higgses hy and hs,
Eq. (9.19) reduces to

AR, = 2Re [ (DLAPVEDL) (D, ABV(SN) ] (9.22)

which can be evaluated at the momentum p? = § = (%)2 However, this approach
of evaluating the Breit-Wigner propagators at the squared average of the masses of the
two heavy Higgses may not adequately account for all the phase space effects. For this
reason, at partonic level we integrate Eq. (9.22) over s with

r r r I'y.
Vo = Vi - 5( R ) Vi = V54 5(’”; ) (9.23)
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9.3 Interference effects in Higgs production and decay

so that the interference term is given by the integral

int

Smax A A A A *
o(JA=2,) = / "ds 2Re [ (T, ARV()IT) (D7, ABV(s)IF) ] (9.24)
This covers the dominant fraction of a squared Breit-Wigner propagator. Similarly we
define oeon = 0(|A%;,) and Oineon = 0(|Al%). Note that these cross sections miss a
proper normalisation and the convolution with proton densities. However, those effects
drop out in the subsequently discussed ratios of cross sections. The relative interference

term for each production mode I and decay mode F' is defined as

IF o 'H?
U (9.25)
incoh

We can separate the total cross section for a given production mode I and decay channel
F into the individual contribution from each Higgs boson oy, a € {1,2,3}, and the
contribution from the interference terms oy ,, a # b € {1, 2,3},
IF IF IF IF IF IF IF
g = O-h1 + Uhg + O-h3 + O-int12 + Uintgg + O-int13 : (926)
We define the relative contribution to the cross section for a single Higgs h, from its
interference with the Higgses hy and h,. as

IF 1F

int,p Uintac (9 27)
TF . IF TF , IF " :
Ohy t 0k,  Op, + 0,

IF __
na -

With this definition the relative interference term is stable even when one of the contri-

butions o7F is suppressed. Using Eq. (9.27) in Eq. (9.26) results in the expression

o' = o (L") + oy (L m") + o (1 +m7), (9.28)

1

such that the total cross section for the full process is a sum of the cross sections of the
individual Higgs bosons rescaled by their relative interference contributions. Therefore,
the relative interference contributions n!f" can be used to approximately predict the
experimentally measurable (coherent) o xBR as follows,

3
olpp =1 — hios = F)=> olpp—= 1= he)- (L+0)") BR(he — F). (9.29)
a=1

In the studies conducted in the following section, we make use of cross sections and in-
terference factors obtained from SusHiMi and branching ratios from FeynHiggs-2.13.0.
Currently SusHiMi implements the relative interference factors for the heavy Higgs

bosons, nif and nif', for the case where only hy and hy interfere using Eq. (9.27). The

2
int

squared amplitude | A5, used to obtain oiy,, is implemented using the expression from
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9 Impact of interference effects on MSSM Higgs searches

Eq. (9.22) with the vertex functions expanded according to Eq.(9.21), and a numerical
integration of | A2, is performed using the limits described in Eq. (9.23).

At the current level of implementation in SusHiMi, it is possible to choose the pro-
duction mode I = bb and the decay mode F € {r*77,bb,tt}. In our studies, we will
consider the process bb — ho,hs — 777~ where each h, is an admixture of h, H, A.
For this choice of I and F', the interference contribution to the squared amplitude is
proportional to [32,277]

(AR o< c5t 2Re (2 Zon 2y + 5520425,)° A5V (5) A5V (s)] - (9.30)

In the decoupling region, where the two heavy Higgses tend to be nearly mass-degenerate,
i.e. My, ~ M, with similar widths I';, ~ ', the product ABW(s)ABW*(s) ~ |ABW|?2
is approximately real and cosa — sin /3. Moreover, in this limit we get Zoopr ~ ZgA,
Zos ~ —Zsp. Therefore, Eq. (9.30) simplifies to

|AI2, o< —8tan? 8 (ImZoyReZioy — ReZoyImZyq)?| ABY (s)[2. (9.31)

A

A non-zero interference term requires non-vanishing imaginary parts of the Z factors.
Furthermore, if CP is conserved, the interference term vanishes since 22 A = ZgH =
0. Notice also that |AJ2, in Eq.(9.31) is negative, which means that in this limit the
interference is expected to be destructive. In the next section, we will study scenarios
which fulfil these conditions, and give rise to large interference contributions between the

two heavy Higgs bosons.
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9.4 Phenomenological effects of interference contributions

9.4 Phenomenological effects of interference
contributions

9.4.1 Definition of benchmark scenarios

In order to investigate the impact of CP-violating interference contributions in o xBR
calculations and their effect on the exclusion limits for heavy Higgs bosons at the LHC,
we start by defining a benchmark scenario in accordance with the latest bounds on the
masses of SUSY particles by ATLAS and CMS. This benchmark scenario, which we call
the “CPInt” scenario, contains two strongly admixed neutral heavy Higgs bosons hy and
hs, while the lightest neutral Higgs h; is interpreted to be the discovered Higgs state with
a mass of about 125 GeV. We present our studies for two variations of the benchmark
scenario. In each version of the scenario, the phases of complex parameters are kept fixed,
and the behaviour of quantities such as the lightest Higgs mass, stop and sbottom masses,
bb production cross sections and interference factors 7 is analysed in the (Mpy=, tan 3)
plane. For the first version of the scenario, denoted as “CPInt;” we choose the parameter
values!

Msysy = 1.5TeV, p=15TeV,
M, =0.5TeV, My,=1TeV, M;=25TeV,

Ay = (ﬁ + 1.5 MSUSY) eh, Ay =A, A=A,
My, = MQ3 = Mp, = ML1,2 = ME1,2 = Msusy (932)

and for the second version, denoted as “CPInty”, we choose

MSUSY =15 TeV, n = 1.5 TeV,
M, =05TeV, My=1TeV, Ms=25-¢3TeV,
A= (L +1.8 MSUSY) et A=A, A=A,

tan 3
My, = Mg, = Mp, = Msusy ,
My, = Mg, , = 0.5TeV . (9.33)

The Standard Model input parameters for both versions are

m; = 172.5 GeV, my = 4.18 GeV,
My = 80.385GeV, M, =91.1876 GeV,
as(myz) =0.118, (9.34)

LA detailed record of the parameter values for each scenario can be found in Appendix B.
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Figure 9.4: Mass of the lightest neutral Higgs h; in GeV as a function of My+ and tan
for the CPInt; and CPInty scenarios.

in accordance with the recommendations in Ref. [92]. In both the scenarios, the phases
of the parameters A; = A, and M3 have been chosen to be non-maximal in view of the
impact of bounds from EDMs. Fig. 9.4 depicts the mass of the lightest Higgs boson h;
for the two scenarios in the (Mpy+,tan3) plane, obtained with FeynHiggs-2.13.0 at
two-loop level with NNLL resummation. In both cases, the mass M}, is within 125 + 3
GeV for most of the (Mpy=+,tan 3) plane except for very low values of tan § and Mpy-=.
A mass prediction in this region appears to be phenomenologically viable in view of the
current theoretical uncertainties from unknown higher-order corrections [65, 68,92, 275,
276]. While for the CPInt; scenario the predicted mass stays equal to or below 124 GeV
throughout the (Mpy+,tan 8) plane, for CPInt, it reaches a maximum of about 126 GeV
for the region of large tan § and small Mg+.

In view of the latest experimental bounds on stop masses, the scenarios have been
defined such that these masses are well above a TeV. For the CPInt; and CPInt, scenarios,
the lightest stop mass varies with tan 5 by a couple of GeV around the values of 1.37
TeV and 1.34 TeV, respectively. The small variation in the stop masses with tan 3 can be
understood from the fact that we choose a phase for A; but not for y, such that | X;| is not
constant. Moreover, the lightest sbottom mass, mj , in the CPInt scenarios is well above
1.3 TeV, which is in accordance with the latest search results, see for e.g. Refs. [96,282].
In the CPInt; scenario, the sbottom mass ranges from 1.38-1.5 TeV, a variation of 120
GeV. Similarly, in the CPInty scenario the shottom mass varies up to a 100 GeV with
tan 8. This relatively large variation with tan £ takes place because in the sbottom sector
the relevant parameter entering the mass matrix is (ptan f3).
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9.4 Phenomenological effects of interference contributions

9.4.2 bb cross sections and interference terms in the CPInt
scenarios

Having seen the properties of Mj,,mz and my, in the CPInt scenarios, we compare the
individual production cross sections o(bb — h,) in the case where the mass eigenstates
hq undergo a full 3x3 mixing between h, H and A, with the case of a CP-conserving 2x2
mixing. We will only show these cross sections for the Higgs ho, with the plots for hg
being qualitatively very similar. Due to the non-unitarity of the 7 factor matrix, indi-
vidual cross sections of the admixed Higgs bosons can undergo significant enhancement
in comparison to the case where no CP-violating mixing takes place. This is in partic-
ular true when the admixture between the Higgs bosons is large, and the off-diagonal
and imaginary parts of the Z matrix become substantial, as is the case in the scenarios
considered here. In the decoupling limit, where the lightest Higgs is mostly CP-even and
its mixing with the heavy Higgses can be neglected, the cross sections of hy and hg scale
as |Zom 2| An|? + |Zga|?) Aal? for a € {2,3}. Since the elements of the Z matrix can be
greater than one, this can lead to the cross section of h, being larger than that of H and
A individually.

This effect can be seen in Fig. 9.5 (a)—(d), which depict the bottom-quark annihilation
cross sections for hy. Fig.9.5 (a) shows the bb cross section for hy in the CPInt; scenario
where all parameters are real and only a 2x2 mixing is allowed between the CP-even
states b and H. On the other hand, Fig.9.5 (b) shows the bb cross section for hy with
the full 3x3 mixing in the CPInt; scenario with complex phase ¢4, = 7/4. Fig.9.5 (¢)
and (d) show the same quantities for the CPInt, scenario, where in Fig. 9.5 (¢) all phases
are zero and in Fig.9.5 (d) we have ¢4, = 7/4 and ¢y, = 7/3. In both scenarios, we
observe an enhancement of the cross sections in comparison to the real case in certain
areas of the parameter space. For the CPInt; scenario, in the region around tan g = 18
and My+ = 550 GeV, the cross section is doubled as compared to the case with 2x2
mixing. A similar effect is seen for the CPInty scenario, where for the region around
tan § = 18 and My+ = 570 GeV an enhancement in the cross section by almost a factor
of 2 is observed yet again. Note that the small disconnected regions observed in the cross
section contours depicted in Fig.9.5 (b) and Fig. 9.5 (d) are an artefact of the sampling
density of points in the (Mpy+, tan 3) plane, and a smooth contour can be obtained for a
finer scan of the parameters.

For the CPInt scenarios, the factors nbi’ taking into account the interference between
hs and hg for the process bb — ho, hs — 777, computed using Eq. (9.27), are plotted in
the (M=, tan 3) in Fig.9.6 (a) and (b)?. Recalling our discussion following Eq. (9.31),
we note that since the chosen scenarios lie in the decoupling region, the interference
contribution is negative throughout the plane. For both the CPInt; and CPInt, scenarios,
the heavy Higgs states are nearly mass degenerate and have sizeable H — A mixing. This

F

2When we consider interference between just hy and hs, it = nif" = n'F'. We have dropped “77”

in the superscript of nbE for ease of notation.

123



9 Impact of interference effects on MSSM Higgs searches
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Figure 9.5: Production cross section in fb for hy via bottom-quark annihilation plotted
in the (Mpy+,tan 8) plane in the CPInt; scenario in the case of (a) real pa-
rameters with only a CP-conserving 2x2 mixing and (b) complex parameters
with a full 3x3 mixing. In (c) and (d), the same quantities are depicted for
the CPInty scenario.
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Figure 9.6: Relative interference contribution of the Higgs bosons hy and h3 decaying into
777~ for the bb production mode in the (a) CPInt; scenario with ¢4, = 7/4
and (b) CPInty scenario with ¢4, = /4 and ¢y, = 7/3.

results in large interference contributions, with nbi’ reaching a minimum of almost —98%
in parts of the parameter space. In the CPInt; scenario depicted in Fig.9.6 (a), we
observe a valley of strong destructive interference of about —90% starting from around
the points (450 GeV, 23) to (670 GeV, 14) in the (Mpy+,tan 5) plane whereas in the
CPInt, scenario depicted in Fig. 9.6 (b) the valley of strongest interference contributions
exceeding —90% extends from around (550 GeV, 20) to (1000 GeV, 11) in the parameter
plane.

9.4.3 Modified predictions with coherent cross sections

In the previous sections we defined a benchmark scenario and studied two consequences
of CP-violating mixing: the resonant enhancement of production cross sections of the
Higgs states hy and hs, and the destructive interference that results from the coherent
sum of the amplitudes of the full process bb — hse, hs — 77~. In this section, we
will compare the theoretical predictions for ¢ xBR of hy and hsg obtained using the
formulation described in Section 9.3, which accounts for the relative interference term in
the prediction, with the experimental limits from searches for additional heavy neutral
Higgs bosons produced via bottom-quark annihilation and decaying into 777~ final state
at Run II of the LHC [283].

All the searches for heavy Higgs bosons carried out at the LHC so far, including the ones
presented in Fig.4.6 in Chapter 4, assume in their interpretation in particular scenarios
that CP-symmetry is conserved. This means that exclusion limits on model parame-
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ters are set based on predictions in which the o xBR are added incoherently for closely
occurring resonances, i.e. without any interference terms. However, CP conservation is
an ad-hoc assumption in this context. In this section, our goal is to examine how the
exclusion bounds obtained under the assumption of CP conservation are modified in the
most general case where mixing and interference effects arising from CP violation are
taken into account.

The phenomenological impact of CP-violating effects in the MSSM Higgs sector had
already been investigated for Higgs searches at LEP [284,285]. The analyses in Refs. [51,
139,284,285] studied the effect of the phases of the trilinear couplings A;; and the mixing
between the CP-eigenstates in the CPX scenario [286] which led to unexcluded parameter
regions at relatively small values of the mass of the lightest Higgs. Furthermore, an
analysis of interference in the CP-conserving case between the light and heavy neutral
MSSM Higgs bosons h and H produced via decays of heavy neutralinos was carried out in
Ref. [137]. Such effects were studied for gg — h/H — VV,V = W, Z with background
contributions within a 2HDM in Ref. [287], and for the singlet extension of the SM in
Ref. [288]. Ref. [289] discusses the CP-violating interference between two light Higgs
bosons decaying to two photons in the NMSSM. Studies of interference effects between
heavy neutral Higgs bosons and with the background at low tan 3 in the ¢t final state
have been made in Refs. [290-292].

Our studies in this section provide a follow-up to the analysis in Ref. [277], which
examined the effects of CP-violating mixing and interference between hy and hg decaying
to two 7-leptons for gluon fusion and bottom-quark annihilation production channels and
the impact of the interference factors on LHC exclusion limits from Run I. Here, we will
examine these effects on Run II exclusion limits, wherein the cross sections have been
augmented by the state-of-the-art cross section predictions described in Chapter 6, and
the computation of the interference factors has also been automated by an implementa-
tion in SusHiMi.

In Fig. 9.7 (a) and (b) we show the theoretical predictions for o(pp — bb — hg, hy —
7T77) as a function of the mass M), of a neutral scalar resonance h, for the two CPInt
scenarios, along with the respective experimental limits for the production of a single
resonance ¢ at mass M, obtained from ATLAS searches for neutral Higgs bosons in
Run IT at 13 TeV with [ £ = 13.3 fb~! reported in Ref. [283]. The black curves present
essentially model-independent upper limits on the bb production cross section times the
77~ branching ratio of a scalar boson versus its mass. The solid black line represents
the observed exclusion bound and the dotted black line depicts the expected bound. The
theoretical predictions have been obtained using Eq. (9.29) with a = 2,3 with tan 5 and
Mg+ as input parameters:

o(pp — bb — has — 7777) = a(pp — bb — hy) - (1 + 1) - BR(hy — 7777)
+ o(pp — bb — hg) - (L + 12 -BR(hs — 7t77).  (9.35)
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Figure 9.7: Comparison of coherent hy and hg cross sections times branching ratio (in
fb) for bb — 777~ in the CPInt scenarios with the 95 % CL exclusion bounds
obtained by ATLAS at 13 TeV for 13.3 fb~! integrated luminosity from Ref.
[283]. The colour coding for (a) tanf = 13,14,15,16,17 for the CPInt,
scenario and (b) tan 8 = 13, 14,15, 16, 18 for the CPInt, scenario is depicted
in the respective plots.
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The theoretical predictions have been plotted for a sample of tan 3 values in Fig.9.7
as a function of M, = M,,, where in the relevant regions we also have M}, ~ M,,.
The values of tan f have been chosen to display the regions of strongest interference,
which is destructive. When we compare theoretical predictions with the cross section
limits presented in the ATLAS measurement, M, values for which the predicted o xBR
is larger than the observed limit are excluded at 95% CL for the given value of tan .
Therefore, the lower bound on M}, for a particular value of tan 3 is set by the point
where the curve for the theoretical prediction crosses the observed limit. In general,
the inclusion of the interference contribution in the full process can reduce this lower
bound for a given tan  value compared to the CP-conserving case, as was shown in
Ref. [277]. For a given tan (3, the suppression of the predicted o xBR due to interference
contributions can result in a range of M}, values, that would have been excluded if we
assumed CP conservation, which escape the exclusion limits. In Fig.9.7 (a) and (b) we
examine this effect for the scenarios CPInt; and CPInt,.

In Fig.9.7 (a), the plotted curves show the interference-corrected o xBR for tan 8 =
13,14, 15,16, 17 in the CPInt; scenario, compared to the roughly model-independent cross
section limits by ATLAS in black. We see the strongest suppression in the predicted
values of 0 xBR for tan § = 15, with slightly shallower valleys for values of tan g + 2.
Fig.9.7 (b) shows the corresponding quantities for the CPInty scenario with ¢4, = 7/4
and ¢y, = 7m/3. Here the tan 3 values for the depicted curves are 13,14,15,16 and
18. In contrast to Fig.9.7 (a) where we saw the steepest valley for one value of tan
with the trough of the valleys tapering off for the neighbouring values of tan 3, in this
case the destructive interference contributing to the suppression of cross section times
branching ratios is about equally strong for all the values of tan 8 that have been sampled.
Consequently, in these scenarios one can expect that even if future analyses continue to
increase the lower bound of excluded M, , the dips in the o xBR due to strong destructive
interference will have the effect that certain ranges of Higgs bosons masses, depending
on the considered value of tan 3, will remain unexcluded in comparison to the case where
CP conservation is assumed.

In our preliminary analysis, we refrain from a detailed discussion on the theoretical and
experimental uncertainties that can affect this comparison of predictions for cross sections
times branching ratios including interference with observed limits, since we primarily
want to display the qualitative effects of the CP-violating mixing and interference terms.
A discussion on the theoretical uncertainties in our cross section prediction was already
provided in Section 8.6. A detailed analysis of theory uncertainties can be found in
Ref. [92], and a discussion of experimental uncertainties for the displayed exclusion
limits is presented in Ref. [283]. A closer examination of the uncertainties involved in
the calculation of interference contribution is deferred to a future publication [2].
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9.4.4 Impact on LHC exclusion bounds

In the previous sections, we encountered large CP-violating interference effects which
modified the predictions for o xBR of bb Higgs production and decay to 777~ signif-
icantly. Comparing these predictions to the roughly model-independent experimental
limits on the cross sections resulted in a range of unexcluded values for M}, . Experi-
mental exclusion bounds on the parameter space of the MSSM are therefore affected by
interference contributions between hq, ho and hz. We now analyse the exclusion limits in
the (Mpy+,tan /) plane for the CPInt scenarios using HiggsBounds-5.1.1beta [177-180].
For any particular model, HiggsBounds takes a selection of Higgs sector predictions as
input and uses the experimental topological cross section limits from Higgs searches at
LEP, the Tevatron and the LHC to determine whether this parameter point has been
excluded at 95% CL.

In order to incorporate the interference effects into the prediction of o(bb — hy,) times
the respective branching ratio, the ratio of production cross sections which are used as
input to HiggsBounds are rescaled with the interference factor. Given that the exclusion
is driven by the 77~ final state, for simplicity we apply nbl_’” to all bb production cross
sections and redefine

oMSSM(bh — D) . oMSSM(bh — hy,)
oSM(bb — hy) oSM(bb — hy)

(14, (9.36)

where the 7725 values are computed via our implementation in SusHiMi, and plotted in
Fig. 9.6. The quantity o™ (bb — h,) is the SM production cross section for a Higgs with
mass Mp,,. The rescaled production ratio multiplied to the branching ratio of h, — 777~
is then compared by HiggsBounds with the observed experimental limit for each point
in the (My+, tan ) plane.

In Fig. 9.8 (a) and (b), we show the exclusion bounds in the (My+,tan ) plane for the
CPInt scenarios with non-zero CP-violating phases in blue, together with the exclusion
bounds in red for the same scenarios where all the parameters are real, i.e. no CP-violating
phases or resulting interference effects are present. In these plots we see the effects of
the reduced o xBR rates that we described in Section 9.4.3. Certain parameter points in
the (Mpy+,tan 8) plane, that appear to be excluded when CP conservation is assumed,
have a predicted cross section times branching ratio that is smaller than the observed
limit when we include the CP-violating interference term in the prediction. As a result,
those parameter points become unexcluded when the interference-corrected prediction is
compared with the experimental limits.

In Fig. 9.8 (a), we show the exclusion for the CP-conserving and the CP-violating case
in red and blue, respectively, for the CPInt; scenario. The blue region corresponds to
the scenario where ¢4, = m/4. Here we see that accounting for the interference term
and the complex parameters in the o xBR prediction leads to a “wedge” of destructive
interference in the region between Mpy+ ~ 500 GeV and 750 GeV for tan 8 ~ 12 to 20
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Figure 9.8: Exclusion bounds in the (Mpg+,tan ) plane of the MSSM obtained with
HiggsBounds5.1.1beta for (a) the CPInt; and (b) the CPInty scenario. The
blue region depicts the exclusion bounds when interference terms in the pro-
duction and decay of hy and hs are taken into account for bb — 77—, The red
contour depicts the additional region that is considered to be excluded when
all the parameters are assumed to be real and no CP-violating interferences
occur.

that remains unexcluded, in contrast to the CP-conserving case. In Fig.9.8 (b), where
the blue region corresponds to the CPInty scenario with ¢4, = 7/4 and ¢y, = 7/3, such
a wedge occurs between Mpy+ ~ 550 GeV and 800 GeV for tan§ ~ 13 to 20. In the
above plots one can also notice disconnected red points that appear in the low tan
region in Fig.9.8 (a) and blue points that appear around tan 5 = 20 and Mg+ ~ 900
GeV in Fig. 9.8 (b). These occurrences seem to result from numerical instabilities.

In the light of these results which show that accounting for the effects of CP violation in
the MSSM Higgs sector can lead to significant modifications of the exclusion contours, we
assert that interpretations of exclusion limits from the searches for heavy Higgs bosons
should account for the possibility that the Higgs sector of the MSSM is not CP-conserving.
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9.5 Summary and outlook

In this chapter, we investigated the effects of CP-violating interference contributions on
the predictions for the full process of production and decay of the MSSM Higgs bosons.
We used an approximation of the 3x3 propagator matrix that employs the 7 factors
evaluated at the complex poles along with the Breit-Wigner propagators to calculate
the interference terms in the amplitudes of the full process. Furthermore, we reviewed
a formalism to incorporate relative interference factors into the prediction for the on-
shell production and decay of the Higgs states h,, a € {1,2,3}, and described the
implementation for the calculation of these interference factors into SusHiMi.

In order to study the phenomenology of the Higgs sector in parameter regions where
the interference effects are important, we defined a benchmark scenario (“CPInt”). Note
that these interference effects arise generically in the theory, and it was not necessary
to fine-tune the benchmark scenario to a particular set of parameters in order to make
them visible. Focussing on the interference between hy and hg in the process bb — 747~
in the CPInt scenario, we highlighted four aspects. First, we showed that nearly mass
degenerate heavy Higgs states leads to a substantial H — A mixing and there is a res-
onant enhancement in the individual bb cross sections of hy and hy. The strong mixing
in this resonant region also gives rise to a large destructive interference, which over-
compensates the enhancement in cross sections. We showed that in the considered sce-
narios strongly destructive interference of up to ~98% occurs in significant regions of the
studied (Mpy+,tan 3) plane, which leads to modified predictions for o xBR in the pro-
cess of ho, hy production and decay. Our cross section predictions described in previous
chapters and implemented in SusHi were used to obtain the modified predictions. We
compared the values of 0 xBR, which take the interference contributions into account, to
the roughly model-independent experimental limits for the considered process. The sup-
pression in the predicted o xBR in the resonance region due to destructive interference
resulted in significant regions of Higgs masses that remain unexcluded while they would
appear to be excluded under the assumption of CP conservation. Lastly, we analysed
the modification of exclusion bounds in the (Mpy+,tan 3) plane using production rates
rescaled by the interference factors as an input to HiggsBounds. We found that in the
case where CP violation is allowed and interference effects are accounted for, a region of
unexcluded parameter points opens up.

In our preliminary analysis, we only considered one process of Higgs production and
decay. In future investigations, we will incorporate interference factors for the gg pro-
duction channel into SusHiMi, such that the gluon-fusion cross section predictions can be
directly used to obtain values for 0 x BR with interference effects included. Furthermore,
a detailed study of the modified exclusions with a variation in the phases of A;, Ay, M3
and p will be performed.
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Chapter 10

Conclusions

Precise theory predictions are indispensable for testing deviations, or lack thereof, from
the Standard Model. They are also essential for increasing the sensitivity to signatures of
new physics. We have seen that BSM theories with extended Higgs sectors provide viable
solutions to some of the shortcomings of the SM. For the search of these additional Higgs
bosons, not only do we need an accurate knowledge of their production cross sections,
branching ratios, and potential interference effects, but a meaningful comparison of the
predictions to the experimental data is also important for the proper interpretation of
the new results from Run II of the LHC.

The year 2016 ended on an exceptional note for the LHC, with the ATLAS and CMS
experiments receiving an integrated luminosity of almost 40 fb™! as compared to the
25 fb~! that was originally planned. In the spring of 2017, the physics runs at LHC
restarted and promised to deliver even greater statistics. With higher energies than
Run I and a remarkable amount of data available in Run II, this translates to improved
and more decisive constraints on physics beyond the Standard Model.

While the non-observation of the heavier Higgs bosons of the MSSM has been used
for confining the SUSY parameter space, scenarios that allow CP violation are more
difficult to restrict using the Higgs search data. The MSSM predicts three neutral mass
eigenstates at lowest-order: the CP-even h and H, and the CP-odd A. At tree level,
and at higher orders for vanishing phases, the Higgs sector is CP-conserving and only
the C'P-even Higgs states h and H mix. So far, experimental investigations have been
carried out under the assumption that the MSSM is CP-conserving. However, CP is not
an inherent symmetry of nature. In fact, an explanation for the baryon asymmetry in
the universe demands additional sources of CP violation not contained in the SM. While
allowing for CP violation does increase the number of free parameters in the MSSM,
there is no a priori physical reason to assume that all parameters of the MSSM must
be real. Complex parameters in the MSSM can enter the Higgs sector via loop induced
C’P-violating corrections and result in three new CP-admixed neutral mass eigenstates
hi,he and hg with M, < M, < M,. This leads to interesting deviations from the
phenomenology of the CP-conserving MSSM.

In this thesis, we studied the relevance of these CP-violating phases in searches for
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neutral Higgs bosons of the MSSM. The investigation of the effects of the complex pa-
rameters of the theory giving rise to additional CP violation beyond the single phase of
the SM was carried out in two steps, summarised in the following.

On-shell Higgs production in the MSSM with complex parameters

In Chapter 6, we presented the theoretical predictions for inclusive cross sections for
hi, ho and hg production via gluon fusion and bottom-quark annihilation in the MSSM
with complex parameters. The cross section predictions for the gluon-fusion process at
leading order are based on an explicit calculation taking into account the dependence on
all complex parameters in the MSSM. The complete form of the analytical formulae for
the general CP-violating case including Higgs mixing has been presented in the literature
for the first time. The 3x3 mixing of the lowest-order mass eigenstates of the Higgs
bosons {h, H, A} into the loop-corrected mass eigenstates {hi, ha, hg} was described in
Chapter 5 with full propagator-type corrections using the Z factors of the neutral Higgs
bosons, which are provided by the code FeynHiggs. Moreover, we discussed how the
predictions for the gluon-fusion process in the MSSM with complex parameters deviate
from those of the MSSM with real parameters due to non-zero couplings of the squarks
to the CP-odd Higgs boson A and potentially different left- and right-handed bottom-
Yukawa couplings arising from the resummation of tan S-enhanced sbottom contributions
in Ay.

The LO computation of the cross section was further supplemented by higher-order
contributions. Using a simplified version of the A, resummation for the treatment of the
higher-order corrections, we included the full massive top- and bottom-quark contribu-
tions at NLO QCD and interpolated the NLO SUSY QCD corrections from the amplitudes
in the MSSM with real parameters. The uncertainties involved in using such an interpola-
tion were discussed in Chapter 8. The interpolation uncertainty at NLO is most relevant
in scenarios where the squarks and the gluino are relatively light, which are under ten-
sion from the present limits from LHC searches. This uncertainty could be avoided if an
explicit result for the squark—gluino contributions at NLO QCD in the MSSM becomes
available for the general case of complex parameters. For the top-quark contribution in
the effective theory of a heavy top-quark, we added NNLO QCD contributions for all Higgs
bosons, and N3LO QCD contributions in an expansion around the threshold of Higgs pro-
duction for the CP-even component of the amplitude of the light Higgs boson h; to match
the precision of the predictions for the SM Higgs boson. Finally, electroweak corrections
which include two-loop contributions with couplings of the heavy gauge bosons to the
Higgs bosons mediated by light quarks were added to the gluon-fusion cross section. The
results for cross sections presented in this thesis are currently the state of the art for
neutral Higgs production in the MSSM with complex parameters.

In Chapter 7 we described the implementation of the cross section calculations in
an extension of the code SusHi, called SusHiMi, which is linked to FeynHiggs. Using
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SusHiMi, we investigated the phenomenological effects of CP-violating phases on the pro-
duction of Higgs bosons in the MSSM with complex parameters in two scenarios, inspired
by the light-stop and 7712“”“r benchmark scenarios. We found in our analysis of Higgs
boson production through gluon fusion that a proper description of squark and gluino
loop contributions is essential, in particular if their masses are light. This refers both to
the loop contributions to the gluon—gluon-Higgs vertex and to the corrections entering
through A;. Squark and gluino loop contributions furthermore enter the wave function
normalisation factors that are necessary to ensure the correct on-shell properties of the
produced Higgs boson. In regions where squark and gluino contributions are sizeable, the
production cross sections show a significant dependence on the CP-violating phases. We
discussed the remaining theoretical uncertainties in the cross section predictions taking
into account renormalisation and factorisation scale uncertainties, a resummation uncer-
tainty for A, and an uncertainty due to the performed interpolation of NLO SUSY QCD
corrections, in addition to other uncertainties that can directly be taken over from the
case of the MSSM with real parameters or the SM.

In the m‘élOdJ“—inspired scenario, which features a slightly heavier squark spectrum, an
important feature in the production processes of the two heavy states hy and hz was
the large mixing between the nearly mass-degenerate states. Their mixing effects are
incorporated in the wave function normalisation factors for the external Higgs bosons.
In a scenario such as this, we note that the signals of the two Higgs bosons cannot be
experimentally resolved and the measured quantity is the sum of their cross sections
times branching ratios. For an accurate interpretation of experimental exclusion limits
arising from MSSM Higgs searches, which so far have only been analysed in the framework
of the CP-conserving MSSM, it is important to take into account the interference effects
in the full process of Higgs production and decay arising from CP-violating interactions.
Such interference contributions are especially large when the mixing is large and the
heavy Higgses have a very small mass splitting. Our results for the cross sections for
on-shell Higgs bosons can be directly used in the formalism of a generalised narrow-width
approximation to incorporate these interference effects.

Impact of interference effects on LHC Higgs searches

In Chapter 9, we reviewed the formalism to incorporate interference terms in the fac-
torisation of a full process into the on-shell production and decay of an intermediate
particle. Interference effects between Higgs bosons can be crucial in assessing allowed
and excluded parameter regions. CP-conserving interference between the CP-even Higgs
states h and H becomes relevant when their mass difference is smaller than the sum of
their total widths. However, in such scenarios both these Higgs states are light, which
is under pressure from experimental limits. In this thesis we have mainly investigated
scenarios where the lightest Higgs h is mostly CP-even and SM-like, having a large mass
splitting from the Higgses hy and hz which are nearly mass-degenerate. This is typical
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in the decoupling regions of models with an extended Higgs sector. Since hy and hjz are
CP-admixed states in the MSSM with complex parameters, the total matrix element of
their production and decay has non-zero interference terms, and the o xBR of these two
Higgs states cannot be added incoherently. This interference term in the coherent sum
of o xBR is dependent on the diagonal and off-diagonal elements of the Z matrix and the
Breit-Wigner propagators of hy and hz. We described the implementation of the relative
interference factors in SusHiMi for the bb initial state, which is planned to be extended
to the gg initial state as well. Therefore, a SusHiMi run outputs not just the relevant
Higgs cross section for a chosen initial state, but also the interference factor that must be
multiplied to it for a given final state while calculating the o xBR for the chosen Higgs.
This provides a tool for systematically incorporating and accounting for the effects of
CP-violating phases in the process of production and decay of a Higgs boson.

A CP-violating scenario (“CPInt”) with non-zero phases for the trilinear coupling A,
and gluino mass parameter M3 was defined in order to investigate the impact of complex
parameters giving rise to interference in the process bb — ho, hs — 777~. We found that
the interference between hy and hs was strongly destructive with values of up to 98%. For
sample values of tan 3, this interference was found to reduce the theoretical prediction
for the cross section times branching ratio of the considered process significantly below
the experimentally observed limits. Consequently, it opened up parameter regions that
were regarded as excluded in Higgs searches that assume CP-conservation and do not
account for such CP-violating interferences. The two versions of the defined scenario
within which we analysed the interference effects are proposed to serve as benchmarks
for neutral Higgs searches with CP violation in future analyses by ATLAS and CMS.

Run IT of the LHC promises to vastly improve the reach of searches for new physics,
including supersymmetry. In this thesis we have presented precise predictions for the
production of Higgs bosons in the CP-violating MSSM for two prominent production
channels at the LHC, and developed a tool for systematically studying the effects of
complex parameters in the full process of Higgs production and decay in the MSSM. We
look forward to utilising these results in the light of the upcoming Higgs search data
from the LHC.
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Appendix A

Formulas: Higgs—quark and
Higgs—squark couplings

In SusHiMi the Higgs—(s)quark couplings are expressed in terms of the CP-even and
CP-odd neutral gauge eigenstates ¢, € {97,095} and x, € {xV, x5}, respectively. In
order to obtain the couplings of the squarks with the lowest-order mass eigenstates ¢ €
{h,H, A, G} the gauge eigenstates are rotated using the tree-level mixing matrix R as
depicted in the following Feynman diagrams

q s 4j
[ —— = { i%R(g?LgPL + Q?IZPR) ! = Pa:Xg
— RA93: Pr. — 934 Pr) R G
q Y i
(A.1)

with v = 2my /g2 = 1/1/v/2GF and the tree-level mixing matrix R given in Eq. (3.46).
At the amplitude level the results will then also be multiplied with the corresponding y/
factor.

The couplings between the gauge eigenstates and the third generation quarks are
9qr, = 1/ cos B for ¢ and XY and g,, = 1/sin § for ¢3 and xJ. For A, corrections we refer
to Eq. (6.52) and Eq. (6.55).

The couplings between the gauge eigenstates and the third generation squarks contain
terms from the squark mass diagonalisation matrix U; (see Eq. (3.18)) which is a unitary
matrix with real diagonal elements and complex off-diagonal elements, i.e. it can be
written as follows

Uz U~12>
U; = 4 1 ) A2
! ( L§12 [/622 ( )

They are obtained with MaCoR [184,293]. For the CP-even state ¢! we have the stop
couplings (using sz = sin 3, ¢g = cos 3, tg = tan f, sy = sin by and ¢y = cos Oy ):
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¢0 * [ Uz mtlu’ 4 £ U; my 1
9511 = =Upy |~ ﬂ;ﬁ 3Ut12CBmZSW —Um tlQSB + Cﬁm2ZU£11 55%/[/ - CIQ/V
9 .| Us mt,u 4 | « | Upomup 1 ]
9512 = =Upy |~ tiﬂ 3Ut22CBmZSW —Um t22sﬂ + Cﬁmzszzl 55%/[/ - CIQ/V
. Upimype 4 | « | Upomyp 1 ]
gt o1 = Upno _7ﬂ;6 SUt12CBmZSW — Uy msﬁ + Cﬁm2ZUE11 (35%4/ - C%/V)
0 o Ugimep 4 | . [ Usomyp® 1 ]
Ji22 = =Upp |~ tiﬂi + §U522C,8m2zsgv — Uy mT + CﬁmQZUle gS%V - 612/1/
_ (A.3)
For the CP-even state ¢9, the couplings are:
o | UnimuAj 2m? 4 9 9
gt 1= Uno [ 55 + Upo 55 - gSﬁmZSW
U, A 22Uz, m? 1
+ U,y [ a2 o + 55m2ZU£11 (‘912/1/ - C%V)]
85 3
0 Uryym A 2m? 4
gziz = Uo [ Tty Upao ( - 356”@512/1/)]
85 Sﬂ
Uzpom A 2U7y;m? 1
+ Uy [ e 2ty SﬂWQZUEm (512/V - C%V)}
85 8/3 3
6 . [ UnimiAs 2m? 4
9591 = Vo [m + Upio (t - gsﬁmﬁsiv
Sp 5
Uzgmi Ay, 2Uzm? 1
+ Up [ a2t R SBmQZUin (5%1/ - C%/V)]
Sﬁ 85 3
¢0 % U, mtA 2m2 4
Yi22 = Ugzo [ = £+ Upy ( 35,Bm25124/
Sp
Urpom A 22Uz m? 1
+ Uy l st L S,BmZZUtbl <3312/V - CIQ/V)] . (A.4)
B Sp
Similarly for the CP-odd states x{ and x9 the stop couplings are given as:
X? _ TNt * *T T A* * A
9511 = 25 [—uUf Uy + 107Ufy Ups gt = 5 [ Ut 1o2Unin + AU7 Ups)
0 .y * ®T T 9 Ry *T T *
ggig = 25 [—1Uf1Upy + 1°Uf) Upyo ggig = Zg [— A7 U7 Upr + AU7 Upgo)
¢ .y * 9 my T Tk *
ggél =i 55 [—1UsUny + 1 Usy Ul 9;;1 = Zg (=AU Uny + AtUf, Ups)
9 Ty * 9 e *T T *
gi%z =1 55 [ 10U Upar + 1" Upyy Upss] 9232 = Zg [—A; U Uy + AUz Ups] - (ALD)
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Analogously, the Higgs—sbottom couplings for the CP-even state ¢\ are:

0 . | UpiiAime 2m? 2
9511 = Una [bnb + Upo ((:5() - gcﬁmzzs%/v

U o Aymy  2Uz,m? 1
+ Ui [ e Cﬂm2ZU511 (S%/V + C%/V>‘|
Cﬁ C,B 3
ol o | Upn Ay ng 2 2 2
J522 = Ui l P + Upao o ~ 3CMzSw
Uoo Aymy  2U5,m?2 1
+ Ugn [ b v Bt _ CBmQZUl}zl <312/V + C%v)] ;
C,g Cg 3
& s Ugy Apmm, 2mg 2 2 2
95,121 = Upao [ cs + Upo ( cs - chmZSW
U, A 2Ux 2 1
+ Upn [ a0 | T csmz U (5%4/ + C%/V)]
CB Cﬁ 3
o) s Ugoy Ay ng 2 2 2
913,122 522 [05 + Upao <05 — 3eMzSw

2 1
— cgmyUsy, (3812/‘/ + C%,‘/>‘| : (A.6)

For the CP-even state ¢ they are given as:

o * [ Ugymppe | 2 2 2 ] X [ Upogmppt” 2 1, 2 ]
913211 = Yo | T + §U51235mzsw + U |~ + sgmzUpy | 58w + cw

’ L (&% | L Cp 3 |

#3 * [ Uggympps | 2 2.2 ] % [ Upgomipjt” 2 1, 2 ]
93 212 = Y2 | T + §U522$5mzsw + U | — + sgmzUser | 58w + i

’ L (&% | L Cp 3 |

#9 % [ Ugympps | 2 2.2 ] % [ Up ot 2 1, 2 ]
Gyo1 = Upaa | — + §U51255mzsw + U | — + ssmzUspy | 38w +

’ L (&% | L Cp 3 |

o | Uggympps | 2 ) ] [ Upgompit” 2 1, 2 ]
95’222 =U;,, —705 + gU,;QQngZSW + Up,, _7‘36 + sgmyUsy, §3W +ciy )| -

Finally, for the CP-odd states x{ and xJ the Higgs—sbottom couplings are:
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Appendix B

Parameter points in MSSM
scenarios

In the following we summarise the parameter values in GeV for scenarios used or ref-
erenced in this thesis. We use the relation A; = (X; + p* cot §) - €/®4: as the input to
SusHiMi in all the scenarios and X, is given in the on-shell scheme. The GUT relation
is given by Eq. (3.16):

2
_ s

M, M, .

— 92
3 cy

Table B.1: An overview of the MSSM scenarios used in this thesis. All quantities except
for the ratios are in GeV.

Scenario light-stop m}*%" light-stop mjodt CPInt, CPInt,
Parameter [130] [130] inspired [1] inspired [1] 2] 2]
my 173.2 173.2 173.2 173.2 172.5 172.5
Mpy=(or My) Varied Varied Varied Varied Varied Varied
tan Varied Varied Varied Varied Varied Varied
Msusy 500 1000 500 1000 1500 1500
M, 1000 1000 1000 1000 Msusy Msusy
X,/ Msusy 2 1.5 2 1.5 1.5 1.8
Ay Ay Ay | Ay | Ayl Ay Ay
4, 4, 4, 4 4, Al Al
W 350 200 400 1000 1500 1500
My GUT GUT 340 250 500 500
My 350 200 400 500 1000 1000
M; 1500 1500  1500es 1500e™Ms  2500eMs 25003
Mg, , 1500 1500 1500 Msusy Msusy Msusy
Mfm 500 500 1500 Msusy Msusy 500
Afspr 0 0 0 0 0 0
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Appendix C

Renormalisation of the MSSM Higgs
sector

Higher-order corrections to the MSSM Higgs sector have a significant impact on its phe-
nomenology. Beyond tree level, the Higgs sector is affected by many more parameters in
addition to My g+ and tan 8. In the following, we summarise the renormalisation of rel-
evant quantities in the Higgs sector, for which a hybrid on-shell and DR-renormalisation
scheme is adopted as defined in Ref. [144].

C.1 Higgs potential

At one loop, the linear and bilinear terms in the MSSM Higgs potential (Eq. (3.33)) are
renormalised by the following transformations

Mg = Mogxy + 6M¢¢xx (
Mty — Myzgpr + 0Myt (
T, —T,+0T;, i=hH A (
tan f — tan 5(1 4 dtan ). (

Q o a a

1
2
3
A4
Minimising the Higgs potential results in the one-loop tadpole coefficients to vanish,

T 46T, =0 = 6T, =-T,, i=hH,A. (C.5)

The mass counterterm matrices in the mass eigenbasis have the elements denoted by

om; = (OMpmac)ij = (UndMgpan Ul )5 - (C.6)

v

dm2 = ém? i,j=h,H A G,

i i
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and

omi; = (Mpyzg+ ) = (UMyz4 Ul (C.8)
om3, = om;, k,l=H* G*. (C.9)

U, («, 5,) and U.(f.) are the rotation matrices which stay unrenormalised. Furthermore,
one field renormalisation constant is introduced for each Higgs doublet,

1
Hl,z — (1 —+ 5527.,5172)%172 . (ClO)

The renormalisation constants 07,5, 0 Zy; of the physical fields are related to the above as

6 Zpp = 82073, + 202y, , (C.11)

5ZAA = S%éZ'Hl + C?géZ’HQ (012)
- 5ZH—H+ y (C13)

5ZhH = Saca(5ZH2 — 5Z’H1) s (014)
(SZAG = 8305((52}12 - 5Z’H1> (015)
= 0L g+a+ , (C.16)

§Zun = 207, + 267y, (C.17)
0Zca = 302y, + 550 2, (C.18)
— -+ (C.19)

and all the CP-violating terms are zero: 02,4 = 02y = 0Z4pya = 0Zyc = 0.

C.2 Field and parameter renormalisation

There is no obvious physical observable to which we could relate tan § for an on-shell
definition, therefore the DR scheme is adopted which has been shown to give numerically
stable and gauge invariant results at one-loop order. The renormalisation constant for
tan 3 is constructed from the field renormalisation constants for the Higgs doublets also
defined in the DR scheme,

R 1 PR PR
§ tan PN = 5(52735 —6Z7%)  with
SZPY = —Re S (mi)]
0Zpy = —Re [T (mi)] (C.20)
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C.3 Higgs self-energies

C.3 Higgs self-energies

The renormalised self-energies of the neutral Higgs bosons can be expressed in terms of

the previously defined quantities as

1
(7) =S 0) + 75 (17 — 52 + ) ) — b, (€22

iij p2
Si(p?) =Sk (p®) — omiy, . (C.23)
with 4,5 € {h, H} being the CP-even eigenstates and k = A being the CP-odd one.
Further, §Z;; are the field renormalisation constants and dms;, dm3, are the mass coun-
terterms defined earlier.
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