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Abstract

In this thesis, we study various decay and production processes of charged Higgs
bosons at the Large Hadron Collider (LHC) in the context of a general complex
Minimal Supersymmetric Standard Model (MSSM) with minimal flavor violation.
We investigate the effect of the complex phases of the soft supersymmetry breaking
parameters and of the Higgsino mixing parameter, p, on the decay widths and
production rates. The CP violating asymmetries induced by those phases are also
considered.

The calculations are done at the one-loop level. This is nontrivial since there
are a large number of Feynman diagrams and various types of singularities (UV
divergences, soft and collinear singularities, threshold singularities). We discuss in
detail our calculation method and how to handle those divergences. In particular, the
topic of one-loop remormalization and neutral-Higgs mixing effects in the complex
MSSM for processes involving Higgs bosons are addressed.

The higher order corrections to the decay of charged Higgs bosons into a W-boson
and the lightest neutral Higgs boson are calculated and shown to be significantly
large. The CP asymmetry arising from all complex phases is considered, especially
from the top-quark trilinear coupling, A;, and p, which induce a large contribution
to the CP asymmetry.

We perform a complete calculation of the next-to-leading order (NLO) elec-
troweak (EW) corrections to the charged Higgs production in association with a
W-boson via the bb annihilation channel and a consistent combination with other
contributions including the standard and supersymmetric-QCD corrections and the
gg fusion, with resummation of the leading radiative corrections to the bottom-Higgs
couplings and the neutral Higgs-boson propagators. We observe a strong dependence
of the production rates on the phases of A; and of the gluino-mass parameter M3
and a large CP asymmetry arising mainly from the gg fusion.

The NLO EW corrections to the charged Higgs production in association with
a top quark and a tagged bottom quark via gg fusion are calculated and shown
to be still sizable even after subtracting the large tan § enhancement. The strong
dependence of the NLO EW corrections on the phase of A; is observed.

Our studies show the importance of the higher order corrections to the decays
and the productions of the charged Higgs bosons in the complex MSSM. For the
searches of charged Higgs bosons at the LHC, those corrections should be taken into
account when doing analysis.
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Chapter 1

Introduction

The Standard Model (SM) has successfully described three fundamental interactions
(strong, weak and electromagnetic interactions) by using local gauge symmetry [1,
2, 3,4, 5,6, 7]. Tt is successful in the sense that most of its predictions have been
shown to be consistent with experimental data. In the SM, the Higgs mechanism is
used to break the electroweak (EW) gauge symmetry and thus generates masses for
weak gauge bosons [8, 9, 10, 11, 12]. After EW symmetry breaking, there exists a
neutral spin-0 particle, the Higgs boson. It is the only ingredient of the SM which
has not been observed so far.

In spite of its success there exist many open questions indicating that the SM
is only a limiting case of a more fundamental theory. Among many extensions of
the SM, the Minimal Supersymmetric Standard Model (MSSM) is a promising one
[13, 14, 15]. It extends the Poincaré group to include fermionic operators which
can transform bosonic states to fermionic states and vice versa. As a consequence,
each SM particles has a superpartner. However, supersymmetry (SUSY) cannot be
an exact symmetry because if it were the superparticle mass should be equal to
the mass of its corresponding SM partner and hence the superparticles should have
been detected. No observation of superparticles indicates that if they exist they
must be heavier than the SM partners and hence SUSY must be somehow broken.
Independently of the SUSY breaking mechanism, soft SUSY breaking terms can be
introduced to the low energy Langrangian [16]. The soft SUSY breaking parameters
and the Higgsino mixing parameter, i, in general are complex. If those parameters
are assumed to be real, it is known as the real MSSM (rMSSM). Otherwise, one
speaks of the complex MSSM (cMSSM).

With the new symmetry, the MSSM can provide good solutions to many prob-
lems of the SM. One of them is the well-known hierarchy problem: owing to the
contribution of new particles, all quadratic divergences are cancelled and thus the
EW scale is stablized [17, 18]. The MSSM allows for the unification of the three
gauge couplings and gives an explanation for the EW symmetry breaking. The
lightest superparticle can be a candidate for dark matter. Another problem relates
to the matter-antimatter asymmetry which requires the existence of CP violation.
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With only one complex phase of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[19], the SM cannot explain the observed asymmetry. The ¢cMSSM, however, can
provide the required CP violation of the matter-antimatter asymmetry, but still
satisfy other CP violating observables [20].

The MSSM Higgs sector has a richer structure than that of the SM. Unlike the
SM where one Higgs doublet and its complex conjugate can be used to give masses
to all fermions, the MSSM requires the existence of at least two Higgs doublets with
opposite hypercharges. After EW symmetry breaking, there are three neutral (h, H
and A) and a pair of charged Higgs (H*) bosons. The discovery of charged Higgs
bosons will be an unambiguous signal of physics beyond the SM. The Large Hadron
Collider (LHC) has been successfully operating at 7 TeV center-of-mass energy and
will be at 14 TeV for a future upgrade. Search for charged Higgs bosons is one of
the purposes of the LHC [21, 22].

This thesis studies charged Higgs boson production and decay processes in the
context of the cMSSM with minimal flavor violation. We consider the impact of
the complex phases of the soft SUSY breaking parameters and of the Higgsino
mixing parameter on the production rates and decay widths. We study also CP
violating asymmetry arising from those phases. That observable quantifying the
difference between a process and its CP conjugate process can be easily measured
in experiment. Our studies are done for the LHC at both 7TeV and 14 TeV.

We calculate the production rates and decay widths at one-loop level. There are
at least two reasons to go beyond the tree level. First, the theoretical uncertainties
are reduced. Second, the higher order corrections involve the entire particle spectrum
and thus can be used to get more information of the theory. From the technical point
of view, next-to-leading order (NLO) calculation is challenging since there are a large
number of Feynman diagrams and various types of singularities (UV divergences,
soft and collinear singularities, threshold singularities). We discuss in detail our
calculation method and how to handle those divergences.

We first study the charged Higgs boson decay into a W-boson and the lightest
neutral Higgs, hy, which is one of important decay modes. Through loop contribu-
tions, the complex phases of the soft SUSY breaking parameters and of the Higgsino
mixing parameter enter the Higgs sector, which is CP conserving at lowest order (see
for example [23] and references therein). As a consequence, the three neutral Higgs
bosons in general mix and form the neutral mass eigenstates h; o3 with both CP-
even and CP-odd properties, giving rise to a CP violating asymmetry in the decays
H* — W*h,y. A first calculation of the asymmetry arising from the phases of the
trilinear 7 coupling, A, and of gaugino mass, M;, was done in [24]. In this thesis, we
extend the calculation of [24] including contributions from all complex phases in the
c¢MSSM, in particular from A;, A, and p, which enter through Feynman diagrams
with stop and sbottom involving large Yukawa couplings, further enhanced by the
color factor. We show the results from the complete set of one-loop diagrams, in-
cluding besides the Higgs self energies all the loop contributions to the H* — W*h,
vertex.



pp — WTH* is an interesting mechanism for charged Higgs boson production
at the LHC. It does not only give a considerable production rate but also allows
to study CP violating effects. There have been many discussions devoted to the
pp — WTHT processes in the MSSM over the last two decades. These studies
assume all the soft SUSY breaking parameters to be real and hence CP violation is
absent [25, 26, 27, 28, 29, 30, 31, 32, 33, 34]. In this thesis, we extend the calculation
for pp — W*HT to the MSSM with complex parameters. For the first time, the full
NLO EW corrections to the bb annihilation channel are calculated and consistently
combined with the other contributions including the standard and supersymmetric-
QCD corrections and the gg fusion. We discuss CP-violating effects arising from
the complex phases of A; and Mj3. The important issues related to the neutral
Higgs mixing and large radiative corrections to the bottom-Higgs couplings are also
systematically addressed.

Another mechanism for charged Higgs boson production is the one in association
with a top quark and a bottom quark where the bottom quark is considered to be
tagged. This is a potential channel for the searches of charged Higgs bosons at the
LHC. The NLO SM-QCD and SUSY-QCD corrections to pp — H ~tb were calculated
in [35, 36]. Ref. [36] shows that the NLO QCD corrections are negative and their
absolute values are smaller than 20% for a charged Higgs boson mass from 200 to
500 GeV with prp > 20 GeV, pry is the transverse momentum of the bottom quark.
The EW corrections may have large impact on the cross section and distributions
and have not been studied yet. In this thesis, we study the EW corrections to
the gg — H~tb process, which gives dominant contribution to pp — H~tb, in the
cMSSM.

The outline of this thesis is as follows. In Chapter 2, we give an overview of
the SM, particle content, the Lagrangian density, and the Higgs mechanism. We
discuss also several interesting features of a simple extension of the SM, the Two-
Higgs-Doublet Models (THDMs), with an emphasis on the presence of the charged
Higgs bosons. Some open questions of the SM are addressed.

In Chapter 3, we motivate the MSSM as a promising extension of the SM. We
briefly describe the construction of a supersymmetric theory and apply it for the SM.
The particle spectrum of the MSSM is also described in detail. We emphasize the
Higgs sector with a richer structure than that of the SM but more predictive than
the THDMs. We keep all the phases of the soft parameters which have considerable
impacts on our calculations. A short review of the published results of the searches
for the charged Higgs bosons is presented at the end of the chapter.

In Chapter 4, we discuss various singularities of the scalar integrals, UV diver-
gences, soft and collinear singularities (they are considered as the special cases of
Landau singularities). We describe in detail their conditions and treatments. For
the UV divergences, we need regularization to calculate the divergent integrals and
renormalization to remove the divergences. We address regularization schemes of
dimensional regularization and of dimensional reduction, which is used in our cal-
culation. We discuss the renormalization of the MSSM, in particular the Higgs and
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gauge sector and the quark sector. For the soft and collinear singularities, we use
the mass regularization scheme to separate the singular part and the finite part.
To cancel the soft and collinear singularities the contributions from the radiation of
a massless particle are added to the virtual contributions. We describe the phase
space slicing and the dipole subtraction methods for phase space integration.

In Chapter 5, we first discuss how higher order corrections are included in the
determination of the neutral Higgs boson masses. We then describe one-loop calcu-
lations involving the Higgs bosons in the external lines. Two improvements used in
our calculation, the neutral Higgs boson propagator resummation and the effective
bottom-Higgs couplings, are addressed in detail.

In Chapter 6, we consider all possible decay modes of the charged Higgs bosons.
We then concentrate on the one-loop contributions to the charged Higgs decay modes
H* — W*h; and the CP asymmetry. The CP asymmetry arising from the phases of
the trilinear couplings A;, Ay, A, of the gaugino mass M; and of the Higgsino mixing
parameter p are considered. We discuss also the normal threshold singularities (two-
point Landau singularities enhanced by derivative) encountered in our calculations
and how to treat them properly.

In Chapter 7, the NLO cross sections and CP asymmetry of the charged Higgs
production in association with a W boson at the LHC are investigated. There are
two partonic processes: bb annihilation and gg fusion. We present the calculation
of the SM-QCD, SUSY-QCD and EW corrections to the former. ¢gg fusion is a
loop-induced process with the contributions arising from quark and squark loops,
mainly of the third generation. We discuss also the check of QCD gauge invariance
and the three-point Landau singularities. We use the two improvements mentioned
in Chapter 5 and show that they have large impact on the cross sections and the
CP asymmetry.

In Chapter 8, we study the exclusive cross section for the charged Higgs pro-
duction in association with top and bottom quarks. At leading order, we compute
all contributions of the order O(a?«). They arise from the partonic processes, gg
fusion, ¢q annihilations ¢ = u, d, c, s, b. Other contributions of order O(a,a?) arising
from g7 induce is also included. The gg contribution is dominant. We present the
calculation of the NLO EW corrections to gg — H~tb and show that the corrections
are still sizable even after subtracting the large tan § enhancement effects.

The conclusions are presented in Chapter 9.

This thesis includes several appendices. The notations and conventions are pre-
sented in Appendix A. In Appendix B, we list the dipole subtraction functions used
in our calculations. The counterterms and renormalization constants are collected
in Appendix C. We present an explicit calculation of Am, in Appendix D. Appendix
E contains the two-body decay widths of all possible decay modes of the charged
Higgs bosons. In Appendix F, we describe our input parameters.



Chapter 2

The Standard Model

2.1 Introduction

The Standard Model is a fundamental theory which describes the electromagnetic,
weak and strong interactions. Many of its predictions have been tested and are in
good agreement with experimental results [37, 38]. These successes make it play
a center role in particle physics. It is a Yang-Mills theory based on the direct
product of the external Poincare symmetry group and the internal gauge symmetry
group SU(3)c® SU(2),®U(1)y group. The gauge group SU(3)¢ is used to describe
strong interaction in terms of Quantum Chromodynamics (QCD) [4, 5, 6, 7]. The
electromagnetic and weak interactions are unified in the EW theory based on the
symmetry group SU(2),®@U(1)y [1, 2, 3].

The particle spectrum of the SM consists of 6 leptons (v, e, v, t, vz, T), 6 quarks
(u,d,c, s, t,b) divided into 3 generations, 8 gluons (¢g*) mediating strong interaction
and 4 gauge bosons (W=, Z, ~v) mediating electroweak interaction. The left-handed
fermions are in doublets representations of SU(2);, while the right-handed (R) ones
are singlets, except that there is no right-handed neutrino. The gauge bosons are
in the adjoint representations of the corresponding gauge group. Gauge invari-
ance requires all particles to be massless, however experiments show that particles
mediating weak interaction Z,W¥ must be massive. This means the gauge sym-
metry must be broken somehow. In the SM one introduces the Higgs mechanism
8, 9, 10, 11, 12] to generate masses for the gauge bosons. Fermion masses arise
from Yukawa interactions. The Higgs mechanism is based on the idea of sponta-
neous symmetry breaking, i.e. Lagrangian is gauge invariant but the vacuum is not
[39, 40]. More details will be given in the next section. With a Higgs doublet of
SU(2), the SM gauge group will be broken to SU(3)c®U(1)g, U(1)q is symmetry
group for Quantum Electrodynamics (QED). SU(3)c®U(1)q is an exact symmetry
of the theory since there is no evidence showing gluons and photon to be massive.
Concerning other discrete symmetries, the model violates parity (P), charge conju-
gate (C) and also their combination CP. However, it automatically conserves the
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baryon and lepton numbers.

The free parameters of the SM are three gauge couplings (gs, g, ¢’), one vacuum
expectation value (vev) of the Higgs field, the Higgs mass, nine fermion masses
(neutrinos are assumed to be massless), three angles and one phase of the CKM
matrix. In total, there are eighteen free parameters. All particles have been dis-
covered in experiments except for the Higgs boson. The three gauge couplings have
been measured quite accurately [37]. The relation between W-mass and Z-mass, the
couplings among the three electroweak gauge bosons measured in experiments are
in agreement with those predicted by the SM. Only the Higgs boson has not been
observed so far.

2.2 The SM Lagrangian and the Higgs mechanism

The classical Lagrangian of the SM is composed of gauge, fermion, Higgs and Yukawa
parts,

L=Log+Lr+Lyg+Ly. (2.1)
Explicitly, the gauge part of the Lagrangian is given by
1 a apv 1 % UV 1 nv
LG — _ZGP«VG - ZFHVF - ZBMVB y (22)

where a =1,...,8;7=1,2,3 and

GZV = Mgz - augs + gsfabcgzgﬁa

F, = 0W, = 0,W} + ge?*WIW},

B,, = d,B, — d,B,, (2.3)
(2.4)

g® are the SU(3) gauge fields, W* are the SU(2) gauge fields, B is the U(1) gauge
field, f¢ are the structure constants of SU(3) and €* are the structure constant
of SU(2). The structure constants are real and totally antisymmetric in all indices.
The fermionic part of the Lagrangian reads

Lp = ilig " Dlip + 1&gy Dyeir
+1Qit" D, Qir, + itry" Dyuig + idigy" D, dig, (2.5)

where i is the generation index (i = 1,2, 3),

A 0] e
I (G ST ———

(2.7)
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and the covariant derivatives

Oy — igT"W), —ig'Y By, for I;1,
b _ ) Ou—igY By, for l;r
e Oy —igsT3Gy, — igTiWZ; —ig'YB,, for Qi
Op —19sT¢ Gy — ig'Y B,,, for w;r, dir,

contain group generators: T¢ = \,/2, T" = 0;/2, \, are the Gell-Mann matrices, o;
are the Paulli matrices and Y is the hypercharge (Q = I3 + Y/2).

A SU(2) Higgs doublet, ® = (¢, gbO)T, with hypercharge (Y = 1) is introduced
to the SM in order to give masses for the gauge bosons. The Higgs Lagrangian reads

Ly = (D,®)(D'D) —V(®), V(P)=—1 0+ \(D'D)? (2.8)
with 2 and \ constants.
Fermion masses are obtained from Yukawa interactions,

Ly = —X;L'®e}, — M.Q'0d%, — NQ'Pul + huc, (2.9)

J j
where )\f]id’“ (1,5 = 1,2,3) are Yukawa couplings, and ® = ioy®*.

Now we discuss the Higgs mechanism. The conditions for the scalar potential
given in Eq. (2.8) to develop a non-zero expectation value ((®) # 0) to break the
electroweak symmetry SU(2),xU(1)g down to the electromagnetic symmetry U(1)g
are following;:

e the potential has to be bounded from below, therefore A > 0,
e the potential has an unstable maximum at zero, hence pu* > 0,

e the potential has stable minima which are degenerate.

Combining all above requirements, one can show that the vev of the Higgs doublet

IS (@) = ('féﬁ;“) = (%) , v= “; (2.10)

The upper component carrying electric charge () = 41 cannot have a non-zero
expectation value since one requires unbroken U(1)g symmetry. [(¢°)] = v/v/2
coressponds to a circle on a complex plane, since ¢° is complex scalar field. Choosing
a specific point on that circle and expanding Higgs field around that point give

2@ = (5(0)) = (04 110y 0 103) 21

Substituting the above expression into the scalar potential, one finds the neutral
Higgs boson H to have a mass my = v2 2. G and G° are massless. They are
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well known as Nambu-Goldstone bosons. They are unphysical states and can be
absorbed by the gauge fields to generate masses for physical gauge bosons W* and
Z,

+  Wlgiw?
Wu - W’
Zy = cwW2 — swB,, (2.12)
AM = Swwj’ -+ CwBM,
where cy = cos Oy, sy = sin Oy, Oy is called the weak mixing angle and
g g
= —, Sy =——oo. (2.13)
/92 _|_g/2 /g2 + g12
The masses of W- and Z-bosons are given by
gv gv
My ===, My;=—. 2.14
w 2 ) Z QCW ( )

The photon A, remains massless, since U(1)q is not broken. The mass terms for
the fermionic fields are obtained by substituting (2.11) into (2.9),
XNo oo XMoo o Ay
‘C{nass: - erer — = dydy — 2 uh ) + h.C, 2.15
\/5 L*R \/i LYR \/5 LYR ( )
where the fermionic fields are the flavor states. In order to find mass eigenstates
one needs to diagonalise the A*“? matrices by unitary matrices, Vi’;’d as follows,

A= VINVIY fip = Vigiifle f=eud (2.16)
Then the masses of the fermions are given by
. )\fv
=5

Neutrinos are kept massless since they are purely left-handed in the minimal model
and do not couple to the Higgs field. Those unitary transformations lead to the
appearance of a unitary matrix in the charged current interaction, in particular

my f=epu,1u,ctds,b. (2.17)

Lyvud = igVegudi " w, W, + he,  Vexu = VAVE. (2.18)

Vexu is the well-known CKM matrix [19]. A general 3 x 3 unitary matrix can
be parameterized by nine independent parameters. For the CKM matrix, one can
remove five of them by rephasing six quark fields. The four remaining parameters
are three mixing angles and one phase which are the only source of flavor and CP
violations in the SM. For the lepton sector, there is no such similar matrix since
neutrinos are massless one can chose their rotation matrice equal to the one of the
charged leptons, then that matrix is a unit matrix.

However, the evidence of the neutrino oscillations requires massive neutrinos (at
least two of three neutrinos have masses), then there is an appearance of a flavor
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mixing matrix VFMNS [41]. Different from the CKM matrix, the PMNS matrix
can have two additional complex phases due to the possibility of neutrinos being
Majorana fermions. It is an interesting topic for many extensions of the SM. In this
thesis we always consider neutrinos to be massless. Neutrino masses are irrelevant
for our considered processes.

Another observation is that the unitarity of the CKM matrix assures the absence
of the flavor changing neutral currents (FCNC) at tree level. This property is known
as the GIM mechanism [42].

2.3 The Two-Higgs-Doublet models

One introduces the Higgs mechanism to break the EW symmetry spontaneously,
thus to generate particle masses. The Higgs sector of the SM is minimal since
only one Higgs doublet is used. However, there is no experimental and theoretical
constraint on the number of the Higgs bosons. It is possible to extend the Higgs
sector of the SM. A simple extension is the one with an addition of an extra Higgs
doublet. These models are called the Two-Higgs-Doublet models. The addition of
the new Higgs doublet leads to several interesting features as follows.

1. The spectrum of the Higgs sector consists of three neutral Higgs bosons (two
CP-even states h, H and one CP-odd state A) and two charged Higgs bosons
H*.

2. The models can introduce a new source of CP violation [43]. Besides CP
symmetry is broken explicitly by the complex phase of the CKM matrix in
the SM, the THDMs can introduce a new phase which is the relative phase
between the two expectation values (v; and vg) of the two Higgs doublets
leading to the spontaneous CP symmetry breaking.

3. The free parameters of the Higgs sector are four masses (my,, my, ma, mgy+)
and two mixing angles (tan 5 = vy /v; and the mixing angle o between the two
CP-even Higgs bosons).

4. FCNCs can appear at tree level due to the fact that both the Higgs doubles
can couple to all fermions. The experimental restrictions on the FCNCs lead
to three types of models.

e The THDM type I, only one Higgs doublet couples to all fermions [44].
This model is similar to the SM. The differences are a smaller vev and
larger Yukawa couplings.

e The THDM type II, one Higgs doublet couples to up-type fermions while
the other couples to down-type fermions [45]. The MSSM belongs to this

type.
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e The THDM type III, this is the most general THDM without FCNC at
tree level [46]. Both the two Higgs doublets couple to the up- and down-
type fermions but their Yukawa couplings matrices must be diagonalized
simultaneously with the quark mass matrix.

In a general THDM, there is the appearance of charged Higgs bosons. The finding
of these charged Higgs bosons would confirm a richer spectrum of the Higgs sector
compared to the one of the SM.

2.4 Why go beyond the SM?

Despite of great agreements between the SM predictions and the experimental data.
The SM is not satisfactory. The reasons can be classified into two groups. The first
group is related to the following conceptual problems.

e The SM does not describe gravity which becomes important at small distance

(equivalently high energy like the Planck scale, 10719 GeV). An attempt to
incorporate gravitational force together with other forces is string theory.

The SM is not the ultimate theory. It is believed to be an effective theory
valid to a certain energy scale. Then this leads to the hierarchy problem. It
is due to the appearance of quadratic divergences in the theory. More details
are given in Section 3.1.

The SM describes three interactions but their gauge couplings do not unify:
o, = g2/4m and a = ¢?/47 meet at 10' GeV while a and o/ = ¢”?/47 meet
at about 10" GeV. In Grand Unified Theories (GUT), by using one simple
Lie group as the symmetry group, the three interactions emerge into a single
interaction. Examples of GUT groups are SU(5) and SO(10); for a review see
[47].

The SM does not explain why the number of generations is three. An possible
extension of the SM such as the 331 models based on the symmetry group
SU3)c @ SU(3), ® U(1)y [48] can give an explanation. In such models, the
absence of chiral anomaly requires the number of generations to be three.

The second group is related to the following experimental indications of new physics

beyond the SM.

e Experiments on neutrino oscillations have established that neutrinos have a

mass (for a review see [49]). The SM assumes neutrinos to be massless. The
neutrino mass-squared differences and mixing angles are measured by the os-
cillation experiments. Limits on the absolute mass scale which are obtained
from non-oscillation experiments show that neutrino masses are very small

(m, < 2eV) [37].
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e An impressive amount of data from the observations of the rotation curves
of galaxies, studies of microwave background radiation and supernova distant
measurements indicates the existence of dark matter. The observations do not
provide any information about what the dark matter is made of, but give some
properties of dark matter. It must be stable (its lifetime must be higher than
the age of the Universe), slow (cold dark matter), electrically and color neutral
and massive; for a review see [50]. The SM cannot provide any candidate for
dark matter. Even if the neutrinos are massive, they cannot be viable dark
matter candidates since their masses are not sufficient to provide the observed
dark matter densities.

e The observable universe has more matter than antimatter. This is well known
as the matter-antimatter asymmetry. In order to explain such asymmetry, the
three Sakharov conditions must be fulfilled [51]. One of the three conditions
is the existence of CP violation. With only one CKM phase, the SM does not
contain enough CP violation to explain the observed asymmetry, for a review
see [20]. This makes many extensions of the SM which provide new sources of
CP violation very attractive.

e The anomalous magnetic moment of muon is measured accurately in experi-
ment and precisely predicted in the SM [52]. The experimental measurements
have shown a deviation of about 30 above the SM prediction (for a review
see [53]). This has led to many speculations on the presence of new physics.
SUSY extensions can provide a good explanation for this discrepancy, thanks
to the additional contributions from the supersymmetric particle loops.

Among many extensions of the SM, we focus on the supersymmetric version of the
SM, especially the MSSM which is a promising candidate. It can provide solutions
to many of the above questions. We discuss it in the next chapter.






Chapter 3

Supersymmetry

3.1 Introduction

Supersymmetry (SUSY) is a symmetry between bosons and fermions. In other
words, this symmetry allows bosonic particles, which have integer spin and obey
Bose-Einstein statistics, and fermionic particles, which have half-integer spin and
obey Fermi-Dirac statistics, to be in the same multiplet. It was born in the early
1970s, but there is, to date, no direct experimental evidence of its relevance to nature.
However, its beautiful idea and mathematical formulation have been applied widely,
then resulted in many theories such as the MSSM, supergravity and superstring,
etc. Especially the MSSM has inspired an enormous amount of theoretical and
experimental studies. Indeed, supersymmetry plays a central role in the development
of physics beyond the SM.

Here some important historical events related to the birth of supersymmetry are
reviewed. Supersymmetry started with a desire to find a symmetry that relates par-
ticles with different spins. In the 1960s, some attempts to find such a symmetry have
been made but failed. One example is SU(6) symmetry in the non-relativistic quark
model. Those failures led to the so-called no-go theorem [54] proved by Coleman
and Mandula in 1967. They shown that the most general Lie algebra of symmetry
operators consists of the generators P, and M, of the Poincaré group and internal
symmetry generators, e.g. SU(3) color, SU(2) isospin, U(1) hypercharge generators,
etc. The latter must commute with the former. It means that the internal symme-
tries cannot relate particles with different masses and spins. One of the assumptions
in Coleman and mandula’s proof turned out to be unnecessary: they had made all
transformation parameters to be ordinary numbers and their corresponding oper-
ators to obey the commutation relations. In fact this theorem does not apply for
the Grassmann numbers and fermionic symmetry generators which obey anticom-
mutation relations. This was first proposed by Golfand and Likhtman in 1971 [55].
They extended the Poincaré algebra to include fermionic generators. Followed up
by Volkov and Akulov, they discovered supersymmetry in four dimensions in a non-

13
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linear realization in 1973 [56]. Independently, Wess and Zumino [57, 58] presented a
renormalizable field model of a spin-1/2 particle in interaction with two spin-0 par-
ticles where particles are related by a symmetry transformation. In 1976, Freedman,
van Nieuwenhuizen and Ferrara [59] and independently Deser and Zumino [60] used
the idea of local supersymmetry to construct the supergravity.

The first classification of all supersymmetry algebras was done by Haag, Lo-
puszanski and Sohnius [61] in 1974. They built the supersymmetry algebra based
on the generators of the Poincaré group and additional fermionic generators @).;
and their Hermitian adjoint Q%; «, ¢ are spinor indices taking two values 1,2 while
the indices 7, j label different (), and run from 1 to some integer N, see Section 3.2
for more details. These fermionic operators change a bosonic state into a fermionic
state and vise versa. In particular, they raise or lower the projection value of spin
along the z axis by one half. In general, there are at most 2N independent raising
operators and 2NN lowering operators. For N = 1, there is only one (). This is known
as the simple supersymmetry. If N > 1, we speak of an extended supersymmetry.
However, N cannot be arbitrary. N < 8 if one requires no particles with spin > 2
in the supermultiplets. Now one wishes to incorporate those supersymmetry into a
realistic theory, particularly the SM which is based on the SU(3) ® SU(2) ® U(1)
gauge group. Since quarks and leptons belong to chiral representations (complex
representations), it is impossible to apply the extended supersymmetry. Because in
the extended supersymmetry, fermions and vector bosons are in the same multiplet
and the latter belongs to a real representation, not a complex one. The only case
can be used is N = 1. This makes our supermultiplets much simpler. There is only
one superpartner corresponding to a particle in a supermultiplet. The superpartners
of quarks and leptons are now scalar bosons.

Although no experimental evidence shows to date the existence of supersymme-
try in nature, many physicists find it interesting and think that it may relate to
the real world. Here we review two major arguments in favor of supersummetry.
The first argument is based on Haag, Lopuszanski and Sohnius theorem [61] from
which we learn that the largest symmetry an interaction theory may have is the
direct product of a supersymmetry and an internal gauge group. One has been very
successful in describing three fundamental interactions by using two of its three in-
gredients, the Poincaré group and the internal gauge group. It would be better if
one could incorporate all three ingredients into a theory.

The second argument relates to the hierarchy problem [17, 18]: why My < Mp?
Here My is a typical electroweak scale and Mp is the Planck scale where gravity
becomes as strong as the other interactions. This hierarchy problem leads to the
instability of the electroweak scale as seen in the following. Consider a theory
which contains fermions and bosons like the SM. When one computes the radiative
corrections to the Higgs boson mass, one encounters quadratic divergences. At one-
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loop level, the correction is given by (see for example [62]),

1

omy = o2 (NpAp — NpAZ) A°
1 A A
+R (NB)\BmQB log e NpAim7 log m—F) + - (3.1)

where the cutoff A represents the scale up to which the SM remains valid, the dots
stand for finite terms, Ng, N are the number of bosons and fermions corresponding
to their masses mp, mp and their couplings A, Ag, respectively. In the SM there
is neither a relation between Np and Np nor Ag and Ap. If we chose the cutoff
to be the GUT scale, Maur ~ 10'¢ GeV, or the Planck mass Mp ~ 109 GeV,
this radiative correction will be much larger than the physical Higgs mass which
is bounded (mpy < 1 TeV) due to unitarity and perturbative reasons. The same
problem happens to the radiative corrections to W and Z boson masses. One can say
this is not a problem for a renormalizable theory: one can redefine bare parameter,
which is not physical value, to absorb all divergences. Then the quantum corrections
remain small. However, this seems unnatural in comparison with the case of fermions
or photon: for fermions one-loop corrections are proportional to its mass mp and
only logarithmically divergent, owing to a chiral symmetry that keep the corrections
naturally small, for photon radiative corrections to its mass vanish at all order due
to gauge symmetry. For bosons, there is no such symmetry that renders small boson
mass natural.

In supersymmetry, there are equal numbers of fermions and bosons, Ng = Np.
The couplings are also equal, \p = A\%. These lead to cancellation of the quadratic
divergences, leaving

Np)? A
FF(sz—m%)log—+~-~. (3.2)

om?, =
H 42 mp

The correction remains small even for A ~ Mp provided that |m% — m%| < 1TeV?.
In fact the correction will vanish if the boson and the fermion masses are the same.
That happens when supersymmetry is not broken. Supersymmetry is not the only
way to solve this naturalness problem. There are other solutions. For example in
technicolour model the Higgs boson is not a fundamental particle but a composite
state, for a review see [63] and references therein. Lagrangian for the Higgs sector
becomes an effective theory and valid up to a scale which the composite state reveals.
This scale should not be as large as the Planck mass and not too far from electroweak
scale, then dm? ~ m?%. However, the argument based on symmetry to prevent large
quantum corrections is, in general, more favored by theorists.

Apart from the aforementioned arguments there are additional motivations ex-
isting in some specific realizations of supersymmetry. The MSSM is the most famous
example.

e The MSSM allows for the unification of three gauge couplings at GUT scale
(for a review see [64]).
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e The lightest Higgs particle is predicted to have mass less than 140 GeV while
it is a free parameter in the SM [65, 66].

e It provides a possible explanation for the origin of the electroweak symmetry
breaking [64].

e The lightest superparticle can be a candidate for dark matter.
e [t contains new sources of CP violation.

e The predicted anomalous magnetic moment of muon is consistent with the
measured value [67].

Now we are going to construct the Lagrangian of a supersymmetric theory. It
is compact and elegant to use the superfield language. In the following sections we
discuss all the necessary ingredients used for our purpose.

3.2 Supersymmetry algebra

In Haag, Lopuszanski and Sohnius theorem [61], the most general supersymmetry
algebra or Poincaré superalgebra is given by

[P, P)] = 0, (3.3)
[P;m Mpa] - i(nuppa - nuaPp)a (34)
[Ms Mo i(NupMpuo + Mo Mup — My Mo — Mo Mp), (3.5)
1
[Qaia M;u/] - §(Uuu)aﬁQzﬂ s (36)
(P

[sz MHV} = _§Q25<Uw)ﬁa ) (3-7)
[Qaiup,u] = [737PH] = 07 (38)
{Qui- Q")) = 26/(0"),5P,. (3.9)
{Qais Qﬁjj} = 2eapZij, (3.10)
{Q5,Q)) = 26,4527, with 29 = ZL, Ziy = —Zj, (3.11)

where «, 3(c, ) are undotted (dotted) spinor indices, i,j = 1, N with N being an
integer, Z;; are some linear combination of internal symmetry generators. Z;; com-
mute with anything, therefore they are called central charges. The largest possible
internal symmetry which can act non-trivially on @ is U(N). It, however, is unnec-
essary to be a symmetry of action. When N = 1, there is only one (). Due to the
antisymmetric characteristic, Z vanishes. The non-trivial acting internal symme-
try now is the U(1) which has become known as R-symmetry. The supersymmetry
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algebra has its simplest form,

{QmQﬁ} = {Qo’m@ﬁ'} = 0,
{Qaa Qﬁ} = 2<O-H>O(BP,UI7
[Qa, Pu] = [Qa, Pu] = 0. (3.12)

3.3 Superspace and superfields

Superspace is the Minkowski space plus four additional coordinates which are anti-
commuting Grassmann numbers (see Appendix A.3). Hence, superspace has eight
dimensions. A point in the superspace is given by the supercoordinates (2,04, 04),
p=1,234 a=12and & = 1,2. Here we use the Weyl formalism. # and 6 are
Weyl spinors (see Appendlx A2 for more details). A superfield is an operator-valued
function defined on the superspace. A general superfield can be expanded in terms
of the Grassmann variables # and 0 as

O(x,0,0) = o(x) + _ew(x) ox(z) + 00F (x )+_§§F’(x)+(00“§)vu(:p)
+(00)0X () + (A0)ON () + (00)(60)D(x). (3.13)

Owing to the anticommuting properties of Grassmann variables, the higher power
terms of 6 and @ vanish. All z-dependent functions on the right-hand side of
Eq. (3.13) are called component fields. Since the superfield is a Lorentz scalar
or pseudoscalar, the Lorentz properties of the component fields are given by

o(z), F(x), F'(x), D(x) : complex scalar or pseudoscalar fields,
(z), N (x) : left-handed Weyl spinor fields,
¥(x), M) : right-handed Weyl spinor fields,
V() : complex vector field.
(3.14)

A general superfield contains 16 bosonic and 16 fermionic real degrees of freedom.
Now we need to know how the superfield transforms under a supersymmetry trans-
formation. First, we use the operator

L(z,0,0) = /@ Put0aQ+0%Qa) (3.15)

Y

to define B B
O(x,0,0) = L(x,0,0)9(0,0,0). (3.16)

With the help of the Baker-Campbell-Hausdorff formula (e*e? = 6A+B+%[A’B]) and
supersymmetry algebra (3.12), one can show that under a finite supersymmetry
transformation denoted by T¢, a superfield transforms as

Tgb(w“,@,@) = L(0,&6€)®(z",0,0)
= O(z" +ifot0 —i0o"E 0+ £,0 + ). (3.17)
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We now can find out a differential operator representation of  and Q by using an
infinitesimal supersymmetry transformation 7, to act on the superfield, thus

L(0, p, p)®(a*,0,0) — ®(a",0,0) = D(a" +ipo"0 — 00" p,0 + p,0 + p) — (2", 0,0).
(3.18)

Expanding the two sides of Eq. (3.18) in terms of infinitesigmal parameters p, p we
get the left-hand side (LHS)

LHS = (ipaQ* + ip* Qa) (2", 6,0), (3.19)
and the right-hand side (RHS)

0 0
RHS = [(ipo"0 — i0c" p)0, + paaea 89(1]@)@“ 0,0). (3.20)
Identifying terms on two sides, one gets
o .0 = o 0
Q = —Za—ea + (0'“0) 8!“ Qoz = —267 - (Qau)éﬁu. (321)

The supersymmetry covariant derivatives, which are useful for the construction of
the supersymmetric Lagrangian, are invariant under the supersymmetry transfor-
mation in the sense that

{Dom Qa} - {Dom Qa} - {DaaQa} - {DaaQa} - 07 (322)
then one finds
Do =2 4 i(0"0)a0,, D= —-0 — i(90")40 (3.23)
o = Fga T (0"0)a0y; &= ~5m i(00") 50, )

With the help of the covariant derivatives, one defines the following irreducible
representations of the superfields,

Dy®(x,0,0) =0 = (left-handed) chiral superfield, (3.24)
D,®'(,0,0) =0 = (right-handed) anti-chiral superfield,  (3.25)
®(z,0,0) = ®'(2,0,0) = vector superfield. (3.26)

We now want to find the expression of the chiral superfield in terms of component
fields by solving the condition (3.24). It can be easily done by changing variables
oh — y* = 2# 4+ ifc”d. One can show that Ds®,(y,0) = 0. Therefore, the chiral
superfield ®,(x,0,0) = ®,(y, ) which has the power series expansion in 6:

Oi(y,0) = o(y)+V200(y) + 00F (y). (3.27)

In terms of the original variables (z, 6, ),
O (z,0,0) = ei0o" 00 (gb(x) +V200(x) + OF (x

%wexeo—ﬂw r))
+00F (z) — %(99)(99)%(@. (3.28)

= ¢(x) + V20 (x) + i05"00,¢(x) +
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Similarity for the anti-chiral superfield, one can solve the constraint (3.25) by chang-
ing variables # — 2 = a# — 16c"6. Then the solution is

By (2,0, 8) = By(2, ) = =100 (¢<x> + V200 () + éém)) . (3.29)

One can easily show that the Hermitian conjugate of the chiral superfield is a anti-
chiral superfield. Under an infinitesimal supersymmetry transformation, the com-
ponent fields of a chiral superfield transform as

dsp(r) = V200(x), (3.30)
Ssh(r) = iV20"00,¢(x) + V20F (x), (3.31)
5sF(z) = 0, (—z’\/ﬁwx)aﬂé). (3.32)

For the vector superfield denoted as V', the condition (3.26) requires it to be real.
Hence its complete expansion is

Vo= Cla)+0x(x) + 0x(x) + %ee (M(z) + iN(z))
50 (M(2) = N (2) + 0 0)V,(2) + 00)0 (2(a) + SO (o) )

+(00)0 ()\(x) + %auﬁux(x)) + %(90)(99) (D(x) - %@8"0@)) (3.33)

The supersymmetric generalization of a gauge transformation for a general non-
Abelian case is defined as

D 5 e 29AD, (3.34)
D - plei29AT (3.35)
29V _y omi29AT 20V pi2gA. (3.36)

where ¢ is coupling constant and A = AT* and V = VT with A® being chiral
superfields, V¢ being vector superfield and 7 being the generators of the gauge
group.

Eq. (3.33) shows that the vertor superfield contains many component fields.
Some of them can be eliminated by exploiting gauge invarance. In practice, it is
convenient to work in the Wess-Zumino gauge [58] where C, y, M and N fields are
set to be zero, then

V = (05")V,,(z) + (00)0A(z) + (00)0A(x) + %(99)(99)1}(@«). (3.37)

For an Abelian gauge theory, the behaviors of the component fields under an in-
finitesimal supersymmetry transformation are

SA = —iDB — o360,V — OV, (3.38)

SsV* = i(0a"\ — \a"f), (3.39)
6sD = 9, (—00"X+ \o"0) . (3.40)
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We now discuss the F' and D component fields. They are auxiliary fields, F is a
complex scalar field while D is a real scalar field. The appearance of these auxiliary
fields is to ensure the equality of the bosonic and fermionic degrees of freedom in a
supermultiplet for off-shell as well as on-shell consideration. In a four-dimensional
theory those F' and D fields have mass dimension two. They do not contribute
to the propagating degrees of freedom because the kinetic terms are absent. They
will be eliminated by applying the on-shell equation of motion. It is important to
note that they transform into total space-time derivatives under the supersymmetry
transformation, see Eq. (3.32) and Eq. (3.40). Therefore, the space-time integrals
of those terms are supersymmetry invariances. This characteristic is used to build
the supersymmetric Lagrangian.

Finally, we list here some useful characteristics of the superfields which are
needed in the construction of a supersymmetric Lagrangian.

e The product and sum of two chiral superfields are again chiral superfields.
e The product and sum of two vector superfields are also vector superfields.

e The sum of a chiral superfield and an anti-chiral superfield is a vector super-

field.

e The product of a chiral superfield and an anti-chiral superfield is a vector
superfield.

3.4 Supersymmetric Lagrangian

As we have seen in the previous section, the space-time integrals of the F-term of
the chiral superfields and the D-term of the vector superfields are invariant under
the supersymmetry transformation. One can build a general supersymmetric La-
grangian as the sum of these terms. The F- and D-terms are found by integrating
out the Grassmann variables of a superfield, particularly

Lyvsy = Lp+Lp = /d2«9£f + /d29d29_£d, (3.41)

where L is a chiral superfield and £; is a vector superfield.

Now we consider the first term. We can use the property of the superfields,
namely the product and sum of two chiral superfields is a chiral superfield. The
general chiral superfield £; can be built from other chiral superfields as

1 1
1 i ijk

where m;; and \;;, are totally symmetric matrices and 4,7 = 1, ..., N with N being
the number of chiral superfields. This part is so-called superpotential WW. Since we
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work in a renormalizable theory, there is no terms with product of more than three
superfields. Then Lz can be expressed in terms of component fields,

Aij
Lr = Y wk+ Z my; (@-Fj - %mwj) + ij =0 (@105 F — ostbyn)
7 )

8W

which contains the mass terms and the interaction terms of scalar and fermionic
fields. The chiral superfield can be constructed from the vector superfields by defin-
ing a supersymmetric field strength tensor,

1- -
W, = ZDDG_QWD‘“@QQV' (3.44)

It is of course a chiral superfield since DW = 0. The F-term which must be gauge
invariant quantity is given by

1 « 1 a prapy Y a = a 1 ana
Lp :/ 9169 Tr(W W) = —ZFWF M+ iXGH (D) +§D D*, (3.45)
where the usual field strength tensors are
S =0V, =0,V + gf* VIV, (3.46)

with coupling constant g, the structure constants f?*¢ and the gauge covariant deriva-
tive

D, =8, +igTV?. (3.47)

We now construct £p which generates the kinetic terms for the scalars and
fermions. We use the property of chiral superfield: the product of a chiral superfield
and an anti-chiral superfield is a vector superfield. The Lagrangian has to be gauge
invariant, hence for a non-Abelian gauge Lp is given by

Lp = > / d*0d*0D! eV @,
= > [(Dud) D¥i + itho" Dyt — V2g (GXT 01 + 63T 0
+gbI DT, + FIF)]. (3.48)

To summarize, the general supersymmetric Lagrangian reads,

1 i
_ 2 « 2n .72 1t _2gV
L= /d 0 <1692Tr(WaW )+W) + Ei /d 02001 e*V ®; + hc.  (3.49)

The auxiliary fields F' and D do not have kinetic terms. Their equation of motions
are simply
ow*

Fi=—%g= Da= —g;dm. (3.50)
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Substitute the above expressions in the Lagrangian, one finds the scalar potential

— ZFF + % > DD = Z g;v %2} ! Z( W) (351)

a,?

We will use the above procedure to construct the supersymmetric Lagrangian of
the MSSM.

3.5 The Minimal Supersymmetric Standard Model

3.5.1 Particle content

The SM [1, 2, 3] based on the gauge group SU(3)c x SU(2), x U(1)y contains the
matter fields (fermions and Higgs boson) and the gauge fields (gluons, W and Z
bosons, photon). Since they are in different representations of the gauge group, the
fermions and the Higgs boson belong to complex representations while the gauge
bosons belong to real representations, they cannot be superpartners of each other. In
order to construct the MSSM one has to introduce new particles. Each known par-
ticle has a superpartner: the superpartners of fermions are called sfermions (squarks
and sleptons) and the ones of gauge bosons are called gauginos (gluinos, winos,
bino). The field content of the MSSM are shown in Table 3.1.

The MSSM and the SM Higgs sectors are different. While the SM consists of
only one Higgs doublet and its complex conjugate to give masses to all the matter
fermions, in the MSSM two Higgs doublets H; and H, with opposite hypercharges
are needed. This has the following reasons. First, the holomorphic property of the
MSSM superpotential does not allow for the appearance of both a superfield and its
complex conjugate. Thus the trick to use one Higgs doublet and its complex conju-
gate as in the SM fails. Secondly, the superpartners of the Higgs bosons (Higgsino)
contribute to gauge anomaly. Thus two Higgs doublets with opposite hypercharges
are needed to make the theory anomaly free.

The particles listed in the Table 3.1 are not necessarily the physical states of
the theory. After SUSY breaking and electroweak breaking, particles carrying the
same quantum numbers can mix to form the mass eigenstates. For example, the
charged Higgsinos and the charged winos generate charginos, the neutral Higgsinos
and the neutral wino and bino generate neutralinos, the left-handed sfermions and
the right handed sfermions mix also to form sfermion-1 and sfermion-2, etc. The
gluinos are an exception, they are color-octet fermions and hence do not mix with
other particles. More details of those mixings and the mass eigenstates will be given
in the Subsection 3.5.3.
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Super- Bosons Fermions (SU@3)c,SU(2)1,U(1)y) Name
fields
v, g 17 (8,1, 0) gluons, gluinos
1% w*, Wo w* wo (1, 3, 0) W-bosons, Winos
1% B B (1, 1, 0) B-boson, Bino
Q Q=(3") e=(y") 62y
d L d L
. -~ \ i} squarks, quarks
U U=, U = ul, (3%, 1, -4/3)
D D =dj D =d}, (3*, 1, 2/3)
o = (i (L i
L L= (éL) L= eL) (1,2,-1) sleptons, leptons
E=¢ E=e (1,1, 2)
(1, 2-1) Higgs, Higgsinos

N + ~
H, Hy = <H21) Hy =

Table 3.1: The MSSM particle content. The superfields are denoted with a hat. The
superpartners of the SM particles carry a tilde. The generation and color indices
have been suppressed. The numbers in parentheses denote the dimension of the
representations of the corresponding gauge groups. The stars present the complex
conjugate representations.

3.5.2 Lagrangian of the MSSM

If supersymmetry were an exact symmetry then the SM particles and their cor-
responding superpartners would have the same masses and the SM superparticles
would be detected. Up to now, no experiment has discovered any of them. If the
superparticles exist, they must be heavier than their corresponding SM partners.
This means supesymmetry must be broken at an energy scale A. In general, the
Lagrangian of the MSSM at low energy (E < A) can be written as

Lyssm = Lsusy + Lot (3.52)

The first term is invariant under supersymmetry transformations while the second
term breaks softly supersymmetry. However both of them are SM gauge invariant.
Further restrictions can be imposed on these terms such as renormalizability, baryon
and lepton number conservations, R-parity, flavour conservation, ect.

To construct the supersymmetric part of the Lagrangian, we use the superfield
formalism established in Section 3.4. With the help of Grassmann variables, the
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expansions of the supperfields in Table 3.1 in terms of component fields read

V., = 00"0g, + (00)05 + - (99)(99)1)%, (3.53)
V:ew@W’+@@wmﬁ+ wmmeV, (3.54)
V' =00"0B, + (00)0B + ee(éé)z)VH (3.55)
0= m”%(Q+¢%Q+ﬂmb> (3.56)
:ZWM«U+¢%U+%EO, (3.57)
_ MW%(D+¢%D+ﬂM%) (3.58)
:z%%%(L+¢%L+emg), (3.59)
:ZW%LE+¢%E+%EQ, (3.60)
AE:HWW%“Oﬂ+VQMﬂ+9m%J, i—1.2, (3.61)

where the color indices and the generation indices have been suppressed. For the
vector superfields, the supersymmetric field strength tensors are given by

1__ .
Wy, = ZDDngsVsDe?gsVs,
1. _ .
Wy, = ZDDe 29V D,e?V.
1 — = AV AV
Wi = 7DDe™ ¥ Doe® ¥, (3.62)
where v
m:ﬁW,V:WW,V:§W (3.63)

with 72, T and Y/2 being generators of SU(3)¢c, SU(2)., and U(1)y, respectively.

Now we construct the superpotential. The requirement of the renormalizability
leads to a structure of the MSSM superpotential similar to Eq. (3.42). In addition,
the gauge invariant restrictions eliminate the linear terms (there is no chargeless
gauge singlet in SM). Then the superpotential reads

AAAAAAAA

MM$M:eﬁ(gﬁﬁiﬂRJ AT ELOID? + A\ IO DT — uﬁpﬁ), (3.64)

where \., A\, and \; are 3 x 3 Yukawa coupling matrices, ¢, j are weak isospin indices
and I, J=1,2,3 are generation indices. p is called the Higgsino mixing parameter
and is in general a complex number. It should be observed that this superpotential
satisfies the requirement of the baryon (B) and lepton (L) number conservation.
However, B and L number conservations cannot be treated as fundamental symme-
tries since they are known to be violated by non-perturbative electroweak effects
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[68]. Hence a new symmetry, the so-called R-parity or equivalently matter parity
is introduced. If we require R-parity to be a symmetry of the MSSM, then the
terms which violate B and L number conservations are not allowed. More about
this symmetry will be given at the end of this section.

One can now write down the general expression of the supersymmetric part of
the MSSM Lagrangian in terms of both chiral superfields and vector superfields,

1 1
2 « [
Lsusy = /d 0(1693 Tr(WVsaWVS) -+ —16g2 TI(WVQWV)

1 (0%
+ @TY(WV/QWV/) + WMSSM)

~

+ /d29d29<£1'629\7+29/\7/£ _'_ ETGQQ/V/E _'_ QT€295(/S+29\7+29/V/Q

20 Vo2V T Pl 2aVer 2V fy | T 20V H) Che
(3.65)

It should be observed that the above Lagrangian contains no mass terms. The mass
terms for the superparticles will be generated after supersummetry is broken and
the masses for the SM particles are generated after EW symmetry breaking. So far,
Lsyusy introduces only one more prarameter p in comparason to the SM parameters.

As we have mentioned supersymmetry is not an exact symmetry. It must be
broken. The origin of supersymmetry breaking is not clear. Many models proposed
spontaneous SUSY breaking mechanism, for a review see [64] and references therein.
Independence of the nature of SUSY breaking mechanism, the Lagrangian at low
energy contains terms which break SUSY explicitly. Those terms should be soft
since they have couplings of positive mass dimension. This restriction is to pre-
vent the appearance of quadratic divergence in quantum corrections to scalar mass,
which may kill the advantage of SUSY where all quadratic divergences are cancelled
stabilizing the EW scale. In the MSSM, the soft breaking terms found by Girardello
and Grisaru [16] are used. Then possible terms which violate supersymmetry but
are gauge and R-parity invariant reads

1 L .
Lon = =3 (Mgg“g“ + MyWiW' + M BB + h.c>
~ 2 ~ ~ 2 ~ ~ 92 =~ = 2 = = 2 =

—Q'™MZQ — L'M} L — aMZa' — dM3d' — éMEe!

—m2 H{Hy —m%, HYHy — (bH, Hy + h.c)

- (ﬁAuQHl — dA,QH, — EALH, + h.c) , (3.66)
where M; (F=Q,U,D,L,E)and Ay (f = u,d, e) are 3x3 matrices in flavor space,
M; (i=1,2,3) are gaugino masses. Adding these soft SUSY breaking terms, one has
introduced 105 additional free parameters to the MSSM (26 masses, 37 mixing angles

and 42 CP-violating phases). It should be observed that the soft parameters can be
complex and thus provide new sources of flavor and CP violations.
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To quantize the theory, gauge fixing terms are used. Since the gauge sector of
the MSSM is the same as of the SM, the 't Hooft linear gauge fixing Lagrangian can
be chosen as

1 1 1 1
L =— —(F2)? — —F2 - —F2  —FIF, 3.67
where
F& = 0,G™,
Fy = 0,A",
Fy = 0,7" — Mz£,G°,
El = 0,WH + iMwéw G, (3.68)

with &q,&a, &7, Ew being the gauge fixing parameters. Since our theory is gauge
invariant, any physical quantity is independent of gauge fixing parameters. Then in
a practical calculation, one can chose specific values for them. For the simplicity of
the gauge boson propagators, one commonly uses the 't Hooft Feynman gauge £ =
€4 = &4 = &y = 1. In such gauge, the unphysical Nambu-Goldstone bosons, G*
and G° have masses equal to the masses of corresponding gauge bosons. In addition
the mixing terms between the Nambu-Goldstone bosons and the longitudinal gauge
bosons are eliminated. In one-loop calculations, we use the 't Hooft Feynman gauge
since we do not want the appearance of high rank tensor one-loop integrals. However
in tree-level calculation we prefer to use the unitary gauge, in which gauge fixing
parameters are infinite, because of less number of Feynman diagrams.

It is clear that the gauge fixing terms are not gauge invariant. They could
give unphysical contributions to physical processes, in particular at loop-level. One
has to eliminate these contributions to restore gauge invariance. This is done by
introducing the Faddeev-Popov ghost terms [69],

OF,
‘Cghost = éawcﬁv 0‘766 {G7A7 Z, W:t}u (369>

where ¢, ¢* is ghost and anti-ghost field corresponding to the gauge boson «; 6%
are infinitesimal gauge transformation parameters and F, are given in Eq. (3.68).
The ghost fields are scalar fields but have fermionic properties. They belong to the
adjoint representation of the gauge group. From Eq. (3.67) and Eq. (3.69), one sees
that the ghost and Nambu-Goldstone boson squared masses are proportional to the
squared masses of the corresponding gauge boson:

2 2
MZ =M? =0, (3.70)
M7, = Méo = €M, (3.71)
Mjw = M2 = &, M7, (3.72)

Both the ghosts and the Nambu-Goldstone bosons are unphysical fields and hence
do not appear as external lines of Feynman diagrams.
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To summarize, the quantized Lagrangian of the MSSM reads

‘CMSSM = ESUSY + Lsoft + Efix + ‘Cghost- (373>
R-parity

R-parity is a discrete multiplicative symmetry. R-parity of a particle can be defined
as
Pp = (—1)»+35-0), (3.74)

where s is the spin, B is baryon number and L is lepton number. An assignment of
quantum numbers for the superfields is following: B is 1 / 3 for @, —1/3 for U, D
and zero for the remaining superfields; L is 1 for L, -1 for R and zero for other super-
fields. With this definition, the SM fields have Pr = +1 while their supersymmetric
partners have Pp = —1. If R-parity is an exact symmetry then sparticles cannot
mix with particles and only vertices with an even number of sparticles are allowed.
This leads to the following phenomenological consequences.

e The lightest supersymmetry particle (LSP) with Pr = —1 must be stable. It
can be an attractive candidate for dark matter.

e Sparticles can only decay into a state which contains an odd number of LSP
plus the SM particles.

e At the colliders, sparticles can only be produced in pairs.

There is a well-known phenomenological motivation in favor of R-parity conser-
vation which will be shortly discussed below. Without R-parity conservation, then
following terms are allowed in the superpotential (see for example [70])

AAAAA

(3.75)

where A, ) and )\’ are Yukawa couplings, m’ are mass parameters, I,J, K =1,2,3

and 7,7 = 1,2. It should be observed that the first three terms violate lepton number
by one unit while the fourth term violates baryon number by one unit. Those terms
leads to the B- and L-violating processes. Especially if both A and A" are present,
then proton will decay for example into e*7® or e* K. The mean time of proton
has lower limit about 2.1 x 10% years [71]. This severe constraint makes the value
of any product of couplings N and \” extremely small, for squark masses below 1
TeV [N - M| < 1079 in the absence of squark flavor mixing and |\ - \’| < 1071
in the present of squark flavor mixing [72]. So one sees that R-parity conservation
is not the only way to keep the proton stable. However, the model with R-parity
conservation has lesser number of free parameters and thus is simpler. In this thesis,
we therefore perform our calculations in the MSSM with R-parity conservation.
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Parameters of the MSSM

The general MSSM at low energy where no specific assumptions are made about
the underlying SUSY breaking mechanism consists of 105 parameters (26 masses,
37 mixing angles and 42 complex phases) of the soft SUSY breaking terms and
18 parameters of the SUSY conserving terms. Performing analysis in the general
MSSM then comparing with experimental data are very difficult due to the large
number of soft parameters which can have arbitrary values. Most of analysis in
both experiment and theory have been done with some assumptions to restrict the
number free parameter. In our calculation we use also the common restriction on
the FCNCs. Unlike the SM where the GIM mechanism ensure the absence of the
FCNCs at tree-level, the MSSM can contains the FCNCs in interactions with the
Z-boson, the neutral Higgs bosons and the gauginos already at tree-level. These new
interactions can give large contributions to FCNC processes such as K° — K° mass
difference. The experimental data of FCNC processes have put severe bounds on the
favor mixing parameters. For simplicity, we assume that FCNCs are absent at tree-
level, i.e. the mass matrices and trilinear couplings are diagonal in the generation
space. This assumption is reasonable since our calculations mainly concern the third
generation of fermions. The effects of the CKM matrix are negligible for processes
discussed here, we therefore set it to be diagonal. To study CP violating effects, we
therefore still keep the possible phases of the remaining parameters which are the
gaugino masses M; (i = 1,2,3), the Higgsino mass parameter p and the trilinear
couplings Ay:

M; = |M;|e",
o= |M|6i¢ﬂ7
A = |Age, f=w,ct,d s be T (3.76)

In summary, the MSSM parameters consist of

e gauge couplings: ¢s, 9, g";

e fermion masses: my (f =u,c,t,d,s,b,e,pu,7);

e gaugino masses: M; (i = 1,2,3);

e sfermion masses: M%, M, M2, M2, M2 for each generation;
e Higgsino mixing parameter: u;

e trilinear couplings A; for each fermion species;

e Higgs sector parameters: Mpy+, tan f = v9/v; with v; and vy being the vacuum
expectation values of the two Higgs doublets.



3.5. The Minimal Supersymmetric Standard Model 29

3.5.3 The MSSM mass spectrum

If the supesymmetry and gauge symmetry are not broken, then the MSSM parti-
cles are massless. The explicit soft supersymmetry breaking and spontaneous elec-
troweak symmetry breaking generates mass terms for the particles. In many cases,
particles which have the same spin, electric charge, color charge and R-parity do
mix with each other. Unitary transformations are needed to find mass eigenstates.
In this section, we discuss the masses of the MSSM particles.

Higgs bosons and gauge bosons

The scalar Higgs potential is given by
Vi = (lul*+my ) HiHy + (|p)” + m3y, ) Hy Hys + €5[bH1; Hyj 4 b* Hy Hi))

+%(92 + ") (HyHyy — Hy Hy)® + %gz\Hszzi\Qa (3.77)
where i, j = 1,2. The terms proportional to |u|? are from the F-terms. The terms
proportional to gauge couplings are from the D-terms and the remaining terms are
from the soft SUSY breaking terms. Unlike the SM where the quartic coupling is
a free parameter, it however relates to the gauge couplings g, ¢’ in the MSSM. This
interesting feature leads to the restrictions on mass of the lightest Higgs bosons.
The parameter b in the potential can be complex, however we can rephase the two
Higgs doublets to make b real. As of now b is considered as real parameter. For short
notation, we denote m¥, = |u|* + m¥, and m¥, = |u|*> + m¥,. Like the SM, the
Higgs mechanism is used to break the EW symmetry and hence generate masses for
gauge bosons. The two Higgs doublets having non-vanishing vacuum expectation
values can be decomposed as follows,

o= () = (TN
"o (HSQ):GM <(v2+¢gqfixg)/\/§)a (3.78)

where £ is a possible relative phase between the two Higgs doublets. The vacuum
expectation values v; and v, can be chosen to be real and positive.

Using the decomposition of the Higgs fields, one can find the W boson and 7
boson masses

1
My, = Zgz(vfjtv%),

1
My = 1(92+g’2)(vf+v§), (3.79)

and the photon remains massless. These relations are identical to those of the SM
with v? = v + v3. As usual, one defines the weak mixing angle fy and tan 3 as
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follows,
ty = tan Oy = 2/, tan § = %2 (3.80)
9 U1

We now want to find the Higgs mass spectrum. Substituting Eq. (3.78) into
Eq. (3.77), one gets
Vi = o+ Tyl + Tydy + Tooxt + Tygxs (3.81)
A
0 40 10 10 ¢ - - o
( 17¢27X17X2)Mn 0 +(¢1a¢2)Mc i
X1 ?;
X5
Here we consider only the linear and quadratic terms, the dots refer to the constant
and higher power terms. Ty, are the tadpole coefficients and are given by

_|_

N —

1
Ty = 1,1+ bvycosé + g(g2 + ¢*) (v} — v3)vy, (3.82)
1
Ty = mi,vs—+bocosé + g(g2 + g% (v — v3)vy, (3.83)
Ty = buasing, (3.84)
Ty = —busing. (3.85)

The stable minimum point of the potential requires the tadpole coefficients to be
zero. Consequently, ¢ = 0. This means that the Higgs sector is CP conserving at
tree-level, and the Higgs mass eigenstates have defined CP numbers. Now one can
express the symmetric 4 x 4 mass matrix M,, and 2 X 2 mass matrix M, as

Mg, M
M, = (' ‘”‘) , 3.86
<M¢x M, ( )
with
T
M¢>¢>_ vczgﬁ—btaHBCOS£—|—M%COSQB . bCOSf—M%SinﬁCOSB
bcos & — M2 sin B cos 3 Usffﬁ—bcotﬁcosijM%sinQB
(3.87)
T o
0 _vsanlﬁ
M¢X - TX? ; (388)
vsin 0
"4 ptan Beost beost
— btan f cos cos
MXX fnd vcosﬁ T¢0 , (389)
bcos & Py — bcot fcosé
and
T¢’(1) bt M2, sin? Eh_ M2, si
M. = veos B anﬁcos§+ W S 6 € - WSlHﬁCOSﬁ
c = ) T
e %b — M3, sin 3 cos 3 Usfﬁ — beot Bcos & + Mg, cos® B

(3.90)
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Here we keep the tadpoles for the later purpose of renormalization. To find the
Higgs mass eigenstates, one has to diagonalize those mass matrices by orthogonal
transformations

h ¢
H| _ ¢ o=\ oY
G X5
which satisfy
M, % = U,M, UL M. % = UM, UL (3.92)

The transformation matrices can be parameterized as in the following way,

—sina cosa 0 0
| cosa  sina 0 0 _ [—sinf, cosf,
Un = 0 0 —sinfB, cosfB, |’ Ue = ( cos 8. sin ﬁc) - (3:93)
0 0 cos 3, sinf,

It is not difficult to show that at tree level 5, = . = 3, £ = 0 and
2b

2b
2 2
_ 5= — 04
My = g st (8- 4) =~ (394)
1 .
mi/H = 3 {mi + M2 F \/(m?4 — M2)% + 4m? M3 51112(26)] , (3.95)
Mze = m?+ M, (3.96)

and the mixing angle « is determined through

2 M2 3
(4 Mpinfoosfp o (g
M3 cos? B+ m? sin® B —m;, 2

tana = —

where « is conventionally chosen to be negative. In the decoupling limit m 4 — oo
then (8 — a) — 7/2. From Eq. (3.97), one should observe that ma, my and Mpy=
can be arbitrarily large, however my, is bounded above: my, < Mz|cos2/3|. This is
a consequence of a fixed Higgs quartic coupling as we have already mentioned. The
lightest neutral Higgs h is commonly considered as the SM like Higgs boson since in
the limit m4 > My its couplings with fermions and gauge bosons are identical to
those of the SM.

In summary, the Higgs sector has the following spectrum:

2 CP even neutral Higgs bosons : h, H
1 CP odd neutral Higgs boson : A
2 charged Higgs bosons : H—, H
3 Nambu-Goldstone bosons : G, G, G™. (3.99)
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Neutralinos and charginos

The two neutral gauginos (W°, B) and the two neutral Higginos (H?, HY) do mix
to form four mass eigenstates called neutralinos. The mass mixing matrix written
in the basis (W°, B, HY, HY) is given by

M, 0 —Mysy cos 8 Mysy sin 5
B 0 My Mzey cos 3 Mzey sin 3
Mo = —Mysy cos B Myey cos 8 0 — - (3.100)
Mysysin 3 Mycy sin 3 — 0

The neutralino masses can be achieved by diagonalizing this matrix with a unitary
transformation N

W (B fmg 00 o

X2 | _ W 0 mg 0 0 — N*M..NT

G1=Nlml o o my o |NMeN (3.101)
~ 3

Xi iy 0 0 0 my

where the masses in accordance with the convention mgo < mgy < mgy < myo are
all positive and real. Neutralinos are Majorana fermions. The lightest one ¥{ is the
lightest supersymmetric particle in a wide range of the mSUGRA parameter space
which can be a good dark matter candidate.

For the charged gauginos W# and the charged Higgsinos flf , ﬁ; , their mixing
matrix reads /3
M, 2sin S My,
M+ = . 102
X+ (x/ﬁcos BMy 1 ) (3.102)

Unlike the neutralino case, this mass matrix is not symmetric. To diagonalize it,
one needs two unitary transformations U and V

<g> =V (V}g) ! (i;:) =U (V}Z) : (3.103)

with
e 0
( 5 ) — UMV, (3.104)
0 mex
X1
where the non-negative entries My, Myt are
1
mes, = 3|1V 200

/(M2 + [uf? 4+ 20M3,)2 — 4[udy — M, sin25]2|. (3.105)

Last but not at least, the gaugino masses M7, My and the Higgsino mixing pa-
rameter u, which in general are complex, enter those mass mixing matrices. After
diagonalization the mass matrices are real and positive, the effect of the complex
phases presents in the transformation matrices. As a result the couplings of neu-
tralinos and charginos may have complex phases.
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Quarks and leptons

Similar to the SM fermions, the fermion masses come from the Yukawa interaction
terms where the Yukawa couplings are exactly the same as those in the superpo-
tential. The mass matrices which mix fermions with different flavors arise after two
Higgs fields getting vacuum expectation values. A difference with the SM where
one Higgs doublet couples with both up- and down-type fermions, in the MSSM H;
couples with down-type fermions while H, couples with up-type fermions.

For the lepton sector, we treat neutrinos as massless with only left-handed com-
ponents. The charged-lepton mass eigenstates can be set equal to their flavor states
with masses

A V2N My sw cos B

m; = - 3.106
NG c (3.106)
where [ = e, u, T.

For the quark sector, four unitary matrix V;* ’g are used to rotate flavor states to
mass eigenstates, yielding

AqU2 ﬂAqMWSW sin 3 A U1 \/ﬁ)\q/ My sy cos 3
mq = —_= 5 mq/ — = )
V2 e V2 e

where ¢ = u,c,t and ¢’ = d, s, b.

(3.107)

Squarks and sleptons

The left- and right-handed sfermions with the same flavor mix after the EW sym-
metry breaking. Their mass terms in the Lagrangian are given by

Esfermion masses — (fz; f;) Mf <L]’C‘L) - 77*7”?,57 (3108>
Ir
where f € {e,u,d} and the generation index has been suppressed,
1
mi = M; + §M§ cos 213, (3.109)
and
M. — m?erM%LJrM%COSQB(I?{—QfS%V) my Xy
f msX; m; +M]%R+M% cos28Q st |’
(3.110)
with
Xy = Ay — p*{cot 5, tan f}. (3.111)

Here {cot 3,tan 8} apply for up- and down-type sfermions, respectively. MJ%L are
Mg for squarks and Mj for sleptons. M]%R are My for up-type squarks and Mp for
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down-type squarks and M, for sleptons. Note that if one allows flavor mixing then
the mass matrices will be 3 x 3 for sneutrinos and 6 x 6 for the charged sleptons,
up-type squarks and down-type squarks.

The masses MJ%L and MJ%R coming from the soft SUSY breaking terms are real

and positive while Ay, ;1 are complex. Their phases are independent parameters. In
fact, only the phases of X; (¢x, = arg(Xy)) are important for this sector. The
unitary transformations can be used to diagonalize these mass matrices,

f_~f m2~10_~~ (¢ sf
<f;)_Uf <f;) (()f ijQ)—UfoU}v Uf_<_£} C;) (3.112)

where
\/mi + M}%L + M2 cos26(I] — Qrsiy) —mj,
. : : : (3.113)
mf1 N mﬁ
- m;X;? : (3.114)
\/ m} + M3, + M cos 28(I5 — Qysiy) — my,\ fms —m2
and

1
2 _ 2 2 2 f g2
my., = mf+§|:MfL+Mf~R+]3MZCOS2B

:F\/[M}%L - M;R + M2 cos 26(I] — 2Qs%,)]? + 4m§\Xf\2] .(3.115)

We can parameterize c¢; = cosfy and sy = e "Xs gin 0f; 07 are rotation angles. The
short relation

2| X
sin 20; = 2AXylmy_ (3.116)
m3 —m>
fi P

is very convenient for later calculations.

The off-diagonal elements of the sfermion mixing matrices are proportional to the
corresponding fermion masses. The first and second generation fermion masses are
small and hence the mixing angles and the CP-violating effects due to the complex
phases of Xy are small.

Gluinos

The gluinos are superpartners of gluons. They belong to the adjoint representation
of SU(3) group. There are eight of them. They are Majorana fermions and carry
color charge. Therefore, they do not mix with any other particles in the MSSM.
At tree level, the gluino mass is determined by the soft SUSY breaking parameter
Ms, mz = |Mj|. M;s can have arbitrary complex phase. This phase enters the
gluino-quark-squark interactions and hence induces CP-violating effects in physical
processes.
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Figure 3.1: The LEP 95% C.L bounds on the mass of charged Higgs as a function of
the branching ratio of decay mode H~ — 7v,. The analysis was done based on the
collected dada of the four experiments at energies from 189 to 209 GeV. The thin
solid line indicates the expected exclusion limits while the thick solid one indecates
the observed limits. The shaded region is excluded at 95% confidence level.

3.6 Experimental searches for charged Higgs bosons

The charged Higgs bosons have been searched in experiments. No signal has been
found. Some constraints are obtained. In this section we review the published results
of the searches for charged Higgs bosons in a general THDM.

3.6.1 Direct searches

Direct searches are based on the charged Higgs boson production processes at collid-
ers. The produced charged Higgs bosons decay into SM particles or an even number
of sparticles if allowed by kinematics. The mass of the charged Higgs boson deter-
mines the dominant decay modes. A consistent combination of the production cross
sections with the decay widths provides signals of particular final state configura-
tions. In principle all the final configurations should be studied. However, some
may be more favored than the others. In the searches at LEP, Tevatron and LHC,
the dominant production processes and dominant decay modes are considered.
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Charged Higgs boson searches at LEP

The Large Electron-Positron Collider (LEP) with four detectors (ALEPH, DELPHI,
L3 and OPAL) operating from 1989 to 2000 had been searching for charged Higgs
bosons produced through the channel e"et — H~H*. The center-of-mass energy
ranging from 189 GeV to 209 GeV allow them to search for charged Higgs bosons in
the low mass region where they decay mainly into 7v, or ¢s. The analyses were done
in the framework of the THDMs where the charged Higgs mass is a free parameter,
thus can be arbitrarily small. The MSSM belongs also to the THDMs, but the
charged Higgs mass has a constraint due to the tree-level relation M7, = M3+ Mg,
If one takes into account the quantum corrections then the mass of the charged Higgs
bosons can be less than My, in some special regions of parameter space. No charged
Higgs event was found then they required My« > 78.9 GeV at 95% confidence level
[73] regardless of the value of Br(H~ — 7v,). For the dependence on Br(H~ — 1v,),
one can see in Fig. 3.1.

For the MSSM, the constraint on the mass of the CP-odd Higgs boson A is an
useful information to set a constraint on the mass of the charged Higgs bosons. At
LEP, A can be produced in association with h and H. A combined LEP analysis
derived a low mass bound, m4 > 93.4 GeV for the CP conserving scenario [74]. This
leads to a limit Mg+ > 120 GeV. For the CP violating scenario the limits are much
weaker.

Charged Higgs boson searches at Tevatron

The Tevatron was colliding protons and anti-protons at energies of 1.8 TeV for Run
[ and of 1.96 TeV for Run II. The two experiments CDF and D0 have been searching
for charged Higgs bosons. Their analyses were done for two Higgs mass region: light
mass region is defined as Mg+ < m; and the remaining heavy mass region. For the
light mass region, they used the collected data for ¢t production and then a (anti)top
quark decay into a charged Higgs boson and a bottom quark [75, 76, 77, 78]. The
charged Higgs bosons then decay into following final states: cs, Tv,, t*b and Wh.
No further exclusion bound on Mg+ was found. The CDF experiment reported
an excluded region in the (Mpy=+, tan ) plane for the specified MSSM parameters
as can be seen in Fig. 3.2 [77]. The same analysis at DO has set an upper limit
on Br(t — H™b) for the charged Higgs mass from 80 to 155 GeV. They exclude
Br(t — H*b) > 0.2 at 95% C.L. [79].

For the charged Higgs mass range from 180 to 300 GeV, the D0 experiment
reported a search using the channel q¢ — Ht — tb — W+bb — [Tvbb where [
represents an electron or a muon [80]. The analysis has been done in the context of
the THDM. An excluded region in the (Mpy+, tan §) plane was found in the THDM
type I, see in Fig. 3.3. For the THDM type II and type 111, their analysis sensitivity
is not sufficient to exclude regions. No similar analysis has been presented for the
MSSM charged Higgs bosons.
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Figure 3.2: The CDF 95% C.L excluded region in the (Mpy+, tan/3) plane. The
MSSM parameters are set to Mgysy = 1000 GeV, u = —500 GeV, A, = A, =
2000 GeV, A; = 500GeV, My = M3 = My = My = Mp = Mp = My = Msysy,
and M; = 0.498 M,. The SM-expected exclusion limits are indicated by black solid
lines and the +1o confidence band around it is obtained by generating pseudo-
experiments.

Charged Higgs boson searches at the LHC

The Large Hadron Collider (LHC) colliding opposite beams of either protons has
been successfully operating at the center-of-mass energy of 7 TeV. The two experi-
ments ATLAS and CMS are designed to hunt the SM Higgs boson and new physics.
To date they have recorded an amount of data of about 4 fb~!. A few analyses for
the charged Higgs bosons have been presented and focused on the light mass region
[81, 82, 83]. Similar to the Tevatron the charged Higgs bosons are mainly produced
from pp — tt — HTbW b mechanism and pp — tt — HYbH b to a lower extent.
Compared to the Tevatron results, ATLAS has obtained a stronger limit on the
branching fraction, Br(t — bH ™) < 0.1. It is based on the data set of the integrated
luminosity of 1.03 fb~! and valid for 80 GeV < My+ < 160 GeV [83]. At CMS, the
limit is a bit stronger, Br(t — bH ™) < 0.05 [82] in the same mass range. There is,
to date, no available analysis for the heavy mass region.

3.6.2 Indirect searches

Most of the indirect searches for charged Higgs bosons have been done in the rare
decays of B mesons where an intermediated charged Higgs boson can give significant
contributions due to the large bottom charged Higgs couplings. There are three
important decay modes: leptonic decay B — 7 + v,, semileptonic decay B —
D+71+4v, and B — X, ++. The charged Higgs bosons together with the W bosons
contribute already at tree level. Comparing experimental data with theoretical
predictions has led to severe excluded region on the (tan 3, Mpy+) plane as seen in
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Figure 3.3: The D0 95% C.L excluded region in the (My+, tan 3) plane for THDM
type I. The region for which I'y+ > 50 GeV indicates the approximate area where the
charged Higgs width is significantly larger than the detector resolution and hence
the analysis is not valid. The analysis was based on 0.9 fb~' data collected at a
center-of-mass energy of 1.96 TeV.

Fig. 3.4 [84]. These analyses have been done in the context of the THDM type
II. The limits are not applied for the MSSM. Unlike the THDM, the SUSY loop
contributions can be rather large depending on the soft SUSY parameters.
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Figure 3.4: Combined direct and indirect bounds on Mg+ in the THDM type II as
a function of tan 5. The colored areas are excluded by the constraints at 95% C.L.



Chapter 4

Treatment of divergences in
one-loop calculations

In this chapter, we discuss the divergences which we encounter in our computations
of the one-loop EW and QCD corrections.

4.1 Singularities of one-loop integrals

A generic Feynman diagram in Fig. 4.1 involves an integral over the loop momentum
¢ in D-dimensional space time,

_ /oo qu Q,ul e un (41)
o (2M)PTTY, [(q + ki)? — m3 + ie]

where N is the number of loop propagators, P is the tensor rank (P < N for a
renormalisable theory), p; are external momenta,

TN

PP

ki =p1, ka=p1+pa2, -+, by =0, (4-2)

Figure 4.1: A generic one-loop diagram

39
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and ¢ is an infinitesimally possitive parameter.

The one-loop integral in Eq. (4.1) is divergent in the limit ¢ — oo, provided
that 4 + P > 2N. This is called ultraviolet (UV) divergence and can be computed
by using a regularization method. The divergences are removed in renormalization
process, more details will be discussed in Section 4.2.

It is well known that any tensor one-loop integral can be decomposed into a set
of four scalar integrals (one-, two-, three-, four-point scalar integrals) by making use
of the Passarino-Veltman reduction method [85]. As of now we focus only on the
scalar integral 7;¥. It can be rewitten in the Feynman parameter representation as

N 0 dD 1
Ty = dx;0( T N ;
/0 H ; / 2m)P {Zz‘:1 zi[(q + k;)? — mzz + de]}N

(4.3)

There are two types of singularities of complex integrals which cannot be avoided
by deforming the contour of the integral: end-point singularities happen when the
integrand is singular at one of the end-points of the contour, pinch singularities
happen when two or more singular points of the integrand approach the contour
from opposite sides and coincide. The scalar loop integrals in general may contain
these two types of singularities and they are called Landau singularities.

The necessary conditions for the singularities of this integral in the physical
region are [86, 87, 88, 89, 90, 91]:

2il(g + k)2 —m? =0, Vi € {1,..., N},

x; real and z; > 0, . .

q+ki=(q+k)".
If there exists a solution with some parameters x; not equal to zero then the first
equation means that the corresponding internal particles are on mass shell and the
second one means that momentum of those particles are linear dependent. The two
last equations define the physical region. Now we focus on the solution with non-
zero x;, 1 = 1,..,M (M < N). Multiplying the second condition with (¢ + &;),,
7 =1,..., M, then we get a set of equations

Q1171 + Q222 + -+ Q1T =0,

Qa1 + Qaoxs + -+ + QapT =0,

Qv + Qo + - -+ Qumry =0,
where ();; elements are



4.1. Singularities of one-loop integrals 41

Here the first condition has been used. () matrix is called Landau matrix. The
above equations have non trivial solutions for z; if and only if det(Q)) = 0. The
necessary conditions for the appearance of the singularities in the physical region is
therefore rewritten as

det(Q) = 0,
(q+k)>=m2Vie{l,...,M},
;> 0,Vie{l,..., M},
q=q"

(4.7)

For M = N, we have leading Landau singularity (LLS). For M < N, it is
sub-leading Landau singularity (sub-LLS). In practice, it is important to know the
nature of these singularity and whether they are integrable. The singular part can be
calculated in the following way. First, performing integration over loop momentum
q, we get

oo N N 1
=1 =1
where v
~DNT(N — D/2 1
T(N) = ( ) (47(1')1)/2 / ), A == 5 Z l‘iZL‘jsz — i€, (49)

ij=1

the factor T'(N) is responsible for UV-divergence. Now we denote & = {Z1, T, ..., Ty }
which satisfies Landau equations

A(7) =0,
Z; —0,Vie{M,...,N}, (4.10)
0A

o —0,Vie{l,..., M}

Expanding A about Z one gets
N N
~ _0A 1 . 0PA _ .

=1 i=1

Then performing integration over z;, the singular part in the limit z; — 0", i =
M, ..., N is given by (more details see for example [91])

(TN )sing ¢ [A(T) — ie] P12 (4.12)

Here we assume that the singularities are not further enhanced. The Landau singu-
larity appears when A(z) — 0. In four dimensions we have

o N\ 1 .. . . S
o for M =4, (75" )sing X WAER this is a four-point Landau singularity;
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o for D =4, M =3, (75" )sing  In A(Z), this is a three-point Landau singularity;

o for D =4, M = 2, (TN )sing < /A(Z), this is two-point Landau singularity
(normal threshold);

o for D=4, M =1; (T )sing x A(Z), this is regular.

We observe that only the three- and four-point Landau singularities are divergent.
In our one-loop calculation for the process gg — WTH* we encounter three-point
singularities. Fortunately, these singularities are integrable. Hence they do not cause
problems for hadronic cross section, but the partonic cross section is divergent at
the singular point. We will discuss this interesting issue in Subsection 7.3.3.

On the other hand, there exist cases in which the effects of landau singularities
can be enhanced and make the loop integrals divergent. Indeed the soft and collinear
singularities are enhanced Landau singularities. They will be discussed in detail in
Section 4.3.

4.2 UV divergences

4.2.1 Regularization

To deal with the UV-divergent integrals it is convenient to use a regularization
method to separate the results into a finite part and a divergent part. There are
several different regularization schemes. They all introduce new parameters such as
a cut-off A in Pauli-Villars method [92], an e-dimensional parameter in dimensional
regularization [93]. The divergent part then can be expressed in terms of those pa-
rameters and will be removed by renormalization process in which counterterms are
introduced to precisely cancel UV divergences. In practical calculation, it is more
convenient to use a regularization scheme which respects a given symmetry of the
theory, e.g. gauge symmetry, supersymmetry. Of course, this does not mean one
cannot use other schemes which violate the symmetry. However in such cases the
symmetry restoring counterterms need to be added. It is well known the dimensional
regularization preserves gauge invariance and its variant dimensional reduction [94]
preserves supersymmetry. For our purpose, we will discuss those two schemes in
more detail. There is a another approach known as differential regularization [95]
which provides finite Green functions without any intermediate regulator or coun-
terterms, however it introduces many arbitrary constants which have to be fixed
at the end of the calculations by requiring the fulfillment of the relevant symmetry
identities. A constrained version has been shown to be equivalent to dimensional
reduction at one-loop level [96].
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Dimensional regularization

Dimensional regularization (DREG) is an elegant and convenient way which cal-
culate ill-defined loop integrals by moving from 4 to d dimensional space where
d = 4 — 2¢. Then one can compute the loop-integrals without worrying about diver-
gences. The results then can be expanded in terms of €. The results in 4 dimensions
are obtained by taking the limit ¢ — 0. The UV-divergent terms appear as e-poles.
This process is gauge invariant since the Ward identities holds for any value of d
[93]. Dimensional regularisation introduces also an arbitrary mass parameter, renor-
malization scale pg, to take care of the dimension of the couplings in d dimensional
space. How to deal with this scale relates to definition of renormalization schemes.
The only disadvantage in the application of this scheme is the difficulty with the def-
inition of 4° matrix in d-dimensional space, since it is an intrinsically 4-dimensional
object. 't Hooft and Veltman [93] used the definition 7° = i7%y!'v?+? in d dimen-
sions. It however leads to the violation of the axial-vector Ward identities. An
alternative definition where {7° v*} = 0 for all d is preferred for theories being free
of axial anomalies like the SM. Therefore, this prescription is commonly used for
the SM. Unfortunately, this scheme does not preserve supersymmetry manifestly.
Because the number of the components of the supersymetric generators (), depends
on d. This leads to the number of bosonic fields may not equal to the number of
fermionic fields for any d dimensions. Therefore DREG needs to be modified if one
wishes to apply it for the supersymmetric theory.

Dimensional reduction

Dimensional reduction (DRED) was first proposed by Siegel [94] to modify DREG by
fixing the number of the components of (), for any d to preserve supersymmetry. In
practical calculations it is done as follows. Momenta, space-time coordinate vertors,
metric tensor are in d dimensions while vector fields and v matrices are still in 4
dimensions. To distinguish the 4-dimensional vectors and its d-dimensional ones he
separated a vector into a d vector and a d — 4 vector. It is done for +* matrices
and polarization vectors ¢*. Then he pointed out an inconsistency related to the
analytic continuation [97]. The combination of € tensor and  matrices leads to the
relation, 0 = d(d — 1)(d — 2)(d — 3)(d — 4), which is true for d = 0, 1,2, 3,4 and is
not applicable for non-integer d. A mathematically consistent way of using DRED
was formulated in [98] by realizing the 4-dimensional space as a quasi-4-dinemsional
space. Such space have the essential 4-dimensional properties but is in fact infinite
dimensional. Concerning the 7° problem, the two definitions as in DREG can be
used in an axial anomaly free theory. DRED was proven to preserve supersymmetry
at one-loop level. A general proof for higher oder has not been available.
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4.2.2 Renormalization

After using a consistent regularisation to compute the UV-divergent loop integrals,
one needs to remove all the divergent parts to obtain finite S-matrix elements.
Renormalization is a procedure which absorbs all those divergences into the cou-
plings and the masses the classical Lagrangian. We can do that because they are
unphysical quantities (bare quantities). Based on renormalizablity, one can classify
three groups of theories:

e super-renormalizable theories contain only couplings with positive mass di-
mension,

e reromalizable theories contain only couplings with non-negative mass dimen-
sion,

e non-renormalizable theories contain couplings with negative mass dimension.

The SM and MSSM belong to the second group.

There are different renormalization approaches. We will use the counterterm
method for convenience. In this method, one first has to chose a set of independent
parameters, then replacing the bare couplings gy and masses mZ by the renormalized
ones g and m?, respectively,

Jgo = Zgg = (1 —+ 5Zg>g7 mo=m + 5m, (413)

where the renormalization constants 67, and dm? are UV-divergent. Renormal-
ization of masses and couplings are enough to make all S-matrix elements finite.
However, it is not enough to make all Green functions finite. For this purpose one
has to renormalize fields by replacing the bare fields by the renormalized ones

1

Using those relations, the classical Lagrangian can be split into a renormalized part
and a counterterm part

L(g0, mo, Po) = L(g,m, ®) +0L(g,m,6Z,,ém, 6 Zs). (4.15)

Now one has to use a set of rules to define the renormalization constants. That set of
rules determine a renormalization scheme. Then in the computation of the virtual
correction one has to compute all loop diagrams and the counterterm diagrams.
All the UV-divergences from loop diagrams will be canceled precisely with the ones
from the counterterm diagrams. The results are finite and only depend on the
renormalized parameters and possibly on pg.

In the following we discuss three popular renormalization schemes used in this
thesis. It is noted that the renormalization constants in every renormalization
schemes have the same divergent part but differ in the finite part.
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On-shell scheme

In the on-shell scheme [99, 100, 101], the renormalization constants are chosen in a
way that the renormalized parameters are equal to the physical parameters order
by order in perturbation theory. A physical mass is the real part of the pole of the
propagator. They can often be measured with high accuracy such as the masses
of the W and Z bosons and of the charged leptons. If there exists a mixing of
particles, the on-shell scheme requires their mass matrix to be diagonal. For a
coupling one needs to associate it with a specific vertex. Then on-shell coupling
means that all corrections to the vertex vanish when external fields are on-shell,
i.e. p7 = m?. The only electromagnetic coupling e of the vertex eey is measured
in the low energy limit. That is why this scheme is favored in QED and in the
electroweak theory. The on-shell renormalization of a field requires the residue of
its propagator to be one. Therefore, in actual loop calculation, one simply removes
all the wave function corrections since they vanish in the on-shell scheme. However
using the on-shell scheme is questionable in many cases such as the quark masses,
the unknown Higgs masses and the strong coupling, since they are not well defined.
Other renormalization scheme may be helpful.

MS scheme

In dimensional regularization, the UV-divergent parts are proportional to A = 2/e—
v + Indm at one-loop level, v is Euler-Mascheroni constant. A simplest way to
remove all UV divergences is to define renormalization constants in such a way that
they precisely cancel only the terms proportional to 1/e. This scheme is called
Minimal Subtraction scheme (MS) [102]. One can do more than that by absorbing
not only e-poles but also the constant —yg+In4n. This is done in Modified Minimal
Subtraction scheme (MS) [103, 104] where the counterterms are now proportional
to A.

DR scheme

It is identical to MS scheme but it is used in the dimensional reduction. At one-loop
level the renormalization constants in two schemes are identical. In higher order,
they may be different.

It should be noted that, the S-matrix elements do not depend on the renormal-
ization scheme, if contributions from all orders are included. However we cannot do
that. In practice we have to truncate the calculation at some fixed order. Conse-
quently, the S-matrix elements now depend on which renormalization scheme is used.
The difference between them is of the higher order effects. In many cases choosing a
good renormalization scheme leads to a more reliable prediction. In our calculation
we will use a combination of two schemes, the on-shell and the DR schemes.
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4.2.3 Renormalization of the MSSM

For the evaluation of one-loop diagrams, we will use FeynArts [105] and FormCalc [96]
packages. In FeynArts there is a MSSM model file which contains all couplings in
MSSM at tree-level. For our calculations we have to implement all necessary coun-
terterms. In this section, we discuss renormalization of those parts of the MSSM
which we need.

The Higgs and gauge sectors

We focus only on one-loop corrections in the complex MSSM. We will follow closely
the conventions of [101, 23]. Now we have to chose a set of independent parameters
for the sectors. It must satisfy the completeness property so that all remaining pa-
rameters can be expressed in terms of the independent parameters. The two sectors
depend on eight real parameters {vy,vq, g, g, M7, m3,b,£}. For the sake of conve-
nience we shift to another set of eight parameters { My, Mz, e, My~ tan 3, Ty, Ty, Ta},
where T},, Ty and Ty are tadpoles corresponding to the tree-level Higgs mass eigen-
states h, H and A, respectively. Instead of My« one can choose my4 since they are
related by My+? = m? + M2,. However we are working in the complex MSSM where
A mixes with h and H beyond tree level. It is therefore better to choose Mp+.

Now we define the relations between the bare parameters and the renormalized
parameter as follows

eo =e(l+02,), Tho = T, + 6Ty,
Mo = My, + 6Mi;, Thpo =Ty + Ty,
Mz, = M2+ §M2Z, Tao = Ta+ 0T,
M, = M, + dM,, tan By = tan B(1 + d tan f3),
Mo = My, + 0M,,, (4.16)

where the bare parameters are denoted by an index 0, M,, is a neutral Higgs mass
matrix written in the basis (h, H, A, G), M, is a charged Higgs mass matrix written
in the basis (H*, G*) and the counterterm mass matrices are

dmi  dmi,y dmi, Oomig
dmiy  om3  dmi . Omig
dmi . omi . omy  0mig
dmis Omio Omio  Omd

5M]2—Ii 5m§{,G+

oM, =
oMz, oM.

, 6M, = < ) - (4.17)

The explicit expression for mass counterterms 0my g/a/a+ 6+ can be found in [23].

In order to have finite Green functions we need to renormalize the fields. For
the gauge fields, we have

1
Wi = (1+§5ZW)Wi, (4.18)

v _ (14302, 307y 7
<Z)O a < %CSZZv 1+%5ZZZ Z ) (4.19)
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For the neutral Higgs fields, we define
h 1+ %5Zhh %5ZhH %5ZhA %52}1@ h
H| _ %5ZhH 1+ %5ZHH %5ZHA %5ZHG H (4.20)
A %52}1,4 %5ZHA 1+ %52,4,4 %5ZAG’ A ’ ’
G/, 10Zn 10Znc 5074 1+ 36Zcc) \G
and the charged Higgs fields
H+ o 1 -+ %5ZH7H+ %(SZHf(;jt H+
G* : - %5ZG—H+ 14 %(SZG—GJr Gt )’
H~ . 1+%5ZH—H+ %5ZG—H+ H~ (4 21)
G~ : a %5ZH—G+ 1+ %5ZG—G+ G~ ) '

For the purpose of later uses we list the tree-level relations of various renormal-

ization constants in the following.

e For the weak mixing angle

My

cw = cos by = —MZ ,

Swo = Sw + 58W,

M2
st =sin’by =1 - X,
2 M2 M2
Sow = w (OMz M) (4.22)
2SW MZ MW

e For the two Higgs doublets, one can introduce two renormalization constants
before the rotation (this was done in the papers [106, 107, 108])

1
(Hy)o = <1 + 552,,1) Hi,

then

(Hs)o = <1 + %52,,2) H,, (4.23)

§ 2y, = sin® ad Zy, + cos® adZy,,
§Z s = sin® B6Zy, + cos® B6 Zyy,,
0Zpy = sinacosa(0Zy, —02y,),
0Zaq =sinfcos B(6 2y, — 0 2x,),

07y = cos® adZy, + sin? adZy,,

(4.24)

8Zaq = cos? B8 2y, +sin® B8 2y,

0Zy-p+ = sin® B0 Zy, + cos® 6 Zy,,

§Z -+ = cos® B0 Zy, + sin® B Zy,,

0Zg-c+ = 0Zg-p+ = sinBcos (6 Zy, — 0 Zx,),
8Zwa = 0Zpga =02 =0Zpc =0,

where the last equation is the consequence of CP-conserving Higgs sector at

the tree level.
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e For two vacuum expectation values
1 1
(Ul)o = (1 -+ §5ZH1)(U1 -+ 51}1), (UQ)O = (1 + §5ZH2)(U2 + 51}2)7 (425)

then

1
5tanﬁz§(5ZH2—5ZHl)+5v—1;2—5v—vll. (4.26)

Renormalized self energies

The above renormalization constants will be fixed by applying a set of renormaliza-
tion conditions on the renormalized tadpoles, self energies and three vertex functions.
We list here explicit expressions of the self energies needed. The gauge boson self
energies can be decomposed into the transverse and longitudinal parts as

S (k) = o _ BR »r (k2)+k”kyzL (k%) (4.27)
Vv 9 k2 4% k2 A% ’ .

and the Higgs to gauge boson mixing self energies

Yhy (k) = kESsy (k). (4.28)
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We use h; (i =1,2,3) to denote the neutral Higgs bosons (h, H, A) and V' for W, Z.
The renormalized self energies denoted by a hat are given by
ZA]\:CV(ICQ) = Z\T/v(k?Q) + (kQ - M\Q/)5ZV - 5M‘2/,
St (k%) = Syv (k) — M0 Zy — §ME,
0Zyz 0Lz, 0027,
— | - M
> T2 72
. 0z
Z«L/Z(kQ) = Z«L/Z(kQ) - M% 2277
ST (k) = 2T (k) + k*6Z,,,

1,0 = 52,0 + 22

R m2 +mi

Shon, (K2) = Spon, (k) + <k2 _ %) 0 Znn; — O

XA:hiG k2 = Ehig(/{iz) — 5miig,

XA:GG k2 = EGG /{Z2) + /{Z2(SZGG — (SméG, (429)
S+ (k) = Sy (k) + 02—+ (K — Ms) — M,

1
+ 6 Zy-a+ (K* — 5M?{i) —0mZ o

+ k25ZG—G+ - 5méi,

M
Yaz(k?) = Baz(k?) + TZ(éZAG + sin 250 tan 3),

. M IM?2
ZGZ(I{?Q) = Zgz(kQ) + —Z 5ZG’G + 5ZZZ + 2Z s
2 M2

R M
Sp-w+ (k) = Sy-w+ (k) + TW(‘SZG—HJr + sin 260 tan 3),

M
M2,

Renormalization conditions

The renormalization conditions are used to fix all the aforementioned renormaliza-
tion constants.

e The vanishing tadpole conditions

T}i—loop 0T}, =0, Té_l(wp + 6Ty =0, TXIOOP +0T4 =0, (4.30)

to ensure vy, v9 are the minimum of the one-loop Higgs potential. So, in actual
calculations all tadpoles are removed.

e The gauge boson masses and fields are renormalized in on-shell scheme as in the
SM. The mass renormalization constants M3, 6M%Z and the field renormal-
ization constants 0Zw,0Zz,02,7,0Z7~,0Z.,, are defined from the following
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on-shell conditions

Re 3y -y« (M) =0, Re 3%, (M3) =0,
ReX!,(M3) =0, ReX7 (0) =0,
ReX? (0) =0,
e PZiw (k) 0 Re P22z2(K) _0
ok? kQZM‘%V Ok? k;?:M%
XL (k2)

Re —1——~ =0 4.31
€ akQ k2:0 ) ( )

where Re takes only the real part of loop integrals.

e The electromagnetic coupling e is renormalized in the on-shell scheme, i.e. the
amputated renormalized eey vertex function receives no correction,

f‘geﬂ/(k:apap/)}k2:07p2:p/2:mg - iev“- (432)
This leads to [101]
1 sw 1037, (k%) sw 217(0)
0L, = —=02 —— 5Ty = ——2L L i 4.33
50 2ew T2 0K |, ow M3 (4.33)

e The charged Higgs mass are renormalized in on-shell scheme

Re Sp-p+(M%1) = 0. (4.34)

e The last point is the renormalization of tan 8. This is problematic because of
the fact that tan g is not a directly measurable quantity. Unlike the electron
charge e and particle masses there is no obvious way to relate tan g to an
observable. There exists in literature a number of renormalization schemes for
tan 3; see [109] for a review. The following are two oft used schemes.

— Dabelstein, Chankowski, Pokorski and Rosiek scheme (DCPR) [107, 106]:

51)1 (5’02 ~ 2
— = —, Yaz(M3z)=0. 4.35
=22 $08) (435)

From Eq. (4.26), Eq. (4.31) and Eq. (4.35), one gets

1
tan f = —————3%,42(M3). 4,
0 tan 5 sin 26M az(My) (4:36)
One can alternatively use the vanishing condition for 3+ (M?)[110]
instead of £,7(M?2) and gets

1

ot = —
an § sin 28 My,

Shr-w+(M7s). (4.37)
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— The DR scheme [111] imposes conditions

vt _ Ovp
vl gy
r di div
HH
0Zm = —|Re—5= }a:(]] :
- di} div
hh
0Zy, = — |Re k2 ‘a:O] '
. L
5tan6 = 5(5ZH2—5ZH1), (438)

where 4V takes only the UV-divergent part which proportional to
A =2/e — vy + In4n in dimensional reduction.

Unfortunately, as shown by Freitas and Stokinger [109], there is no satisfac-
tory scheme which is simultaneously gauge-independent, process-independent
and numerically stable. However, DR appears to be a good scheme since it is
manifestly process-independent and it is numerically stable [111, 112]. Tt is not
gauge-independent in general gauge but it is gauge-independent at one-loop
level in R, gauges [109]. Moreover, this scheme is technically convenient in im-
plementation. So it is often used in one-loop calculations. In our calculations
we will use this scheme. It should be mentioned that there exists process-
dependent schemes such as the ones based on the decay modes A — 7777
or H- — 77 v. They are manifestly gauge independent. In those schemes
tan 8 can be computed from physical observables (decay widths of those decay
modes). They are not often used in practical because of technical difficulties in
implementation (e.g. three-point functions with infrared singularities appear).
Recently, the on-shell(A — 7777) scheme has been implemented in SLOOPS
[113] for the real MSSM.

Renormalization of the fermion sector

The renormalization of the fermion fields in the presence of CP violation is a bit
more involved than the CP-conserving case. We therefore give here explicit formulae
for mass and wave function renormalization constants of the quark fields. The quark
self-energy can be decomposed as

Sq(p) = PPLE¢L(07) + P PrEqr(D?) + PrYqu(p°) + PrEq. (p7). (4.39)
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We note that 3,;(p?) = ,,.(p*) = Z,5(p?) in the case of CP invariance. The
renormalized self-energy is written as

~

24(p) =%q(p) + 4 (p), (4.40)
= 1 1
4(0) =3 (0Zy1+ SZy WP+ S0 2y + 02, )P

my . 0my . my . 0my .
+ 7(2E + 0241 +0Z, g)PL + 7(2E +07Z, +0Zgr)Pr. (4.41)
In general, 67, ; and 07, r are complex'. dm, can always be made real by rephasing
the field ¥y, (or ¥g). At this step any phases can be absorbed into the two factors
02,1, and 0Z, r which will have to be determined. It is obvious that the squared
amplitude is invariant under a global rephasing

¥ =P+ Pr —> € (Y + Yr). (4.42)

From this freedom we can, for example, make §Z, g real while Z, ; remains complex.
We therefore need 4 conditions to determine the 3 renormalization constants. The
OS conditions are

Ref u(my) = 0, | Rel o) ulmy) = iu(my), (443

Rea(m,)Py(p) = 0. a(m,) [ﬁefq@) !

P —my

where fq(p) =i[y —mq+§]q(p)] and p? = mg. Re sets the imaginary part of the loop
integrals to zero since they are not involved in the renormalization. The hermiticity
of the Lagrangian imposes [99]

Ty(p) = =T (P)0- (4.45)

It is obvious that Eq. (4.44) can be derived from Eq. (4.43) and Eq. (4.45). From
these conditions we get the following results

} = ia(my), (4.44)

1 —
omy = 5 Re{my[Sq(m2) + Sqn(m?)] + Tpu(m?) + Sy, (m2) },
~ 1
02, = —Re{Zyum?) - e (a2 () = S )
d
+ qu—pg [mq (Eq,L@z) + Z]q,R<pz)) + Eq,l<pz) + Eq,?’(pz)]pz:mg}a
-~ 1
6Zyn = —Re{Sqn(m?) = 5 (Syr(m?) = ya(m?))
q

d
+ qu—pQ [mq (Eq,L<p2) —+ Eq,R<p2)) + Eq,l<p2) + Eq,r<p2)]p2:mg},(4.46)

where we have used the freedom Eq. (4.42) to take Im(6Z, r) = —Im(6Z, ). These
results agree with the ones in [114].

1f we impose CP invariance then 67, 1 and §Z, g can be taken real.
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4.3 Soft and collinear singularities

Now we turn to two special solutions of the Landau equations, which lead to diver-
gences in loop integrals. They are known as mass singularities. We have seen that a
general one-loop scalar integral 7;" is a function of internal masses and external mo-
menta. In some cases 7' can contain singularities at the origin of the mass variables
independently of the orientation of the external momenta. It has been shown by
Kinoshita [115] there are two physical configurations that both lead to logarithmic
mass divergences. The soft singularity occurs when two external on-shell particles
exchange a massless particle (photon or gluons). The collinear singularity arises
when an external massless particle splits into two massless particles inside a loop.
Both of them can be separated and computed by using mass regularization or dimen-
sional regularization. In mass regularization photon or gluons are given a regularized
mass A, then the divergent parts appear as In(\). In dimensional regularization the
divergences appear as 1/€" pole (e = (4 — D)/2), n = 1, 2. Both singularities are in
fact related to the singularities of real radiation of massless particles. In particular,
the mass divergent parts in virtual contributions exactly cancel with the singularities
in the real radiation contributions order by order when summed over all degenerate
states. This is known as Kinoshita-Lee-Nauenberg (KLN) theorem [115, 116]. In the
following we will discuss in detail the treatment of those singularities. We will use
the mass regularization scheme. Therefore we consistently work in four space-time
dimensions. One should be careful when using mass regularization for QCD correc-
tion calculations since giving a small mass to gluons may break gauge invariance,
in particularly, when the QCD loops involve three-gluon couplings. In our QCD
one-loop calculation involving only quark-antiquark-gluon couplings it is safe to use
mass regularization.

4.3.1 Conditions

Assuming there is at least one massless particle at nth position in the scalar one-
loop integral (4.3) then the Landau matrix contains the element Q,,, = 2m?2. The
Landau equations can have a solution (we follow the convention in Section 4.1)

(q+kn)> =m2 =0,

Tn :]-7

! | (4.47)
Z; =0,vVie{l,....n—1,n+1,... N},

A(Z) =m?2 — 0,

T, = 1 due to the constraint Zﬁl x; — 1 = 0. Here we only concentrate in mass
singularities therefore we will ignore other possible solutions. Now the expansion
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(4.11) becomes

oA 1 A1 9°A
A — 2 =2 i L —————
my, + sz o0, T 2 Z_ il 8:5@8:6] 2 Z_ Ty 833'”81’]

i#n ! i,j(#n)=1 i,j(#n)=1
N N
1 A 1 A
—= iTi———— + = iTi——. 4.48
2 Z it 0, 0x; + 2 Z it 0, 0%, ( )
i,j(#n)=1 ij(#n)=1

Substituting
N N
=1

into Eq. (4.48) we get

N
1
1€B ieC i,j(#n)=1
where
Bi =m: — (k; — k), Vi € B, C, (4.51)
and

B is the largest set of ¢ such that §; = 0 and C' is for non-vanishing ;. ng is the
number of elements of set B. The scalar integral in Eq. (4.3) becomes

N N
OO 6(1 = i, @)
TN :T(N)/ [ dzi—; L —
0 =1 (Mmy + D iepTibi + Xicc Tibi + 5 Em’(;én):l z;2;Gij)
(4.53)

Now we consider some special cases:

e np = 0,1 the singular parts of one-loop integral which are taken in the limit
2z, — 1 will vanish if mfl — 0.

e np = 2 then the singular parts is logarithmic as we can see easily in the 3-point
function (we assume mgz — 0)

1
T2 =T(3 /dx dx , 4.54
P=T6) [ (4.54)
which can be integrated around x; = x5 = 0 to get
(T6))sing o< Inm3. (4.55)

The two elements of B must be direct neighbors of nth particle, i.e. ,

mi—l = (kn-1— kn)Q = pi—la mi—l—l = (kpg1 — kn)Q = pi' (4.56)



4.3. Soft and collinear singularities 55

If an element of set B is not a direct neighbor of nth particle, for example
i = n+ 2, then the condition m2,, = (kpi2 — kn)? = (pn + Pny1)? cannot
happen for every orientation of momenta p, and p, ;. The same reason does
not allow for ng > 2. The momentum transfer of nth propagator ¢ + k,, goes
to zero. Therefore this is called soft singularity. Any loop diagrams which
contain photon or gluons satisfy the above conditions hence are soft divergent.

We have seen that soft singularity is one-point Landau singularity enhanced by
conditions in Eq. (4.56). The number of propagators involved are three. Therefore
N < 3 there is no soft singularity. For N > 3, soft singularities of N-point integrals
can always expressed in terms of 3-point integrals, more details are given in [117].

The scalar N-point function in Eq. (4.53) can have mass divergence if the follow-
ing conditions are fulfilled

m2 — 0,m2 =0, (ki1 — ky)* — 0. (4.57)

In fact, it gives the following solution of the Landau equations,

((q+ k)2 =m?—0,

(¢ +Fkny1)> =mi —0,

Tn+ Tpyr =1, (4.58)
Z; —0Vie{l,....n—1,n+2,... N},

| A(7) =m2+mZi,, — 0.

In this case the nth and (n + 1)th propagator are on mass shell and their transfer
momenta tend to collinear to each other. Therefore this is called collinear singularity.
It involves two propagators hence for N < 2 there is no collinear singularity. The
nature of this singularity is also logarithmic. We encounter the collinear singularities
in loop diagrams which contain interactions of light quarks with photon or gluons
and of charged fermions with photon and triplet gluon couplings. In addition to
the collinear conditions, if [, 1 or (,,2 also vanish then the collinear and soft

singularities overlap. The divergent part will be proportional to Inm? Inm?_, .

4.3.2 Real radiations of massless particles

The mass singularities in real radiation processes arise from the phase space integral
d3q 1
I = / —_— (4.59)
@ (2pia)(2p;q)

where p; ,p; are the momenta of the particles that emit the massless particle, ¢ is
momentum of the massless particle. The product of two momenta can be expressed
as

m2
2piq = 2qopio | 1 — /1 — —5-cosb. |, (4.60)
DPio
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where 0. is the angle between p; and ¢. Since the momentum of massless particle
can go to zero, the above integral has end point singularity in the limit ¢o — 0. This
singularity is called the soft singularity as in the case of virtual loop. If the emitting
particle is aslo massless, i.e. m? — 0 then the integrand has a pole at 6, = 0. The
integral has also end point singularity. Since two particles are collinear to each other,
this is called the collinear singularity.

In one-loop calculations these bremsstrahlung processes are combined with the
virtual contribution although they appear to have different final states. The rea-
sons are very simple: i) experimentally they are not distinguishable in the soft and
collinear limits, ii) they have the same power of coupling constants, hence of the
same order in the perturbative theory. In practice, the two parts are computed
separately but they are divergent. The numerical results can have large integration
errors and thus make prediction unreliable. Fortunately, the divergent part can be
factorized and computed analytically in virtual corrections. We expect to do the
same in the real radiation processes. Then the divergences will be eliminated before
doing the numerical integrations. It turns out to be more difficult than in the virtual
parts. There are essentially two types of methods to carry out real radiation contri-
butions: the phase space slicing (PSS) method [118, 119, 120, 121] and subtraction
method [122, 123].

The PSS method is based on the idea to separate the integration region into soft
and collinear region and the hard non collinear region with the help of two cutoff
parameters. In the soft and collinear region, matrix elements can be approximated
and hence the integration can be computed analytically. In the hard non collinear
region the integrand are finite and thus are integrated numerically. In principle,
the final results are independent of the two cut-offs. However there are subtleties
in practice. If the cut-offs are large then the integration error of the finite part is
small but the approximation of matrix elements in the soft and collinear region is
not good enough. The serults can be wrong in this case. If the cut-offs are small
then the integration error is large. Therefore one has to choose the right cutoffs to
get a reliable result. This method is intuitive and simple in implementation but not
very efficient in performance.

The subtraction method is based on the idea to add and subtract counterterms.
The counterterms are the approximation of the real radiation matrix elements. They
are exactly equal to the real radiation matrix element in the soft and collinear limits.
There exists two general formulations of the subtraction method: residue approach
[124] and dipole subtraction [125]. The dipole subtraction uses the subtraction
method together with factorization formulae of the approximated matrix element in
the soft and collinear regions as in the PSS method. Compared to the PSS method,
the subtraction dipole method need more analytical work, and thus is more difficult
to implement. But in exchange, its numerical error is smaller than that of the PSS
method as it was pointed out in [126].

In our calculations we implement both the PSS method and the dipole subtrac-
tion. In the following we discuss them in more details to understand and implement
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them properly.

A. Phace space slicing method

Let us describe this method for one-loop contributions to a generic process with
n particles in the initial state (n = 1 for decay processes while n = 2 for collider
processes) and m particles in the final state. The real contribution to this process
can be written as

Cnomit = / 0B, 1| M [, (4.61)

where the phase space measure is given by

o dk
dd = (2m)*6* k; — 4.62
m—+1 Zl;[l 2]{;20( )3 2q0 271' ﬂ- 5 Zpa Z q ( 6 )

Pa, k; and ¢ are momenta of initial states, final states and of the emitted massless
particle, respectively (we use a, b indices for initial states while i, j indices for final
states). M is the tree-level amplitude of the n — m+1 process. The integral phase
space can be decomposed into soft and hard region. If collinear singularities exist
then the hard region can be decomposed into hard-collinear and hard-non-collinear
region. Therefore, the real contribution is written as

_ S H
On—sm+1 = Opymal + Onsmi1> (463>
H _ HC HC
O-n%erl - O-n%erl + an%erl (464>

The soft region is determined by 0 < gy < AE (AE = d5v/s/2), /s is the center-
of-mass energy of the process and d, is the soft cutoff parameter. Thus 2¢y/+/s >
0s defines the hard region. The hard-colinear region satisfies additional collinear
condition: the angle between an emitted particle and an emitting particle 6. becomes
smaller than 6., d. is collinear cutoff. The complement region is hard-non-collinear.

Here we present the approximation formulae used in our calculations in the soft
and collinear region for photon radiations.

Soft region

The squared matrix element |M;|? is approximately proportional to |Mg|* of the
tree-level process without radiation of photon, (see e.g. Ref. [101]). We can write

R > QI (4.65)

where ); is the relative electric charge of ith external particle, + sign is for in-
comming parrticle, — sign is for out-going particles and

I dg®  2pip;

v /qogAE 2—CJO (pz‘Q)(ij). <4.66)
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This integral has been calculated analytically by 't Hooft and Veltman [127] using
a mass regulator (A) for photon,

D; 1 )2 AAE?
S LG N e MY (ozp; ) In +
2 P; A2

I T O (O el L Y O el ,
4 wup+ |d] v v

(4.67)

u=p;
with .
ap; — D
It (4.68)
2(apio — pjo)
and « is a solution of
a’p} — 2apip; +p; = 0, (4.69)
satisfying % > 0. The spence function is defined as
1
In(1 —
Liy(z) = — / (1= 2y) (4.70)
0 Y

Some special limits are useful. For p; = p;, one can get the result by taking the limit
of the expression in Eq. (4.68) as o approaches 1 and using the following formulae

. alna 1
lim = -,
a—1la? —1 2
lim Lis(1 — axr) — Lig(1 — ) _ rxlnx ’ (471)
a—1 a? —1 2(1 —x)
then N
4 j 0 — |Pi
L = 2m (ln 5 bio DM) ) (4.72)
A 1Pl pio + [Pi
If the tth particle is massless then the above formula is simplified as
AFE? m?
I; =27 (ln 2 +1In |pz‘\2) , (4.73)

which is the sum of soft and collinear singularities. m; is a mass regulator. For
pi = —p; = P, we have

D 1 ; 4AE? 2
L; = o Lili {— n 20t 7 In —— — Liy <7|ﬁ| )
i0 1 Pjo i0 — i0
(Pio +pjo)lP1 L2 pio—1[P] A pio + |P]
L.oopo+1p . . }
——In? + (24 7). 4.74
4 pio — |P] ( ) ( )
If Pio = Pjo = Po and m; — 0 then
4pl? . 4AE?* 1, ,4[p)* nw?
L; = 27{111 m? In IR an mr 3 (4.75)
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In this case, the soft and collinear singularities overlap and appear as the product
of the two logarithms.

In practice, the integrated soft contributions can be combined with the virtual
parts since they have the same phase-space integral.

Hard-collinear region

The collinear singularities appear in the initial state contributions and final state
contributions (the interference is collinear finite). Therefore one can treat them
separately. In the collinear region, the phase space integral can be factorized into
a m-particle part and a collinear part. For the squared matrix element, one can
use leading pole or collinear approximation where it can be factorized into a leading
order squared matrix element and a splitting kernel. Then the cross section is simple

enough to be integrated over the collinear phase space. The results are presented as
[128]

e for initial state

1-96 /
initia ° Q S a5€ 2z orn
afjﬁ’mjl l(s) = E /0 dz%QZ <Pff(z) In et _ —) oo (8!,

2zm2  1—=z

(4.76)

e for final state

1-6 / 2
HC, final ° Q0 S »i(ch 2z orn
o-n%rjr[LJrl (S) - Z/ dz%@? <Pff(z) In ; - 1— Z) Ugﬂm(‘s;j%
i 0

2m?

(4.77)

where Pys(2) is the splitting function

1+ 22
1—2’

Pry(z) = (4.78)
and s}, = (pz+2py)?%, ps stands for the sum of the momenta of the remaining particles
in the initial or final states. It should be emphasized that the final state collinear
singularities cancel with the one in the virtual contributions. However the initial
state collinear singularities do not since they are not summed over all degenerated
states. Therefore one has to deal with them in a proper way depending on which
collider machine we are working with. For e~e™ collider, one can factorize initial
collinear singularities and define a density function to resum these singularities. For
hardron collider, one can redefine parton distribution functions to absorb them. In
our processes we have initial collinear singularities in the bb — WTH?™ processes
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and final collinear singularities in gg — H~tb process. Redefinition of bottom
distribution is necessary. We will discuss more detail in the following Subsection C.

The above discussion can be also applied for gluon emission. However a lot of
care must be taken since gluons carry color charge. In general there exist color
correlations between soft (collinear) factor with the leading order squared matrix
element. In our QCD contributions to bb — W¥H®, there exists only bbg couplings
and thus gluons behave like photon. All the above formulae can be used with the
replacement aQ? — a,4/3 and A\? is now an infinitesimal mass of gluons.

The emission of light fermions lead also to collinear singularities (there is no soft
singularities related to massless fermions). The phase space now is divided into the
collinear and hard parts with only one cutoff .. We focus on the processes where
light quarks are emitted from photon or gluons in the initial states. In particular
we denote them as a + v(g) — ¢ + X, a is an incomming parton, X is a set of final
states. These processes are called photon- or gluon-induced processes. The collinear
contribution for photon-induced processes is given by [129]

2, fl 5202 (1 — )2
Oay—sqX = 3%/0 dz <Pq7(z) th +22(1 — z)) Oag—x(2s), (4.79)

T m;
where the splitting function is

P (2) = 2"+ (1 - 2)% (4.80)
and s = (p, + p,)?. For the gluon-induced process, the factor 3Q2a is replaced by
1/2a. These singularities still remain after adding of virtual and real contributions
and are removed by redefining distribution function of quark q.

B. Dipole subtraction method

In this section, we discuss the dipole subtraction method implemented in our cal-
culations. We follow the procedure described in [126]. In subtraction method, the
real contribution is computed by adding an integral

S / 4,1 (M2 — M) + / Q| Ml (481)

where the subtraction function | Mg,|? must approach |M;|? in the soft and collinear
regions and must be simple enough to be integrated analytically over the singularity
regions. It should be noted that the first integral can be done numerically over the
full phase space with vanishing photon, gluon and fermion masses. For the second
integral, the integration over the singular variables can be carried out analytically
with the help of a regulator (the photon mass, gluon mass and light quark masses).
In general it consists of two pieces: one piece contains all soft and collinear singu-
larities which can be combined with the virtual contribution to cancel all the soft
singularities and the other one is a convolution piece which contains only collinear
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singularities. First, we discuss photon radiations. The subtraction function can
be constructed from the auxiliary functions gj}}'? and the leading squared matrix
element |M,|? without photon emission,

Man(a+b—= X + )P == QQpe’git(ps.pp, ) Mo(a+b— X)°, (4.82)
T#f

where f, f" are the charged particles which can be fermions or massive bosons, f is
called the emitter whereas f’ is called the spectator and ¢ is momenta of photon. The
tilde notations imply that the momenta of those particles can be different with the
ones in the left hand side. For the evaluation of Mg (a+b — X)|? one has to define a
mapping from ®,,, 1 to ®,, for each dipole term on the right hand side. The auxiliary
functions must contain all soft and collinear singularities, see in Appendix B. Now
we proceed to calculate the second term in Eq. (4.81). Performing the integration
over the singular region, we get [126]

! 1
/dq)m+1|Msub|2 = _% ZQfo’{/O da:{/d@m(x);gff/(:c)|Mo(:cpf,pf')\2

T#f

—/mamqu%mmmﬂ
*l/deGﬁWA%QHJ%QF}a (4.83)

where the distributions Gy () contain collinear singularities and the endpoint func-
tions Gy contains both soft and and collinear singularities. Note that for final state
emitter and final state spectator Gy () vanish. For the gluon radiation in our cal-
culations for bb — WTH® process, we have to replace aQ Qp by 4/30.

For a light quark emitted from a photon in initial state, the dipole subtraction
result consists of a finite part and a convolution part,

armax = [ (M = [ M)+ 22, 5. (481
where
Mauw|? = Q2 (¢, Par Py) | Mafx (Pas T1ap5) (4.85)
and
T px = % /0 1 dxHoa(mys, T, paq) 00— x (Pas ) (4.86)

For the process ag — ¢X occured in our calculation, we have to replace 3@}0[ by
1/2a. All the necessary subtraction functions (gj‘}}'?, G, Grpy hoyg, Hy) are pre-
sented in Appendix B.
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C. Regularized parton distribution functions

As mentioned, the initial state collinear singularities still remain after adding the
virtual and the real corrections. For hardon colliders we can absorb these collinear
singularities into the parton distribution functions (PDF). For the processes that
involve only the (anti-)quarks in the initial states in the lowest order, one only
needs to replace the unrenormalized quark PDF by the renormalized one and a
counterterm part

q(x) = q(@, i) + dq(@, i), (4.87)

where
satr) =~ [ (Z) {n () 1P,
[Py(z)(In(1 — 2 + D). + cqq<z>}

S [ E ) [ () o cnto] oo

z

The splitting functions are given by

Pul) =252 Py = Pl =24 (120 (4.89)
and the [...]; prescription is understood in the usual way,
' g=) 1 _ [ 1f) = fW]g(2) v 9(2)
/x dzf(z) [1—Z]+_/m dz 1, —f(l)/o dzl_z. (4.90)

Following the standard conventions of QCD, the factorization schemes are specified

by
C¥(z) = Cd(z) =0,

o) = [Put) (mH - 5) + ]
1—=2

C2P(z) = Py n( ) — 82+ 8z —1. (4.91)

For photon-like gluon radiation processes, one can still apply the above formulae
with a replacement of aQZ by 4/3as and the photon PDF by the gluon PDF. In
this thesis we use the MRST2004qed set of PDFs [130] which include O(a;) QCD
and O(a) photonic corrections. As explained in [129], the consistent use of these
PDFs requires the MS factorization scheme for the QCD, but the DIS scheme for
the photonic corrections.



Chapter 5

Higher order corrections and
resummations

In this chapter we first give a brief review of the higher corrections to the Higgs
boson masses and mixing. We discuss also the using of the DR scheme in one-loop
calculations involving Higgs bosons in the external lines. For the last two sections, we
give an introduction of the resummation of the higher order corrections to the Higgs
mixing propagators and to the bottom—Higgs couplings used in our calculations.

5.1 Higher order corrections to Higgs masses and
mixings

As we have seen in Subsection 3.5.3, at tree level the MSSM Higgs sector are defined
by two input parameters, tan 5 and My=+. All the remaining parameters (the neutral
boson masses, mixing angles) are predicted. The masses of the lightest Higgs boson
is bounded from above by m; < |Mz cos2f]| as a consequence of the fixed quartic
Higgs couplings. It has been known that the loop effects can modify significantly
the Higgs boson masses and mixings. In particular, the corrections including the
one- and two-loop contributions can raise the upper bound of m;, to about 140 GeV
23, 65, 66].

We now discuss how to define the loop corrected masses for the neutral Higgs
bosons in the Feynman diagram approach. For simplicity we first consider the case
where a scalar Higgs boson does not mix with other particles (one can require the
mixing to vanish in a renormalization scheme). The full propagator is defined by

_ihh(pZ)] i

i S (p?
14 hh(P ) _ ;
pT—my

2 2 2 2
pT—my pT—my

Ahh =

1

P> —mi + Sp(p?)

63
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where f]hh(pQ) is the renormalized self-energy and my, is the tree-level Higgs mass.
The loop corrected Higgs mass M), is defined as the pole of this full propagator, i.e.

[p2 —mi + S (p?) =0, (5.2)

p2=MZ—iM,T',

where 'y, is the total decay width of the Higgs boson. If i]hh(pZ) is computed up
to all orders of the perturbation theory then M), is equal to the physical Higgs
mass. Solving Eq. (5.2) analytically or numerically with full complex momentum
dependence is in general very difficult. Therefore, instead of using Eq. (5.2) one can
use an approximation equation provided that I'), < Mj,,

Im i}hh<M§)<Im i}hh)%Mi%)

MQ—m2+Ref]hh(M2)+ =
b " 14 (Re Sp) (M2)

=0, (5.3)

where we have used a short-hand notation F’ = dF/dp?.

At higher order, mixing between h, H and A occurs (if all complex phases are
vanishing h, H do not mix with A). Moreover, there is the mixing of the neutral
Higgs bosons with G and Z, but they yield only sub-leading two-loop contribu-
tions to the Higgs boson masses, see [23]. We do not consider such mixing in the
determination of the neutral Higgs masses, but they are taken into account in ac-
tual one-loop calculations involving the neutral Higgs bosons, see Section 5.2. The
loop-corrected masses (pole masses) of the neutral Higgs boson are the poles of the
propagator matrix,

Appra = —[Trra(®?)] - (5.4)

with

P =S (p?) ~Spa(p®)
M@p*) = =Sw@) mh—Sun(®)  —Sual?)
) —Xua(p®)  mi—aalp®)

(5.5)

The mixing mass matrix M (p?) contains the renormalized Higgs self-energies, ﬁ]ij,
i,7 = h,H, A, defined in Eq. (4.31). In general, the three poles are complex and
written as

M, = Mg, —iMy, Ty, a=1,23, (5.6)
where M), are the loop-corrected masses with the convention
Mhl < Mh2 < Mh37 (57>

and I'j,, are the corresponding total decay widths. The evaluation of the poles can
be performed by diagonalising the mass matrix M (p?). For more details of the
diagonalisation method with full mometa dependence we refer to [23].
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There are two public Fortran codes which help to evaluate the loop corrected
masses and mixings of the MSSM Higgs bosons in the general complex MSSM. The
program FeynHiggs is based on Feynman diagrammatic approach [65, 131, 132, 66,
133], which we have described above. The other code, CPsuperH [134], is based on
the renormalization group improved effective potential approach [135, 136, 137, 138].
In our calculation we use FeynHiggs where one has the possibility to include various
important two-loop contributions to the renormalized self energies. We include the
full-phase-dependent aa; corrections and the (asou, ayay, apoy) corrections with
interpolated complex phases dependence for the charged Higgs decay calculation
(see Chapter 6).

For the charged Higgs bosons, they do mix with the charged Nambu-Goldstone
bosons G* and the longitudinal part of the W-bosons. In the real MSSM, one can
choose m 4 as input parameter. The loop-corrected mass for the charged Higgs boson
then can be determined through the pole of its propagator. In the complex MSSM,
we chose M+ as an input parameter and hence it is renormalized on-shell. Similar
to the neutral Higgs case, the mixing between H* and G*, W= contributes to the
processes involving the charged Higgs bosons at one-loop order, see Section 5.2.

5.2 Amplitudes of processes with external Higgs
bosons

In DR scheme we are using for the Higgs field renormalization, the residue of the
Higgs boson propagators are not equal to one. Finite wave-function renormalization
therefore has to be taken into account, together with Higgs mixings. Moreover such
inclusion is to ensure the on-shell property of the Higgs bosons [23, 139]. In our
calculations, the neutral and charged Higgs bosons can appear in the external lines.
We present the expressions of the amplitudes for such processes in the following.

For a neutral Higgs boson h; (i = 1,2,3) with loop-corrected mass M, in the
external state, the one-loop amplitude is given by

Mhi<Mhi) = \/Zi (Mh?—FE Zith?)
J#i

S on, (P2

R ns (P°)

S 2n: (p?)
p? — Mj

Pu p
Mo + 7= M% MZ7 (5'8>

where the wave function renormalization factors

: (5.9)
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involve the elements A;; of the the propagator matrix A,y 4 in Eq. (5.4), hY (i=1,2,3)
refer to h, H, A, respectively. p is the momentum of h;, p> = M?. Mo denote the
amplitudes of the tree-level and one-loop Feynman diagrams with external Higgs
bosons hY. ./\/lhg_), Mo and My are the tree-level amplitudes with h? (7 #1), G°

and Z, respectively. EG% and 3 zn, are the renormalized self-energies defined in
Eq. (4.31). For short notation we define the Z matrix as

VZn VZnZhg N ZnZna
2= (VZuZmn  VZa  ZaZual. (5.10)
\/Z_AZAh \/ZAZAH \/ZA

Eq. (5.8) can be expressed in terms of elements of Z matrix,

Yo by
My, = ZZZ]M,LO + ol EW)MG + “27"]\(42)/\4“ (5.11)

For a charged Higgs boson, the loop amplitudes are given by

\/ ZH7H+MHJE

+2GiH¥( )./\/l i PuzwiHﬂF( )M

P =M yVEY Wt (5.12)
where the wave function renormalization factor is given by
0 - -1
ZH—H+ = [1 +Re —ZH—H-F} 5 (513)
8]92 ‘P2:M§Ii

with the DR-renormalized self-energy Sp-p+ and p being the momentum of H*,
p? = M%.. The renormalized self-energies Yguipy= and Nyspys are defined in
Eq. (4. 31) To simplify calculations the following Slavnov-Taylor identities (see
for example [113, 114]) can be used.

Sha(p?) + MLZEhZ( %) =0, (5.14)
Yua(p?) + EZHZ( p*) =0, (5.15)
Sac(r?) + Em(p?) =(5* — m3) fo(p?). (5.16)
Sorn- (1) = 37— Swe - (07) =07 = M) fo (7). (5.17)
w
where
in2(8— M2
o) = S B 0P i M) = B0y ML (519
falp?) = L2020 g 2 2 M) - By i, M) (5.19)

32ms?,
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5.3 Amplitudes of the processes with internal neu-
tral Higgs bosons

In our calculation of WFH?* productions at the LHC, both subprocesses, bb —
WTH* and gg —+ WTH*, include s-channel diagrams with internal neutral Higgs
bosons. The loop effects to the neutral Higgs boson masses and mixing should be
taken into account. We will verify in our numerical studies that the effects of this
inclusion are significant for both cross section and CP asymmetry.

In a general amplitude with external neutral Higgs bosons that do not appear
inside loops, the structure describing the Higgs-exchange part of an amplitude is
given by

M@P?) = ZriAij(pQ)rj, i,j=h/HJA, (5.20)

where I';; are the one-particle irreducible Higgs vertices. p? is the momentum of
the Higgs propagator which is given in terms of 3 x 3 matrix Apy4 in Eq. (5.4).
By using this matrix we effectively resum all the one-loop corrections to the Higgs
propagators.

There are several approximations one can do to simplify the above expression as
done in [23]. They introduced the concept of effective couplings.

e In the p? = 0 approximation, the mass matrix in Eq. (5.5) can be diagonalized
by a rotation matrix

hy h
hQ = Rn H y RnM(O)RE = diag(Mihpz:O, M227p2:07 M237p2:0>'
hs A

(5.21)
Since the mass matrix M (0) is real and symmetric in this approximation, Ry,
is a real and orthogonal matrix. Therefore one can define the effective Higgs
couplings as

Iyt = Z Rn;ly, (5.22)
J
The amplitude now reads
_ eff i eff
D e (523
j hj,p?=0

e In the p? on-shell approximation, the self-energies are defined as

~

Sa(p?) = Rey(m?),  Syu(p?) = Reyu((m? + m?)/2), (5.24)
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where only the real parts are taken. The mass matrix then can be diagonalized
by a unitary transformation

hy h
he| = Un|H|, (5.25)
hs A

2 : 2 2 2
UnM<p On_SheH)UL = dlag(Mhl,p2on—shell7 Mh27p20n—shell7 Mh37p20n—shell)'

The effective couplings are then defined as in Eq. (5.22) with a replacement
R, — U,.

In our calculation we keep the full momentum dependence of self-energies and
their imaginary parts. This imaginary part can give strong effects in the large
momentum region.

5.4 Effective bottom—Higgs couplings

The Yukawa Lagrangian expressed in the quark flavor states reads
,Cy = )\ZjEIJ(j%qilHl‘] - )\Zjejjai%qilHQJ + h.C, (526)

where 7,5 = 1,2,3, I, J = 1,2 and the antisymmetric tensor €5 = —€y; = +1. One
can perform a rotation on quark fields to transform it from the flavor eigenstates
to the mass eigenstates with the help of the unitary matrices (VL“/’f%). For Higgs
phenomena the interactions with the third generation are important and therefore
we can neglect the flavor mixing. The Lagrangian now reads

Ly = NersbrqriHiy — M€rstrarrHay + hec, (5.27)

where )\, and )\; are Yukawa couplings. Then one can express the Lagrangian in
terms of the tree-level Higgs mass eigenstates (h, H, A, G, H* G*) by using the
rotations defined in Eq. (3.91) and gets the tree-level bottom—Higgs couplings:

A
)\bgh = i—bSin O[(PL -+ PR),

V2

g = —i%cos a(Pp + Pg),
Apja = ﬁsin B(Py, — Pg),
V2

Mg = —\))—%COS B(Pr, — Pg), (5.28)
Noi+ = 1 (Acos BPL + \ysin S Pg) ,
M- = 1 (Msin BPp + Acos BPg),
Mg+ = 1 (Msin fPp — Aycos BPR),
M- = i (=Apcos BPp + Asin SPR),
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where Prr = (1 F 75)/2, the bottom and top couplings are related to their corre-

sponding masses as A\, = v/2my/(vcos f) and A, = V2m,/(vsin ), v = \/v? + v} =
2Mwsw/6.

It is well known that the bottom—Higgs couplings can get large SM-QCD, SUSY-
QCD and SUSY-EW corrections. In order to obtain reliable predictions these large
universal corrections should be absorbed into the the bottom-Higgs couplings. This
can be done in two steps. First, the large SM-QCD corrections which is proportional
to asIn(m?) are absorbed by using the running bottom-quark mass [140]. Second,
the large SUSY-QCD and SUSY-EW corrections which are proportional to tan 8
can be resummed by using the effective bottom-Higgs couplings. In the following
we discuss this procedure in detail.

5.4.1 The running bottom quark mass

For calculating one-loop SM-QCD corrections, if one renormalizes the bottom mass
in on-shell scheme then the bottom mass is defined as the pole mass while in DR
scheme it is understood as the running DR mass. At one-loop level, they are related
by the following relation

2
DR Qg 5 my
— 1— =2 (2 —-—ln—2})]|. 5.29

) =m 1= (5 -2 )| 529
We note, in passing, that the relation between the pole mass and the MS mass is
different

= a, (4 m?
R

We see that the DR mass depends explicitly on the renormalization scale pp which
is often chosen to be the characteristic scale of a given process. This mass is sensitive
only to short distance aspect of QCD. It is therefore advantageous to adopt the DR
scheme for our processes in which the characteristic scale is large compared to the
bottom mass. Moreover this scheme leads to the one-loop QCD corrections to be
independent of agIn(m?). For processes in which the characteristic scale is of the
order of the bottom mass, the DR mass is not an useful quantity. It is better to
use the pole mass in those processes. However, one should keep in mind that the
pole mass of a quark is not a physical quantity in a truly non-perturbative sense.
Since the confinement of quarks in QCD implies that there is no pole in the quark
propagator.

We take the QCD-MS mass 7, (7), which is extracted from experimental data,
as an input parameter. In order to compute the MS mass at a higher energy scale
one can use the renormalization group equation (RGE) of the bottom mass and thus
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Figure 5.1: The DR bottom mass as a function of the energy scale.

where the evolution factor U, reads (see e.g. [141])

dn _
0@uQn) = (2E) 14 M@ ] g, g,
12 8982 — 5047 + 40n?
b= o T T T ama (5:32)

with n being the number of active quark flavors (n =5 for my (M) < Q@ < m; and
n =6 for @ > my). From the MS mass we can compute the DR mass by using the
two-loop order relation [142]

P (p) = m™ (1) [1 - Galiem) _ oslin) 7 3n>] | (5.33)

For the running « which appears in the above relations, we use the approximate
analytic solution of renormalization group equation of ay at three-loop level

4”06nm ﬁmﬁr4M—U+%m)

Gt Bot?

% (,UR) =73

= o (5.34)

where ¢ = In (u%/A2); A, is a constant of integration at which the perturbatively-
defined strong couplings would diverge; and Sy = 11 — 2/3n, 5 = 51 — 19/3n,
By = 2857 — 5033/9n + 325/27n. We chose A5 = 228.9 x 1072 GeV to reproduce the
world average as(Myz) = 0.1197 [143] and Ag can be computed from the relation

m —2/21 m —107/1127
Ag = As <A—;) (2 In A—;) , (5.35)
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0% *
1 Hy; 1 3

bR g by, bF. ‘ljl tr

Figure 5.2: One-loop QCD contribution to 6A¢ (left pannel) and dA¥ (right pannel).
Similar diagrams with the replacement of H3 by HY, and Hj, by Hi, will contribute
to oA and d){, respectively.

which is derived from the requiring that as(ug) is continuous at g = m; up to the
first order term.

In Fig. 5.1 we show the running mp'® as a function of the energy scale. There is a

negligible discontinuity at pr = m; because the higher order terms are not included
in Eq. (5.35).

In our calculation, we use the DR scheme for renormalization of bottom mass,
therefore in the bottom-Higgs couplings listed in Eq. (5.29) my, is replaced by mP®.

5.4.2 Am; resummation

The subject has been widely studied in the literature. In summary, there two ap-
proaches for the resummation of large tan § effect: the diagrammatic resummation
(144, 145] and effective Lagrangian approach [141, 146, 147, 148]. The discussion
in this section follows the latter. As seen in Eq. (5.26), at tree level the interac-
tion of the down-type quarks to Hs doublet are forbidden to ensure the analytic
property of the superpotential. Once the higher order corrections are considered,
these interactions are not vanishing and hence appear in the effective Lagrangian as
follows

Ly = (M+ 5)\Z/d)€IJBRQLIH1J + 55\Z/d€IJERQL11£[2J
—Aerstrqrray + he 4o (5.36)

where Hy = 1o Hy, index v is for ¢ = 1,J = 2 and index d is for [ = 2,J = 1.
For example at one-loop level the SUSY-QCD contributions to 55\2‘/ ¢ comes from
Feynman diagrams depicted in Fig. 5.2. In general, 55\}; and 55\§f are different by the
SU(2) p-breaking terms. For simplicity we set 0AY = SA? = G\, and GAY = AL = 6.
This is done in the decoupling limits where Mgy gy is much larger than the EW scale.
Therefore one can neglect the EW breaking effects. Now we can write the effective
Lagrangian as

Ly = M(1+A))ersbrarrHyy + NAmyerbrqrrHay
—Nerstrqurtay + he 4o (5.37)
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where we have replaced o\, = \yA; and 55\&; = A\pAmy. Substituting the expressions
of the two Higgs doublet Eq. (3.78) into Eq. (5.37) we get the relation of the bottom
Yukawa coupling and the bottom mass

V2m,

Ao = veos B(1+ Ay + Amy tan 8)

(5.38)

One should keep in mind that m, is real and positive while A; and Amy are in
general complex. The effective bottom—Higgs couplings are as follows:

zem?R sin o

5\ _
bbh = 2sw My, cosﬁ

—ZemeR COS &

5\ _
bbH = 2sw My, cos 3

(AP, + AV Py) .

(A} P+ A} Pr),

DR
Mg = —2—1t AP, — AP,
bbA — 9% WMW anﬂ( L R)
e
P — Pr+m DRian A3*P)
btH+ — \/_SWMW ( 6 L b 6 R
- e
Nig- = ————— ( mPRtan AP + - P ) 5.39
tbH \/§SWMW< B L B R ( )
where
Al _ 1 — A,/(tan Stan ar)
b 1+Ab )
A2 1+ Aytan a/tan
b 1+Ab )
AP 1 — Ay/(tan 3)?
Amb
A, = . A4
e~ (5.40)

In these couplings m; has been replaced by m DR t5 include the large QCD correction
as mentioned in previous section. It should be noted that the couplings of the bottom
quark and the Nambu-Goldstone bosons (G°, G*) are the same as the tree-level
couplings written in Eq. (5.29). This is a consequence of gauge invariance.

In order to compute Amy, and A; one has to consider all one-loop contributions
to vertex H3,bgbr, but take only the terms proportional to tan 3. One commonly
takes masses of the external lines to zero limit. In the Appendix D we present
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explicit calculation for Amy in the complex MSSM. Here are the results we found

Amy, = Amp 9P + AmPEW,

20,(Q

Am39CP — 3( )
7T

AmyEW = Am}t +Amb +Amb,

Amft = EA:M* tan ](m&’mfz’ |N|2)

Mz tan 5 1(m3 ,m2 m2), Q= (my, +my, +mg)/3,

Amy = — M pitan 8[2|UL T(m2, (M), ) + 2|03, *T(m3,, | Mo, |u))

e
+|U{’1IQI( oo M ) + Uy PI(m | M, )]

A = o Miptan BB(ULF? + 20U 1 [, )
+3(2 22|2+\U§1\2)T(m§2,|M1\2,|/~L\ ) +21(my ,mg,, [My]*)], (5.41)
with the auxiliary function
I(a,b, ¢) = ! bin L 4 bein 4 caln (5.42)
a,b,c) = (a— D)= c—a) ablno +beln—+caln— |, :
and
QQS(Q) *
A =— - M3Abl(mgl,m§2,m§). (5.43)

By setting all the phases to zero we obtain the results for the real MSSM (rMSSM),
which agree with those given in [149, 141].

We remark that A, is complex and depends on ¢,, ¢y, ¢; with ¢ = 1,2,3. The
effective couplings Eq. (5.39) are used in the calculations of the pp — WTH* and
pp — H~th processes. For the NLO EW corrections we use the tree-level couplings
Eq. (5.29) with my, = mP®(ug).

In the explicit one-loop calculations, we have to subtract the Aj-related correc-
tions which have already included into the tree-level contribution to avoid double
counting. This can be done by adding the following counterterms

PR 1
omp = mp™ ([ 1+ ——— ) (AP + AP,
g e i tan atan 3 (BoPy + A3 Pr).

== tan «
5777/5 = meR <1 — tanﬁ) (AbPL + AZPR),
A R [ ]_

omip = mp® |1+ (AP, — A} Pg),

— [ 1 :
omi” = mPR |1+ A} Pr,

_ = [ 1 1
smit = mp® |1+ AyPr, (5.44)
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to 0my in the corresponding bottom—Higgs-coupling counterterms, as listed in Ap-
pendix C. Moreover, Eq. (5.44) is used with A, = AmJ?“" AmSPV for the

SUSY-QCD and EW corrections, respectively.



Chapter 6

H* — W:I:hlz decay widths and
CP violating asymmetry

Understanding the decays of the charged Higgs bosons is an important step for their
searches at any collider. This chapter will summarize all possible two-body decay
modes and focus on one specific mode (H* — W*hy).

6.1 Introduction

The charged Higgs bosons in the MSSM can have following two-body decay modes.

e Decays into fermions are H~ — ff’, where f € {e, u,7,d, s,b} and f" are their
corresponding SU(2);, doublet partners, and H~ — )Z?f(j_, i =1,...,4 and
j = 1,2. The dominant decay modes are the decay into fermions of the third
generation due to the large Yukawa couplings.

e Decays into one vertor boson and one scalar boson are H* — W*h;, i = 1,2, 3.
In the decoupling limit, the decay into W*h, is suppressed due to the tree-level
coupling o cos(f — av) going to zero while decays to other Higgs bosons hs, hs
are kinematically supressed because of mass degeneration My= ~ My, ~ My,.
However we will show in the this chapter the decay modes H* — W=*h; receive
large one-loop corrections and have large CP violating effect.

e Decays into two scalar bosons are H~ — f; f]’ where the sfermions f;, fj’ (i,j =
1,2) are the corresponding superpartners of the fermions. Decaying into the
third generation sfermions are dominant if the charged Higgs mass is large
enough.

In the literature, there are extensive studies for those decay modes and the

one-loop corrections to some of those modes have been calculated: one-loop SM-
QCD corrections to H- — qq' [150, 151] and to H~ — bt [152] one-loop QCD

1)
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CPX scenario, tang=5
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Figure 6.1: The branching ratios of the charged Higgs boson as functions of the
charged Higgs mass. The upper panel is for tan § = 5 while the lower panel is for
tan § = 15.

to H~ — ¢q¢’ [153]. There are several public codes on the market to compute the
decay widths as well as branching ratios at tree level with some leading higher order
corrections: FeynHiggs [154] and CPsuperH [155] for both real and complex MSSM;
HDCAY [156] for real MSSM. At one- loop level recently the FHOLD package [157]
for real MSSM was published. For our purpose of full control and understanding,
we have computed all tree-level decay widths of the aforementioned channels in the
complex MSSM. The analytic expressions are found in Appendix E. In Fig. 6.1 we
show the branching ratios of the charged Higgs boson in the CPX scenario, see in
Appendix F.2.2. The total decay widths are displayed in Fig. 6.2.

In the complex MSSM, the CP violating effects related to the complex phases
of the soft-breaking parameters manifest considerably in the charged Higgs decays
and productions while the ones due to the CKM phase are suppressed. It is worth
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Figure 6.2: The total decay width of charged Higgs as functions of the charged Higgs
mass in the CPX scenario.

studying those effects for the future discoveries of the charged Higgs boson to answer
the question if there exists new sources of CP violation beyond the well-known CKM
phase. The CP violating asymmetries for two important decay modes H* — 7u;
and H* — bt have been already studied in [158, 159].

Another interesting decay modes of the charged Higgs boson decays H~ — W™ hy
and H™ — W'hy, where the asymmetry between the decay rates is a CP-violating
observable. A first approximate calculation was done in [24], studying the CP
asymmetry as derived from the phases of the trilinear 7 coupling, A,, and of M;,
yielding asymmetries of the order 1072; contributions from the quark/squark sector
were not included.

We have extended the calculation of [24] including contributions from all physical
phases in the general complex MSSM with minimal flavor violation, in particular
from A; and A,, which enter through Feynman diagrams with stops and sbottoms
involving large Yukawa couplings, further enhanced by the color factor. We show the
results from the complete set of one-loop diagrams. The results have been published
in [160].

6.2 Decay widths

We can write the decay amplitudes of processes H* — W*h, as follows,
A(H* = W*hy) = (ex - pu=) M(H* = WFhy) (6.1)

with the W polarization vectors €y and the H* momentum py=. The decay widths
integrated over the 2-particle phase space and summed over the W helicities A are
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obtained in the form
[(H® — W¥hy) = Ry - [Mp=_wn, |?, (6.2)
with

_ NP(ME, My, M)
2T GAn MM,

My, 2) =2yt 27— 20y — 202 —2yz. (6.3)

Following the prescription in Section 5.2, the decay amplitude at higher order can
be written in the following way,

Mup+w=n, = Za-u+ [Zn (M}}"'ie_)vyih + 5MH¢HWih)

tree tree (64)
+ Zio My ey + ZisMES e a],
where the tree-level expressions M™® are given by
Mtree - € COS(ﬁ B Oé) tree - € SlH(B B Oé)
Hf—>wW*n — — o> Mg wEgp — T
Sw Sw
e
tree o -
MHi%WiA == il% (65)

The charged-Higgs wave function renormalization v/ Zy- g+ is defined in Eq. (5.13).
The neutral-Higgs wave function renormalization factors Zy; are given in Eq. (5.10),
and

SMpy = M= ywen = OMpE ey + M T (6.6)
which summarize the residual 1PI-irreducible contributions to the 3-point vertex
function and the mixing of H* with G* and W*. The mixing of » with G° and Z
bosons is not included because the couplings HEW¥GY(Z) do not exist at tree level.
The Feynman diagrams contributing to this term at the one-loop level are shown
in figure 6.3. There is no explicit wave function renormalization for the W boson,
since the W propagator has been renormalized on-shell yielding residue = 1.

For the charged Higgs boson, the factor Zy- g+ is IR-divergent. We regularise
the IR-divergence in the one-loop expanded version with the help of a small photon
mass so that we take only the one-loop contribution of the factor Zy- g+ which is

ZH—H+ ~ 1—Rea—injH—H+ pQZM;i = 1—5ZH—H+,

1
\/ZH—H+ >~ 1_§5ZH—H+- (67)

Substituting the amplitude (6.4) into the expression (6.2), one obtains the decay

width, denoted as T(ZO 12 Jater in the thesis. Keeping the Z factors in the squared
amplitude is justified since they contain also the leading higher-order terms which
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Figure 6.3: One-loop Feynman diagrams contribute to o Mj,.
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correspond to the effective-potential approximation. In the squared one-loop am-
plitude, we keep also the term involving 6M7. This term can play an important
role at large value of Mp-,i.e. My- > My + Mj , where the decay channel into 7,

and by is open, while it is negligible at lower Mpy-. The inclusion of this term while
neglecting other two-loop contributions is consistent in perturbation theory, since
the tree-level vertex function M}™ ~ cos(f — ) ~ M2 /M7 _ goes to near zero at
large M. For the §M? term, we take only the (s)top/(s)bottom diagrams which
are IR finite and give the dominant contributions, as checked in [161].

For comparison with other approximations, we introduce the following notations
for decay width:

e The Born appriximation decay width I'®) is defined by

PO = Ry - | Mfree|”. (6.8)

e The improved Born approximation for the decay width Fg)) with the Z factors
taken into account:

M = Ry |2 M = H A (6:9)

e The one-loop improved decay width T(ZO ™ that does not include §M, 2
oY = Ry {\ >z M) (6.10)

1
+2 Z Re [Z},Zy; M (6 M), — 5M,?“eecSZH—m)*} }

Real photon emission

The soft singularities in the virtual corrections are canceled by adding the real
photon radiation contribution,

H* — W=+ hy + 7, (6.11)

see Fig. 6.4 for the Feynman diagrams. We use the phase space slicing method, then
the soft contribution reads

(6%
M HE 5 WEhyy) = ~5.3 (Uan + Iww — Inw — Iwn)
xRy - Re [Zy M"Y~ Z; M™], (6.12)

where the soft integrals [;; (i,j = H, W) are defined in Eq. (4.68). It should be
mentioned that the cancellation of the soft singularities is only ensured if the mass



6.3. CP asymmetry 81

e __.__Lﬁ

N NS _h/H/A h/H/A RN

Figure 6.4: Feynman diagrams for H~ — W~ + h/H/A + ~.

Scenariol, tang=10, M,,-=300 GeV

o y an fl
i B R B III
o j;j\]HH]lhﬂhﬂﬂﬂﬂ”ﬂm

Figure 6.5: The dependence of the real contribution on the soft cutoff parameter,
0y = %’i for the parameter set defined in Appendix F.2.1. The photon mass
H

regulator \ is set to one so that the terms proportional to In A? vanish.

of hy is the tree-level mass. If the loop-corrected mass is used then the tree-level
relations are violated. This leads to an incomplete cancellation. We have checked
analytically and numerically. For the hard contribution we numerically integrate
over the 3-particle phase space with the help of the soft cutoff parameter. In Fig. 6.5,
we show the dependence of each contributions on the cutoff. The results are expected
as explained in Section 4.3.2. The sum of soft and hard contributions is rather stable
around d, = 1072 and the integration error is acceptable. Therefore we chose that as
a default value in the following numerical analysis. It should be noted that the results
obtained here are computed in the unitary gauge for W boson exchange. For another
gauge, one should be careful to include the full set of gauge invariant diagrams and
to be consistent with the virtual contributions. Since this is an improved one-loop
calculation, finding the full set is not trivial.

6.3 CP asymmetry

The CP violating asymmetry in the charged-Higgs decay into a W-boson and the
lightest neutral Higgs, h, is defined in terms of the individual partial decay widths
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F(Hi — W:thl)

T(H- — W~hy) — T(H* = W+*hy)
T(H- = W-h)+T(Ht = Wthy)

Sop = (6.13)

In practice, there are two ways to compute the CP asymmetry: (i) to compute
both decay widths of H~ — W~h; and of the CP-conjugate process H — W+th;
and then using the definition (6.13); (ii) to compute separately the CP-violating and
the CP-invariant contributions to the decay Mpy-_ -5, and then taking their ratio.
The CP-violating term comes from the imaginary part of the complex couplings
(together with the imaginary part of the loop integrals), while the CP-invariant
term is from the real part. Therefore the CP-violating term changes sign, but the
CP-invariant term does not when going from H~ — W~h; to H* — W*h;. Hence,
one can identify the Feynman diagrams shown in figure 6.6 as those contributing to
the CP-violating part.

We have performed our calculation in the two ways, with perfect agreement.
The full result for dcp is obtained when both the numerator and denominator of the
asymmetry (6.13) are computed with the inclusion of higher order terms. This is
different with the approximation used in Ref. [24] where the numerator is computed
at strict one-loop order and the denominator is tree-level like, and is necessary since
in specific case the process is loop dominated, as we will illustrate in the numerical
analysis.

6.4 Calculational details

We have used FeynArts 3.4 [105] to generate the Feynman diagrams. The am-
plitudes are further evaluated with the help of FormCalc 6.0 and with the library
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LoopTools 2.4 [96, 162]. All the dependent couplings and masses of internal lines
are computed with tree-level relations. The relevant counterterms are presented
in Appendix C. The mass of the external neutral Higgs and the renormaliza-
tion factors Z;; are calculated by using FeynHiggs 2.6.5 [132, 65, 131, 66]. In
FeynHiggs 2.6.5 there are serveral obtions which affect our results. Therefore we
need to specify them. For renormalization scheme, we chose DR scheme for both
Higgs-field renormalization constants and tan 8 to be consistent with the scheme
used in our one-loop calculations. The Higgs self-energies in Eq. (5.5) are com-
puted with full momentum dependence and with the inclusion of various important
two-loop contributions (asoy, asay, apay, agay) which are so far evaluated at zero
momentum. The top mass and bottom mass are chosen to be the pole mass, again
to be consistent with our input parameters.

For the CP asymmetry calculation, we have generated two codes as mentioned in
previous section. One code is generated by FeynArt, FormCalc and using Looptool
while the other one generated by FeynArt further evaluated by our self-made Form
code and using the analytic expressions for the imaginary parts of loop integrals.

In our calculation, we encounter normal threshold singularities when My« ap-
proaches the production threshold of two scalar particles, for instance up and down
squarks. Let’s consider the derivative of the charged Higgs self-energy with the ex-
change of stops and sbottoms:

J— 2 d 2 2 2
ﬁ? - = _< >_ - = - |GH*t~tl~)] WBO(p 7Mfi7MI;j)

where G H-;5, Are the coupling constants and By(p?, Mt?i, ng ) denotes the scalar

two-point function. The derivative of the scalar two-point function reads

d 2 a2 g2 bood 2 2 2 2 2 2
d—p280<p , Mz, ng)‘pQZMIQ{i x i d:cd—p2 log(p“z® — x(p” + M — Mi)j) + M — ie)
! 22—
x [ drm—s 2 2 2 2 _
o Mj.x _x(MHi+MEi_MBj)+M£i_ZE
1 2
-
o dx , 6.14
R VA prap— s  prp——py (6.14)
where

(M + M7 — M) £ \/)\(Mfli, M2 M)

1
277, (6:15)

T1/2 =

The integral has a pinch singularity (see Section 4.1) if 1 = 25 and 0 < 1 < 1, i.e.

(M, MZ, ng) =0. (6.16)
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One of the solutions is
M+ = Mfi -+ M5j7 (617)

if all the masses are real and positive. In fact this singularity is the two-point Landau
singularity enhanced by derivative. The singularity part is

K
dp?

1 1
x x (6.18)

sing L1~ T2 \/det(Q)’
where @ is the Landau matrix and det(Q) = AN(Mp., M2, M2 ), following the con-
i j

vention in Section 4.1. The nature of this singularity is 1/y/z and divergent. It
should be noted that if one mass is zero, the singularity will vanish.

B<p27 Mtgﬂ ng)’pzzMiIi

For the diagrams with fermions in the loop, the normal threshold singularity
does not appear. Let us explain this. The self-energy in general is given by

1
2(p?) e (Jarl” + |ar|?) (A5(MT) + A (M3)) (6.19)
1
+ [MMyRe (apay,) + Z(MIQ + M3 —p?) (Jar|* + |agl?) | Bo(p*, M7, M3),

where charged Higgs bosons couple to fermions as (ap P + agPg) and M, M, are
the fermion masses. The derivative of the self-energy with respect to p? at M=
reads

d 1
d—]ﬁZ(Pgﬂp%Mgi o [MiMsRe (arag) + Z(Mf + Mg — M) (Jacl* +lag[?) ]

d
Xd—prO(pza Mlzv M22)

pQZMIQJi
1
—2 (Jar)* + |ag|®) Bo(Mp=, M7, M3), (6.20)

where the second term is not divergent at the normal threshold. For tree-level
couplings of charged Higgs and fermions, a; and agr are real and propotional to
fermion masses in such way that the factor [M;M>Re (ara}) + $(ME + Mj —
M32) (Jar|? + ag[?) | vanishes.

This normal threshold problem can be overcome by using complex masses for the
relevant unstable particles, see [163] and references therein. In our case, the normal
threshold of top and bottom squarks is concerned. This singularity appears in the
renormalization factor of the charged Higgs boson, 67—+, in particular in the
derivative of the two-point functions, which we treat according to the substitutions

M} — Mj —iM; Ty, My — My —iM; Ty, i, j=1,2. (6.21)

The required decay widths have been computed in lowest order including all signif-
icant two-body decays. We do not present the analytic expressions of those decay
widths since they are very lengthy.
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Table 6.1: Masses of Higgs bosons and SUSY particles (in GeV) for the parameter
set (F.2) and ¢y = ¢, = ¢y = ¢ = 7/2, M+ = 300 GeV, |A;| = 800 GeV.

tanp My, M; Mz Ms, Miit M x Mg Mg Mg Mg My Mg My Mg
5 114.7 190 155 206 138 272 88 142 208 272 373 645 206 508
15 120 189 151 209 146 267 89 148 212 226 373 645 448 515

Various cross checks on our calculations have been performed. Besides numerical
and analytical checks of UV- and IR-finiteness, our results were checked against
those obtained by a independent calculation [161] for the real MSSM, and very
good agreements has been found.

6.5 Numerical studies

In this section we perform a numerical analysis. The SM input parameters are
presented Appendix F.1. It should be noted that the masses of top and bottom is
understood as the pole masses. For the soft-SUSY breaking parameters we use the
modified m}*** scenario specified in Appendix F.2.1. In addition, we chose p to be
zero as default value in order to be consistent with the experimental data of the
electric dipole moments. The phases of trilinear couplings of the first and second
generations have marginal effects on the CP rate asymmetry because the masses of
the corresponding fermions are small. In the following, those phases are also taken
to be zero. The phase of Mjs, which enters from two loop order, is set to be zero
as default. Since we use the DR scheme for tan 3 and the Higgs fields, our results
depend on the renormalization scale pug; more details will be given in section 6.5.5.

We chose pr = my, which is the default value in FeynHiggs.

The relevant Higgs and SUSY particle masses we show in Table 6.1 for My+ =
300 GeV, |A;| = 800 GeV. In the following analysis, we will vary My=, tan /3, relevant
phases and the trilinear couplings |A; 5| to show their impact on the decay width
and the CP asymmetry.

6.5.1 Decay width: full results

We shall investigate the importance of the higher order effects on the H— — W~h,
decay width and show that the Born approximation is in general insufficient. We
choose ¢y = ¢, = ¢y = ¢, = w/2 for this analysis.

On the top panel of Fig. 6.7, we show the Born, improved Born, improved one-
loop and full decay widths as functions of the charged Higgs mass at tan § = 5. The
Born, improved Born and improved one-loop decay widths are defined in Eq. (6.8),
Eq. (6.9) and Eq. (6.11), respectively. The relative corrections for the improved
one-loop and full results are shown on the right panels. We define the relative
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Figure 6.7: The Born, improved Born, improved one-loop and full decay widths
corresponding to dot-dashed, dashed, dotted and solid lines are displayed as func-
tions of the charged Higgs boson mass (top panel), tan/ (middle panel) and ¢,
(bottom panel). The right panels show the relative corrections of the improved
one-loop and full decay widths compared to the improved Born decay width for

QL =0r ==, =7/2.
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Figure 6.8: The branching ratios of the decay H~ — W ™h; as functions of My« for
different values of tan 3.

correction as §(0+1(+2) = (F(ZO+1(+2)) —T%)/T%,. For My+ = 300 GeV, the one-loop
vertex corrections can go up to 12.4% while at Mpy+ = 1.6 TeV corrections reduce
to -35.4% compared to improved Born result. For low Mg+, the improved one-
loop and the full result are quite close to each other, but around and above the
#1b; threshold, the full result is clearly larger. Several normal threshold points as
discarded in Section 6.4 can be seen in the plot.

On the middle panel of Fig. 6.7, we display the Born, improved Born and im-
proved one-loop decay widths as function of tan § at My+ = 300 GeV. It is clear
that the decay widths strongly depend on the value of tan 8. They drop rapidly as
tan  increases. Similarly on the bottom panel ¢, is varied instead. This shows us
how important ¢, effects on our full results.

From the Fig. 6.7, we conclude that that the Born result is extremely poor
approximation to the full result, thus should not be used.

In Fig. 6.8, we show the branching ratio of the decay H~ — h W~ for different
values of tan 3, using the full decay width. The other relevant decays of the charged
Higgs boson are computed in lowest order as specified in Appendix E. For tan § = 5,
the branching ratio can reach 6.4% at Mpy+ ~ 219GeV. Around this point, the
charged Higgs bosons decay mainly to ¢t b and 7 .. When the mass of charged Higgs
boson increases, the channels to charginos and neutralinos, stop and sbottom open.
Thus, the branching ratio of H~ — h{W ™~ drops rapidly, which makes it difficult to
access dcp experimentally. The branching ratio depends also strongly on the value
of tan 3, especially for low values of tan 3, where the channels H* — hW¥ are
interesting.
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Figure 6.9: dcp as function of the charged Higgs mass. The left panel is for ¢, = 7/2
while the right panel is for ¢; = m/2. The solid, dashed and dotted lines are for
tan § = 5, 10 and 15, respectively.

6.5.2 CP asymmetry: ¢, and ¢; dependence

We want to display the impact of individual phases on the CP asymmetry. We
therefore keep the phase considered non-zero while all the others are put to zero.
The dependence on the phases ¢, and ¢; was studied already in [24]'. As mentioned
before, we improved the calculation by taking important loop contributions into the
denominator, hence our numerical results are of two to three times smaller.

For ¢, = 7/2, dcp as functions of My« with different values of tan 5 are shown
in the left panel of figure 6.9. The diagrams (b, ¢, f, g) in figure 6.6 with 7 and
v, loops yield a contribution to the CP violating term. Below the 7,77 threshold
at Mpy+ ~ 345 GeV, dcp is negligible, in spite of contributions from beyond-one-
loop terms with the Z factors. The high peaks correspond to the .75 threshold
at Mpy+ ~ 396 GeV. Increasing tan [ leads to a rapid decrease of the denominator,
owing to the decreasing tree-level coupling, which is the main reason for the strongly
rising 0cp. With tan 8 = 5, the largest value of dcp is about 0.05%, however with
tan 8 = 15, dcp can go up to 0.91%.

For ¢1 = 7/2, dcp is shown in the right panel of figure 6.9. The diagrams (a,
¢, d, e) in figure 6.6, with neutralino and chargino loops, contribute to the CP

IFor a comparison, we have used the same approximation and the same set of input parameters
as in Ref [24] . Our results are in agreement with theirs for the case of ¢, = —7/2, ¢; =0 . For
the case ¢, = 0, ¢1 = —m/2, we found a difference resulting from the coupling between neutral
Higgs bosons and neutralinos, A in eq. (A.3) of Ref. [24] where an extra factor 1/2 is present.
Adapting this factor,we get agreement



6.5. Numerical studies &9

|A=800 GeV, ¢ = n/2 M,+=1100 GeV, ¢, = n/2
20“““\“‘\“‘\“‘\“‘““ 100 T L

80+

60+

2 ok s
& §e H
© 20+
0
,407 \‘ L
[
) —20F . 1
J5 1) M- L L P I T TS Y ISR O B 7407 L L L L L 1 L L L 1 L L L 1 L
200 400 600 800 1000 1200 1400 1600 600 800 1000 1200
My: [GeV] |Al [GeV]
(a) (b)

Figure 6.10: The CP asymmetry as functions (a) of the charged Higgs mass, (b) of
|A¢|. The solid, dashed and dotted lines are for tan 5 = 5, 10 and 15, respectively.

violating term. There are five visible thresholds, ¥ x" at My= ~ 226 GeV, Yi X} at
My ~ 280 GeV, X5 at My+ ~ 346 GeV, YY) at My+ ~ 400 GeV and X3 X3 at
M+ ~ 480 GeV. dcp can reach 0.3% above the Y5 x) threshold, in general, however,
it is rather small.

6.5.3 CP asymmetry: ¢; and ¢, dependence

Significantly larger values of dcp can occur when ¢, and ¢ are non-zero and the CP
violating terms get contributions from diagrams with top and bottom squarks loops
(figure 6.6). The left panel of figure 6.10 shows the CP asymmetry as a function
of the charged Higgs mass for ¢, = /2. There are two visible thresholds, t1b, at
M- ~ 873 GeV and 5252 at My- ~ 1149 GeV for tan f = 5.

The CP asymmetry is sizeable both for Mg+ below and above the t 51 threshold,
especially for larger values of tan 8. Below the #1b; threshold, the most important
term contributing to the CP asymmetry is the interference between diagram (c) in
figure 6.6 and the triangles with top and bottom quarks. Close to the threshold, the
interference of the diagrams (b, f, g) in figure 6.6 and the tree diagram are dominant.
We observe that the individual contribution from the H-W mixing diagrams and the
triangles with same particles inside loops can be much larger than the Born-term at
the fil;j thresholds. However, they carry opposite signs and are almost of the same
order of magnitude. The sum of both can be comparable with the Born term and
is very sensitive with respect to ¢, |A;| and tan f.
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Figure 6.11: The CP asymmetry as function of charged Higgs mass, for ¢, = /2.
The solid, dashed and dotted lines are for tan § = 5, 10 and 15, respectively.

Above the 5151 threshold, dcp can become very large. It can rise up to -51.6%
at Mpy-=1600 GeV, tan f=15. This is a common feature of charged Higgs decays,
as mentioned in Refs[158, 164]. Moreover, dcp has a strong dependence on |A,],
as one can see in the right panel of figure 6.10. The |A;| range is compatible with
My, > 114.5 GeV.

The impact of the phase ¢, on dcp is shown in figure 6.11. It can be sizeable
above M- around the t~11~)1 threshold, however it is still small compared to the effect
of the phase ¢;. For |A;| = 800 GeV, the largest value of dcp obtained for tan 5 = 15
is about 8% close to the 52132 threshold.

The dependence of the CP asymmetry on the phase of A; is illustrated in figure
6.12a, where we present dcp as a function of the charged Higgs mass with different
values of ¢y = 3, %, ¢. Figure 6.12b shows the CP asymmetry at My- = 400 GeV
as a function of phase ¢; with tan 5 =5, 10, 15. For tan 8 = 15 the maximum is at
0.92% for ¢; = 0.517. Compared to the contributions from ¢; and ¢, at low values
of M-, the impact of ¢, on dop is considerably bigger, although not very strong

from the absolute numbers.
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6.5.4 CP asymmetry: ¢, dependence

The phase of u is severely constrained by the experimental limits on the electric
dipole moments of electron and neutron. This bounds can, however, be circum-
vented by a specific fine-tuning of the phases of i and of the non-universal SUSY
parameters [165], leaving room also for a large phase ¢,. We thus illustrate the
effect of a large ¢, on dcp in Figure 6.13, which displays dcp as a function of My=
for ¢, = m/2. The CP violating part receives contributions from all diagrams in
figure 6.6. For charged Higgs boson masses below the 715, threshold, the main con-
tribution to dcp comes from the neutralino-chargino loops; above the threshold it is
again dominated by the by loops.

6.5.5 Scale dependence

In this section we discuss the dependence of the decay widths and the CP asymme-
tries on the renormalization scale pugr. On the left panel of Fig. 6.14 shows decay
width versus pug at Mpy+ = 400 GeV and tan § = 10. To understand the depen-
dences, it should be noted that the loop-corrected mass of h; varies from 119.1
GeV to 119.6 GeV when pg runs from m;/2 to 2m;. Therefore the phase-space
factor changes slightly. The other reason for the dependences is the Z factors
from the Higgs renormalization. Now we define the uncertainty of the result as
(I'(pr = my/2) = I'(ur = 2my))/T'(pr = my). Then for the full decay width, the
uncertainty is about 2.7%.

The dependence of dcp on g is displayed on the right panel of Fig. 6.14. Unlike
the deday width, dcp is the ratio of CP violating part and CP conserving part so
that the phase-space factor is cancelled out. Therefore the dependence comes mainly
from the CP violating contribution in the numerator of (6.13). The strict one-loop
contribution to the CP violating part does not depend on pg since it arises from
the imaginary part of one-loop integrals. We however consider also higher-order
terms, like the Higgs-mixing term Zp4 MY M;,, which depends on ug through the
Z factors. For ¢, and ¢, such terms are negligible and the dependence on ug is
irrelevant. For ¢, and ¢, they are more important, as one can see in the figure.
For Mg+ values above the t~1(~)1 threshold, the one-loop contribution is the most
important, and then the ur dependence is much weaker.

6.5.6 The CPX scenario

A case of particular interest is the CPX scenario (see in Appendix F.2.2) where the
SUSY parameters maximize the CP-violating effects due to the large value of the
product Tm (uA;) /Mgy

In figure 6.15a, we display the CP asymmetry caused by the complex phase of
A, for tan § = 5, 10, 15. As one can see, dcp is quite large both below and above
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Figure 6.14: The decay widths (left) and CP asymmetry (right) as functions of the
renormalization scale. pp is varied in the range [m:/2, 2my].

5151 threshold. For tan /3 = 5, dcp is about -6% at Mg+ ~ 400 GeV and can reach
100% at Mpy+ ~ 1116 GeV. In figure 6.15b, the decay width is shown as function
of MZ. Note that above the #1b; threshold, the one-loop correction becomes very
large, making the improved one-loop width negative, which demonstrates that this
kind of approximation is unphysical and shows the importance of not truncating the

squared

amplitude.
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Chapter 7

WFH=* production and CP
asymmetry at the LHC

7.1 Introduction

At the LHC, the charged Higgs bosons can be produced via the following mecha-
nisms:

® gg,qq — tt — Hbt, for my > My + my;

e gb —>tH™;

99.qq — H™tb;
bl_), g9 — WEHT;

99,9¢ — HTH;

q¢ — H h;, (i =1,2,3).

The first channel could be the dominant one if the charged Higgs mass is light
enough since the top-pair production cross section is very large at the proton colliders
(Tevatron and LHC). If the charged Higgs mass is larger than the top mass, charged
Higgs bosons will be produced mainly through the other channels.

The pp — W*HT is one of the interesting processes. It does not only give a
considerable production rate but allows to study CP violating effects. There have
been many discussions devoted to the pp — W*HT processes in the MSSM over
the last two decades. These studies assume all the soft supersymmetry-breaking
parameters to be real and hence CP violation is absent. The two main partonic
processes are bb annihilation and the loop-induced gg fusion. The first study [25]
computed the tree-level bb contribution and the gg process with third-generation
quarks in the loops using m; = 0 approximation. This calculation was then extended

95
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for finite my, thus allowing the investigation of the process for arbitrary values of
tan 5 [26, 27]. The inclusion of the squark-loop contribution to the gg channel was
done in [28, 29]. The next-to-leading order corrections to the bb annihilation are
more complicated and not complete as yet; the full NLO electroweak corrections
are still missing. The Standard Model QCD (SM-QCD) corrections were calculated
in [30, 31|, the supersymmetric-QCD (SUSY-QCD) corrections in [32, 33], and the
Yukawa part of the electroweak corrections in [34]. There are also studies on the
experimental possibility of observing W ¥ H* production at the LHC with subsequent
hadronic H~ — tb decay [166] and leptonic H~ — 7~ v/, decay [167, 168].

This chapter is devoted to the W*HT production processes. First, we extend
the calculation for pp — W*HT to the MSSM with complex parameters. Second,
the full NLO EW corrections to the bb annihilation channel are calculated and
consistently combined with the other contributions to provide the complete NLO
corrections to the pp — W*HT processes. Third, CP-violating effects arising in
the cMSSM are discussed. The important issues related to the neutral Higgs mixing
and large radiative corrections to the bottom-Higgs couplings are also systematically
addressed. Most of the results presented here have been published in [169].

7.2 The subprocess bb — WTH*

7.2.1 The leading order contribution

Figure 7.1:  Tree-level diagrams for the partonic process bb — WTHT. h; with
1 =1, 2,3 denote the neutral Higgs bosons h, H and A, respectively.

At tree level, there are four Feynman diagrams including three s-channel dia-
grams with a neutral Higgs exchange and a ¢-channel diagram, as shown in Fig. 7.1.
At very high center-of-mass energy, the ¢t-channel diagram gives dominant contribu-
tion.

The hadronic cross section at leading order (LO) is given by

Coage
oLo(S) = / dr—261p(5 = 75, 0% in), (7.1)
0 T
with the parton luminosity
dLyy 1 Ldz T T
- AT rew p T P pT 9
dr 1+6z] i :L_[fz(:E7MF)f](:L_7MF)+f](x7MF)f@(:L_a,uF)]) (7 )
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where fF(z, pup) is the PDF of parton i at momentum faction = and factorization
scale pp and 6 (3, @, pug) is LO partonic cross section at CM energy (v/3) of the
bb system and given by

7 A2(5, M2, M2 [ 13
sbb (o 2 Mg, M LO |2
aro(8, 0%, 1R) 3942 /0 dcos@49pp 1E£ 0 1|/\/lp7p7£| . (7.3)

The helicity amplitudes,

Mig{ = Eu(g,pw)@(ﬁ, pl;)ruu(papb)a (74)
are calculated with the tree-level bottom—Higgs couplings in Eq. (5.29) with m, =
mPR(ug). b,b and W are chracterized by their momemta py, p;, pw and their he-
licities p, p, &, respectively. 6 is an angle between py, and py. It should be noted
that other gg-subprocesses (¢ = wu,d,c,s) are neglected due to the smallness of
light-quark-Higgs couplings.

One observes that the LO amplitudes contain the bottom—Higgs couplings and
the neutral Higgs propagators. These quantities can get large radiative corrections
as detailed in Chapter 5. In order to obtain reliable predictions, two important
issues related to the bottom—Higgs Yukawa couplings and the neutral Higgs mixing
have to be addressed. To quantify these effects, we define two approximations for
the tree-level subprocesses bb — W¥H®*.

e The improved-Born approximation (IBA): the LO amplitudes are computed
with the effective bottom—Higgs couplings in Eq. (5.39) where the large SM-
QCD corrections are absorbed into running bottom mass mp® and large SUSY
corrections are resummed into A, and the resummed neutral Higgs mixing
propagators Eq. (5.4) are used.

e The IBA1: the LO amplitudes are computed with the effective bottom—Higgs
couplings in Eq. (5.39).

7.2.2 NLO SM-QCD contributions

w w
t
g9

b b w b b b b .

b y ; V\/\/\’

g t
g -—— t g t
h; '\ H g t
b AN t t > _
\ —_—_—— —. - __ . - — - __ b ~-a

b b b H b b b

H H H

Figure 7.2: One-loop SMQCD diagrams for the partonic process bb — WTH*.

The NLO contribution includes the virtual and real gluonic corrections. The
calculation suffers UV, soft and collinear divergences. The UV divergences are
canceled by the renormalization of the masses and wave functions of top and bottom.
The soft divergences are canceled by summing the virtual and real contributions.
The leftover initial state collinear divergences are factorized and absorbed into the
(anti)bottom PDFs.
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The virtual corrections

The virtual corrections, displayed in Fig. 7.2, contain a gluon in the loops. The
calculation is done by using the technique of constrained differential renormalization
(CDR) [170] which is, at one-loop level, equivalent to regularization by dimensional
reduction [94, 96]. We have also checked by explicit calculations that it is also
equivalent to dimensional regularization [93] in this case.

Concerning renormalization, the bottom-quark mass appearing in the Yukawa
couplings is renormalized by using the DR scheme. It means that the running
mP™(1r) (see Subsection 5.4.1) is used in the Yukawa couplings and the one-loop
counterterm reads

R Cra
Smp™ = —my——3Cyy, (7.5)

41
where Cr = 4/3. The bottom-quark mass related to the initial state (in the kine-
matics pgg = m? and the spinors) is treated as the pole mass since the correct

on-shell (OS) behavior must be assured. Indeed the m® effect here is very small
and can be neglected. As mentioned in Subsection 5.4.1, the final results are in-
dependent of In(m%). We will therefore set m9® = mP®(ug) everywhere in this
chapter. The finite wave-function normalization factors for the bottom quarks can
be taken care of by using the OS scheme for the wave-function renormalization as
discussed in Subsection 4.2.3. For the top quark, the pole mass is used throughout
this thesis. Accordingly, the mass counterterm is calculated by using the OS scheme
(Subsection 4.2.3). Here we list explicit expressions of top mass counterterm and

top and bottom wave-function counterterms

S <3CUV +5—6In ﬂ) , (7.6)
Am MR
Cra m 2
08 0s FQs
5Zq,L - 5Zq, = A <—CUV+21nM—;—4lnm—q—4) s q:t,b (77)

where A is the gluon mass regulator. Indeed, the results are independent of renor-
malization scheme for 67, 1.

The real corrections

The real QCD corrections consist of the processes with external gluons,

b+b — W +H'4g,
b+g — b+H +W~, .
b+g — b+W +HT, (7.10)

corresponding to the Feynman diagrams shown in Fig. 7.3. For the gluon-radiation
process, soft and collinear divergences occur. The soft singularities cancel against
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Figure 7.3: Tree-level real QCD radiation diagrams.

those from the virtual corrections, while the collinear singularities are regularized
by the bottom-quark mass. The gluon—bottom-induced processes are infrared finite
but contain collinear singularities, which are regularized by the bottom-quark mass
as well. After adding the virtual and real corrections, the result is collinear divergent
and proportional to In(m?/8). These singularities are absorbed into the (anti)bottom
PDFs, as discussed in Section 4.3.2.

We apply both the dipole subtraction scheme and the two-cutoff phase space
slicing method to extract the singularities from the real corrections as detailed in
Subsection 4.3.2. The two techniques give the same results within the integration
errors. Fig. 7.4a shows the agreement between the two methods. However, the error
of the dipole subtraction scheme is much smaller than the one of the phase space
slicing method. Therefore, we use the dipole subtraction scheme for the rest of this
chapter.

To summarize, the hadronic cross section of the SM-QCD corrections consist of,
for the dipole subtraction method:

1 qore ~ 1 qpore
ASMQCD = / de—bbAa'bb + / de—bgA&bg, (711)
0 0

T T
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Figure 7.4: Partonic cross sections as functions of CM energy v/§ are shown for
a) bb — W~H*g and b) bb — W~H"~. The results are obtained by the phase
space slicing method (red stars) and the dipole subtraction method (black stars) in
the CPX scenario with Mpz+ = 200 GeV and tan = 10. Gluon and photon mass

regulators are set to be unit.

with

~bb __ Abb—W—HY (4 2
Ao _Uvirt,SMQCD(Sa a“ag, [iR)

C s A\ ~ bb - ~
B2 Gy(8)oe™ 1 (5,0 )
Cras [* 2\ [AbbW HT (o 2 ~bb—W " HT (o 2
+ Ju dxgb@(xv S) [ULO (‘TS? a nuR) —0ro (57 o nuR)}
0
+ &lzll)()i)f‘ijgi;f+g(‘§v a2a57 MR)? (712)
and
Cras [* .
A% = jra /0 daHy,(z, 8)65W Y (25,02, ug)
+OA-ZQO_,)f21/i;eH+b(§7 Oé2Oz5, MR)
Y e (5,020, 1R). (7.13)
where
2 )2 21 2 2 2
Gu(S) = ln%ln§+ln§ - 51112% + E111% - % +2, (7.14)
1+ 2? S 1+ 22
i(x,9) = In— —1 1— 2 In(1 — 7.15
Gute.5) = T (1) 1-ae2 w00, @)
S(1—x)?
Hpg(2,S) = [2*+ (1 —2*)]In (72@ +2z(1 — x), (7.16)

KR
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the finite contributions of the real gluon and (anti)bottom radiation is defined in
Subsection 4.3.2

070 fmite (3, 005, ) = /d®3(|M%83|2 — [Miu ), (7.17)

and the parton luminosity £I;f are defined in Eq. (7.2). In the above formulae
we have combined the PDF counterterm contributions with the convolution piece
since they have similar structure. It should be mentioned that we use the effective
bottom—Higgs couplings for the SM-QCD corrections. The neutral Higgs mixing
resummation is not used for the SM-QCD corrections.

7.2.3 Subtracting the on-shell top-quark contribution

A special feature of the gluon-induced processes in (7.10) is the appearance of on-
shell top-quarks decaying into bW (and bH™ when kinematically allowed), which
requires a careful treatment and has been discussed in the previous literature, e.g.
in [171, 172, 173]. Our approach is similar to the one described in [171, 172], with
the difference that we perform the zero top-quark width limit.

g
0?1175— X2 / ndf 1.855/8 d =
; po 0.1129 + 9.212e-05
E pl 0.0004286 + 1.324e-05 ]
0.116F E
bg-BWH" | |
0.115? s=1TeV =
0.1145 M,=200GeV |
tanp=10 ]
0113 ° 3
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r[GeVv]

Figure 7.5: Dependence of the partonic cross section afg; WZHTD on the width
regulator I';.

We demonstrate the procedure in terms of the process bg — W~H*b. The
Feynman diagrams (Fig. 7.3c) include a subclass involving the decay ¢ — bW ™.
When the internal ¢ can be on-shell, the propagator pole must contain a finite width
I';, which is regarded here as a regulator:

i i

— - .
q* —mj ¢* —mi +im Ty

(7.18)

This on-shell contribution is primarily a ¢H " production and should therefore not
be considered a NLO contribution. For the genuine NLO correction, the on-shell
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top contribution has to be discarded in a gauge invariant way. Starting from the
full set of diagrams, the squared matrix element reads as follows,

IM|? = |Mos|* + 2 Re[Mos M~ . os] + [ Maon-os|?, (7.19)

where the subscripts og and .05 denote the contribution of the on-shell ¢ diagrams
and the remainder, respectively. The OS part, differential in the b1V invariant mass,
to be subtracted can be identified as

sub

b HYIRo T - mly
=0 Br(t — bW ,
o8 R, =

dO.Bg—>W_H+I3

0y

(7.20)

where Br(t — bW~) = I'E9 /Ty, The ratio on the right-hand side (rhs) of
Eq. (7.20) approaches §(Mg,, — m?) when I'y — 0. The subtracted NLO contri-
butions, regularized with the help of I';, can be written in the following way,

b ~Htb T TTir—
BgHW‘HJrE(Ft) /dezW (dUOgS_)W " _Ugg%H-rg thtBr(t — bW ) )

Jre -
s dMpy, m[(Mgy — mi)? + miT7]
o WTHTE  Ghe T (7.21)

where the interference and non-OS terms arise from the second and third terms in
Eq. (7.19).

There is strong cancellation between the first term in the rhs of Eq. (7.21) and
the rest after subtraction of the collinear part, which makes the result of Eq. (7.21)
very small, yielding an essentially linear dependence on I'; as displayed in Fig. 7.5.
We can thus perform the limit I'y — 0 and obtain a gauge invariant expression by

gPIWTHYE _ lim olg WD), (7.22)

Fig. 7.6 shows that the finite gluon-induced contribution obtained in this way
at the hadronic level (after proper subtraction of the collinear part) is very small
for large values of My+, but it can be of some significance when the charged Higgs
boson is light.

The method described above is completely analogous for the process bg —
W~H"b. For low masses, My+ < my, the intermediate on-shell top quark can
also decay into H*b. This additional OS contribution can be extracted by using the
same extrapolation method. For completeness, we list here the expressions for the
decay widths of t — bW and t — DH™ at lowest order,

Lo _ @ 2 2202 YVE 793
tbW+ 16m§,M‘%VSI2/V(mt My )" (myi + 2My, ), (7.23)
TEO s = o (m? — M) | (mP tan 8)2| A3 + i (7.24)
= 16m3 Mz, s%,

tan? 3|’

where the b-quark mass has been neglected.
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Figure 7.6: The finite hadronic cross section crfg; WZHTD gfter subtracting the OS

top-quark and the collinear-singularity contributions as a function of Mp«.
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Figure 7.7: One-loop SUSY QCD diagrams for the partonic process bb — WTH*.

7.2.4 NLO SUSY-QCD contributions

The NLO SUSY-QCD contributions consist only of the virtual one-loop correc-
tions, visualized by the Feynman diagrams with gluino loops in Fig. 7.7. The
only UV divergent part is the top-quark self energy, which is renormalized in the
on-shell scheme. As discussed in Section 5.4.1, large corrections proportional to
as M35 tan 8 have been summed up to all orders in the bottom-Higgs couplings
included in the IBA. We therefore have to subtract this part from the explicit one-
loop SUSY-QCD corrections to avoid double counting by using the counterterms in
Eq. (5.44). We define the remaining one-loop SUSY-QCD corrections as

1 dﬁpp _ R
ASUSYQCDZ/ dr d:b&lj?zg[{}ngCD(s:TS,QQQS,MR), (7.25)
0

where the partonic cross section is computed with the effective bottom—Higgs cou-
plings and with the tree-level neutral Higgs propagators.

We have checked the UV finiteness. Our codes have been checked against the
results of [33] for the real MSSM. Good agreements have been found.
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7.2.5 NLO electroweak contributions

The full NLO EW contributions to the processes bb — W H* in the MSSM have not
been computed yet. They comprise both virtual and real corrections. Similar to the
SM-QCD corrections, the calculation contains UV, soft and collinear divergences.
Therefore the similar procedure will be applied here.

The virtual corrections

W b

b w b w b
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N H NH g C O
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b Wy Wy w b w b w
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Figure 7.8: One-loop EW contributions for the partonic process bb — W¥H®*. The
shaded regions are the one-particle irreducible vertices.

/
T

For the virtual part, Fig. 7.8 illustrates the various classes of one-loop Feynman
diagrams. As before, the calculation is performed using the CDR technique. We
have also worked out all the necessary counterterms in the cMSSM and implemented
them in FeynArts-3.4[174, 175]. Explicit expressions for the counterterms can be
found in Appendix C.

Concerning renormalization, for the Higgs field wave functions and tan 3, we
use the DR renormalization scheme as specified in Eq. (4.38). Since the charged
Higgs is in the external line, we follow the prescription described in Subsection 5.2.
The wave function renormalization factor Zy- g+ should be taken into as explained
in Section 6.1. One should aslo include the mixing of H* with G* and W* on
the external line of the charged Higgs. The other renormalization constants are
determined according to the OS scheme. To make the EW corrections independent
of Inmy from the light fermions f # ¢, we use the fine-structure constant at M, o =
a(My) as an input parameter. This means that we have to modify the counterterm
as

(0% (63 1
§70WMz) 526(0)—§AQ(M§),

oxaA Re X444 (M2)
Aa(Mz) = z - T 4 (7.26)
g Ok iy ME
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where the photon self-energy includes only the light fermion contribution, to avoid
double counting.

The real corrections

Figure 7.9: Photon-radiation and photon-induced EW diagrams.

The real EW contributions correspond to the processes with external photons,

b+b — W™ +H'+7,

b+y — b+H"+W—,

b+~ — b+W +HT, (7.27)
described by the Feynman diagrams of Fig. 7.9. They are calculated in the same way
as the real QCD corrections, discussed in Section 7.2.2 and Section 7.2.3. However,

the formulae are more complicated than the ones of the QCD case since photon
now can be emitted from both initial and final states. It should be mentioned
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Figure 7.10:  The finite hadronic cross sections afg; WZHTS (dashed line) and
ol " (solid line) after subtracting the OS top-quark and the collinear-

singularity contributions as a function of My«.

that we do not use either the effective bottom—Higgs couplings or the Higgs mixing
resummation for both virtual and real EW corrections.

Naively, we would expect this photon contribution to be much smaller than the
one from the gluon, due to the smallness of the EW coupling o and the photon
PDF. This is not always true, however, since the photon couples to the W#* and
H* as well. The soft singularities are completely cancelled, as in the case of QCD.
The EW splitting v — HTH~ (similarly for v — WTW ™), on the other side,
can introduce large collinear correction in the limit My+/Q — 0, @ is a typical
energy scale. The constraint Mﬁ > My, prevents those splittings from becoming
divergent. We observe, however, that the finite corrections (after subtracting the
collinear bottom-photon and the OS top-quark contributions) from the above by
process are still larger than the corresponding QCD ones for My+ < 200GeV, e.g.
for My = 150GeV and /s = 14TeV by a factor of 2 as illustrated in Fig. 7.10. The
photon-induced contribution should thus be included in the NLO calculations for
W#/H* production at high energies. This requires the knowledge of the photon
density in the proton, which at present is contained in the set MRST2004qed [130]
of PDFs.
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Figure 7.11: One-loop Feynman diagrams for the partonic process gg — WTH=.

7.3 The subprocess gg — WTH*

7.3.1 The leading order cross section

The subprocess gg — WTH? is loop induced with quark- and squark-loop contri-
butions. Fig. 7.11 summarizes various one-loop Feynman diagrams, which involve
three- and four-point vertex functions. No renormalization is needed, the UV diver-
gences cancel among (s)quark loops. The hadronic cross section reads

1 dﬁpp —
ott(S) = / dr—= o 99 Goa=WHT (5 a%a?), (7.28)
0
where the partonic cross section
- V23, M2 M2, 1CF
99w H+(§ a’a?) = (5, )/ dcos 6 Z — | M5,
1

’ s 32152 ) 464
p,p==%1,6=0,%1

CF = i {Tr(); 2")} =2, (7.29)

a,b=1

contains the helicity amplitude

M = €&, pw)e” (9, 2y)€” (P D) v (7.30)

Here €”(p, p,), €7 (p, py) denote the polarization vectors of the incoming gluons. This
structure of the amplitude will allow us checking for the QCD gauge invariance, see
Subsection 7.3.2.
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Since the (s)quark couple to a Higgs boson, the one-loop amplitude is propor-
tional to (s)quark-Higgs couplings. The dominant contributions therefore arise from
the diagrams with the third-generation (s)quarks. As in [29], the contribution from
the first two generations of (s)quarks is neglected in our calculation. Compared to
the previous work [29], our calculation is improved by using the effective bottom—
Higgs couplings and the resummed neutral Higgs propagators. It turns out that
these improvements affect sizably both the cross section and CP-violating asym-
metry. We have checked our results against those of [29] for the case of the real
MSSM using the tree-level couplings and tree-leve Higgs propagators and found
good agreement.

7.3.2 QCD gauge invariance

In our calculation of the matrix elements with gluon or photon in the external lines,
we have to deal with polarization vectors. In the squared amplitude method, one
can use the completeness relation

Qk Q 2 v v v
zi: " (. D)l (D, p) = 7 (=g, — e 4 ethmn ) (7.31)
p==%1

where 7 is an arbitrary four-vector and satisfies n.e = 0 and n.p # 0. The cross-
section does not depend on 7. In helicity amplitude method, using the two-component
Weyl-van-der-Waerden spinors Ref. [176], the two polarization vectors €/ can be ex-
pressed as

. \/§9+,Ak3 - ﬂkAg—,B

BAB T (g k) AP {gk)

* - \/ékAg-f-,B * - \/ﬁgf,AkB

s T T AT gy (7:32)

where

i (4
ka = \/2ko (e o 2) , (7.33)

S11 2

the momentum of particle is denoted as k* = (ko, |k| cos¢ sin 0, |k|sin ¢ sin 6, |k| cos 0)
and g4 are arbitrary spinors with (g.k) # 0. The Lorentz-invariant spinor product
is defined as

(gk) = gak” = giky — gak1. (7.34)
The dotted index relates to the undotted one by complex conjugation,
9i = 9a- (7.35)

We follow the method in [91]. The QCD gauge invariance can be check by varying
the two gauge spinor g+. We confirm the QCD gauge invariant amplitudes for
g9 — WTH*,
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Figure 7.12: Partonic cross section of gg — W™H" using parameter set
My = My = Mp = 250GeV, X, = 0,X; = —470GeV,tan 3 = 1.5 of [29] for

Mp+ = 100 GeV (left) and My+ = 210 GeV (right). The dashed lines shows only
contribution of quark loop diagrams while the dotted lines are for squark loop ones.
The total contributions are presented by the solid lines.

7.3.3 Three-point Landau singularities
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o e, > w
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Figure 7.13: Feynman diagrams that can produce three-point Landau singularities.

We notice an interesting feature related to the anomalous thresholds. Figure on
the right panel of Fig. 7.12 shows a very sharp peak close to the normal ¢ threshold
(similar to Fig. 1b of [29]). Careful observation reveals that the peak position is
slightly above 2m, and is obviously more singular than the normal thresholds on the
left panel of Fig. 7.12. This is indeed an anomalous threshold corresponding to the
three-point Landau singularity of the triangle and box diagrams in Fig. 7.13. the
Landau matrix of those triangle and box diagrams reads

2m? m? +mi — M, 2m? — §
Q= | m?+mi— M 2m3 mi+mi— Mz | . (7.36)
2m? — § mi +mj — Mz, 2m?

We will use the necessary and sufficient conditions for the appearance of a singularity
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in Eq. (4.7). First, the vanishing determination condition gives

1
Seo= g (M + Myy) (mi + mi)) — (mi; — my))* — M My
b
EN2(mi, my, My )N (mi,mi, M), (7.37)

with My« > my; + my. Now we can check if those values of § satisfy the second
condition x; > 0, i = 1,2, 3. Since det[Q] = 0, we can chose x3 = 1. The two other
solutions are
(mi —mi)? + ML MG, — (mi +mi)(ME. + M) + 2mis
rn = —
1 A(mi, my, M) ’
_S(emp —mi + M) + 2mi (- M, + My
,I‘Q = — 2 2 2 . (738)
)‘(mt ) mb7 MW)

x1 > 0 is satisfied with § = s_, but unsatisfied with § = s, . We now consider
s = s_. From condition x5 > 0, we get

§— Z mZ — M2+ m2 :
t W b

which leads to

my +my < My+ < \/Q(m% +mg) — M, (7.40)

and

2m, < V3 < \/%Z[(mt + )2 — M2, (7.41)

The partonic cross section is divergent at § = §_ but the result is finite at the
hadronic level, i.e. after integrating over 3, since this singularity is logarithmic and
thus integrable.

Similarly, the three-point Landau singularities can occur in the squark diagrams
depicted in Fig. 7.14. The conditions for such singularities are similar to Eq. (7.40)
but with the squark masses instead. In Fig. 7.15, we illustrate the three-point
singularity of the squark contribution with Mg+ = 360 GeV.

7.4 NLO hadronic cross section and CP asymme-
try

The NLO hadronic cross section
pp __ _bb 2 2 2 3 2 2
oo = Orpal@’) + Asmqep (@ as) + Asusy-qop (@ as) + Apw(a”) + oge(a”ay)
(7.42)
contains the various NLO contributions at the parton level, discussed in the previous
sections. As mentioned there, the mass singularities of the type ajln(m;) and
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Figure 7.14: Several squark box diagrams can produce Landau singularity.
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Figure 7.15: Similar to Fig. 7.12 but with Mg+ = 360 GeV instead.
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aln(m,) are absorbed in the quark distributions. We use the MRST2004qed set of
PDFs [130], which include O(ay) QCD and O(«) photonic corrections. As explained
in [129], the consistent use of these PDFs requires the MS factorization scheme for
the QCD, but the DIS scheme for the photonic corrections.

Having constructed in this way the hadronic cross sections o(pp — WEHT), we
can define the CP-violating asymmetry at the hadronic level in the following way,

PP olpp > W-H*) +o(pp > WHtH-) '

The numerator gets contributions from the NLO-bb corrections (the LO is CP con-
serving) and the loop-induced gg process. However, the latter is much larger than
the former due to the dominant gluon PDF. The CP-violating effect is therefore
mainly generated by the gg channel. The LO-bb contribution adds only to the CP
invariant part and therefore reduces the magnitude of the CP asymmetry.

7.5 Numerical studies

In this section we present the numerical results. Here we need to specify our input
parameters. In the set of SM parameters presented in Appendix F.1, we use the
QCD-MS b-quark mass, m(7), as an input parameter while the top-quark mass is
understood as the pole mass. For the soft SUSY-breaking parameters, we use the
CPX scenario. The complex phases of the trilinear couplings A;, A,, A, and the
gaugino-mass parameters M; with ¢ = 1,2, 3 are chosen as default according to

O =y =0, = 1= 1=, (7.44)

unless specified otherwise. The phase of p is chosen to be zero in order to be
consistent with the experimental data of the electric dipole moment. We will study
the dependence of our results on tan 3, Mg+, ¢, and ¢3 in the numerical analysis.
The ¢, dependence is not very interesting since it is similar to but much weaker
than that of ¢;.

The scale of o, in the SUSY-QCD resummation of the effective bottom-Higgs
couplings Eq. (5.41) is set to be Q = (m;, +m;, +my)/3. If not otherwise specified,
we set the renormalization scale equal to the factorization scale, ur = pp, in all
numerical results. Our default choice for the factorization scale is ppg = My + Mp=.

Our study is done for the LHC at 7TeV and 14 TeV center-of-mass energy. In the
numerical analysis, we will focus on the latter since the total cross section is about
an order of magnitude larger. Important results will be shown for both energies.
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Figure 7.16: The LO cross section with m;, = mP® and the two improved Born
approximations (IBA) as functions of tan 8 (left) and My« (right). 07541 includes
the A, resummation but not the Higgs mixing resummation, while o;54 includes

both. The lower panels show the corresponding relative corrections with respect to
the LO result.

7.5.1 pp/bb — WTH*: LO and improved-Born approxima-
tions

In this subsection, we study the effect of the bottom-Higgs coupling resummation
described in Section 5.4.1 and of the Higgs propagator matrix discussed in Sec-
tion 5.3.

The results for the approximations IBA and IBA1 defined in section 7.2.1 are
illustrated in Fig. 7.16 showing the dependence on tan 3 in the left panel and on
the mass My+ in the right panel. The relative correction 9, with respect to the LO
cross section, is defined as § = (oA — 01.0)/0Lo. For small values of tan  the left-
chirality contribution proportional to m;/ tan /3 is dominant while the right-chirality
contribution proportional to m,tan § dominates at large tan 5. The cross section
has a minimum around tan g = 8.

The effect of A, resummation is best understood in terms of Fig. 7.16 and
Fig. 7.17. The important point is that A; is a complex number and only its real part

can interfere with the LO amplitude. Thus, the A, effect is minimum at ¢, 3 = /2

where the dominant AmeCD’H’? are purely imaginary and is largest at ¢y 3 = 0, 7.

¢y enters via EW corrections and ¢3 via the SUSY-QCD contributions. Fig. 7.17
shows that the A, effect can be more than 150%. In Fig. 7.16 where A, is mostly
imaginary we see the effect of order O(A?) which is about —15% at tan 8 = 10. We
observe also that the Higgs mixing resummation in the s-channel diagrams has a
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Figure 7.17: Similar to Fig. 7.16, but with ¢; (left) and ¢5 (right) varied instead.

much smaller impact, less than 10%, as expected.

7.5.2 pp/bb — WTH*: full NLO results

In this section, we investigate the effects of the SUSY-QCD, SM-QCD, and EW
contributions at NLO. As in the previous section, we present here two sets of plots.
In Fig. 7.18 we show the dependence of the total cross sections on tan § and Mpy=
at the default CPX phases, in particular ¢, = ¢3 = 7/2. As explained above, the
O(Ayp) effect is turned off in this CPX scenario. The SUSY-QCD and EW NLO
terms are therefore small at large tan 3, as shown in Fig. 7.18 (left). The SM-QCD
correction is about —20% for small tan § and changes the sign around tan g = 11
due to the competition between the bb and the g-induced contributions. All the
NLO contributions for different values of tan § and My+ can be found in Table 7.1.
Fig. 7.19 shows the dependence of the total cross sections on ¢, and ¢3 for tan 5 = 10
and Mpy+ = 200GeV. The EW corrections depend strongly on ¢;, and the SUSY-
QCD corrections on ¢3. At ¢y = ¢3 = 0, &7 the effects are largest. The remaining
EW and SUSY-QCD corrections, beyond the O(A;) contribution, are still rather
large. In particular, there is the following term of the SUSY-QCD correction,

~ 2
A, = 30‘8 M tan 8. (m )
J(mz) = |U11| |U12| ]( z)+|U21| |U12| ]( 1,m§2)
+ |U11| |U22| ]( z)+|Uz1| |U22| ]( 2>m12,2)> (7-45)



7.5. Numerical studies 115

1027““““‘“““““““““““““‘““““‘\““““‘““““‘“““““““““7 257““““‘““““‘““““‘““““‘““““"““““\‘““‘“‘\““““‘\““““‘““““‘7

[ pp/bb - W H' ] pp/bb - W H

\'s = 14TeV ] i \s=14TeV E

; M, = 200GeV ] E tanp=10 ]

I — | 3 — IBA ]

= --= NLO SUSYQCD = f By
=L === NLOEW 1%k 7 NLOEW ]
‘ -~ NLO SMQCD 100 -~ NLO SMQCD E

—— NLOTotal g —— NLOTotal ]

5 g

:uuuuw\uuuuw\uuuwuMwuuwuMuuuuMuuuuhuuwwuhuuuuhuuuuuuuu:
000150 200 250 300 350 400 450 500 550 600

S ] S s =
o —20 o -5\, WSt B
N 3

_10Tuuum\uuuux\uumuhxumuMuuuu\muuuhumxuMummhmmu\uumm
100 150 200 250 300 350 400 450 500 550 600

tanf M, [GeV]

Figure 7.18: The cross section obtained by using IBA and including various nonuni-
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show the corresponding relative corrections to the IBA result.
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Figure 7.19: Similar to Fig. 7.18, but with ¢, (left) and ¢3 (right) varied instead.
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Figure 7.20: Diagrams that can introduce large SUSY-QCD (left) and EW (right)
corrections. G* are the charged Goldstone bosons.

which can be included in the top-Yukawa part of charged Higgs couplings as follows
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This term originates from the left diagram in Fig. 7.20 and is important for small
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Figure 7.21: In the IBA2, we use the effective bottom—Higgs couplings defined in
Eq. (7.46) and the Higgs mixing resummation.

tan 5. This finding agrees with the discussion in [147] where other subleading cor-
rections are also discussed. If the couplings Eq. (7.46) are used we find that the
new-improved LO results move significantly closer to the full NLO results, see in
Fig. 7.21. The situation in the left part of Fig. 7.19 is due to the EW corrections.
It indicates that there are still large corrections proportional to A;pucy/(47) which
can be associated with the right diagram in Fig. 7.20.
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Figure 7.22: The cross section (left) and CP asymmetry (right) as functions of ¢;.

The SM-QCD corrections (and EW corrections to a lesser extend) have a striking
structure for small masses Mpy+ < m, (Fig. 7.18, right part). This is due to the finite
contribution of the process bg — W~ H™b. When My+ < m; the intermediate top
quark can be on-shell and can decay to H'b. As discussed in Section 7.2.3, this
OS contribution has to be properly subtracted. The structure indicates that the
OS top-quark effect cannot be completely removed and this quantum effect on the
W~H™ production rate is an interesting feature, which was not discussed in previous
studies [30, 31].

7.5.3 pp/gg — WTH*: neutral Higgs-propagator effects

Even though the gg-fusion subprocess is loop induced, its contribution can be of the
same order as the tree-level bb — WTH?* contribution. Neutral Higgs bosons are
exchanged in the s-channel and can be described by using effective bottom—Higgs
couplings and the full Higgs-propagator matrix. The impact of the latter on the
total cross section and CP asymmetry is large as can be seen from Fig. 7.22. The
cross section can be reduced by 20% at ¢; = £, while the CP asymmetry increases
about 25% at ¢, = +£7/2. We observe also that the gg contribution is very sensitive

to (bt.

7.5.4 pp — WTH*: total results at 7TeV and 14 TeV

The total production cross section for the W~ H™ final state at the LHC is shown
in Fig. 7.23 and Fig. 7.24, as well as in Table 7.1. The cross section increases by an
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Table 7.1:  The total cross section in fb for pp/bb — W~ H™" including the IBA and
various nonuniversal NLO corrections and for pp/gg — W~ H™' at /s = 14 TeV.
The charged Higgs-boson masses are given in GeV.

tan  Mpy+ OIBA Apw AsmqQep AsusyqQcp Ogg all

5 200 11.241(1)  -1.0383(3) -2.012(3) _ -0.00821(1) 13.194(1) 21.377(3)
10 200  7.2568(9) -0.1989(5) -0.178(1)  -0.00721(2)  7.9428(5) 14.815(2)
20 200 12546(2)  0.1881(6)  0.752(3)  -0.03570(6)  7.9968(6) 21.447(4)
10 150 12497(1)  -0.2574(5) -0.561(2)  0.00191(4)  8.7064(5) 20.387(3)
10 400 1.2907(2)  -0.00530(7) 0.0328(2)  -0.008954(7)  4.4386(3)  5.7477(4)
10 600  0.35740(5) -0.00832(2) 0.01594(5) -0.006263(4) 2.7481(1)  3.1069(2)

order of magnitude when the center-of-mass energy goes from 7 TeV to 14 TeV. The
gg contribution is largest for small tan # and large M+ while the bb dominates when
tan 8 > 12 and, approximately, My+ < 200 GeV. In the right panel of Fig. 7.23, one
can see a little bump on the gg contribution around My+ = 200 GeV, attributed to
the three-point Landau singularities discussed in Section 7.3. The total cross section
depends strongly on the phases ¢; and ¢3 as can be seen from Fig. 7.24. The gg
contribution is almost independent of ¢3 since the gluino does not appear at the
one-loop level (the contribution through A, resummation is of higher-order effect).

The CP violating asymmetry is shown in Fig. 7.25 as a function of tan f and
Mpy+, and in Fig. 7.26 versus ¢; and ¢3. The uncertainty bands obtained by varying
the renormalization and factorization scales (we set ugr = pp for simplicity) in the
range figo/2 < pp < 24po are shown only in Fig. 7.25 since the uncertainty depends
strongly on tan # and in particular on Myg+, but not on the phases. A more detailed
account of the scale uncertainty of our results is given in the next section. As
discussed at the end of Section 7.4, the CP violating effect is dominantly generated
by the gluon-gluon fusion channel. The bb channel contributes significantly to the
symmetric cross section and thus to the denominator of the CP asymmetry. It is
therefore easy to understand why dcp is small for large tan 8 and small Mg+, as
seen in Fig. 7.25. The dependence on ¢3 is explained by the same reasons: the
numerator is independent of ¢3 while the denominator including o;; has a minimum
at ¢3 = 0. The CP asymmetry is therefore maximum around ¢3 = 0.

7.5.5 Scale dependence

In this section we discuss the scale dependence of the total cross sections and CP
asymmetries. Since the calculation of the loop-induced subprocess gg — WTH=
includes only the leading order contribution (with improvements on the bottom—
Higgs couplings and neutral Higgs-mixing propagators), there is no cancellation of
the renormalization/factorization-scale dependence in this channel. We therefore
concentrate on the scale dependence of the bb — W¥H® cross section calculated at
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Figure 7.23: The cross section as a function of tan g (left) and My+ (right).

T T T rrrTr T T T T T T T T
— gg + bb(NLO)
- e | =~ bb(NLO)
10 :E\%% %x*/;*wé “x, —-99 .
FEZTM\;H*} ] 10t s sl e e
- e | o oK S K HK R K K K AR HK A
5 . \s=14Tev  *
' o E : 4
= =
© o
e
- = ] ’ S Ns=7Tev
pp -~ WH 99 +bb(NLO) |1 Ll opp - WH | ™
M, = 200GeV ~~~ bb(NLO) 1 F| M, = 200GeV
tanp = 10 —-99 | tanp=10
10_1HHHH\MHHHHMHHHHHH\HH TR S R R R ST R L L
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

(pt/n (ps/n
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Figure 7.25: CP asymmetry as a function of tan 8 (left) and Mg+ (right). Within
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Figure 7.27: The cross section (left) and CP asymmetry (right) as functions of the
renormalization and factorization scales (fr = fir).

Table 7.2:  Cross sections in fb for pp/bb — W~H* and pp/gg — W™ H* at
different values of the factorization(renormalization) scale. The CP asymmetries in
percentage are also shown.

Vs = 7TeV | /s = 14 TeV
KR = UF OIBA ¥ q a9 dcp OIBA a5 99 dcp
Fo/2 1.1028(2) 1.0434(3) 1.42088(9) 8.207(8) 6.6774(3) 6.633(2) 10.4606(6)  8.380(7)
1iFo 1.1544(1)  1.0870(2) 1.02168(6) 6.967(8) 7.2568(9) 6.873(1)  7.9428(5) 7.457(8)
24r0 1.1790(1) 1.1445(2) 0.7631(5)  5.868(7) 7.6648(9) 7.224(1)  6.2204(4)  6.591(8)

NLO, see Fig. 7.27 (left). We set ur = pp for simplicity. The remaining uncertainty
of the NLO scale dependence is approximately 9% (9%) when pup is varied between
pro/2 and 2pupg, compared to approximately 14% (7%) for the IBA, at 14 TeV
(7TeV) center-of-mass energy. The uncertainty is defined as § = [|o(upo/2) —
o(pro)| + lo(21r0) — o(pro)|]/o(pro). The IBA scale dependence looks quite small
because we have set both renormalization and factorization scales equal, leading to
an “accidental” cancellation. The IBA cross section increases as pp increases while
it decreases as pp increases. We recall that pp enters via the bottom-distribution
functions and pg appears in the running b-quark mass. That accidental cancellation
depends strongly on the value of tan 5. We have verified, by studying separately the
renormalization and factorization scale dependence, that including NLO corrections
does reduce significantly each scale dependence.

Concerning the CP asymmetries, the scale dependence is shown in Fig. 7.27
(right). We again set here ug = pp. If pp is varied between ppg/2 and 2ppo,
the uncertainty is approximately 24% (34%) for 14 TeV (7 TeV) center-of-mass en-
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ergy. This uncertainty is so large because the dominant contribution to the CP
asymmetries (the subprocess gg — W¥H®) is calculated only at LO.

In Table 7.2 we show the values of the cross sections for the two subprocesses as
well as the CP asymmetries. The scale-dependence uncertainty of the gg — WTH=*
process is indeed very large. It is mainly due to the running strong coupling a(ug)
which depends logarithmically on the renormalization scale.



Chapter 8

Electroweak corrections to
gg — H7tb at the LHC

8.1 Introduction

In this chapter we investigate charged Higgs boson production in association with a
bottom quark and a top quark at the LHC. The dominant mechanism is gg — H Ttb.
The cross section for gg — H7Ttb contains large logarithms, ~ In up/my, where pp
is of the order of the charged Higgs mass. They arise from the splitting of a gluon
into a collinear bb pair. These large logarithms can be factorized and resummed to
all orders in perturbation theory. In doing so one introduces the (anti)bottom-quark
densities and defines a five-flavour scheme. For an inclusive observable, this channel
should be consistently combined with the channel gb — tH ™.

In our calculation, we assume the bottom quark to be tagged and hence consider
exclusive observables. The large logarithms are avoided by applying the following
cuts

pry > 20GeV, || < 2.5, (8.1)

where pr; is the transverse momentum and 7, is then pseudo rapidity of the bottom
quark. The cross section after cuts is still considerable. This makes it a potential
channel for the searches of charged Higgs bosons.

This channel has been studied at the LHC (for a review see [62]). The study
in [177] showed a possibility of observing the charged Higgs boson via this channel
with four b-tags at the LHC. The conclusion was based on the comparison of the
signal arising from gg — H~tb and the main background from gg — tbb provided
that a good b-tagging efficiency ~ 50% is achieved. The QCD corrections to the
exclusive pp — H~tb were calculated in [35]. Recently, Ref. [36] has studied the
QCD corrections to inclusive and exclusive pp — H~tb . They have done the first

For the inclusive cross sections, the NLO QCD corrections are in the range [—2, 7]% compared
to the LO cross sections, which were computed with LO PDFs and the effective bottom-Higgs

123
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comparison of the H* production with heavy quarks in the four-flavor and five-flavor
schemes.

In our study, the EW corrections to the gg — H~tb process are calculated in the
complex MSSM. In the real MSSM, the corrections are equal for both gg — H~tb
and gg — H'th. However, in the cMSSM they can be different. The differences
give rise to a CP violating asymmetry. This is the subject of our future studies.
Similar to the process pp — WTH*, the EW corrections may have a large impact
on the total cross section. The NLO EW contributions are rather involved. On
the technical side, this calculation is challenging since it contains a large number of
one-loop diagrams involving two-, three-, four- and five-point loop integrals. The
results presented in this chapter will be published in [178].

8.2 The leading order cross section

At tree level, the gg contributions of order O(a?a) are dominant. Other contribu-
tions of the same order arising from quark-antiquark annihilations are much smaller,
since they involve only the s channel diagrams which are suppressed at high energy.
The quark-antiquark annihilations give also O(a?) contributions coming from tree-
level EW Feynman diagrams. A striking feature of the O(a?) contributions is that
they have a charged Higgs resonance,i.e. when Mpy+ is larger than the sum of top
and bottom masses, the charged Higgs bosons can be on-shell and decay into top
and bottom quarks. It requires a consistent treatment in order to obtain the gauge
invariant results. This problem becomes more difficult at NLO and is not discussed
in this thesis.

The three classes of subprocesses contributing are

g+g— H +t+b, (8.2)
q+q— H +t+b, (8.3)
b+b— H +t+0b, (8.4)

where ¢ denotes the light quarks, ¢ = wu,c,d,s. The first two channels have been
calculated in [179, 180, 177, 35, 36]. The corresponding Feynman diagrams of those
subprocesses are shown in Fig. 8.1.

There exists contributions of order O(a,a?) arising from the g7 induced process,
g+y—H +t+b,, (8.5)

whose Feynman diagrams are depicted in Fig. 8.2.

couplings, for My« from 200 to 500 GeV in the SPS 1b benchmark scenario characterized by large
tan 8 (= 30). For the exclusive ones with pr; > 20 GeV, the NLO QCD corrections are negative
and larger than —20% in the same charged Higgs mass range. Ref. [36] claimed that their results
disagree with the ones in [35]. The exclusive cross sections of the former are two to three times
larger than that of the later.
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Figure 8.1: The QCD tree-level diagrams: (a) for gg — H~tb subprocess, (b) for
qq — H~tb subprocesses (¢ = u,c,d, s) and (c) for bb — H~tb subprocess.

The hadronic LO cross section is given by convolution of the partonic cross
sections with the corresponding parton luminosity, see Eq. (7.2),

Lqcer T
o d ] w’j—)H‘tb(A 2 )
ij=99,9q,bb
! Lo H—tb
9Y ~gy—H " tb » 2
—i—/ dr o il (8, asa”, pg), (8.6)
0

where s and § = 75 are the squared CM energies of the hadronic and partonic
processes, respectively.

The LO amplitudes involve the Yukawa couplings of the charged Higgs bosons
to the top and bottom quarks which can be modified to include the large universal
SM-QCD, SUSY-QCD and SUSY-EW corrections as discussed in Section 5.4. To
quantify the Am, effect we define the improved Born approximation (IBA) where
the effective bottom—Higgs couplings in Eq. (5.39) are used. The LO cross section
is computed with the tree-level bottom-Higgs couplings in Eq. (5.29) with m, =

meR(MR)-
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Figure 8.2: The tree-level diagrams for gy — H~tb subprocess. For the diagrams
marked with the star, the diagrams with an exchange of the incoming gluon and
photon also contribute.

*)

8.3 The NLO electroweak contributions to gg —
Htb

In this section we discuss the NLO EW corrections to the gg — H~tb subprocess.
These corrections are of order O(a2a?). Other contributions of the same order
arising from the remaining subprocesses in Eq. (8.3), Eq. (8.4) and Eq. (8.5) are
much smaller and will not be discussed here.

The NLO EW contributions are composed of a virtual part and a real part. The
virtual part contains UV divergences, soft and collinear singularities. In order to
cancel the UV divergence, a renormalization scheme is needed. We follow the renor-
malization procedure described in Subsection 7.2.5 for the process pp — WTH*.

The virtual part comprises contributions of bottom- and top-quark self-energies,
of H~tb and gqq vertices, of box and pentagon diagrams. The generic classes of self-
energy and vertex diagrams which include the corresponding counterterms are shown
in Fig. 8.3. The box and pentagon diagrams which give UV-finite contributions are
depicted in Fig. 8.4 and Fig. 8.5, respectively.

The real EW corrections arise from the photonic bremsstrahlung process,
g+g—H +t+b+r, (8.7)

whose diagrams are shown in Fig. 8.6. This contribution is divergent in both soft
region (pg — 0) and quasi-collinear region (p,p, — O(m3)). Mass regularization is
used to separate the divergent terms. In particular, the photon mass (\,) is used for
the soft singularities while the bottom mass is used for the collinear singularities.
The soft singularities cancel against the one in the virtual contribution. If no cut is
applied on the bottom quark, the quasi-collinear singularities cancel also in the sum
of the virtual and the real contributions. However we required the bottom quark to
be tagged, the quasi-collinear singularities cancel incompletely. We do not need to
worry about the leftover quasi-collinear singularities since in this case bottom quark
is considered to be massive.

Similar to the pp — WTH* calculation, the real corrections are computed by
using both the dipole subtraction method and phase-space slicing method. The
results are in good agreement as illustrated in Fig. 8.7. Although this statement is
not new, it provides a good check on our computational codes. In the numerical
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g

(x) b

Figure 8.3: The one-loop self-energy and vertex diagrams for the electroweak virtual
corrections to the gg — H~tb subprocess. The shaded regions are the one-particle
irreducible vertices. For the diagrams marked with the star, the diagrams with an
exchange of the two incoming gluons also contribute. S =h, H; A and V =+, Z.
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Figure 8.4: Diagrams with irreducible four-point vertices for the electroweak virtual

corrections to gg — H~tb subprocess. S denotes h, H, A, G°, H*,G*, S, denotes
top and bottom squarks and V' denotes electroweak gauge boson v, Z, W.
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Figure 8.5: Diagrams with irreducible five-point vertices for the electroweak virtual
corrections to gg — H~tb subprocess. S = h, H, A,G° and V = ~, Z.
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b
*

Figure 8.6: Diagrams for real photon emission.

study, we will present the results of the dipole subtraction method because the
integration errors are smaller.

We conclude this section by summarizing the structure of the full NLO EW
hadronic cross section,

pp _ _pp pp/99
ONLO.EW — o + AEw s (8.8)
where
/ ! dLey H—tb 2 2 H—th 2 2
pp/9g _ 99 | ~gg—H tb ~gg—Hthy [ 4
Apw —/ dr dr | CNLO,virt (3,0507, p1Rr) + ONLO real | (5,050, i) |- (8.9)
0

8.4 Numerical studies

Similar to the process pp — WTH*, we present the numerical results in this section
for the CPX scenario. The renormalization scale and the factorization scale are cho-
sen as pig = pp = (my+ Mp+)/3. We use also the MRST2004qed set of PDFs [130].

For the other input parameters we refer to Section 7.5.

Our study is done for the LHC at 7TeV and 14 TeV center-of-mass energy. As
for the case of pp — WTH* we find similar effects for both energies. We therefore
focus on the case of 14 GeV since the cross section is about an order of magnitude
larger. Important results will be shown for both energies.
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Figure 8.7: Partonic cross sections as functions of CM energy v/3 in the left panel
and of cutoff parameter §, in the right panel are presented for the gg — H tby
process. The results are obtained by using the phase space slicing method (red
stars) and the dipole subtraction method (black stars) in the CPX scenario with
Mpy+ = 200 GeV and tan S = 10. The photon mass regulator is set to be unit so
that all terms proportional to In A, vanish.

8.4.1 Checks on the results

The amplitudes are generated by using FeynArts-3.6 [105] and further simplified
with the support of FormCalc-6.1 [96]. The loop integrals contain five-point ten-
sor integrals up to rank three, four-point tensor integrals up to rank three. The
pentagon integrals are reduced to the box integrals by using the reduction method
in [181]. The two-, three- and four-point tensor integrals are further reduced into
the scalar integrals by using Passarino-Veltman reduction method [85]. The loop
integrals are evaluated with two independent libraries, LoopTools/FF [182, 162] and
LoopInts [183]. The latter uses the method of [184] and has an option to use
quadruple precision when numerical instabilities are detected. A good agreement
has been found. The phase-space integration is done by using the Monte Carlo
integrator BASES [185] and VEGAS [186].

Both the virtual and real contributions have been computed by two independent
codes. We have obtained full agreement. Moreover in the sum, both UV and IR
finiteness are verified. Using the method of the QCD gauge invariant check described
in Subsection 7.3.2, we have confirmed that the gg — H~tb amplitudes are gauge
invariant at LO, IBA and NLO.
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Figure 8.8: The LO and IBA cross sections for pp — H~tb as functions of tan 3 in
the left panel and of ¢, in the right panel. The lower parts of the figures show the
relative corrections.

8.4.2 Hadronic cross sections

We first study the effects of Amy resummation. In Fig. 8.8, we show the LO and
IBA cross sections defined in Section 8.2 as functions of tan 3 in the left panel and
of ¢, in the right panel. We define the relative corrections as § = (o1gA — 01.0)/0L0-
As expected, the dependences on tan 3 and ¢, are determined by the H~tb coupling
in a similar way to the bb — W¥H®* process described in Subsection 7.5.1.

Table 8.1 shows the separated IBA contributions of the three subprocesses and
the NLO EW corrections to gg — H~tb at /s = 14 TeV for different values of M-
and tan . Similar results are presented in Table 8.2 but for /s = 7TeV. We see
that the contributions of the gg fusion are dominant. They contribute more than
90% (83%) of the total IBA for /s = 14TeV (/s = 7TeV). The contribution of
the bb is less than 1%. The contribution of the g is a bit larger than that of the bb.
The NLO EW contributions are comparable to the ¢g contributions but with the
opposite sign.

In Fig. 8.9 we show the dependence of the IBA and NLO EW cross sections on
tan 8, My+ and ¢, at /s = 14 TeV. The lower parts of the figures show the relative
corrections which are defined as 0 = (onxpo —01Ba )/01BA- After subtracting the Amy,
corrections, the magnitude of the remaining EW contributions are still large. The
relative corrections increase with tan 8 and My« for the default value ¢y = 7/2.
Similar to the bb — WTH?*, the NLO EW corrections depend strongly on ¢;. The
cross section can be reduced by 25% at ¢; = 0. Similar behavior of the relative
corrections for y/s = 7TeV can be seen in Fig. 8.10.
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Table 8.1: The total cross section in fb for pp — H~tb including the IBA of the
four subprocesses and EW NLO corrections to gg — H~tb at /s = 14TeV. The
charged Higgs-boson masses are given in GeV. The numbers in brackets show the
integration uncertainty in the last digit if they are significant.

tanf Mg off?  off  offN" offh” AR all
5 200 38.833(7) 35810 03192 05587  -154(1) 41.75(2)
10 200  25.447(5) 2.3719 0.21044  0.3671 -2.64(1) 25.75(1)
20 200  43.992(8)  3.9727 0.3573 0.6297 -10.19(4) 38.76(4)
10 300 10.740(2) 045682  0.07538  0.13852  -1.19(2)  10.22(2)
10 400 5.207(1)  0.14292  0.03105  0.06405 -0.618(6)  4.827(6)
10 600 1.4829(3) 0.024444 0.006866 0.018339  -0.198(1)  1.334(1)
Table 8.2: Similar to Table 8.1 but for /s = 7 TeV.
tanf Mp: _ ofgh” ofhn ofta” __ ofg N all
5 200  5.3652(9)  0.9885 0.03113 0.10578 -0.206(3) 6.284(3)
10 200 3.5138(6)  0.6551 0.020530  0.06948 -0.354(2) 3.905(2)
20 200  6.085(1) 1.0953 0.03483 0.11925 -1.369(6) 5.965(6)
10 300 1.2570(2)  0.09739  0.005772  0.22350  -0.141(4)  1.241(4)
10 400  0.5164(1)  0.024191  0.0019014 0.008903  -0.0597(8)  0.4917(9)
10 600  0.10583(2) 0.0026766 0.0002700 0.0019113 -0.01379(6) 0.09681(7)

8.4.3 Differential distributions

In this section we consider the differential distributions for IBA and NLO EW cor-
rections with respect to three kinematical variables: transverse momentum, rapidity
and invariant mass. The results are obtained with My+ = 200 GeV, tan § = 10 and
Vs =14 TeV.

The transverse momentum and pseudo rapidity distributions of the charged Higgs
boson are shown in Fig. 8.11. The EW corrections do not change the shapes of those
distributions but reduce the number of the produced charged Higgs bosons. The
magnitude of the relative corrections increase with py(H ™) and has a maximum
(about 10%) at the central pseudo rapidity.

In Fig. 8.12 we depict the distributions of the top quark. The behavior of the
pr-distributions is similar to the one of the charged Higgs boson. For the pseudo
rapidity distribution, the relative corrections are rather flat (about -10%) in the
region |n:| < 3.

The distributions of the bottom quark depicted in Fig. 8.13 are quite different
from the ones of the heavy particles. At the very low and the very high pr, the
magnitude of the relative corrections are larger than the ones at the moderate pp.
For the pseudo distribution, the EW corrections reduced more the produced bottom
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Figure 8.9: The IBA and NLO EW cross sections for pp — H~tb as functions of
tan § in the left panel, of My+ in the right panel and of ¢; in the lower panel for
Vs =14 TeV.

quarks at the two edges than at the centre.

Fig. 8.14 shows the invariant mass and pp distributions of the tb system. The
magnitude of the relative corrections increase with both invariant mass and py.
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Figure 8.10: Similar to Fig. 8.9 but for /s = 7 TeV.
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Chapter 9

Conclusions

In this thesis, we have considered charged Higgs boson decay and production pro-
cesses at the LHC in the context of the complex MSSM. Those processes play an
important role for the searches of charged Higgs bosons. The decay widths and pro-
duction rates were computed at one-loop level where many techniques are involved.
In the first part of the thesis a review of the SM and the MSSM was presented and
one-loop computational techniques were discussed. In the second part, we presented
the detailed calculations for various processes and discussed numerical results.

We first computed the one-loop corrections to the decay modes H* — W*h,.
It is one of the important modes for the low charged Higgs mass besides the decays
into the third generations of fermions. We have presented the decay width and the
branching ratio of the decay H~ — hiW~ and confirmed the importance of the
higher order contributions and strong dependence on complex phases. The higher
order contributions can increase the branching ratio of this decay mode significantly
and thus make it be an important mode for the searches of charged Higgs bosons.
The relative correction can change sign when the complex phase of the top trilinear
coupling, ¢, varies from —7 to m. The partial decay width turns out to be significant
in particular for small values of tan § and low masses of the charged Higgs boson.
With increasing mass it becomes rather small.

Furthermore, we have calculated the CP violating asymmetry, dcp, from the
decays H* — W%*h, originating from non-vanishing complex phases of the soft
SUSY breaking parameters and of the Higgsino mixing parameter, p. All the phases
that can give sizable contributions to dcp are taken into account and discussed. The
impact of the phases of the 7 and bottom trilinear couplings and of the gaugino mass,
M, on CP rate asymmetry is of some significance only above the normal thresholds.
¢ and ¢,, can yield large contributions to the CP asymmetry both below and above

the normal thresholds and can induce large dcp at large Mpy+. dcp depends strongly
on Mpy+, |A;| and tan .

The dependence of the partial decay width and dcp on the renormalization scale
is also studied. We observed a small dependence for the former. However, the CP
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asymmetry induced by ¢; and ¢, shows a large scale dependence resulting from the
wave function renormalization factor of the neutral Higgs boson, h;.

Second, we have studied the production of charged Higgs bosons in associa-
tion with a W boson at the LHC. The next-to-leading order (NLO) electroweak
(EW), SM-QCD and SUSY-QCD contributions to the bb annihilation are calculated
together with the loop-induced gg fusion. Moreover, the CP violating asymme-
try, dominantly generated by the gg fusion, has been investigated. The leading
order (LO) cross sections contain the bottom—Higgs couplings which receive large
SM-QCD and SUSY-QCD and SUSY-EW corrections. In order to obtain reliable
predictions, these large universal corrections are absorbed into the bottom-Higgs
couplings. The SM-QCD corrections proportional to «, Inm, are absorbed by using
the running bottom-quark mass. The SUSY corrections proportional to tan f and
parameterized via Amy, are resummed to all orders of perturbation theory. We have
shown that after subtracting the Am,, effects the remaining NLO SUSY corrections
are still sizable. Another care relating to the neutral Higgs mixing propagator was
addressed. In the complex MSSM, the h, H and A neutral Higgs bosons in general
mix and form three mass eigenstates (h 23) with both CP-even and odd properties.
We have resummed these mixing effects in the propagators and shown that they
have a large impact on the production rates and CP asymmetry.

Numerical results have been presented for the CPX scenario. It is shown that
the production rate and the CP asymmetry depend strongly on tan 5, My+ and the
phases ¢; and of the gaugino mass Mj. Large production rates prefer small tan 3,
small My+ and the phases ¢4, ¢35 about . Large CP asymmetries occur at small
tan 3, for My« of about 250 GeV, and ¢; ~ +7/2 and ¢3 = 0.

We have also studied the dependence of the results on the renormalization and
factorization scales. For the bb subprocess, the NLO corrections reduce significantly
the scale dependence while the gg fusion suffers from large scale uncertainty mainly
due to the running as(pug). This makes the final results, in particular the CP
asymmetry, depend significantly on the scales. A two-loop calculation would be
needed to reduce this uncertainty to the level of a few percents.

Third, we have studied the NLO EW corrections to H~ production via gg —
H~tb where the bottom quark is considered to be tagged with transverse momentum
and pseudo rapidity cuts applied on the bottom quark. Although we have subtracted
the large tan § enhanced corrections, the remaining NLO EW contributions are still
sizable, as in the case of pp — W*HT.

We have shown the dependence of the NLO EW corrections on tan 3, My« and
¢;. Especially, the dependence on ¢, is rather strong. The correction can go from
positive to negative values if ¢, is varied between —7 and .

We have also studied the differential distributions of the final state particles at
¢y = m/2. We have shown that the NLO EW corrections do not change the shape
of those distributions and are negative.
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In summary, the higher order effects are important for the charged Higgs boson
productions and decays, in particular for the complex SUSY parameters. The com-
plex phase effects enter cross sections and decay widths via one-loop contributions
and induce a considerable CP violating asymmetry. For the searches of charged
Higgs bosons at the LHC, those corrections should be taken into account when
doing analysis. For experimental purpose, a consistent combination of the decay
modes and production processes should be done and implemented in a Monte Carlo
generator. This is a subject of our future studies.






Appendix A

Notations and conventions

A.1 Metric conventions and Dirac matrices

We use the following conventions through this thesis, if not otherwise specified. The
covariant and contravariant four-vector position and momentum of a particle are

zy = (t,7), = (E,p),
= (t, —7), P = (E,—p). (A.1)

The indices can be lowered and raised by using the spacetime metric tensor

xﬂ = nMnyv Tt = nw%a (A2)
with
Nw = 1" = diag(1, -1, -1, -1). (A.3)
The covariant and contravariant derivatives are
0 0 = 0 0 o
Op = === (5,-V) A4
" Oar (8t V), oz, (815’ V) (A-4)

The Dirac matrices 7, are defined so that they satisfy the anticommutation relations

{7u7 71/} = Yu W + VYV = 277,uzx- (A5)
In four dimensional space, the chirality matrix is

i Vpo
v’ =iy = — 7€ N Ve (A.6)

where the Levi-Civita tensor is totally antisymmetric and €°'?® = —¢j103 = +1. The
left- and right-handed projection operators are

1_,75 1+,Y5

P, = —
L 9 9

(A7)
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There are several representations of the Dirac matrices. Here we use the Weyl or
chiral basis in which the 4 x 4 matrices are given in 2 X 2 blocks,

(0 o, 5 (-1 0
’y,u— (Uu 0)7 fy _(0 1)7 (A8>

n = (0-070-170-270-3)7 5# - (0-07_0-17_0-27_0-3)' (Ag)

where
o

0p is unit matrix and o; (i=1,2,3) are the three Pauli matrices

10 01 0 —1 1 0
0'0:<0 1), 0'1:<1 O), U2:<’i 0), 0'3:<0 _1> (AlO)

The followings are some useful identities of Dirac matrices in d dimensional space:

iy, = d, (A.11)

Ay, = (2 = d)y, (A.12)
P — i, (A.13)
7M7V7p707u — (2 — d)y7 P, (A.14)

Tr (4#) = 0, (A.15)

Tr (y#y ) dn" (A.16)

Tr (Y'9"4"77) = d(n“”ﬁ”" N ), (A-17)
Tr (7°) = Tr (v'97) = Tr (+9"9°) = 0, (A.18)

Tr (7 NN ) — _fjehwro (A.19)
(A.20)

A.2 Representations of Lorentz group: Weyl, Dirac
and Majorana spinors

The Lorentz group is composed of the boosts in three directions and the rotations
about three axes. Three boost generators K; and three rotation generators J; (i=1,
2, 3) obey the following commutation relations,

Ki, K] = —iegjrd,
[JiaKj] = iﬁiijk,
[JZ', J]] = iEiijk. (A21)

We define the generators

1 1
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which sastify

[Ai, Aj] = e Ay,
[Aiv Bj] = 0,

Those six generators generate two separate groups of SU(2) Lie algebra. Therefore,
a representation of the Lorentz group can be labeled by two half-integer indices
(")

Weyl spinors are complex two component objects belong to irreducible represen-
tations (1/2,0) and (0,1/2) of the Lorentz group. The left-handed spinor & is the
(0,1/2) representation while the right-handed x is the (1/2,0) representation. They
transform under the Lorentz group as

iwiai + 92‘0'@'
o o (0
iwiai — 91'0'1'

Two irreducible representations are inequivalent. The two matrices are related by

M = EN*€_1’ € = ’L.O'Q = <_01 (1]) . (A25)

Using a property of Pauli matrices

090709 = —0y, (A.26)

one can easily show that o9£* transforms like y and vice versa. To indicate two
different Weyl spinors, one can introduce undotted and dotted indices for the left-
and right-handed spinors, respectively. Those indices are lowered and raised by
using the e tensor

S0 = €apt”, & =, (A.27)
Xa = eaﬁ'Xﬁ, X4 = Edﬁxﬁ" (A.28)
where the antisymmetric tensor takes the convention €5 = €2 = €, = e? =

+1. It can be proved that the following quantities are invariant under Lorentz
transformation

&= Ean® =&, XC =X = xa™ (s (A.29)

Dirac spinor is composed of two types of Weyl spinor,

o= (%), (A.30)
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hence it contains four complex components. In other words, it is a (1/2,0)&(0,1/2)
representation which transform under Lorentz group as

exp (%) 0 )
— i —Br : A.31
oo (PEEE) L (ay ) 0 (A31)
The adjoint spinor of 1 is defined as

A (A.32)

From Dirac spinors, one can construct the following quantities with specific property
under Lorentz transformations,

Ynp : scalar,
Y¥v° : pseudo scalar,

Yy : vertor,
y*y5 : axial vertor,
D (YY" — 4¥y*)ep : antisymmetric tensor.
(A.33)

Majorana spinor is defined as

b= (g) - (fg) | (A34)

Majorana spinors are used to represent neutral fermions while Dirac spinors are for
charged fermions.

A.3 Grassmann numbers

Grassmann numbers are numbers that satisfy the anticommutation relation,

In superspace one needs two Weyl spinors 6, and 6% (o, & = 1,2) which their com-
ponents are Grassmann numbers. Owing to the fermionic property of Grassmann
numbers, a function of 6 has a finite Taylor series,

®(x,0) = ¢(z) + Ov(x) + 0> F(x), (A.36)
where 2 = ¢%0,05.

Derivatives of Grassmann variables are defined by

0 0
ﬁ: — B o3 =
9,0 +7 0= o

The integrals over Grassmann variables satisfy the following properties.
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e Linearity
/ d8(af(6) + bg(0)) = a / d0£(0) + b / d0g(0), (A.38)
where a, b are ordinary numbers.
e Integration by parts
0
— f(6)do = 0. A.
[ st =0 (4.39)
e Shift invariance
/d@f(@ +1n) = /d@f(@). (A.40)
From the above properties, one can write down some specific rules:
/d9 =0, (A.41)
/d@ 0=1, (A.42)
dg 0 = —0 do, (A.43)
0
df = — A.44
0(6) =0, () is Dirac delta function. (A.45)

The followings are some useful formulae for the two-component Grassmann variable

0:
0,0% = 26, ((‘38)02 = —4,
/d@d@ 0> = —4.

(A.46)
(A.47)






Appendix B

Dipole subtraction functions

In this appendix we present explicitly the functions needed for the dipole subtraction
method which are applied for the processes pp — W*HT, pp — H~tb. The mass
of initial state quarks are considered as regulators. For detailed derivation and
momentum mapping we refer to [126]. We have four different cases.

e Initial-state emitter (a) and initial-initial state spectator (b): the auxiliary
function is defined as

1 2
sub
as ) = - 1 — Tg 5 Bl
) = o (2 1) (B.1)

where 24, = (Papo — Pk — Pok)/(Paps). The distribution function is given by

Gup(z) = Pys(2) {m (%) - 1] +1-u, (B.2)

a

and the endpoint function reads

m2 . \? NMoo1..,m2 1. m?> x?
=In—h—4+h——-n* 24+ _-In—2%—— 42 B.
Gab(s) n3n5+n3 2n5+2n3 3+ <3)

e Initial-state emitter (a) and final-state spectator (i) and vice versa: the aux-
iliary functions are defined by

1 2
sub
. as i? p— — 1 — Za 9 B.4
Jai <p P q> (paQ)xia [2 — Lia — Fia ’ } ( )
1 2 m2
sub 7
Yia (piupaa Q) - |: —1- Zia — —:| , (B5)
(pz‘CJ)fEm 2 — Lig — Zia Diq
where
i = PaPi + Paq — piq’ = PaDi . (B6)
PaPi + Paq PaPi + Paq
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The distribution functions are given by

Gia(r) = 1ix{21n2—:f:;1(x) (B.7)
4miz
rglo) =[5+ 50 - i |
ulie) = Py ™l ) -1
—1_xln[2—:c—z1(x)]+(1+:c)[ln(1—:c)+1], (B.8)
where )
z(z) = i s Pia = pi — Do — ¢ (B.9)

mE—P2(1—1)

The endpoint functions reads

m? P2 )\m P?
Gia = ln )\ lIl ( m?) + 2 ln P2 2L12m (BlO)
e PA\ (Bl - )2l PR w3, om
A (2m — Ba) ’ P
Gia = hlm—ghl ( P2) +1Hm—a+2L12W
m? m2m? 2m? — P?
—2Liy——g 421 e R
omz - Pz T2 Gz = P2 o2 )R
1 m? 3 m? m-( 2 —4P2) P?
21 2 a | a i\ ia) | | ———
ey gy ey (1 1)
2 2
B.11
3 2P2 ( )

e Final-state emitter (i) and final-state spectator (j): the auxiliary function

reads
1 2 m?]
sub __ 7
g = — -y — (B.12)
T pigRii(yis) [1 2ij (1 = y3) 7 pig
where
_ Diq _ bip;
Yij = ) Zijg = T
DiP; + Piq + piq DiPj + DjiPk
D2 2 2 2
Py =pi+p;tq, Pij:Pij_mi_mja
/(@m? + P2 — Py)? — 4PZm?

)\U - A(PQ m2 m2) le(y) -

@5

B.13
. (B.13)

and
ANz, y,z) = 4yt 42—y —yr — xz (B.14)
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The endpoint function is given by

\2q2 2 P2 \2m2
GZJ = ln ( (23) -2 111(1 — a?,}) + —= a3 3 j |:)\CL1 ln /
m \/ Aij s

7

2
—|—2Li2(a1) + 4L12 <— %) - 4L12( \/alCLz) hl a; — %:| .
ay
(B.15)






Appendix C

Counterterms and renormalization
constants

In this section, we list the Feynman rules and counterterms for vertices and propa-
gators which appear in our calculation. They can be expressed in terms of coupling
and field renormalization constants (RC) which relate the bare and renormalized
quantities. The RCs are defined as in Ref. [101] for the SM-like fields and as in
Ref. [23] for the Higgs sector. The following one-loop Feynman rules use the stan-
dard convention and notation of FeynArts [175]. In the vertices all momenta are
considered as incoming. We introduce the shorthand notation s, = sin «, ¢, = cos a,
to = tana, sg =sin 3, cg = cos 3, tg = tan 3.

Fermion-Fermion-Scalar:

Fio e = ie(C~ Py + C* Pp)

(

C- = 7205547;/2”/ (1+6Z + %mb” + s30 tan 3 — —2M2
—0w L5 2 — 56 Zun + 3021+ 502 1)

o Sam om 2
CJF—WiWZ;W( +5Z—|— b+8ﬁ5tanﬁ—2M2

W 15 T — 50 2+ léZ;L + 50Zs.5)

C- = —20;;}%(1+5Z + 2 4 525 tan § — § 2M2

— Wt 2671 — §ta0Znn + 5ZbL +30Z; )
- Cam om 2
C+——chM7W”sw( 07+ % 4 s30tan f — gyt

—?—VVVV +50Z1n — 5ta0Znm + §5Z§7L + 50Zr)

bbh®

bbH?Y -

153



154 Chapter C. Counterterms and renormalization constants

( . tgm om
C :_Z2]\§stw(1+5ze+m_:+8 5tan6—m
3 Dt A0 6 e+ 300+ $0%5)
C*:izﬁ‘x’ (1+5Z +5mb+365tan5—2M2 ‘?—VVVV
\ +20Z44 — TCSZGOA + 3025+ 25Zb,R)
(O = W{V*émd + V*md(l + 02, — 5SV‘”VV + s%cStanB
SM2
QMVQMV/ 0Zy-n+ — 50 Z¢-p+/tp)
- 20V V0 A V07 ) }
i : ] * *
O+ — W{V 5mu+Vmu(1+5Z — 8w c%étanﬁ
g%g %5ZH*H+ + §5ZG’*H+tﬂ)
\ +2 [0V + S (VAOZE, + Vk’;éz&ﬂﬂ}
DR
g%g %5ZH*H+ + §5ZG’*H+tﬂ)
GdHY +5 [25Vij + Zk(VkaZgj Lt Mﬂjézlg;R)}}
U; j :
cr = W{Vzﬁmd + Vigma(1 +0Ze — 5% + sjd tan
g%‘é‘/ léZHvaL - _5ZG’*H+/tB)
130 [20Vis + 2 (Vied 23 o+ Vigd Z25,)] |

(C.1)
Fermion-Fermion-Vector:
=iey, 0" Pp
du, W™ ™ =-— ! [V*(1+5Z 58—W+ 5Z )+5V*
Wi . \/QSW ij e Sy w
1 * u
+§ Z(VIW'CSZM,L + 5Zk] )] (C.2)
k
1 (SSW 1
u;d; W CT=—-—r—\V.:(14+62Z, — —— + =07 oV
Wil \/QSW[]<+ 5w+2 w) + Vi

1 Uk
+§ Z(ij‘SZm;L + ngdZ}?j,L)}v
k

Quark-Quark-gluon:
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= _igsT;b’Yp(C_PL + C+PR)

qqg : Cc =1 + 598 + 5Zg + 5Zq,L7
Ct=14+40gs+0Z,+0Zyr.

Scalar-Scalar-Vector:

AN
\

S, p1 )(VV\M = ieC(p1 — p2)*

,u
5'27]92
hH-W™ cz—w[um— Osw 1 50 Zww + 5zhh
2SW SWw
1 sin(ff — «)
+§5ZH+H_ - m(dZ}{h - 5ZG—H+)]
I cos(ff — ) dsw
hHTW ™ : 0:7[1+5Ze——+ 5ZWW+ 5Zhh
28W Sw
1 sin(ff — «)
25ZH+H - m((SZHh - 5ZG’—H+)]
i — 1 1
agwt: =m0y sy Osw 50Zww + 50 Zun
28W SWw
1 cos(f — a)
+§5ZH+H* m(éZhH + 5ZG’ H+)]
28W Sw
+—(5Z e —M((SZ +0Zc-n+)]
HYH 2sin(3 —a) hH G-H
+ 58W 1 1 1
AH*WT C=—-— [1 +0Z. — + =0Zww + =0Zaa+ =0Zy+p-)
25W sw 2 2 2
G'H*WT . C= ——(5ZAG +0Zg-p+)
4SW
Vector-Vector-Scalar:
Vie Se---__. e
H
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The vertices VW TH=* with V = ~, Z do not appear at tree level. The countert-
erms are generated at one-loop level, however.

M,
AWEHT C = TW@ZG_m + sin 236 tan ),
M,
ZW=HT : C=- Q‘ZSW (0ZG-py+ +sin2p6 tan 3).
w

One needs also counterterms for the renormalized propagators. The complete
set of counterterms for the scalar-scalar case can be found in Ref. [23]. We list here
extra pieces needed in our calculation.

Scalar-Vector:

_;4_0__?5—X\/\/\Z/\/\/‘ = _MTZ(ézAG —|—Sin 256133:115)])“
y 12
_‘[:_I_i_ _]-) -X\N\/W\J/r\/‘ — _MTW((SZG*HJF =+ sin 2[35 tan ﬂ)p#



Appendix D

Explicit calculation of Amy,

In this Appendix we calculate the one-loop contributions to Am,, given in Eq. (5.41).
They consist of SUSY-QCD and SUSY-EW contributions. For the internal squarks
we use the mass eigenstates. For the internal neutralinos and charginos we use
gauginos masses and Higgsino mixing parameter. All the external momenta are
set to zero. These contributions are UV and infrared finite so we can work in 4
dimensional space.

The SUSY QCD contributions

o HY
A
~ _ -
b, ~ ~ b
/ \
/ \ S
\ | — —i(;)\g)QCDbPLb < HSQ >
bR g bL
—io N PP b(HY) = ng\/_” U~ (7,2)Pp)( (—igsV/2 3(1, 1) Pr)
ihl )b ’
X (—ihi )b / (2m)tq ]\42 ]\42 — m;
4 2298 x71b * . 2 2 2\ 1.
— ~376. M hZJUb( 2)U;(4, I)CO(MBi’ MBj,mg)bPLb
where
my Xobighr, + my X0y br = hLbib,
by = Uy(3,2)b;, by = Uy (i, 1)b;, (D.2)
then
By = my XUy (7, 2)U5 (i, 1) + mi, X5 Uy (7, 1) U7 (i, 2). (D.3)
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Substituting (D.3) into (D.2), one gets

~ Vo 20[8 " . %/ - * . * ()
AP = ST, 20 ,1) + XUy, DU (,2)
XU; (. 2)Uy (i, 1)Co( M2, M2 m).

(D.4)
Using the following relations
Ul;(l, 1) = UI;(Q, 2) = Gy, Ul;(l, 2) = —Ug(Q, 1) = S, (D5)
then we have
~ v 2 as * * * *
5)\§QCD72§ = g?M?) mb<Xb5i,Cz} + Xb CI;SB)SBCI;CO(Mi, Mli , m;)
20{3 * * ok *
t 3 smu(—Xocysy — Xy sicp)cp(—s;)Co(M;, Mg ,m3)
2 s * * * * * k%
+ g?M?)mb [(—szg + Xbclg))si)(—si)) + (Xbcg -X; 5535)(0505)}
xCo(M; , M, m3)
2 s * * *\ ok
= §?M3 my(Xpsge; + Xy ¢587)55.65
2 a2 a2 2 a2 .2
X [C’O(Mgl, Mél’ M) + CO(MBQv MI~)2, mg)]
2 s * * * * ok ok
+§?M3mb[ — (—szg + Xbcg)(sg)z - (Xbcg - X, sgsg)cg}
XCo(M2 , M2, m2). (D.6)
Using the tree-level relations
cg = costy, s;=e ¥Nsing;
vx, = argX,
mng
013513 = W, (D?)
then we get
~ v las . ., .
5>\§QCD% = My X sin® 205 [Co(M3,, M, M) + Co(Mg,, M, m3)]
2a;
+§Q—M§mbXb cos? QHBCO(MZ? ) sz ,mg)
T 1 2
las . . .
= g?M?, mp X sin’ 20; [C’O(Mi, Mii , mg)
+Co(ME , ME ,m3) —2Co(M; , M, m3)]
20 -,
+3 7M3 myXyCo( M, M7 ,m3)
4« 1 1
= —MimiXy| Xo|*— / d*q
g in? (42 = m2)(q* — M2 )*(q* — M2 )?

205 -,
+§?M3mbXbCO(M§1,M§2,m§). (D8)
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The first term is much smaller than the second term, hence we neglect it. The
second term we keep only term proportional to tan 3, thus

< v 204 . s
M?wa%:—&ﬂmﬂMﬁﬂuMéM%m@. (D.9)

The Higgsino contributions

Y
A
~ /I\ ~
t; ~ N U
\ ~
N N — —ié)\i?”bPLb<H§)§>

by - - T b
L H, Hy n

—iéS\fEBPLMHg) = <z’)\bUg(j, 1) ‘%PL) (i]p]) (i)\tUi(i,Q) r;—‘PL)

: g i 1
—iht b D.10
x (i ”> /(27r)4q2—M§ q2—M£2v Q2 — |pul*’ ( )

where i
hiy = mXoUp(5, 2)Uf (i, 1) + me X;Up(5, DU (3, 2). (D.11)
One can simplify as
3 1 . : .l : .
5>‘I€{tv2 = @mb)‘?ﬂ tﬁUf(Zv 2)U£ (]7 1)(Xth(jv Q)UE ('Lv 1)
+ Xy Ui 1)UF (4, 2)) Co (M7, M, ). (D.12)
Expressing it in terms of s; and c¢;, one gets
N Hi o * * *
ATy, = —4—;mbu tacgsi(Xecgsy + X[ cpst) [C’O(Mfl, Mi, |]?)
+ Co(MZ, M |p])]
Q@
- Z;mbﬂ*tﬁ | — st (Xeef — X7s7sp) + ci (= Xusi + X[ cf)]
X CO<M{217 Miv ‘:u|2>
«a * *
= —S—;mbu te X[ sin®20;[Co(MZ, MZ  |ul*) + Co(M, M, |u|?)]
« * *
- 4_7:_mb:u tﬁxt C082 291?00(M£217 M{227 |:u‘2)

o e o
B _S_;mbu ts X7 sin® 207 [Co(Mg, My, |pl) + Co(Mg,, Mg, |ul*)

« * *
= 2C0(M M 1)) = oo X oM, M )
Qi * * 2 2 1 4 !
_ X ts X m2| X d
o e T X | X ﬁ/ e = M)~ MEP(¢ — M

o * *
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Keep only the leading term, one gets

N HE a * *
SNty = _ﬁmbﬂ tg Ay Co(MZ M |ul?). (D.14)

The wino contributions

0
HZZ

—  —isANVbPh < HY >
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Simplify the above expression, one gets

N a Ve .
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The bino contributions
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Simplifying the above expression, one gets
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Keeping only the leading terms, then the bino contributions read
1B o * ) Ik . .
Ny = T MbH Mits {3(2|U13(l, 2)[ + Uy (3, 1)) Co (Mg, ML, | )
W
—I—QCO(Mi, Mli, |M1\2)] (D.19)

Using the relation of three-point scalar function with zero-external momentum and
the auxiliary function,

Co(a,b,c) = —I(a,b,c), (a#b#c), (D.20)
and
55\1)’02 = mbAmbtg, (D21)

one can get the expressions in Eq. (5.41).






Appendix E

Two-body decay widths of charged
Higgs bosons

In this section we present the decay widths at tree level for all possible channels
listed in Section 6.1. We use g = 1,2, 3 for generation index, ¢, 7 = 1, 2 for sfermion
index, ¢ = 1, 2 for chargino index and n = 1,2, 3, 4 for neutralino index.
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where
Mz, y, x) =2 +y* + 2° — 22y — 2yz — 222, (E.8)
AN =Us (6, 1) [( = 255Myy +m +m3 13) Uz, (5,1)
+ tﬂmdgz (M* + tﬁAdg2) U&gg (]7 2)} + mug1 Uzj;gl (Za 2)
X [ma,, Uy, (3,2) (1 +15) + Uy, (5, 1)(A3,, + pts)], (E.9)
B =me, U, (i,2) (1" + Aeytg) — Uz, (i, 1) (M 505 — me, t3), (E.10)

1
WZlCl —s lﬁ (Un*(nl, 2) +twUy* (nl, 3)) UC*(CL 2)

+ Up*(nl,3) U (e, 1)} (E.11)
Wl = — ¢4 {% (Un(nl,2) + tiUpn(nl, 1)) Ve(cl, 1)
+ Un(nl,4)Ve(cl, 1)}, (E.12)

and for the other notations we refer to Subsection 3.5.3.



Appendix F

Input parameters

F.1 The SM parameters

The SM input parameters are taken from [187].

a~1(0) = 137.0359805, (M) = 1/128.926, ay(Myz) = 0.1197,

Mz = 91.1876 GeV, My, = 80.398 GeV me = 0.51099891 MeV,

m,, = 105.658367 MeV, m, = 1.777 GeV, m, = 66 MeV,

me = 1.2GeV, my = 173.1 GeV, mq = 66 MeV,

m, = 150 MeV, (M) = 4.2 GeV, my® = 4.3 GeV. (F.1)

For the mass of the light quarks, they are chosen to be consistent with the exper-
imental data of hadronic contribution to the photonic vacuum polarization [188].
The top mass is taken from the recent measurements [189]. m,(7,) is the QCD-MS
b-quark mass, while the top-quark mass is understood as the pole mass.

F.2 The soft SUSY-breaking parameters

F.2.1 The modified m;"™* scenario
The soft parameters are

1 =200 GeV, My = 200 GeV, Mz = 0.8 Msusy, |A-| = |Ay| = |A] = 800 GeV,
MQ = M[) = MU = MSUSY = 500 GeV, Mi = 200 GeV, ME = 150 GeV. (FQ)

The values of ;1 and M3 are chosen as in the m;'™* scenario to maximize the lightest
neutral Higgs mass [190]. M; and M, are connected via the GUT relation |M;| =

5/3 tan? Oy | M.
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F.2.2 The CPX senario:

The CPX scenario is chosen to maximize the CP-violating effects due to the large
value of the product Im (A;) /Mgy [191]. According to [192], we use the following
set of (on-shell) parameters

n = 2000 GeV, MSUSY = 500 GeV, ‘Af‘ =900 GeV,

9 (F.3)
M3 = 1000 GeV, M2 = 200 GeV, M1 = 5/3 tan HWMQ
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