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Abstract

Precision calculations are required for the verification of the standard model (SM) and serve
as a useful tool for probing and disentangling new physics beyond the SM. In this thesis we
concentrate on the extension of the SM with supersymmetry, i.e. the minimal supersymmetric
extension of the standard model (MSSM) and investigate the decay processes of Higgs bosons
within this model. At tree-level, the light CP-even MSSM Higgs boson, h°, becomes SM-like
when the other Higgs bosons get heavy. Thus it is of particular interest to investigate the
impact of higher order corrections. We present the complete one-loop electroweak radiative
corrections to the decay of h? to four fermions via gauge boson pair, the results are further
improved by currently available two-loop corrections to the Higgs boson self energies. The
gauge boson in the photonic one-loop diagrams can become resonant and lead to singularities
that have to be regularized by its finite width. To incorporation the gauge boson width,
the one-loop integrals that involve such singularities are evaluated analytically. While the
one-loop electroweak corrections yield visible effects for a relatively light MSSM Higgs sector,
they only give rise to negligible effects when the Higgs bosons other than h? become heavy,
even if the genuine supersymmetric particle spectrum is relatively light. Consequently it is
rather difficult to distinguish the light CP-even MSSM Higgs boson from the SM one if all
other MSSM Higgs bosons are heavy, even though the one-loop corrections are included. We
also consider the decay of the heavy CP-even MSSM Higgs boson, HY, to off- /on-shell gauge
boson pair. The one-loop corrections turn out to be significant as the tree-level coupling of
HY to gauge bosons is usually suppressed.
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Chapter 1

Introduction

The main goal of theoretical physics is to provide an explanation for as many phenomena in
nature as possible in an as simple as possible manner, or in other words, with as few physical
principles as possible. Currently our best description of nature is given by the standard
model of elementary particles [1,2], in which the conceptual ideas of quantum mechanics
and special relativity, the two cornerstones of the twentieth-century physics, are successfully
combined. The standard model incorporates all elementary particles observed so far, and
can describe their electromagnetic, weak and strong interactions. Its predictions have been
tested by a large variety of experiments to an unprecedented accuracy. The only ingredient
of the standard model that is still missing is the Higgs boson, a hypothetical fundamental
scalar particle that generates the masses of fermions and gauge bosons in an acceptable way.
The electroweak precision data accumulated at LEP, SLC and Tevatron in the last decade
strongly favors a light Higgs boson, which is widely hoped to be discovered soon with the
startup of the Large Hadron Collider (LHC) at CERN this year.

The existence of a fundamental scalar particle in the standard model is somewhat puzzling.
Understanding this fact points to new physics beyond the standard model, which is supposed
to come into play at the TeV energy scale that will be probed by the LHC. Among the
proposals for new physics, supersymmetry is one of the most promising candidates. It is the
only possible non-trivial extension of the Poincaré symmetry and relates particles of different
spins. Besides that supersymmetry can provide solutions for a number of phenomenological
problems, as we will see in the next chapters. It even has the potential to incorporate the
other fundamental interaction, the gravitational interaction.

In contrast to the standard model, which contains only one Higgs boson, its supersymmetric
extensions usually introduce more Higgs boson, with one of them is relatively light. At the
LHC, the neutral supersymmetric Higgs bosons are mainly produced in the same way as
the standard model Higgs boson, i.e. via gluon fusion, vector boson fusion etc. A detailed
analysis of their subsequent decay processes is then required for the kinematic reconstruction
of them. The extensions of the standard model in general resemble the standard model at
the electroweak scale. Therefore to disentangle between them, precise predictions of both the
standard model and its extensions are required.
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In this thesis we consider the decay processes of the Higgs bosons in the minimal super-
symmetric extension of the standard model [3,4]. The one-loop corrections to these processes
are presented, improved by the two-loop corrections implemented in the program package
FeynHiggs [5].

The outline of this thesis is as follows. In chapter 2 a brief review of the standard model is
given, where we present all essential ingredients of the standard model, and put special em-
phasis on the Higgs mechanism. Also some deficiencies of the standard model are mentioned
at the end of this chapter, which motivate the physics beyond the standard model.

In chapter 3 we concentrate on supersymmetry. After presenting the necessary ingredi-
ents for the construction of supersymmetric Lagrangians, we briefly discuss the elegant non-
renormalization theorem, as well as the drawback of theories with extended supersymmetries
for the construction of phenomenologically viable models.

Chapter 4 is devoted to the minimal supersymmetric extension of the standard model
(MSSM). The MSSM Lagrangian with soft supersymmetry breaking terms is given. Then a
counting of independent parameters involved in the Lagrangian is sketched. When introduc-
ing the particle content of the model, we put special emphasis on the Higgs sector, which is
the most relevant sector for the computation in this thesis. We also describe the basic strate-
gies of the regularization and renormalization procedure and discuss different regularization
and renormalization schemes. Finally we present in detail the renormalization of the MSSM
Higgs sector.

In chapter 5 the relative O(«) electroweak corrections to the decay of the lightest CP-
even Higgs boson in the MSSM to four fermions via gauge boson pair are presented. The
mass of the lightest MSSM Higgs boson has an upper bound of about 135 GeV, including
radiative corrections up to two-loop order. The dominant decay channel of such a light
Higgs boson will be the decay into bottom and anti-bottom quark pair. This channel is not
very promising for the discovery of Higgs boson at hadron colliders due to the large QCD
background [6]. Therefore it is necessary to investigate other more rare decay modes. In
the case that only one light Higgs boson is observable at the LHC, the detailed investigation
of the decay properties of the lightest MSSM Higgs boson can help to distinguish it from a
standard model Higgs boson. For the process under consideration, the intermediate gauge
boson can become resonant, a proper treatment of its width effects is thus required in order
to avoid the occurrence of singularities. At the one-loop level, we compute analytically the
integrals that become singular when the gauge boson approaches on-shell and insert the gauge
boson width afterwards. Two different methods are used to compute the real Bremsstrahlung
corrections. We then evaluate the partial decay width as well as the distributions, and make
a comparison of our results with the standard model predictions.

Chapter 6 deals with the decay of the heavy MSSM CP-even Higgs boson to gauge boson
pair. In contrast to the discovery of a light Higgs boson, which may be compatible with
both the standard model and the MSSM, the discovery of such a heavy Higgs boson is a
clear signature for physics beyond the standard model. Although the tree-level coupling
of this heavy CP-even Higgs boson to gauge bosons is usually suppressed compared to the
corresponding standard model coupling, the one-loop corrections, especially those from the



fermionic and sfermionic sector, can play a significant role, since they involve potentially large
Yukawa couplings. We give the analytical results for the fermionic and sfermionic corrections,
which can be applied to more complicated processes involving the coupling of the heavy CP-
even Higgs boson to gauge bosons. For comparison purposes, we also present the complete
one-loop corrections.

In Appendix A we briefly summarize the properties of spinors, starting from their defining
algebra in arbitrary space-time dimensions.

Appendix B defines the one-loop integrals used throughout this thesis. The basic strategies
of the reduction of tensor integrals into scalar integrals are also given there. At the end
of this Appendix we collect the analytical results of the integrals that are revelant for the
computation in chapter 5.

A short discussion on unstable particles is given in Appendix C, where we also discuss the
gauge invariant definition of the mass of unstable particles.
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Chapter 2

The Standard Model

2.1 Structure of the standard model

The standard model of elementary particles [1,2] provides a spectacularly successful descrip-
tion of the non-gravitational physical phenomena at energies currently accessible at accelera-
tors. It is a non-abelian gauge theory based on the gauge group SU(3)c x SU(2)r x U(1)y.
To each of the generators of the gauge groups, there corresponds a gauge vector boson, which
is the force mediator. The number of gauge vector bosons is 8 (gluons) for SU(3)c, 3 (W
bosons) and 1 (B boson) for SU(2);, and U(1)y respectively, in accordance with the dimen-
sion of each gauge group. The gauge bosons transform in the adjoint representation of the

gauge group.

The fermionic matter content consists of three generations of quarks and leptons, whose
left- and right-handed components are assigned into different representations of the gauge
group (there are no right-handed neutrinos in the framework of the standard model), thereby
allowing for the chiral structure of weak interactions. Experimentally there exist gauge vector
bosons and fermions that are massive. However, introducing an explicit mass term for the
gauge boson or fermion into the Lagrangian is forbidden by gauge invariance, which is a
crucial symmetry for the renormalizability of the theory. In order to incorporate the non-
zero particle masses in a gauge invariant way, one needs another essential ingredient of the
standard model, i.e. the spontaneous electroweak symmetry breaking, which is realized by
the Higgs-Brout-Englert-Guralnik-Hagen-Kibble mechanism [7] or the Higgs mechanism for
short. Through the Higgs mechanism the gauge group SU(3)c x SU(2);, x U(1)y breaks
down to SU(3)c x U(1)q, where the color and charge symmetry are still preserved. In this
way the weak gauge bosons acquire masses after the symmetry breaking, while the gluon
and photon still stay massless as required. It turns out that the fermion masses can also be
generated by the Higgs mechanism.

Before introducing the electroweak symmetry breaking, the standard model Lagrangian can
be expressed in terms of the left- and right-handed fermionic matter fields and the gauge fields.
The left and right fermionic fields are defined by fr g = %(1 F75)f, where P, R = %(1 F5)
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are the projection operators. The left- and right-handed fermions reside in weak isodoublets
and isosinglets, respectively,

1% _ u
L1:< 6) 7€R1:€R7Q1:<d> 7UR1:uR7dR1:dR
¢ /L L

14 _ c 1
L2 = ( li ) 9 eRQ :HR7 QQ — ( s > P uRQ = CR 9 dR2 = SR , (I‘?)L,R:ig,o . (21)
L L

v _ t
L3:< T) 76R3:TR7Q3:<b> 7uR3:tR7dR3:bR

The fermionic hypercharge defined in terms of the third component of its weak isospin, I3,
and electric charge, Q¢, by Y =2(Qf — I ]?é) leads to a vanishing sum of hypercharges in each
generation, which is important for the cancellation of chiral anomalies and thus crucial for
the renormalizability of the standard model. The gauge fields G%(a = 1...8), Wji(i = 1...3)
and B,, correspond to the generators of the group SU(3)c, SU(2)r and U(1)y. Their field
strengths are given by

GYY = 0,G%—9,G% + gsf*GhGE
Wi, = 0,W.—0,W)+ g e*Wiwk
B, = auBy — 8,,Bu , (2.2)

where f%¢ and €Y% are the structure constants, and g3, go the coupling constants for the
gauge groups SU(3)¢c and SU(2)y, respectively. The interactions between matter and gauge
fields are introduced by requiring the invariance of the Lagrangian under local gauge trans-
formations. This gives rise to a minimal coupling through the covariant derivative

. . .Y
D,=0,—- zggTaGZ - zgglini — i EB“ , (2.3)
where T,, I; and Y are the generators of the respective gauge group and g; is the coupling
constant for the gauge group U(1)y. The standard model Lagrangian can then be written in
terms of the gauge and matter fields and the covariant derivative

1 1 1 _
Lsm = —1GuGa" — W Wo" = BuwB"™ +i LiDyy"Li +i€r, Dy¥er,
+ QD" Qi + iur, Dyy"ur, +idgr, Dy dr, . (2.4)

Here a sum over the indices is implicitly understood. There are no mass terms for the
fermion and gauge fields in the above expression due to the requirement of gauge invariance.
As mentioned before, these masses can be generated through the Higgs mechanism. The
idea of the Higgs mechanism is to introduce new terms into the original Lagrangian in such
a way that the Lagrangian is still invariant under the gauge symmetry but the vacuum is
not. This is the so-called spontaneous breaking of symmetry. As a massless particle has two
degrees of freedom, while a massive one has three, at least three degrees of freedom have to
be introduced in order to generate masses for the weak gauge bosons W+ and Z, which are
mixtures of W and B bosons introduced above. The simplest possibility is to introduce a
weak isospin doublet ® of two complex scalar fields (so that Lorentz invariance is respected),
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which couple to the vector bosons in a gauge invariant way. In order to achieve a spontaneous
symmetry breaking that preserves the electric charge symmetry, only the electrically neutral
field can acquire a non-vanishing vacuum expectation value. To allow for such a neutral
component in the introduced doublet, the hypercharge of the doublet must be +1. One can
choose either +1 or —1. We choose +1 here, so that

@:(q;;). (2.5)

The contribution of the scalar field part to the Lagrangian is given by
Ls = (D'®)(D,®) — 120Td — \(DTd)? p? <0,A>0. (2.6)

The neutral component of the doublet develops a non-zero vacuum expectation value

<(I)>:<v/(i/§> V= —“;. (2.7)

Expanding the doublet field ® around the vacuum, one has

ot ¢r
¢:<¢0>:(%@+H+M>’ (2:8)

where the would-be Goldstone fields [8], ¢*, ¢~ and 6 are unphysical degrees of freedom,
and can be eliminated by a transition into the unitary gauge via a gauge transformation.
The three Goldstone bosons are absorbed by the gauge bosons W+ and Z and form their
longitudinal components so that they become massive. The leftover degree of freedom H
is a physical field and gives rise to the physical Higgs boson. The Higgs boson is the only
ingredient of the standard model that has not been observed so far [9,10]. The present lower
limit on its mass from direct searches is 114.4 GeV at 95% CL [10], which is consistent with
the electroweak precision data [11].

In the unitary gauge, one can easily extract the physical content by adding the contribution
of the scalar field part, Eq. (2.6), to the standard model Lagrangian, Eq. (2.4), and expanding
around the ground state. The physical gauge boson fields W*, A and Z are mixtures of the
W and B bosons,

Wt 1 @W2— g B, 9W3+ 1B,
= — =, m =,
V2 91 + 93 9i + 93

where the mixing matrix for the neutral vector bosons defines the weak mixing angle 0y with

(Wi FiWg) , Zu (2.9)

g1 g2
N 92
Vi + 95 Vi +95

The gauge boson masses arise from the terms bilinear in the physical gauge fields, yielding

1 1
MW:§QQ’U,MZ:§\/9%+95U>MA:0- (2.11)

sin Oy = cos Oy = (2.10)



8 CHAPTER 2. THE STANDARD MODEL

Note that the photon is still massless after the electroweak symmetry breaking as the charge
symmetry is preserved. The electromagnetic coupling is related to the coupling constants g;
and go by

e = Vira = _99  _ g1 cos By = gosin By . (2.12)
2 2
91 + 95

The vacuum expectation value can be fixed by the Fermi constant determined from the muon

decay

[N

4G e? 2 1
B — = = V= | —F=7 ~ 246 GeV. (2.13)
\/i 2sin QWMW v \/iG“

As previously mentioned, the explicit fermion mass terms in the Lagrangian are forbid-
den by gauge invariance, since such terms have the form of m¢( fofr + frfr), which is
obviously not gauge invariant since the left- and right-handed fermions belong to different
representations of the gauge group (the former are weak isodoublets while the latter are
weak isosinglets). This problem can be circumvented by the Higgs mechanism. One can
generate fermion masses without disturbing gauge invariance through the Yukawa couplings
between fermion and scalar fields. For this purpose, both the field ® and its charge-conjugate
P¢ = iTy®* = (¢"*, —¢~) are required, which generate masses for down-type and up-type
fermions, respectively. The Yukawa interactions are described by the following terms

Ly ==Y (l_LiYiljequ) + QiYlup, @° + Q;Ydp, ® + h.c.> , (2.14)
Z"j
where h.c. denotes the hermitian conjugate and Ylf the Yukawa coupling matrices. Inserting
Eq. (2.8) into these Yukawa interaction terms yields the following mass matrices for the
leptons, up- and down-type quarks, respectively,
1 1 1

V2 V2 V2
These mass matrices may not be diagonal, which implies that the interaction eigenstates may

be different from the mass eigenstates. In order to obtain the mass eigenstates, we apply a
unitray transformation to the left- and right-handed fermions

fi/,L = Z UZJ;,ij,L ) fi/,R = Z Ui];,Rfj,R . (2.16)
J

J

M= —Yjv, Mj; = —Z=Yv, M= —Yiv. (2.15)

After these transformations the mass matrices become diagonal with the following entries
1 !yt it
My, = NG S Ul iUl (2.17)
g,k

Summing over the three parts in Eq. (2.4), (2.6) and (2.14) yields the classical Lagrangian
for the standard model. An important feature of the standard model Higgs sector is that
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the coupling of the Higgs boson with itself or with fermions or gauge bosons are propor-
tional to their masses. The transformation matrices U g and U }]; drop out in the coupling
of fermions and neutral gauge bosons due to their unitarity. This has the important conse-
quence that the flavor-changing neutral current is absent at tree level. In the leptonic sector
these transformation matrices also drop out. This is because the neutrinos are assumed to
be massless in the standard model, its transformation is arbitrary and can be chosen to make
the mass and interaction eigenstates of leptons coincide with each other. The transforma-
tion matrices survive only in the coupling of quarks and W gauge boson, leading to the
Cabbibo-Kobayashi-Maskawa (CKM) mixing matrix [12, 13]

vV =upuit. (2.18)

If the up- or down-type quarks have degenerate masses, this mixing matrix can also be
eliminated.

So far we are only concerned with the classical Lagrangian of the standard model. There
are other issues that have to be addressed when one tries to quantize this classical Lagrangian
(detailed discussion can be found, e.g. in [14,15]). Like the quantization of all non-abelian
gauge theories, it is necessary to specify a gauge by adding gauge-fixing terms into the original
Lagrangian of the standard model in order to avoid the integration over physically equivalent
configurations that are related by a gauge transformation. For practical calculations, it is
convenient to choose a renormalizable gauge in which the gauge boson propagators behave
convergently at large momentum. The 't Hooft gauge [16] is a gauge of this kind. In this
gauge the mixing between the gauge bosons and the Goldstone bosons introduced by the
spontaneous symmetry breaking drops out, and the gauge-fixing terms are given by

L oeye b a1z 1 -
EGF:_%—G(C ) _%—A(C ) —2§—Z(C ) —g—WCJrC (2.19)
with the linear gauge-fixing operators
cY = oGy,
ct = oA, ,
C? = 0'Z,— Mz&éz0,
C* = Wi FiMwéwo™ . (2.20)

In this thesis we use &, = 1, which corresponds to the 't Hooft-Feynman gauge. Note that by
introducing the gauge-fixing terms into the original Lagrangian one includes the unphysical
degrees of freedom of gauge fields, the effects of which are cancelled by the ghost term
oCce
_ sa B

Lrp=1u 508 Y (2.21)
where u®, u® are the Faddeev-Popov ghosts [17], and 667 is the infinitesimal gauge transfor-
mation parametrized by #°. Adding these gauge-fixing and Faddeev-Popov ghost terms to
the classical Lagrangian one achieves a complete renormalizable Lagrangian of the standard
model, from which the computation of higher order corrections is possible.
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2.2 Deficiencies of the standard model

In spite of the remarkable success of the standard model, there are a number of reasons
that it can not be the ultimate theory. The standard model contains a number of free
parameters, at least 19, which include the three gauge couplings, six quark and three lepton
masses, three charged weak mixing angles and one CP-violating phase, the two parameters
and A\ parametrizing the Higgs sector, and an additional parameter describing the potential
strong CP violation. Another compelling reason is that it does not incorporate gravity.
Although gravity does not play a role at the energies accessible at current accelerators, it
will come into play at the Planck scale M, = (G /hc)~"/? ~ 1.2 x 10" GeV with Gy being
the gravitational constant. The standard model is expected to break down at this scale.
Even if gravity is ignored, the standard model is not asymptotically free, the electromagnetic
coupling, for instance, will become strong at some high energy scale. This also indicates
that the standard model is only a low energy effective theory of some more fundamental
theory. The existence of dark matter from cosmological observations, as it is not built out of
quarks and leptons, indicates clearly the incompleteness of the standard model. The baryon
anti-baryon asymmetry is, too, not explicable within the standard model. The neutrino
oscillation experiments imply massive neutrinos, which are beyond the scope of the standard
model although they can be incorporated naturally by introducing Dirac mass terms, apart
from the fact that the masses are unnaturally small. Of course, this procedure also introduces
more free parameters into the standard model. In addition, there are some other theoretical
and phenomenological issues that the standard model is not able to address, such as the
problem of gauge coupling unification, the quantization of electric charges, the replication of
fermion families and the hierarchical masses of them.

Besides all these, there is the hierarchy problem. Phenomenologically the mass of the
standard model Higgs boson should be around the electroweak scale. However, its squared
mass receives radiative corrections that are quadratically dependent on the ultraviolet cutoff
A, which is supposed to be the energy scale at which the standard model breaks down and
new physics enters. The natural value of the Higgs boson mass is thus of the order of the
cutoff rather than the electroweak scale. To keep the Higgs boson mass at the electroweak
scale, one needs a huge fine-tuning if the energy scale A is expected to be the grand unification
(GUT) scale or the Planck scale. In contrast, the fermion mass, e.g. the electron mass in
QED is not fine-tuned. The reason is that when the electron mass goes to zero, an additional
symmetry arises, i.e. the chiral symmetry. When the electron mass moves away from zero,
this chiral symmetry is broken, but the effects of this breaking comes only from the electron
mass. Therefore the loop corrections are proportional to this mass and only logarithmically
divergent. In this way massless fermions are protected from acquiring masses by the chiral
symmetry. Likewise, the photon stays massless due to the gauge symmetry. For the scalar
particle in the standard model, however, there is no such symmetry that can protect it from
acquiring large masses from radiative corrections, thus leading to a destabilization of the
mass hierarchy between the electroweak scale and GUT scale.

There have been proposals to solve at least some of these problems. Supersymmetry [18,19]
is one of such proposals that has been extensively studied in literature. It is a symmetry that
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relates fermions and bosons, and leads to a cancellation between the radiative corrections
to the Higgs boson mass from fermionic and bosonic loops, thus stabilizes the huge mass
hierarchy between the electroweak scale and the GUT scale. This can also be understood
as follows. By pairing the scalar boson with a fermion through supersymmetry, the chiral
symmetry that protects the fermion mass now serves as a protection mechanism for the
boson mass as well. Supersymmetry can also explain how the hierarchy arises, can provide a
natural dark matter candidate, and offers the possibility for the unification of gauge couplings.
Another proposal is the so-called Technicolor theory [20], in which the inclusion of elementary
scalar particles is avoided by proposing that the Higgs boson is a composite particle made of
fermions. Theories with extra dimensions are also widely discussed in literature. They have
the potential to provide solutions to the fermion family replication, to give explanations to
the breaking of supersymmetry, and even to form a consistent quantum theory of gravity. It
is clear that precise knowledge of both the standard model and its theoretical extensions is
required, in order to verify and disentangle all these extended models. We will concentrate
on the scenario with supersymmetry in this thesis. In the next chapter a brief description of
the basic characteristics of supersymmetry will be given.
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Chapter 3

Supersymmetry

3.1 Basics of supersymmetry

The attempts in the 1960’s to combine in a non-trivial manner the internal symmetries
with the space-time Poincaré symmetry turned out to fail. Indeed it was shown by Coleman
and Mandula [21] that this is not possible within the context of Lie groups. Their proof was
based on very general assumptions, such as the analyticity of the S-matrix, the existence of
scattering at almost all energies etc. Later on it was realized that there was a possibility
to evade this no-go theorem, namely by generalizing the notion of a Lie algebra in such a
way that its defining relations involve both anticommutators as well as commutators. These
are the graded Lie algebras. It was proven by Haag, Sohnius and Lopuszanski [22] that
supersymmetry algebra is the only graded Lie algebra of symmetries of the S-matrix that is
consistent with relativistic quantum field theory.

As mentioned at the end of the previous chapter, supersymmetry provides solutions to a
number of theoretical and phenomenological problems, for instance, it can solve the hierarchy
problem, and provide a nice cold dark matter candidate with the relic density of the right
order of magnitude. Owing to the pairing between fermions and bosons, supersymmetric
theories in general have better ultraviolet behavior compared to ordinary field theories. It
turns out that all supersymmetric theories are free of quadratic divergences, and indeed
any unrenormalized quantum field theory that has no quadratic divergences to all orders
in perturbation theory must be supersymmetric [23,24]. Supersymmetry even yields field
theories that are completely finite to all orders in perturbation theory. For instance, the
N = 4 super Yang-Mills theory in four space-time dimensions (where N denotes the number
of supersymmetries) is finite to all orders [25-28]. Although supersymmetry can potentially
provide solutions to many phenomenological problems, it was not invented for these purposes.
Supersymmetry was first introduced in string theory in order to incorporate fermions in the
model [29]. It was realized that supersymmetry could possibly be the solution of these
phenomenological problems only after the construction of supersymmetric field theories in
four space-time dimensions.

13
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Since supersymmetry is a symmetry relating fermions and bosons, its generators must
transform a fermionic state into a bosonic one, and vice versa. Thus the supersymmetry
generators carry half-integer spin, and they are fermionic operators. The algebra of super-
symmetry including the Poincaré algebra can be collected as follows [3,30-36],

{Q0. Q%) =207, P07

{Qéu j} = EaﬁZij ’ {QZONQIJB} = Eaﬁ'(zij)*
[ P = Q4 Pu =0, |

(0 )ﬁQ@ [ gnM/ﬂ/] = (611'/)2@;’ )

[Qa

M)
[M Vs pa] = 1(9 = JupMyve — o Myp +gu0Mup) )
[M/u/ypp] = (g gpuP) )
[Py, P/} =0, (3.1)

where P, and M, are the generators of the Poincaré group, Q°, and its conjugate Q;
are the spinorial generators of supersymmetry with the Weyl spinor indices o, & = 1,2 and
1,7 = 1...N denoting some integral space. ¢ consist of the identity matrix and Pauli matrices.
The operators @' and @' transform in the (3,0) and (0, 3) representations of the Poincaré
group respectively, hence the anticommutator of them must transform as (;, %) ie. as a
four-vector. From this consideration it is almost straightforward that the anticommutation
relation in the first row of Eq. (3.1) takes that form. The operators Z% = —ZJ% are the central
charges, they commute with any operator and belong to an abelian invariant subalgebra of
the internal symmetry group [30]. In the absence of the central charges, the supersymmetry
algebra is invariant under a U(N) transformation among the supersymmetry generators.
For the simple N = 1 supersymmetry, the central charge automatically vanishes due to its
anti-symmetry. The resulting U(1) symmetry is the so-called R symmetry.

As one can see from Eq. (3.1) that the algebra of supersymmetry contains the Poincaré
algebra as a subalgebra. From quantum field theory we know that particles correspond to
irreducible representations of the Poincaré algebra, now the supersymmetry transformations
will relate different particle representations. These particles form a supermultiplet and are
related to each other by the spinorial operators @Q° and Q¢ differing in spin by % Within
a supermultiplet, all particles have the same mass since the operator P? is still a Casimir
operator, namely it commutes with all supersymmetry generators. Moreover, as one can
easily show, a supermultiplet contains an equal number of bosonic and fermionic degrees of
freedom.

In the following we will mainly concentrate on the N = 1 supersymmetry, since, for the
reason that will be given at the end of this chapter, only this simple supersymmetry allows
chiral fermions [3,30-34,37] and thus lays the foundation for the construction of phenomeno-
logically viable models!. Moreover, the supersymmetry is assumed to be a global symmetry.
The extended supersymmetry (N > 1) and local supersymmetry will be briefly described at
the end of this chapter.

! Although, in principle, extended supersymmetry can be introduced into the gauge sector of phenomeno-
logical models (see e.g. ref. [38]), we will not discuss this possibility in this thesis.
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For the N = 1 global supersymmetry, the simplest possible supermultiplets describing
massless fields are the chiral and the vector supermultiplets. The former contains an irre-
ducible representation formed by a single Weyl fermion with helicity % and a real scalar, as
well as its CPT-conjugate representation that consists of a Weyl fermion of helicity —% and
another real scalar. This is necessary for the construction of a Lorentz invariant theory. The
chiral supermultiplet thus contains two fermionic and two bosonic degrees of freedom. The
vector supermultiplet contains a massless spin-1 gauge boson and a Weyl fermion, where the
fermion has to transform in the adjoint representation of the gauge group as the gauge boson
does.

With these supermultiplets one can write down the supersymmetry transformations and
construct invariants from the component fields belonging to the supermultiplets. However,
this turns out to be rather complicated. The supersymmetry algebra can only be realized
on-shell. In order to match the bosonic and fermionic degrees of freedom off-shell, one has
to introduce auxiliary fields, whose transformation properties are then determined by the
requirement that the algebra of supersymmetry can close off-shell. This can be greatly
simplified by enlarging the space-time to include as well anticommuting variables, i.e. defining
the superspace, and using the superfield formalism introduced by Salam and Strathdee [39,40],
in which the superfields also include the auxiliary fields as components.

3.2 Superspace and superfields

In superspace, one has two additional anticommuting Grassmann coordinates 6, and 64
(the properties of Grassmann variables will be briefly summarized in Appendix A), in addi-
tion to the ordinary coordinates z*. The elements of superspace are thus labeled by the set
of coordinates (z,6,0). In contrast to an ordinary field, which is a function of the space-time
coordinates only, a superfield is a function of both the space-time and the anticommuting
Grassmann coordinates. The component fields of the supermultiplet then arise as the coef-
ficients in the expansion of the superfield in powers of the variables # and . In particular,
the auxiliary fields also arise as components of superfields.

The anticommutators of supersymmetry algebra can now be written in terms of commuta-
tors

£Q.£Q) = 260"¢ P, (3.2)
where ¢ and € are anticommuting parameters and £Q = £%Qq, £Q = £, Q°.

As the momentum operator generates infinitesimal translations in space-time, we can think
of the supersymmetry generators as inducing infinitesimal translations in superspace with
Grassmann parameters. Hence a finite supersymmetry group transformation can be con-
structed by the following exponentiation (there are different possibilities to write the group
element, for which the supersymmetry generators @, @ and the covariant derivatives given
below will take different forms)

G(,0,0) = =" PutbQ+0Q) (3.3)
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A successive application of the group transformation leads to the following translation in
superspace

(2#,0,0) — (z" + a* — ot O+ ifoE,0 + €,0 + €) . (3.4)

Thus the supersymmetry generators Q and @ can be written as differential operators in
superspace

— ok, 0%, iQs = S + 0% 9, . (3.5)

e = 6%

6>

A general superfield can be expanded in powers of § and . Due to their anticommuting
property, all powers of § and @ higher than two vanish in the expansion. Such superfields
form representations of supersymmetry, but they contain many component fields and usually
give reducible representations. In order to obtain irreducible ones, we have to impose certain
constraint on the superfields that is invariant under the supersymmetry algebra. One possi-
bility is to impose the reality condition, which can be used to construct the vector superfield,
the component fields of which constitute the vector supermultiplet. Another possibility is to
define a supersymmetric covariant derivative to eliminate extra component fields. This can
be used to construct the chiral superfield, whose components form the chiral supermultiplet.
Besides these, there are other possibilities to constrain a superfield and yield other types of
supermultiplets, e.g. the linear superfield [41-43]. However, the interactions of linear super-
fields are no more general than those of chiral and vector superfields, therefore we will not
discuss them further.

For the representation given by Eq. (3.3) the covariant derivatives are defined as

0 . 1 7 = 0 ,
Da = % + Zagoﬂaau 5 Dd = _W — 29a05d8u . (36)
They themselves satisfy the anticommutation relations
{Dqu, Dy} = 2i0" .0, , {Da, Dg} ={Da, D3} =0, (3.7)

and anticommute with the supersymmetry generators @ and Q. A (left-) chiral superfield
can be defined by the following condition, which is invariant under supersymmetry

Dy®=0. (3.8)

The general form of a chiral superfield when expanding in powers of the Grassmann variables
0 and 0 reads

O(2",0,0) = () +V200(x) +00F (z) +id,p(x) 0 00

; o N
- % 00 0y ()"0 — 0,0 p()0698 . (3.9)

where ¢ and F' are complex scalar fields and ¢ is a Weyl spinor field. Note that the param-
eters 6 and 6 have mass dimension —%, thus the coefficient F' is the field with highest mass
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dimension in this expansion. All coefficients associated with higher powers of § and  are
space-time derivatives. It turns out that the component field F' of a chiral superfield always
transform into a space-time derivative under supersymmetry transformations. This property
is crucial for the construction of supersymmetric invariant actions. In addition, there is no
kinetic term of the F field in Eq. (3.9), it thus represents a non-propagating degree of free-
dom. The conjugate field of ®, ®*, satisfies the constraint D,®" = 0 and is a right-chiral
or anti-chiral superfield.

The product of left-chiral superfields is again a left-chiral superfield, since the operator D
is a linear differential operator. However, the product of a left-chiral superfield and a right-
chiral one is no longer a chiral superfield, but a general vector superfield, whose properties
will be described below.

Vector superfields form another irreducible representation of supersymmetry. They are
defined by imposing the reality condition

vV=vt. (3.10)

This condition is preserved by the supersymmetry transformation. A vector superfield in
general contains four auxiliary scalar fields and an auxiliary fermion field. With the help of

gauge invariance one can eliminate all but one of them, the remaining field is the so-called D
field.

In terms of powers of 6 and @ one can expand a vector superfield as follows
V@t 0.0) = Cla)+ibx(x) —iX(x) + 00M(x) +iN(z)]
- %éé[M(x) _iN(2)] + 0070V, (z)
v i0000M) + %&“(%x(x)] — 606\ () + %Uuaﬂi(m)]
+ %Hﬁgé[D(a:) _ %a“aﬂcu«)] , (3.11)

where C, M, N, D are real scalar fields and V), is a real vector field, A and x are two Weyl
spinor fields.

It is possible to construct a vector superfield from a chiral superfield A and an anti-chiral
one AT by taking i(A — AT), which can be written in components as follows

i(A =AY = i(p—ph)+ivV2(00 — 0) + i00F — idOF"

_ 1 _ 1 __ _
— 00100, (p + ') — Eeeea#aﬁb + ﬁeeea#aw

i
— Zeeeeaﬂa#(w—gﬂ). (3.12)

This suggests the following supersymmetric generalization of an abelian gauge transformation
as it gives the correct transformation for the vector field V,,

V — V+i(A—AD). (3.13)
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This gauge transformation reflects the fact that the fields C, M, N and x are unphysical
degrees of freedom, since they can be eliminated from Eq. (3.11) by a proper adjustment of
the component fields in Eq. (3.12), i.e. by a particular choice of gauge. The gauge in which
these unphysical fields disappear is called Wess-Zumino gauge. Note that the Wess-Zumino
gauge does not completely fix the gauge, actually it fixes all the gauge freedom except for
the ordinary U(1) gauge transformation of the vector field V},. The manifest supersymmetry
is lost in this gauge. However, the expression of a vector superfield is greatly simplified to

_ _ __ __ 1 __
Vivz(2,0,0) = 009V, (x) + 000X (x) — iB00X(x) + 50060D(x) , (3.14)

where the highest D component is the only leftover auxiliary field, and as the F' term in the
chiral superfield, it transforms into a total derivative under supersymmetry transformations.
In addition, any power higher than two of V' vanishes automatically.

For the non-abelian gauge group, the vector superfield transforms as follows
eV — emibT Vil (3.15)
with V = 2gV %%, where t* represent the generators of the non-abelian gauge group.

In order to construct a supersymmetric gauge invariant theory, we need a field strength
superfield and a gauge invariant combination of the vector superfield and the chiral matter
superfield. For the abelian case, it turns out that the fields A\, A and D, together with the
field strength V,, = 9,V, — 0, V), form an irreducible representation of the supersymmetry
algebra. In this representation the lowest-dimensional field A has mass dimension %, this
suggests that the field strength superfield that contains the field strength as component is a
spinor superfield. One can thus define the following left- and right-handed spinor superfields
by observing that A and \ are also the lowest-dimensional component fields of them

1_, - 1 5=
Wy = _ZD D,V , Wy = _ZD DV . (3.16)
They are gauge invariant chiral superfields and contain the gauge invariant field strength
tensor as components, hence serve as the supersymmetric generalization of the field strength
tensor for an abelian group. Moreover, they satisfy an additional covariant constraint

D*W, = DgW* . (3.17)
The field strength superfields defined above can be generalized to the non-abelian case as

1- - 1 _
Wy = —ZDQe_VDaeV ) Wa = —ZD%_VD(WV ) (3.18)

with W, = W2t%. From the gauge transformation Eq. (3.13) and (3.15) it follows that in
the non-abelian case, the gauge invariant coupling of the vector superfield V and the chiral
matter superfield ® is

eV ® (3.19)

provided the superfield ® transforms as ® — e A d.
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The last piece that one needs for the construction of supersymmetric Lagrangians is the
superpotential, which is an analytic function of chiral superfields only and determines the
possible interactions other than the gauge interaction of the theory.

Now we have all the ingredients to write down a supersymmetric Lagrangian. For this
purpose, the transformation properties of the F' and D terms discussed above are crucial.

3.3 Construction of supersymmetric Lagrangians

A supersymmetric action can be constructed from the integral over superspace of the cor-
responding Lagrangian density. In order for the action to be invariant under supersymmetry
transformations, the space-time Lagrangian density can at most change as a total space-time
derivative under supersymmetry transformations. We have already seen in the previous sec-
tion that the highest components of the superfields, i.e. the F' term in a chiral superfield and
the D term in a vector superfield, transform under supersymmetry transformations into total
derivatives. Hence they are suitable for the construction of supersymmetric Lagrangians. The
highest components can be projected out by integrating over the anticommuting parameters
6 and 0. First, we have the D term contribution, which involves an integration over the full
superspace

Lp = /d492@jev®i . (3.20)

Second, we have the F' term contributions, which can be extracted by an integration over
half of the superspace. One of these contributions arises from the gauge kinetic term

1
2 ayyrac
= —WIW .C. 21
Lr /d91692 o + h.c., (3.21)
another contribution is the superpotential part
Lw = / d20W (®;) + h.c. . (3.22)

Note that the superpotential W (®) is an analytic function of the chiral superfields ®;s. For
a renormalizable theory, apart from a possible tadpole term that is linear in the superfields
®,, it has the following form

1 1

Terms involving more than three superfields would have mass dimension higher than four
after the integration over the superspace and hence are forbidden by renormalizability.

The full Lagrangian is the sum of the three parts in Eqgs. (3.20-3.22). As previously
discussed, the auxiliary F' and D fields appear without derivatives, their equations of motion
are thus algebraic and can be easily derived from the constructed Lagrangian. It turns
out that the these auxiliary fields and their equations of motion fix completely the scalar
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potential. This is a striking feature of supersymmetric theories. In contrast, the scalar
potential in the standard model is arbitrary and can not be determined within the standard
model itself. When constructing phenomenologically viable supersymmetric models, this
feature has important implications, as we will see in the forthcoming chapter.

If we are not restricted to renormalizable theories, the most general globally supersymmetric
theory of chiral and vector superfields has the Lagrangian [3]

L= / d*OK(dTeV, ®) + [ / d2OW () + / 20 (DY W2 + hee.| , (3.24)

where ® and V denote the chiral and vector superfields, W (®) is the superpotential, which,
as well as the gauge kinetic function f(®), is an analytic function of the chiral superfields.
If one requires renormalizability, it turns out that the function f(®) must be constant and
K(®Te, ®) has to be of the form of ®Te¥'®, and the superpotential can only be a polynomial
involving powers up to three of the chiral fields. This indeed shows that the terms given in
Eq. (3.20), (3.21) and (3.22) define the most general renormalizable theory.

3.4 Non-renormalization theorem

One of the important features of supersymmetric theories is that they have better ultra-
violet behavior than ordinary field theories. In addition, in ordinary field theories any term
that is permitted by the symmetries of the theory tends to appear in the effective action,
while this is not the case for supersymmetric theories. Indeed, there exists a theorem for
the supersymmetric theories, i.e. the non-renormalization theorem [44,45], which states that
the superpotential is not renormalized in perturbation theory. Thus any fine-tuning of the
potential at tree-level will not receive any higher order loop contributions. This makes su-
persymmetry a potential solution to the hierarchy problem.

The original proof of this theorem based on detailed investigations of perturbation theory
and supergraph techniques led to the consequence that any radiative correction to the effec-
tive action will be of the form of an integral over the full superspace. The F' term, hence the
superpotential, is not renormalized. Only the D term receives radiative corrections, which
yield the usual wave function renormalization constants for the superfields. All other param-
eters like mass and coupling constants are renormalized entirely due to the wave function
renormalization.

Seiberg proposed another fairly simple proof based on considerations of symmetry, analyt-
icity and the idea that the coupling constants can be viewed as chiral superfields with only
lowest components non-zero [46]. This is possible due to the fact that the supersymmetry
generators are differential operators on superspace, thus a superfield whose only non-zero
component is a constant lowest component will not spoil supersymmetry. Now since super-
potential is an analytic function of chiral superfields, it must be an analytic function of these
coupling constants as well. For the sake of illustration, consider a theory of one single chiral
superfield ® with the tree-level superpotential

W =m®? + A3 . (3.25)
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This superpotential is invariant under a U(1) x U(1)g global symmetry. The charge assign-
ment of the field ® is (1,1) under such symmetry, while the charges of the couplings m and
A are (—2,0) and (—3,—1), respectively. Under the global U(1)r symmetry, the anticom-
muting parameter 6 also has charge 1. The most general renormalized superpotential that is
invariant under this global U(1) x U(1)r symmetry has the following form

Wr = m®?f <%@> , (3.26)

where f is an analytic function and can be expanded as

F=>anm!mArent? (3.27)
n

The limit of A — 0 corresponds to a free theory and should not yield any singularity, hence
no negative power of A can appear in the expansion of the function f. One can also take
simultaneously the massless limit m/\ — 0, requiring the absence of singularity in this limit
forbids terms with n > 2. Therefore the renormalized superpotential must be

Wr =m®* 4 0> =W | (3.28)

i.e. the superpotential is not renormalized. This result can be generalized to theories with
arbitrary numbers of chiral and vector superfields.

Another important aspect of the non-renormalization theorem is the non-renormalization
of the factor " [3]. Tt then follows that the gauge coupling renormalization is related to the
wave function renormalization constant of the vector superfield. This plays an important role
in the investigation of N = 4 super Yang-Mills theory, whose multiplicative renormalization
constants are not only related among each other, but are all equal to unity as a consequence
of symmetries. Hence this theory is completely finite.

3.5 Mechanisms of supersymmetry breaking

Obviously, if supersymmetry has anything to do with nature, it must be a broken symmetry;,
either spontaneously or explicitly, since supersymmetry requires that each standard model
particle be degenerate in mass with its superpartner, a possibility that has been ruled out
by experiments. Supersymmetry can be explicitly broken by adding to the Lagrangian extra
terms that are not invariant under supersymmetry transformations. These non-invariant
terms introduce arbitrariness into the theory, since they have to be put in by hand, leading
to a number of free parameters lacking of theory explanation. This situation retains in the
construction of phenomenologically viable models. There, the extra terms are restricted by
the requirement of mass hierarchy stabilization, so that they can only break supersymmetry
softly, i.e. without reintroducing quadratic divergences. Trying to achieve a satisfactory
explanation for these somewhat arbitrary soft terms motivates an alternative possibility of
supersymmetry breaking, the spontaneous supersymmetry breaking, in which the Lagrangian
remains invariant under supersymmetry transformations while the vacuum does not. The
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spontaneous breaking of supersymmetry is also required if supersymmetry can be promoted
to a local symmetry. It turns out that high energy theories with spontaneous supersymmetry
breaking can yield low energy effective theories with explicit soft supersymmetry breaking
terms, and hence provide explanations for the presence of such terms.

The anticommutation relations of supersymmetry generators imply that the Hamiltonian
of N =1 supersymmetric theory has the following form

H=P = i(QlQi +QiQ1 + Q205 + Q3Q2) . (3.29)

The spectrum of H is positive semi-definite and the supersymmetric vacuum state has zero
energy. Supersymmetry is unbroken as long as the vacuum state has vanishing energy. Its
spontaneous breaking can take place only if the potential is positive. As discussed previously,
the scalar potential is fixed by the auxiliary F' and D fields and their equations of motion,
and it turns out to be quadratic in these fields. Hence to achieve supersymmetry breaking, we
must require that either (F') # 0 or (D) # 0 or both. A straightforward approach to obtain
the soft terms in phenomenological models is to break supersymmetry spontaneously by
generating non-zero vacuum expectation values of the F' and/or D fields at a low energy scale
relevant for phenomenology (e.g. the TeV scale). The O’Raifeartaigh mechanism [47] does
this job through non-zero F' terms, while the Fayet-Iliopoulus mechanism [48] does through
non-zero D terms. Both can be achieved by introducing linear terms into the Lagrangian.
However, it turns out that this sort of tree-level spontaneous supersymmetry breaking leads
to phenomenologically unacceptable particle spectrum. For the tree-level masses of particles
with spin j, the following supertrace relation holds

> (=1)¥(2j + )mi =0, (3.30)

which yields constraints too strict for the boson masses, and contradicts the experimental
observations. Moreover, these breaking mechanisms may result in unacceptable symmetry
breaking in phenomenological models, such as breaking of color or electromagnetism. Conse-
quently it is rather difficult, if not impossible, to achieve explicit soft supersymmetry breaking
terms from directly generating F'/D term vacuum expectation values at a low energy scale
in a renormalizable Lagrangian.

Owing to the difficulties of spontaneous supersymmetry breaking at low energy (or visible
sector supersymmetry breaking), one is strongly motivated to consider the possibility of su-
persymmetry breaking at a high energy scale. One most common such scenario is the hidden
sector scenario, in which supersymmetry is spontaneously broken in a hidden sector. The
supersymmetry breaking is communicated to the visible sector via suppressed interactions
that are shared by both sectors. The visible sector, in a phenomenological model such as
the minimal supersymmetric standard model contains the standard model particles and their
superpartners. There are no direct renormalizable couplings between the visible and hidden
sectors, the suppressed interactions can be induced by loop effects or non-renormalizable
operators. Consequently the soft supersymmetry breaking terms result in the low energy
effective theories. In this approach the supertrace relation Eq. (3.30) needs not hold for the
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visible sector fields, so that it is possible, in principle, to have a phenomenologically accept-
able particle spectrum. One of the leading candidates for the mediation of the hidden sector
supersymmetry breaking is the gravitational interaction, an interaction shared by all parti-
cles. This possibility can be naturally embedded in supergravity theory [49,50], which is a
non-renormalizable supersymmetric effective theory of gravity resulting from gauging global
supersymmetry. In supergravity theory it is possible to compute the soft supersymmetry
breaking terms directly from the supergravity Lagrangian. The soft terms determined in this
way are values at the high energy scale, their values at the electroweak scale can then be ob-
tained through the renormalization group evolution. In the gravity-mediated supersymmetry
breaking scenario [3,34,51,52], the spin 3/2 superpartner of graviton, the gravitino, acquires
its mass by absorbing the Goldstino degree of freedom, which is the fermionic counterpart
of Goldstone boson in the presence of spontaneous supersymmetry breaking. The gravitino
mass then sets the scale of the soft terms in the visible sector. If one takes the simplest pos-
sibility to assume that the supergravity Kihler potential (a generalization of the ®T® term
in the Lagrangian for one single chiral superfield ®) takes a minimal canonical form

K@M)= > A+ ofe; (3.31)

where ®; represent the superfields of the visible sector and \; the superfields of the hidden
sector that are connected with supersymmetry breaking; and assumes furthermore a universal
gauge kinetic function f(®) (defined previously in Eq. (3.24)) for all gauge groups, one
achieves a universality of the soft terms at the high energy scale. This defines the minimal
supergravity model [34,52].

Another competing candidate for the mediation of supersymmetry breaking is the gauge
interaction. In the gauge-mediated supersymmetry breaking scenario there is another sector
consisting of the messenger fields, which couple to the fields of both the hidden sector and the
visible sector. The supersymmetry breaking is communicated between these two sectors via
radiative corrections to the visible sector field propagators through loop diagrams involving
the messenger fields. Of course, in this scenario there is still gravitational communication
between the visible and hidden sectors. It is, however, subdominant compared to the gauge
interaction. In this scenario, the gravitino mass is much smaller than the scale of soft terms
in the visible sector, as long as the characteristic mass of the messenger fields is much lower
than the Planck scale.

From a phenomenological perspective, we do not need to worry about how supersymmetry is
broken at the high energy scale, since the effects of supersymmetry breaking are parameterized
in phenomenological models by explicit soft supersymmetry breaking terms. Girardello and
Grisaru [53] have classified all such terms that are renormalizable as follows?

(a) scalar mass terms, m¥ Pip]
gaugino mass terms, Sy ,
b i t IMAAIN
(¢) trilinear scalar interactions, Afﬂ'kgoigojgok + h.c., (3.32)
llinear terms, i0i + h.c.
d) bili BY 0+ h
(e) linear terms, Clp; .

2terms like /\ijkgofgojgok + h.c. may be allowed, but they lead to practical difficulties in realistic models with
supersymmetry breaking and are usually omitted [52,54].



24 CHAPTER 3. SUPERSYMMETRY

All these terms have couplings with positive mass dimension. The gauginos transform non-
trivially under continuous R symmetries, hence their mass terms do not respect such sym-
metries. In realistic models this kind of symmetry is usually needed to suppress the baryon-
or lepton-violating terms in the effective Lagrangian. In order to allow the gaugino mass
terms, one defines a discrete symmetry rather than a continuous one, i.e. the R parity, which
is respected by the gaugino mass terms and sufficient to suppress those terms that violate
baryon or lepton number conservation. This will be described in the next chapter.

3.6 Extended and local supersymmetry

In this section we will say a few words about theories with extended (N > 1) supersymmetry
and local supersymmetry. Evidently one can introduce more than one set of supersymmetry
generators to enlarge the supersymmetry algebra, each of the generators Q¢ will change the
particle spin by % If one wants to construct a renormalizable supersymmetric gauge theory, in
which the maximum value allowed for particle spin is 1, then the number of supersymmetries
will be restricted to N < 4, since by applying the supersymmetry generators to a state with
helicity 1 one can at most end with a helicity -1 state. Analogously if one allows a spin 2
particle in the theory, e.g. the graviton, then the number of supersymmetries is restricted to
N <8.

The drawback of theories with extended supersymmetry for the construction of phenomeno-
logically viable models is clear. Suppose one has two sets of supersymmetry generators that
anticommute with each other, starting from a fermionic state with maximum helicity %, one
can obtain two scalar states by applying each generator once and one state with helicity —%
by applying both generators. Hence the left- and right-handed fermionic states are contained
in the same representation and they should have the same transformation property under
gauge groups [33]. This is a general feature of theories with extended supersymmetry and
is bad news for phenomenology. Therefore, as we mentioned at the beginning of this chap-
ter, only N = 1 supersymmetry needs to be taken seriously for low energy phenomenology.
This is the starting point of the construction of the minimal supersymmetric extension of the
standard model in the next chapter.

If supersymmetry is not merely an accident, it should be realized as a local symmetry. Local
supersymmetry naturally includes the general coordinate invariance as a subsymmetry, hence
is a theory of gravity, i.e. supergravity. At a low energy scale where the effects of gravity
is negligible, local supersymmetry can appear as a global symmetry. One can expect that
supergravity theory, as a more fundamental theory, might be able to solve some problems
of the low energy phenomenological theory. In previous sections we have already mentioned
some of these possibilities. Although adding more supersymmetries can improve on the
convergence behavior of the theory, it turns out that supergravity, even with the maximum
number of supersymmetries allowed (N = 8), is yet not finite or renormalizable. It seems
that a consistent quantum theory of gravity can only be formulated within the framework of
string theory, which is based on the idea that the fundamental objects are open/closed strings
rather than point particles [55-57]. The spectrum of closed strings includes a spin 2 massless
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state, which can be identified as the graviton. Hence gravity is naturally incorporated in
string theory. Another appealing feature of string theory is that it does not suffer from the
ultraviolet divergences that plague ordinary quantum field theories of point particles due to
the completely different topological structure.
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Chapter 4

The Minimal Supersymmetric
Standard Model

4.1 Definition of the model

As its name suggests, the minimal supersymmetric standard model (MSSM) [3,4,34,58] is
the most economic way to extend the standard model (SM) to include supersymmetry. It
has the same gauge group as the SM, i.e. the SU(3)c x SU(2)p x U(1)y group. The SM
fields are cast into superfields. For each SM particle, there exists only one superpartner as
the consequence of minimal supersymmetry (N = 1). The gauge bosons and their spin %
superpartners (spin % is not allowed for a renormalizable theory), called gauginos (8 gluinos,
3 winos and 1 bino corresponding to each gauge group) are in the vector supermultiplet. The
three generation spin % quarks and leptons and their spin 0 superpartners, the scalar quarks
and leptons, or squarks and sleptons for short, reside in the chiral supermultiplets, so that the
left-handed components of fermions are allowed to transform differently from the right-handed
components under gauge groups. As in the SM, there are no right-handed neutrinos in the
MSSM. The Higgs sector of the MSSM contains two Higgs chiral supermultiplets with opposite
hypercharges. In the SM there is one single Higgs doublet, which acquires a non-vanishing
vacuum expectation value so that the electroweak symmetry is spontaneously broken. The
fermion masses are then generated by Yukawa couplings with the Higgs doublet itself or
its conjugate. This is, however, not possible in the MSSM since the Yukawa interactions
arise from the superpotential, which has to be an analytic function of superfields only, not
of their conjugate fields. Hence one is forced to introduce two Higgs doublets in order to
generate masses for both up- and down-type fermions. In addition, to ensure that the model
is anomaly-free an even number of Higgs doublets with opposite hypercharges are required,
two Higgs doublets in the MSSM are the simplest possibility.

The supermultiplets of the MSSM and their particle content are listed in Table 4.1 accord-
ing to their transformation properties under the gauge groups. To determine their dynamic
properties and interactions one needs to specify the Lagrangian of the model. As discussed
in the previous chapter, supersymmetry has to be a broken symmetry at low energies. This
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Superfields Bosonic fields | Fermionic partners | SU(3)¢ | SU(2)r | U(1)y

Gauge multiplets

G’a gluons, gluinos G, éa 8 1 0
Wa W bosons, winos We Wa 1 3 0
B B boson, bino B B 1 1 0
Matter multiplets

Qi (i, dp); (ur,dr)i 3 2 :
U; squarks, quarks Upy; UR; 3 1 —%
D; ds dpi 3 1 2
L; (7,61); (v.er); 1 2 -1
2 sleptons, leptons o o ) ) 5
oo | (H] ) (A, A7) ! R
1, Higgses, higgsinos (H2+, HY) (ﬁ; ﬁg) ) 5 )

Table 4.1: Particle content of the MSSM.

implies that, in addition to the supersymmetry-conserving part in the MSSM Lagrangian,
there must exist a supersymmetry breaking part in the Lagrangian. In order that super-
symmetry remains to be a solution for the hierarchy problem, only superrenormalizable soft
terms are allowed. From the effective theory point of view, these terms are the most relevant
supersymmetry breaking operators at low energies. The most general such terms have been
classified in the previous chapter.

The supersymmetric Lagrangian consists of three parts, the gauge interacting part, the
gauge kinetic term and the superpotential, which can be written as follows

Loy = /d49 {izevyrvyﬁi b EfW By 4 QfeVetVitv g,
+ UJGVCJFVY Uz + ﬁje\/chVy lA?Z + IA{jevLJrVYIA{Z}

+ /d29 {Lwawaa e L

1695 “ 1697 © 1693

+ /d29 {Eaﬁ [ — (YW HSQVU; + (Ya)yy HR Q) Dy + (Vo) HY L) E;

Waspyase 4 h.c.}

- Mﬁfﬁﬂ + h.c.} : (4.1)

where Vo, Vi, Vy and g3, g2, g1 are the vector superfields and gauge couplings that correspond
to the gauge groups SU(3)¢c, SU(2), and U(1l)y, respectively. «, = 1,2 are the SU(2),
doublet indices, and €, is a totally anti-symmetric tensor with €12 = —ez1 = 1. 4, j are family
indices, (Yy,4.)ij represent the Yukawa couplings. A summation over the indices is implied.
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The terms in the first curly bracket dictate the gauge interactions between matter and gauge
fields, those in the second are the kinetic terms for the gauge fields constructed from the field
strength superfields, the superpotential in the third bracket defines all other supersymmetric
interactions of the theory. The first three terms in the superpotential are the generalizations
of the SM Yukawa couplings, while the last term is the supersymmetric Higgs mass term.
The only dimensionful parameter in the supersymmetric Lagrangian is the parameter u.
Given as a superpotential parameter, it is expected to be of the order of a high energy scale,
e.g. the GUT scale or the Planck scale. However, from the phenomenological perspective
it should be roughly of the order of the electroweak scale so that the hierarchy problem is
not restored. One can think of the p parameter as, rather than a fundamental parameter,
only a parametrization of some more fundamental physics associated with supersymmetry
breaking at a high energy scale. It does not appear at tree-level and only arises as the
vacuum expectation value of some new field. In this way understanding the p parameter is
intimately connected to understanding the breaking of supersymmetry, the parameter itself
can be treated on the same footing as the soft terms and is roughly of the same order as the
soft terms.

The soft supersymmetry breaking part of the MSSM Lagrangian is given by
1 - - -
Esoft = _5 |:M1BB + MoyWeWwe + M3GaGa]
+ €up [(AU)ingQiﬂﬁj — (Ag)ijHYQY Dy — (A)ijHY LY Ej + BuH{H} + h.c.]

— [Q?mQ?jQ?* + E?mL?ji?* + Ui*mU?jUj + Dme?ij + E:mEZQJEN'J]

- [m%{QH;rHQ + m%llﬂfﬂl] : (4.2)

where M;, M, and M3 represent the bino, wino and gluino masses respectively, (Ay d.c)ij
specify the trilinear couplings between sfermions and Higgs bosons, and B determines the
bilinear coupling of Higgs bosons. The last two lines are mass terms for sfermions and Higgs
bosons.

Here we stress that there is an additional assumption when writing down the supersymmetry-
preserving part of the MSSM Lagrangian. In the SM, baryon/lepton number (B/L) conserva-
tion are accidental symmetries of the model implied by gauge invariance, in the sense that if
one requires gauge invariance of all possible interactions of the SM, the renormalizable terms
with mass dimension four or less automatically preserve B/L. This is not the case in the
MSSM. The MSSM superpotential can have renormalizable terms which are invariant under
supersymmetry, Lorentz and gauge transformations but do not preserve B/L. These terms
are

Wi = Mgl B+ Ny Lo Dy + Ny UiD; Dy + NI Ly | (4.3)

They violate L or B by 1 unit, and can lead to undesirable phenomenological consequences
such as the proton decay, which is so far not observed experimentally. Hence such B/L
violating terms should be avoided. Instead of simply postulating the conservation of B/L in
the MSSM, one introduces a discrete symmetry, the matter parity [59], or equivalently, the
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R parity [60], so that these terms are not allowed in the MSSM superpotential. The matter
parity is defined as

Par = (—1)3B-1) (4.4)

The terms in Eq. (4.3) would be disallowed if one requires all terms of the superpotential to
have Py; = 1. This discrete symmetry of the low energy effective theory should be expected
to arise from some new physics at a high energy scale, e.g. as the residual symmetry left over
after the breaking of some continuous symmetry of high energy theories.

The R parity is defined by
Pg = (—1)3B-L)+25 (4.5)

where S is the spin of the particle. This is equivalent to the matter parity as long as angular
momentum is conserved. The standard model particles and Higgs bosons have even R parity
Pr = +1, whereas their superpartners have odd R parity Pr = —1. If R parity is exactly
conserved, no mixing between ordinary particles and their superpartners can occur. This has
important phenomenological implications, such as a superparticle must decay into an odd
number of superparticles, and they must be produced in pairs at colliders. In addition, the
lightest supersymmetric particle (LSP) must be absolutely stable since it cannot decay into
the SM particles. The LSP at the end of decay chains gives the characteristic signature for
supersymmetry at colliders. Moreover, the LSP can be neutral under the gauge groups, thus
inevitably very weakly interacting. Therefore it is a nice cold dark matter candidate.

Adding to the Lagrangian the gauge-fixing and the Faddeev-Popov ghost part completes
the construction of the MSSM Lagrangian. As one can clearly see, most of the free parameters
in the MSSM are introduced by the soft supersymmetry breaking part of the Lagrangian.
The mass spectrum of the model crucially depends on these soft parameters. In the next
section we sketch the counting of independent parameters of the MSSM following Haber [61].

4.2 The MSSM parameters

The MSSM contains a lot of new parameters, in addition to the 19 parameters that are
already present in the SM. As mentioned in the previous section, most of these new parameters
are contained in the soft supersymmetry breaking Lagrangian. The mass matrices of squarks
and sleptons are 3 x 3 Hermitian matrices. These lead to 6 x 5 = 30 real parameters and
3 x5 = 15 imaginary parameters, where the imaginary parameters arise from the off-diagonal
entries. The trilinear coupling matrices in general are 3 X 3 complex matrices, which give
9 x 3 = 27 real parameters and 9 x 3 = 27 imaginary ones. The p parameter is treated on the
same footing as the soft parameters, which, together with the bilinear coupling parameter
B, can be complex, thus contribute two real and two imaginary degrees of freedom. In
addition, the complex gaugino mass parameters M;, My and M3 contribute three real and
three imaginary degrees of freedom. The real soft Higgs mass parameters mpg, and mgy,
contribute two real degrees of freedom, which are the same as the Higgs sector of the SM and
thus need not be counted into the number of new degrees of freedom. All these add up to 109
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parameters, but not all of them are physical. Certain symmetries arise if the superpotential
couplings and the soft terms are switched off. These symmetries allow a redefinition of the
global phase of the fields without changing the physics. In the SM, there exist the following
global symmetries if the Yukawa couplings are switched off [52,61]

UB3)g x UB)y x UB)p x UB)L x UB)E (4.6)

which correspond to three generations of the five multiplets: (ur,dy);, @ri, dgi, (v, er):, €ri-
Each of them has 3(3 — 1)/2 = 3 real and 3(3 + 1)/2 = 6 imaginary parameters. When the
Yukawa couplings are reintroduced, they are broken down to four global U(1) symmetries,
namely the conservation of baryon number and the conservation of lepton numbers for each
family. Hence these symmetries can be used to eliminate 3 x 5 = 15 real and 6 x 5 — 4 = 26
imaginary parameters in the SM. In the MSSM, the situation is slightly different. There is
only one global lepton number conservation rather than three when the Yukawa couplings are
switched on. Hence with these symmetries one can eliminate two more degrees of freedom,
reducing the 109 newly introduced parameters to 107. Moreover, there are two additional
global U(1) symmetries in the absence of the p term and the soft terms, the U(1)r x U(1) pg
symmetry [62], which can be used to further remove two degrees of freedom. Therefore one
has 105 new parameters in the MSSM.

From the point of view of phenomenological analyses, it is a formidable task to scan over
such a large parameter space with so many unknown parameters. In order to give predictions
one usually makes additional assumptions on the soft supersymmetry breaking parameters.
For example, a common assumption is that the soft parameters take a simple form at a
higher energy scale, e.g. the GUT scale, so that the scalar mass parameters, the gaugino
mass parameters and the trilinear couplings unify. Renormalization group equations can
then be used to run these parameters down to the electroweak scale.

4.3 Particle spectrum of the MSSM

4.3.1 Higgs bosons

As previously mentioned, the Higgs sector of the MSSM consists of two Higgs doublets
with opposite hypercharges. The tree-level scalar potential of the Higgs fields is given by the
sum of the contributions from the F-term, the D-term and the soft supersymmetry breaking
term [63]

1
Vir = (Inf* +mg )| Hi* + (1l + mi,) Hol* + 2 (97 + 62) (L * — [ Ho[*)?

2
+ %\HIHQF — Bu(cagHOHY + hoc.) . (4.7)

Specifically, the |u|? term arises from the F-term of the superpotential, the quartic terms are
the D-term contributions and all the other terms come from the soft supersymmetry breaking
part of the Lagrangian. Note that the quartic Higgs couplings are completely fixed in terms
of the gauge couplings as a consequence of supersymmetry.
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Spontaneous breaking of the electroweak symmetry takes place if the neutral components
of the Higgs doublets acquire non-zero vacuum expectation values. The SU(2); symmetry
can always be used to set the vacuum expectation values of the charged components of the
Higgs doublets to zero. Hence the electric charge symmetry is preserved. The only possible
complex term Bu can also be made real by a redefinition of the global phase of the Higgs
fields. Consequently the vacuum expectation values of both Higgs doublets can be chosen
to be real and thus the CP symmetry is preserved by the tree-level Higgs potential. The
Higgs mass eigenstates, therefore, have definite CP quantum numbers. After the electroweak
symmetry breaking, three of the eight degrees of freedom of the two Higgs doublets are
eaten by the weak gauge bosons and become their longitudinal components, resulting in five
physical Higgs bosons. Two of them, h° and H°, are CP-even, one is CP-odd, denoted as
A9 and the other two, H*, are charged.

The requirements of electroweak symmetry breaking and that the potential should be
bounded from below impose the following conditions on the parameters of the Higgs po-
tential

N

(|uf? +mi ) (|ul? +m,) (Bu)*,
20ul® +miy, +my, < 2\Bpl,
m%l # m%b . (4.8)
The last relation indicates that the soft supersymmetry breaking Higgs masses must have non-

vanishing value, revealing the fact that supersymmetry must be broken in order to realize
the electroweak symmetry breaking.

The two Higgs doublets can be decomposed as

U1+%(¢1+ZX1) vcosﬂ—i—%(gfn—i—ixl)

Hy = - ’
Hy Hy
Hy Hy
Hy = 1 . - : 1 ; ’ (4.9)
v2+72(¢2+2><2) vsin 8 + ﬁ(¢2+1X2)

where v = \/v? +v5 = 174GeV and tan 8 = ve/v; with 0 < 3 < /2. The minimization
conditions for the potential can be written as

(m%,1 — m%b) tan26  MZsin20

Bu =
M 9 + 5 )
m?, sin® B — m?, cos? M2
f? = 2 0= iy o5 M (4.10)
cos 23 2

Thereby the parameters B and p can be determined up to an unknown phase. Substituting
the decomposition Eq. (4.9) into the Higgs potential, Eq. (4.7), the terms bilinear in the
Higgs fields define their masses. In the interaction basis, their mass matrices are not diagonal.
These mass matrices can be diagonalized by unitary matrices. Applying these diagonalization
matrices to the interaction eigenstates yields the mass eigenstates. For the CP-even, CP-odd
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and charged Higgs bosons, the respective mass eigenstates are given by applying the following
rotations

H° B cosa  sina b1
ho —sina  cos« o) 7
GO cos( sinpf X1
A0 —sinf3 cosf3 X2 ’
G* oS sin HF
= & b L] (4.11)
H* —sinf cosf HQi
The tree-level masses of the CP-even Higgs bosons are then given by
1
M o = 5 [M3o + M3 5 /(M3 + M2)? — AM3 M cos?23] . (4.12)
The mass of the CP-odd Higgs boson is determined as
2B
Mo = By(tan § + cot ) = — 2#6 . (4.13)
It is related to the charged Higgs boson mass via
M7 = M3 + Mg, . (4.14)

One can freely choose either M4 0 or Mpy+ as an input parameter for phenomenological
analyses. Usually M40 is used for analyses within real MSSM, while Mg+ is often chosen
for analyses within complex MSSM since in the complex MSSM the CP-odd Higgs boson A"
is no longer mass eigenstate beyond tree-level due to the CP-violating mixing effect [64]. In
this thesis we will essentially concentrate on real MSSM. The mixing angle o between the
two CP-even Higgs bosons H" and A is determined as

M7, + Mg]

1
a = s arctan | tan 23—5——5
2 M3, — My

—g<a<0. (4.15)

From Eq. (4.12) one can see that the mass Mj,0 has an upper bound Mj,o < [Mz cos 25| < My,
as a consequence of the fact that the Higgs self couplings are determined by the gauge
couplings in the MSSM. In contrast, the Higgs self coupling in the SM is a free parameter,
hence the Higgs mass is, too, a free parameter.

The couplings of Higgs bosons to vector bosons can be derived from the kinetic term of
Higgs fields. CP invariance forbids certain couplings at tree-level, such as the AW+ W~ and
ZhOhY vertices. The structure of the MSSM Higgs sector also implies constraints for those
couplings that are present at tree-level. For example, the couplings of the two CP-even Higgs
bosons and the W/Z gauge bosons

VMY V2M7,
Inovy = U v sin(8 —a) , Iuovv = U v cos(B — a) (4.16)
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fulfill g%, + 920, = (V2ME/v)? = g%, where V denotes W or Z, and guyy is the
coupling of the SM Higgs boson and the W/Z gauge bosons. Consequently in the limit that
cos(f3 — a) — 0, the light CP-even Higgs boson h° will behave like a SM Higgs boson, while
in the limit that sin(8 — a) — 0, the heavy CP-even Higgs boson H" will resemble the SM
Higgs boson. Note that the factor cos(8 — «) can be written as

M2, (M2 — M2,)

2 hO Z hO
cos’(B — a) = . 4.17
( ) MiO(M?{O — M}%O) (4.17)

In the limit that M 40 is much larger than Mz, one obtains

M sin? 43
2 z
—a) R — 4.18
hence the coupling g0, is negligibly small and g,0,, approaches the SM coupling. This is
the so-called decoupling limit.

The Yukawa couplings of Higgs bosons and fermions are defined in the superpotential.
As Hjp couples exclusively to down-type fermions and Hy exclusively to up-type ones, the
following relations between the Yukawa couplings and the fermion masses are expected

My My mqg My

Ay = — = —; , A = = . 4.19
Vg vsin d U1 v cos (3 ( )

In contrast to the Yukawa couplings in the SM, the MSSM Yukawa couplings involve an addi-
tional factor of 1/sin  or 1/ cos 3. Consequently the down-type couplings can be significantly
enhanced at large tan j3.

As previously shown, the mass of the light CP-even MSSM Higgs boson has an upper bound
of Mz at tree-level. If this is not significantly altered by radiative corrections, the MSSM
would have been ruled out by the Higgs searches at LEP [65]. Fortunately, the higher order
corrections indeed induce a considerable shift in this mass bound. The loop contributions
have been computed with different methods, e.g. the effective potential approach [66-72] or
the diagrammatic method [64,73-82], which yield the complete results at one-loop level and
partial corrections that are presumably dominant at two-loop level. At one-loop level, the
dominant contribution arises from an incomplete cancellation between the top quark and top
squark loops, which turns out to be proportional to the fourth power of the top quark mass.
The fact that the top quark is heavy is crucial, since otherwise the radiative corrections might
not be able to yield a significant shift to the upper bound of the light CP-even Higgs boson
mass.

The relations between the Yukawa couplings and fermion masses will be modified by ra-
diative corrections as well. In the tree-level Lagrangian the down-type fermions couple to
the Higgs field H; only, whereas the up-type fermions couple only to H,. Radiative correc-
tions can not only yield modifications to the tree-level couplings, but also induce couplings
of down-type fermions to the conjugate field of Hy or up-type fermions to the conjugate field
of Hy. These induced couplings are closely related to the soft breaking parameters. The
effective Lagrangian that includes the induced couplings of Higgs bosons and fermions can
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be written as [83]
—Ly = €up [(Au + 6 TRQYHS + (Mg + 5Ad)JRHfQ§]
+ ANdRQFHS™ + AN URrQFHM™ + h.c. | (4.20)

which results in the following modification of the tree-level relations between the Yukawa
couplings and fermion masses [84]

\ My, _ My,
u (1+6Au+w) vsin S(1 4+ A,) ’
A = Md d (4.21)

(1_'_6)“1_’_%) :’Ucosﬁ(l—i—Ad) ’

Note that Ag contains corrections that are enhanced by tan /5 [84,85]. From the effective
Lagrangian, Eq. (4.20), and these modified relations one can then derive straightforwardly
the effective Yukawa couplings in terms of the fermion masses m, 4 and the A, 4 factors.

4.3.2 Sfermions

After the electroweak symmetry breaking, all particles of the same spin with the same
SU(3)c x U(1)g quantum numbers can mix. This will lead to 6 x 6 mixing matrices for up-
and down-type squarks and charged sleptons, and 3 x 3 mixing matrix for sneutrinos. As
phenomenological constraints on flavor changing neutral current processes require that the
intergeneration mixing be small, we will not consider the mixing between squarks of different
generations here. The mass matrix entries of squarks originate from the contribution of the
F-term, D-term and soft supersymmetry breaking terms to the scalar potential. The F-term
contributes both to the diagonal and off-diagonal entries, the D-term yields only diagonal
contributions, while the soft terms contribute to the diagonal entries through the scalar mass
terms and to the off-diagonal entries through the trilinear coupling terms when the Higgs
fields acquire non-zero vacuum expectation values. Hence to parametrize the sfermion mass
matrices, one needs u, tan 3, the trilinear couplings and the corresponding left- and right-
handed soft masses. In the gauge eigenstate basis ( fL, fR) the mass matrix can be written
as

v M2 +mj + M cos 28(If — Qrsiy) msX )
myXy MJ%R +m§ +M§ cos 203 Qfs%,v

with m; the SM fermion mass, and
Xy =As — p{cot B,tan 3} , (4.23)

where cot (3, tan 8 applies to the up- and down-type sfermions, respectively. The mass eigen-
states can be obtained by applying a unitary transformation to the gauge eigenstates
f cosf; sinf; f
)2 ! ! N (4.24)
fo —sinﬂf cost fr
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The mixing angle is determined by requiring that the mass matrix be diagonal in the rotated
basis. The mass eigenvalues are given by

1
2 _ 2 2 f
mi g = mf—l— [M —|—M —i—MZcosQﬁI

- \/ (M2~ M2 4 M cos 261 — 2Q3,)]? + Am2X3] (4.25)

As one can see that the non-diagonal entries of the mass matrix in the gauge eigenstate
basis is proportional to the fermion mass, thus the mixing in the stop sector is particularly
important. Its contribution to the renormalization group equation decreases the stop masses
when running down to the low energy scale and can yield a mass of the lighter stop smaller
than any other squarks. Of course the stop mass can not run into negative values, since
the color or electric charge symmetry should not be broken. This requirement would yield
constraint on the corresponding trilinear coupling. In the sbottom sector, if tan 6 and p are
large, the mixing can be strongly enhanced and also become important.

In terms of the physical masses and the mixing angles the original mass matrix Eq. (4.22)
can be written as

cosc92m + sin #2m?2 sin9~cos9~m 2
M= I 7 2 7my, . Zf) (4.26)
smeCOSHf( % —mf2) sin @ mf —I—COSO %
and
sin s cos 67 ( ms m?;)
Af = ! 2 + p{cot B, tan B} , (4.27)
my

i.e. the trilinear coupling and the mixing angle of squarks can be related to each other. If
one insists this relation beyond tree-level, the mixing angle of squarks usually needs be renor-
malized when renormalizing the squark sector [86,87], since its renormalization is equivalent
to the renormalization of the trilinear coupling.

4.3.3 Neutralinos and charginos

In this section we describe the mixing between neutral (charged) higgsinos and neutral
(charged) gauginos. The neutral higgsinos (H?, H) and gauginos (B, W3) can mix to form
four mass eigenstates, the neutralinos, while the charged higgsinos (H1 ,H ) and gauginos
(W ,W*) can mix to yield charginos. The contribution to the neutralino and chargino
mass matrices results from the soft gaugino mass terms, the higgsino mass terms and the
couplings of Higgs fields to higgsino and gauginos when the Higgs fields acquire nonzero
vacuum expectation values. In the neutral gaugino and higgsino basis (B, W3,I:[? , ETS) the
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mass matrix is given by

M, 0 —Mysy cos B Mgsy sin 8
0 M. Mgcw cos Mz sin
My — 2 zew cos 3 zew sin 3 . (4.28)
—Mgswy cos 3 Mgew cos 3 0 — i
Mzswsin 3 Mgcwy sin 8 —l 0

The symmetry of this mass matrix allows its diagonalization with only one unitary matrix
N. Applying N to the gauge eigenstates yields the neutralino mass eigenstates

XY B
=0 V~V3
Xﬁ =N -, |- (4.29)
X3 Hl
X5 A

The diagonalized neutralino mass matrix is given by
ME = N*MyNT . (4.30)

By appropriately choosing the diagonalization matrix N, M ]]\? can be settled to have non-
negative entries.

The mass term for the charginos in the Lagrangian can be written in the basis YT =
(WH Hy), &~ = (W, Hy) as

1 0 ML +
—— (T, 07 ¢ 1/}_ + hee (4.31)
2 Mc 0 (0
with W+ = %(Wl T iW?) and the matrix
M- 2sin SM
Mo = 2 V2sin My | (4.32)

V2 cos BMyy 1

The mass eigenstates are then obtained by two unitary rotation matrices since there are two
independent mixings

leading to the following four-component Dirac spinors

+
Xi = , =12, (4.34)



38 CHAPTER 4. THE MINIMAL SUPERSYMMETRIC STANDARD MODEL

The diagonalized mass matrix is obtained by
ME =U*McVT . (4.35)
In the case that both My and u are real, the rotation matrices can be written as

) if detMg >0 cos sin
U=0_, V= * ¢ Oy = O o ) (4.36)
0304 if detMcg <0 —sing4  cos o+

where o3 is the Pauli matrix that is inserted to make the chargino masses positive. The
angles ¢y satisfy

2/ 2 My (M- i 2v/ 2 My (Mo si
tan 26, — \/_2 w( . 260852-1- psin 3) . tan2¢ — \/_2 w( 2811152-1-#0055) (4.37)
M3 — p? — 2M3, cos 23 M3 — p? + 2Mg, cos 23
This yields the following chargino masses
1
M2, = —{M22 +u? + 2ME,
X1,2 2
1
¥ [(Mg 42+ 2M2)2 — 4(uMs — M2, sin 25)2] 2} . (4.38)

4.3.4 Gluinos

As the superpartner of gluons, gluino is a color octet fermion and can not mix with any
other particle in the MSSM. By SU(3)¢ invariance all gluinos have the same Majorana mass
M3, which is related to the bino and wino masses M; and Ms in supersymmetric GUT
theories

3
Ms = &s sin? Oy My = °%s cos? Oy My ) (4.39)
e 5 «

where ag and « are the strong and electromagnetic coupling constants, respectively.

4.4 Renormalization of the MSSM

In this section we will describe the renormalization of the MSSM, essentially focusing on
the Higgs sector, which is most relevant for the computation that will be presented in the
forthcoming chapters. Before the detailed investigation, the basic strategy of regularization
and renormalization will be briefly illustrated.

4.4.1 Strategies of regularization and renormalization

The Lagrangian specifying a quantum field theory usually involves free parameters that have
to be determined by experiments. At tree-level these free parameters can be directly related to
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the experimentally measurable quantities. At perturbative higher orders these relations will,
in general, no longer hold. Moreover, this is plagued by ultraviolet divergences that appear in
the higher order loop diagrams. The appearance of these divergences is an indication that the
theory under consideration is just a low energy effective theory which will break down at a
higher energy scale where new physics enters. Nevertheless, for certain theories, it is possible
to achieve a consistent treatment of the divergences by means of the regularization and
renormalization procedure and thereby to make predictions that can be tested by experiments.
The previously described SM and MSSM are theories of this kind. The idea of regularization
is to render the unmanipulable divergent integrals finite by introducing a suitable convergence
device, such as a cut-off to the energy scale, or equivalently, to the integrated loop momenta.
In this way the original parameters in the Lagrangian (bare parameters) have no longer
physical meaning since their relations to physical quantities become cut-off dependent. By
means of renormalization the cut-off dependence can be absorbed into the bare parameters
so that the relations between measurable physical quantities do not depend on the cut-off.
After the renormalization procedure, one can express the observable quantities in terms of
the free parameters determined by experiments, which absorb our ignorance of physics at
high energy scales so that we are able to make predictions at a low energy scale.

Clearly the regularization procedure is purely mathematical and has no physical impacts.
Accordingly the choice of regularization prescription is not unique, we list some of the com-
monly used regularization schemes below.

Regularization schemes

1. Pauli-Villars regularization [8§]

In the Pauli-Villars regularizaton scheme one introduces fictitious fields whose mass acts as
a cut-off on the momentum integrals. This regularization is the most intuitive choice. It
preserves the Poincaré symmetry but might spoil gauge invariance when applying to non-
abelian gauge theories, hence is not well-suited for the regularization of the SM.

2. Dimensional regularization [89,90]

This regularization scheme originates from the observation that the ultraviolet divergences
of momentum integrals can be removed if one goes to space-time dimension lower than four.
The space-time dimension D is then treated as a continuous variable and acts as a regulator
for the momentum integrals. The integrals are performed in D dimensions (D < 4), and then
analytically continuated to four dimensions. The original divergences will show up as poles
in D — 4. In this regularization scheme care has to be taken when generalizing the usual ~5
matrix in four dimensions to arbitrary dimensions. Also an arbitrary mass parameter p needs
to be introduced to keep the dimension of the coupling constants correct. As the space-time
dimension is used as the regulator, this scheme preserves properties of the theory that are
independent of the space-time dimension, e.g. gauge invariance but not supersymmetry. Con-
sequently this scheme is not suitable for the regularization of supersymmetric gauge theories.
To obtain a suitable regularization scheme for supersymmetric gauge theories, one develops
a variant of the dimensional regularization scheme, i.e. the dimensional reduction scheme,
in which the continuation from four to D dimensions is carried out by compactification, or
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dimensional reduction.

3. Dimensional reduction [91,92]

The reason that the dimensional regularization scheme does not preserve supersymmetry is
the following: in D = 4 dimensions the condition 2°/2 = D is fulfilled, thus the fermionic
and bosonic degrees of freedom match in four dimensions. When moving away from four
dimensions, this match is broken, hence supersymmetry is broken as well. Practically, when
applying dimensional regularization to supersymmetric gauge theories, it is possible to restore
supersymmetry by adding suitable finite corrections to the counter terms, whose existence
is guaranteed by renormalizability of the theory [93-97]. This, however, will lead to compli-
cation since these finite terms do not originate from necessary renormalization. An elegant
alternative that preserves supersymmetry is the regularization by dimensional reduction, in
which only momenta are treated as D-dimensional, whereas fields and the Dirac algebra re-
main as 4-dimensional. Ambiguities related to the treatment of the 5 matrix also occur in
this regularization scheme [98]. However, there has been proof that dimensional reduction
can be formulated in a mathematically consistent manner [99].

Renormalization

There are different approaches of renormalization. One possibility is to compute physical
quantities in terms of bare parameters and then express them in terms of finite renormalized
parameters. Another alternative that is widely used in literature is the counter term approach.
In the counter term approach, the original bare Lagrangian is separated into two pieces,
one piece by replacing the bare parameters with finite renormalized parameters, and the
other counter term piece that absorbs the unobservable infinite shifts between the bare and
renormalized parameters. Apart from the renormalization constants that define the counter
terms, these two pieces take the same form. In order to obtain finite S-matrix element as well
as finite propagators and vertex functions, one has to perform not only the renormalization
of the Lagrangian parameters, but also the field renormalization. The bare and renormalized
parameters and fields can be related by multiplicative factors

go = Zgg = (1 +> 5Z§”>> g, (4.40)

n=1

n=1

1
o] 2
By =V Zepd = (1 +> 5zg>) o (4.41)

where the subscript 0 denotes the bare quantities, and n the perturbative orders, (5Zi(n) are
the respective renormalization constants. As mentioned above, the bare Lagrangian can be
written as the sum of the basic Lagrangian depending on the renormalized quantities and the
counter term Lagrangian

‘CO(gO) (I)O) = ‘C(g? (I)) + ‘CCT(gv (I)v 5Zga 5Z<I>) . (442>

The renormalization constants or counter terms have to be determined by renormalization
conditions. These conditions are arbitrary, since the definition of divergent parts to be
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absorbed by the counter terms are arbitrary. One such definition can differ by finite parts from
others. The prescription specifying the finite parts defines a renormalization scheme, any two
such renormalization schemes are connected by a finite renormalization. As a consequence,
calculations at fixed order perturbation theory are renormalization scheme dependent, i.e.
they can differ from scheme to scheme by higher order contributions. Of course if one is
able to perform exact calculations that include contributions from all perturbative orders the
dependence on the renormalization schemes must drop out. In the following we list some of
the widely used renormalization schemes.

1. On-shell scheme

In the on-shell scheme the renormalization conditions that determine the counter terms are
formulated in such a way that the finite renormalized parameters are equal to physical pa-
rameters at all orders in perturbation theory. The renormalized masses of physical particles
are required to be the physical masses, which arise as the real parts of the poles of the cor-
responding propagators. Obviously the on-shell renormalization for quarks are meaningless,
since they are confined in hadrons and are not free particles. Thus the quark mass parameters
have to be replaced by some other experimental inputs. The on-shell renormalization of fields
are fixed by requiring that the renormalized fields are properly normalized, i.e. the residues
of the renormalized propagators are equal to one. The on-shell renormalization scheme has
been formulated for the SM [100,101] and generalized to the MSSM [102].

2. Minimal subtraction

The minimal subtraction (M.S) scheme [103] is specific to dimensional regularization. In this
scheme the counter terms are defined so that only the pole terms 1/¢ (26 =4 — D) that arise
from dimensional regularization are eliminated. For calculations at fixed perturbative order,
the arbitrary mass scale p in the dimensional regularization introduces a scale dependence,
namely the renormalization scale dependence. Of course if one performs an exact calcula-
tion, this dependence has to drop out. However, in practical perturbative calculations, the
parameter used for perturbative expansion is the coupling constant, the renormalization scale
dependence is not fully cancelled order by order in this expansion, consequently the results of
perturbative calculations depend on the renormalization scale. The M S scheme and its vari-
ant, the so-called modified minimal subtraction scheme or M S scheme [104], are commonly
used in QCD as the fundamental particle states, the quarks and gluons are not free particles
and an on-shell renormalization is meaningless. The M S scheme is defined by observing that
in dimensional regularization the pole terms are usually accompanied by constant terms. In
this scheme not only the pole terms but also the constant terms are subtracted, namely the
following term is subtracted

1
A=-—yg+Indn, (4.43)
£

where vg is the Euler constant. The renormalization scale in the MS and M S scheme are
related by

Inpisg — e + Indr — In ,U,?W—S . (4.44)

Note that in contrast to the M.S scheme, there is no renormalization scale dependence in
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the on-shell renormalization scheme as the masses of physical particles set natural scales at
which the parameters can be defined.

3. DR scheme

The DR scheme is the analog of the M S scheme for regularization by dimensional reduction.
The DR renormalization scale Kpp is defined analogously. As in the M S or M S scheme, for
practical calculations, one usually sets this scale as the characteristic mass scale of processes
under consideration.

Now we turn to the renormalization of the MSSM. In the following we will concentrate on
the Higgs sector and describe its renormalization in detail.

4.4.2 Renormalization of the MSSM Higgs sector

As previously shown, in the MSSM two Higgs doublets with opposite hypercharges are
required for consistency. These two doublets can be decomposed as in Eq. (4.9). Substituting
this decomposition into the scalar potential (4.7) gives rise to linear (tadpole) and bilinear
terms of the decomposed fields. These terms can be rewritten in terms of mass eigenstates
as follows

1 M2, M? O
VTB — —ThOhO o THOHO 4z ( h(] HO ) ho hOHO
2 Mg M )\ 1
2 Mg M )\ 6
2 2
+ ( H- G- ) Mi= Mg+ S (4.45)
ME Mz )\ G

Note that the tadpole terms for charged components do not appear in the above equation.
The tadpole coefficients and mass matrix entries are related to the original parameters in the
scalar potential. The CP-even, CP-odd and charged Higgs fields in Eq. (4.45) are given at the
moment by the rotations defined by the mixing angles «, 31 and (3 rather than those in Eq.
(4.11). The determination of these mixing angles will be given later. Due to the freedom of
choosing m%ﬁ and m%b, the scalar potential contains seven independent parameters, namely
m? = |u|* + m%,l, m3 = |u|? +m%{2, m3 = Bpu, g1, g2, v1 and vy. They can be replaced
by an equivalent set of free parameters consisting of T}, Txo, e, My, Mz, M40 and tan (.
Note that for complex MSSM, there exists one more free parameter, that is the CP-violating
phase between the two Higgs doublets (at lowest order this phase can be eliminated, hence
the tree-level Higgs potential is CP-conserving). In this case, one can introduce 140 into the
equivalent set of parameters and replace M40 with My+. In terms of the new parameters,
the non-diagonal entries of the mass matrices describing mixing between Higgs bosons are
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given by [64]
1 1
M,%OHO = —§M% sin2(a + ) + §Mio sin 2(a — 5)/0052(5 — 1)

© Tyo sin(a — () sin2(a - 051)/ 0052(5 —51)

2Mzswew
- mTho cos(a — f3) cos*(a — B1)/ cos*(B — 1) ,
Mioco = —Mio tan(3 — 1) — mTHO sin(a — 1)/ cos(B — 1)
STy cos(a — ) cos(3 — )
MI2{*G+ = _Méi tan(ﬁ - 52) - WTHO sin(a - ﬁg)/COS(ﬂ — ﬁQ)
_ mTho cos(a — B2)/ cos(B — B2) , (4.46)

where sy and ¢y denote the sine and cosine of the weak mixing angle, respectively. The
condition that tadpoles and Mio co and MI%,_G+ vanish yields §; = B = (3, while M }fo o =0
fixes the mixing angle « as in Eq. (4.15). The expressions for diagonal entries lead to Egs.
(4.12), (4.14) and Mg+ = Mgo = 0.

The computation of higher order corrections requires the renormalization of the Higgs
sector. Onme can choose to renormalize the following parameters (the gauge-fixing term is
kept invariant under renormalization)

ThO — ThO =+ 5Th0 s THO — THO =+ (5THO 5 tanﬂ — tanﬂ + 51?8.11/3 5

M2 — M2 + M2 | M3, — M3, + M3, M7 — M7+ §M (4.47)

where ij represent the mass matrix entries in Eq. (4.45). Note that the mixing angles «
and (31 2 need not be renormalized, hence 812 = 3 can be applied only after renormalization.
The mass counter terms for MZ-ZJ- (except the counter term for Mio) follow straightforwardly
from their tree-level expressions. For example,

1 1
SMPy 10 = —§5M§ sin 2(a + 3) + §5Mio sin2(a — )

m[(sTHO Sin?’(a — ﬂ) — 5Th0 COS3(a . ﬂ)]
— §tan B cos? B[M cos 2(a + B) + M3, cos 2(a — f3)] (4.48)

is derived directly from the first equation in (4.46). Likewise, one finds
SMPy = SMZ sin®(a + B) + M3, cos®(a — )

m[éTHO cos(a — B)sin®(ov — B) + 6T (1 4 cos?(a — f3))]

+ dtan B cos® BIMZ sin 2(a + B) + M3, sin 2(a — B)]
SMzo = M7 cos®(a+ B) + M3 sin®(a — 3)

_ mMTHO cos(a — B)(1 + sin®(a — B)) + §Tho sin(a — 8) cos®(ar — B)]

— Stan B cos? BMZ sin 2(a + B) + M3osin2(a — 3)] , (4.49)
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and
SM3oq0 = _m[éTHO sin(a — 3) + 6Tjo cos(a — B)] — & tan B cos® BMZo
SM2Zy = —mm’m cos(a — B) — 8Tho sin(a — B)]
SME_ oy = —m[éTHo sin(o — 8) 4 6Tj0 cos(a — B)] — & tan B cos® BM .
2 _ ¢ _3) — i _
Mg = Mo [0T 0 cos(av — B) — 0T o sin(a — )] . (4.50)

The counter term for MIQ# is given by
SM7s = dM30 + SMg, (4.51)

If one uses M+ instead of M 40 as an input parameter, then the counter term (5Mio will be a
derived quantity. Note that the renormalization of the electric charge does not appear in the
mass counter terms at the one-loop level [64]. The counter terms on the right-hand side of
Eqs. (4.48-4.51) have to be determined by appropriately chosen renormalization conditions.
The mass counter terms dM%, M7, and 5Mio can be fixed by on-shell renormalization
conditions

RexT (M%) =0, ReXE, (M2) =0, ReX 40(M30) =0, (4.52)

where XAIEM, denote the renormalized transverse gauge boson self energies. The third renor-
malization condition should be replaced by

ReX - (M2%:) =0 (4.53)

if M?ii is used instead as an input. The tadpole counter terms are fixed by requiring that
the renormalized tadpoles vanish, which leads to

(SThO — —Tho 5 (STHO — —THO . (454)

In order to have finite Green functions, the fields have to be renormalized as well. For
the renormalization of the Higgs fields, we can choose to renormalize either the unrotated
Higgs fields defined in Eq. (4.9) or the rotated ones given by Eq. (4.11). This is in analogy
to the renormalization of gauge boson fields in the SM, where one can renormalize either
W3 and B bosons or alternatively their mixtures, the v and Z bosons. In the SM the weak
mixing angle is defined by sin? Ay = 1 — M3, /MZ% in the on-shell scheme [101]. This defining
relation is valid to all orders in perturbation theory. The weak mixing angle thus receives
renormalization due to the renormalization of My, and Mz. In the Higgs sector of the MSSM,
the relations between the mixing angles and input parameters hold only at tree-level. Hence
the mixing angles can be kept unrenormalized.

The renormalization of the Higgs fields can be carried out by the following transformations

Ko . 1+ %5Zhoho %52}10]{0 ho ’ (4'55)
HO %5ZHoho 14 %5ZHOH0 H°



4.4. RENORMALIZATION OF THE MSSM 45

A0 _ 1+ %5ZA0A0 %5ZA0G0 A°

G° %(5ZG0A0 1+ %5ZG0G0 G° ’

Ht ~ 14 30Zy+p-  30Zy-g+ Ht (4.56)
G+ 1Zg-me 1+ 367 Gt |’

where the renormalization constants can be ﬁxed by, e.g. on-shell conditions. For the CP-
even Higgs bosons, the mass counter terms 6 M h07 (5M12{0 and dM }%0 o have been determined
by Eqgs. (4.48) and (4.49). We can use the following on-shell conditions to fix the field
renormalization constants for the CP-even Higgs bosons [102]

Re3 o (M2)
ReihOHO (M )

ReX 0 (MZ) =
ReihOHO (M )

0, 0.
0, 0. (4.57)
The field renormalization constants for the CP-odd and charged Higgs bosons can be deter-

mined analogously.

Alternatively one can choose to renormalize the Higgs fields by defining a renormalization
constant for each Higgs doublet

1 1
Hy — (1 + §5ZH1)H1, Hy — (1 + §5ZH2)H2 . (458)
Their vacuum expectation values then renormalize as follows
57)1
v — (1 + (SZHl)(Ul — (52}1) = ’01(1 + 5ZH1 — U_) s
1
1 1 1
Vo — (1+§5ZH2)( 2—(52}2) —’Ug(l—i— 25ZH2 —%) . (4.59)
2

Note that the freedom of field renormalization allows to impose the condition %1 = ‘Z’;.

Keeping in mind that the mixing angles are not renormalized, the renormalization constants
in the mass eigenstate basis can be expressed in terms of §Zp, and 6Zp,. For instance, for
the CP-even Higgs bosons, one has

1+ %(5Zh0h0 %5Zh0H0
%5ZHoho 1+ %5ZH0H0

—sina  cosa 1+ leH 0 —sina  cosa
20 . (4.60)
cosa  sina 0 1+ %5ZH2 cosa  sina

giving rise to

(5Zh0h0 — sin? aéZHl + cos? aéZHQ ,
5Zh0HO = (5ZH0h0 = SiIlOéCOSOé(éZH2 — 5ZH1) 5
8 Z o o = cos® adZy, + sin® adZy, . (4.61)
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This implies that the renormalization transformation matrix can be set symmetrically. Like-
wise, one obtains the expressions of field renormalization constants for CP-odd and charged
Higgs bosons by replacing o with 3 in the above equations.

For convenience, usually the DR scheme is used for the field renormalization as in this
scheme possible occurrence of unphysical threshold effects can be avoided [64]. From Eq.
(4.61), it is straightforward to fix the field renormalization constants for the two Higgs dou-
blets in the DR scheme as follows

SZFF = —[Re)o(MZ0)lazo |41V,
OZBE = —[ReX)o(M)]azo |1V . (4.62)

Now we turn to the renormalization of tan 3. The tan 8 renormalization follows from the
renormalization of the vacuum expectation values of the two Higgs doublets. From Eq. (4.59),
one obtains

dtang 1

=—(6Zpy, —0Zp,) . 4.63

o = 502n, ~ 0Zn,) (463)

In the DR scheme d tan 3 is fixed by Eq. (4.62). Another choice that is commonly used for
the renormalization of tan 3 is to impose the following renormalization condition [74, 76]

Re3 40, (M30) =0, (4.64)
where the renormalized self energy is given by
. in 2
500 (k) = S0, (62) — My 225 5tan 3 | (4.65)
tan 3
Consequently the counter term ¢ tan ( is fixed as
ot 1
anf _ ReX 07(M2) . (4.66)

tanf3  Mysin203
Both schemes for the renormalization of tan § lead to gauge dependence, since they do not
imply direct relations between tan § and physical observables. However, it has been shown
that at one-loop level the DR scheme of tan 3 renormalization yields gauge independent re-
sults within the class of R, gauges (the gauge dependence arises at two-loop level even within
Re¢ gauges), while the other scheme does not [105]. Hence the DR scheme is a convenient
choice for the evaluation of one-loop corrections. Moreover, this scheme has stable numer-
ical behavior [105-107]. We will employ the field renormalization Eq. (4.58) and impose
the DR renormalization conditions Eqs. (4.62) and (4.63) for the Higgs fields and tan 3
renormalization.

The renormalized self energies can be written in terms of the unrenormalized ones, the field
renormalization constants and the mass counter terms. For the CP-even Higgs bosons, we
have

S0 (k) = Spo(k?) 4 0 Zpopo (K* — M2) — 6MZ,
3 p0(k?) = S go (k) + 6 Zgo o (k? — Mzo) — Mo |

. 1
300 (k?) = Lo g0 (k%) + 6 Zy0 o (k2 — §(M,30 + M70)) — 6MPo o - (4.67)
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The renormalized self energies for the CP-odd and charged Higgs bosons can be written down
analogously.

As mentioned previously, the light CP-even Higgs boson mass receives large radiative cor-
rections. The higher-order corrected CP-even Higgs boson masses can be computed by finding
the poles of the propagator matrix of (H?, h°) and then taking their real parts. The inverse
of the Higgs propagator matrix can be written as

k2 — M2, + %o (k2 > k2
Al = Migo + 20 (1) () . (4.68)
ZhoHo(k‘Z) k% — M;fo + Zho(k‘Q)

The propagator matrix is then given by

A Apo(k?)  Apopo(k?) (4.69)
Aporo(k2) Apo(k?)

with
Apo(K?) = !
e k2 — M%o + Spo(k2) — _ Do)
HO T ZHP k2= M2, 45,0 (K2)
3o g0 (K2
AhOHO (k’2) = — = hOHO( ) )
[k? — M}fo + Xpo(k2)][k2 — M7, + ZHo(k2)] hOHO(k‘Q)
1
Apo(K?) = = (4.70)
2 _ Af2 3 2\ _ 00
k% — My, + Ypo (k?) o M’; :+EH0(1<:2)
The poles of the matrix A can be determined by solving the following equation
(k% — MZ0 4+ Sgo(kH)][k* — M2 4 Sho (k)] — [Spogo (k)2 =0 . (4.71)

Due to the complicated momentum dependence, this equation is rather difficult to solve.
Hence it is of particular interest to consider approximation methods. One such method is
to approximate the renormalized self energies by their values evaluated at zero momentum,
namely completely neglect their momentum dependence [108,109]. This approximation is
useful for comparisons with calculations from effective potential approaches [64]. Replacing
33(k2) with $(0), one can easily find the pole positions from Eq. (4.71) as

1 .
k3o po = §(MH0 — 3250 (0) + M2y — 330(0)

/(M2 — £350(0) — M2, + £40(0))2 + 452, (0) - (4.72)

Equivalently, the physical Higgs bosons masses within this approximation can be computed
directly by diagonalizing the corrected Higgs boson mass matrix in (H°, k") basis. The
diagonalization matrix is given by

cos Aa  —sin A«
D(Aa) = , (4.73)
sin Aa cos Ax
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where the angle Aq satisfies

ReihOHO (0)
Rek?y — M2y + ReSpgo(0)

tan Ao = (4.74)

Note that the corrected Higgs mass matrix is transformed from (¢1, ¢2) to (H, h°) basis by
the rotation matrix

cosa —sinao
D(a) = , (4.75)

sinav  cos«

one can define an effective mixing angle a.fy = o + Aa so that D(a.s¢) diagonalizes the
corrected Higgs mass matrix in the unrotated basis. Thus this zero momentum approximation
is also known as the o,y approximation.



Chapter 5

Electroweak Corrections to
W — WW*/ZZ* — 4fermions

Deciphering the mechanism that breaks the electroweak symmetry and generates the masses
of fundamental particles is one of the central tasks of current and future colliders. As discussed
in previous chapters, in the SM the electroweak symmetry breaking is realized through the
Higgs mechanism where the neutral component of an SU(2) complex scalar doublet acquires
a non-zero vacuum expectation value. While in the MSSM, two Higgs doublets are required,
resulting in five physical Higgs bosons. Two of them are CP-even, one CP-odd, and the other
two are charged. The mass of the lightest CP-even Higgs boson is bounded from above by
Mo < 135 GeV, including radiative corrections up to two-loop order [78,81,82]. In this mass
range, the Higgs boson decays dominantly to bb pair. However, this is not a promising channel
for the discovery of the Higgs boson at hadron colliders due to the large QCD background [6].
Detailed investigations of other decay modes of the Higgs boson are thus necessary. Such
investigations also have further implications. At the LHC at least one MSSM Higgs boson
can be discovered over all of the MSSM parameter space. In the region where tan 3 and
M 40 take on moderate values and the region with large M 40 values, only the lightest Higgs
boson would be observable [110]. In this case, precision measurements of the Higgs decay
properties would indicate if the Higgs boson originates from the SM or from the MSSM and
for the latter case allow to derive indirect bounds on other MSSM parameters, e.g. on the
mass of the CP-odd Higgs boson [111]. Over a large fraction of the MSSM parameter space
more than one Higgs boson would be accessible. Then precision measurements of the lightest
Higgs boson at the linear collider can provide valuable information for distinguishing between
different soft SUSY-breaking scenarios [111].

For the decay of the SM Higgs boson to four fermions via a gauge boson pair, the complete
O(a) electroweak corrections for leptonic final states have been presented [112], for semi-
leptonic and hadronic final states also complete O(as) QCD corrections are available [113];
where the results are improved by corrections beyond O(«) originating from heavy-Higgs
effects and final state radiation.

In this chapter we consider similar processes in the CP-conserving MSSM with real pa-
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rameters and compute the O(a) electroweak corrections to the decay h® — WW*/ZZ* —
4 fermions. As discussed in the previous chapter, beyond the lowest order the propagator
matrix of the CP-even Higgs bosons receives large radiative corrections, yielding shifts to
their tree-level masses. These Higgs propagator corrections are numerically very important,
we define an effective amplitude to account for such corrections. In addition, in the presence
of the mixing between the two CP-even Higgs bosons, the coupling of the heavy CP-even
Higgs boson to gauge bosons should be taken into account as well. Although this coupling is
usually suppressed at tree-level, the radiative corrections to this coupling can be numerically
relevant due to the presence of the heavy fermions/sfermions in the loop and thus should
be taken into account. The numerical results are analyzed in the benchmark scenarios sug-
gested in [114]. We also evaluate the results in the decoupling limit and compared with the
corresponding SM results.

5.1 Amplitudes for on-shell Higgs bosons

For processes with external Higgs bosons, the radiative corrections to the Higgs propagators
lead to finite wave function normalization factors for these external Higgs bosons. In order
to ensure the correct normalization of S-matrix element, these wave function normalization
factors have to be taken into account. In the most general case, the decay amplitude of a
Higgs boson can be written as

M =/ Zi(M; + ZijM;) , (5.1)

where Z; and Z;; represent the wave function normalization factors, 4, j denote the species
of Higgs bosons and i # j. From the discussion in the previous chapter, the factors Z; and
Z;j are given by

1

- sz
/ 2 2
1+ ReX)(k2) — Re ( : (k2)>

Z; =

2 b
k2=Mi/
k2—MZ+3;
. o
35 (M]”)

Zij = — -
R VI VIS H

, (5.2)

with M/ being the physical mass of the corresponding Higgs boson. These finite wave function
normalization factors, as well as the physical masses of the Higgs bosons can be computed by
the program package FeynHiggs [5], in which also the dominant two-loop corrections to the
Higgs boson self energies are taken into account. For the processes considered in this chapter,
the wave function normalization factors arising from the mixing between the two CP-even
Higgs bosons are required.

5.2 Incorporation of gauge boson width

Due to the upper bound of the lightest Higgs boson mass, one of the intermediate gauge
bosons in our decay processes can become resonant. We need to implement the width for
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the resonant gauge boson in order to avoid the occurrence of singularities when it approaches
on-shell. In this section the strategies to implement gauge boson width are briefly illustrated.
A short summary of the properties of unstable particles is given in Appendix C, more detailed
discussions can be found, e.g. in [115,116].

5.2.1 Schemes for gauge boson width implementation

For the processes considered in this chapter, the unstable particle involved is the W or Z
gauge boson. There are different schemes to implement the width of gauge bosons.

The simplest approach is the so-called fixed-width scheme, in which one replaces the gauge
boson propagator 1/(p? — M%) by 1/(p* — M2 + iMyT'y), namely one adds a constant width
term to the propagator. In this scheme the U(1) gauge invariance is respected, while the
SU(2)1, gauge invariance is violated [117]. Moreover, the replacement introduces a finite
width also to space-like momenta p? < 0, which is unphysical since the imaginary part of the
inverse propagator of gauge boson arises from fermionic loop contribution to its self energy
and should vanish for space-like momenta [118,119]. Such an unphysical width for space-like
momenta can be avoided by multiplying the constant width term with a step function 0(p?),
or more accurately, by using 1/(p* — M2 +ip*I'yv /My 0(p?)) [118], i.e. taking into account the
energy dependence of the self energy as well. The latter corresponds to the running-width
scheme. This running-width scheme, however, violates the U(1) as well as the SU(2), gauge
invariance.

Another possibility is based on the observation that the violation of gauge invariance is
caused by self energy diagrams, thus one can include the minimal set of Feynman diagrams
that is necessary to compensate the gauge violation. For gauge bosons, the lowest order
widths arise from the imaginary part of fermionic one-loop contribution to their self energies,
therefore one should include all other possible fermionic one-loop corrections to restore gauge
invariance. This leads to the fermion-loop scheme [117-120]. The selected fermionic con-
tributions form a gauge-independent subset and obey all Ward-identities exactly, even with
resummed propagators. Note that in the leading order computation, near the resonance the
inverse propagator of gauge boson behaves like i My I'y, which is already a one-loop effect.
Therefore for the calculation at the next-to-leading order, it is necessary to take into account
the next-to-leading order corrections to the width, which are two-loop effects. As fermion
loops only yield the lowest order width, this scheme is not applicable to the computation of
radiative corrections.

Alternatively one can choose the so-called pole scheme [121-127], in which the scattering
amplitude is expanded according to its pole structure. This expansion corresponds to a
systematic separation of orders in I'yy. For processes involving a single resonance, the lowest
order amplitude can be expanded as

MO,pole = M2 Z < M2> + NO(p2) > (53)

where Wy (p?) represents the contribution of production and decay of the unstable particle. Its
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dependence on other kinematic variables is omitted here. Np(p?) summarizes the contribution
of non-resonant diagrams that are regular when the unstable particle approaches on-shell. In
the first term a resummation of the geometric series is needed to avoid the occurrence of
singularity. The contribution of the first term can be divided into resonant and non-resonant
parts by isolating its pole structure after resumming the geometrical series, which yields

Wo(p?) _ Wo(M?) 1
p?— MZ+3(p?) p?—M?21+3/(M?)

+rem. (5.4)

where M? = MZ — iMyTy is the pole position and defined by M? — M2 + X(M?) = 0,
rem. denotes the remaining non-resonant contribution, which will be combined with the
contribution of non-resonant diagrams No(p?). As the pole position can be extracted from
experimental data, it is a gauge invariant physical quantity. Therefore the residue at the pole
and the non-resonant remnant are separately gauge invariant as well since gauge cancellation
can not occur between terms with different pole structure. The finite width can then be
incorporated into the pole term without disturbing gauge invariance. The residue at the
pole can be evaluated by performing an expansion around the real mass squared M‘Q/ The
pole scheme can also be used to consistently evaluate the radiative corrections of resonant
processes in the region that is far beyond the production threshold of the unstable particle.
At one-loop level, one can decompose the scattering amplitude as

Ml,pole = 2 Z < M2 ) + Cl(pZ) + N (p2) ’ (5'5)

VnO

where the first term is an analogue of the first term in Eq. (5.3). It arises from the so-called
factorizable diagrams, in which the production and subsequent decay process of the unstable
particle can be factorized. W;(p?) describes the correction to the production or decay of
the unstable particle. The second term summarizes the contribution of the non-factorizable
diagrams, in which the production and decay processes are linked by a massless particle, such
as a photon or gluon. These non-factorizable diagrams are not present at the lowest order.
The third term comes from the non-resonant diagrams. The expansion of the first term is
analogous to that in the lowest order and can be carried out as before, while the treatment
of the second term that results from the non-factorizable diagrams is more complicated since
it involves the divergent logarithm log(p? — M2) (or on-shell singularity), as well as the pole
term 1/(p? — MZ). The logarithm log(p? — M) arises when the momentum of the photon
that links the production and decay process goes to zero and thus is an infrared singularity. A
characteristic feature of the non-factorizable diagrams is that in the case of a single resonance,
they develop a linear singularity when the resonant particle goes on-shell and the exchanged
photon becomes soft. In the final result the divergent logarithm log(p? — M‘Q/) should be
replaced by log(p? — M?). This replacement does not spoil gauge invariance, as a consequence
of the fact that these logarithms arise only from scalar loop integrals, which are linearly
independent and associated with gauge invariant coefficients [123]. After separating the
full scattering amplitude into resonant and non-resonant parts and incorporating the width
in the resonant contributions only, a gauge invariant implementation of width is achieved.
The drawback of this scheme is that it is not reliable in the threshold region. Below the
threshold no resummation should be performed and one encounters the original divergence
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when approaching the threshold from below. When the threshold is approached from above,
terms of the order of I'y/(distance from threshold) may appear and make the expansion
around the threshold unreliable [123].

The gauge boson width may also be elegantly incorporated by the complex mass scheme
[128]. In this scheme the gauge boson masses are taken as complex quantities defined by
the poles of the propagators. Gauge invariance is preserved in this scheme if one introduces
the complex gauge boson masses everywhere in the Feynman rules, in particular, also in
the definition of the weak mixing angle. This scheme has been successfully applied to the
evaluation of radiative corrections within the SM. However, the implementation of this scheme
would require independent mass parameters, which is clearly not the case in the MSSM, since,
for example, the CP-even Higgs boson masses depend on the gauge boson masses. Thus
applying the complex mass scheme to the MSSM can be problematic.

Finally one can incorporate the width according to the factorization scheme [129-131]. In
this scheme, for a single resonance, the lowest order amplitude receives a rescaling

oMy PP =My Ro(p?)
P2 — M2 +iMyTy" 0 p2 — MZ +iMyTy \p? — M2

MO,fact - + NO(p2)> ) (56)
where My is the lowest order amplitude before Dyson resummation, and Ny(p?) denotes
the contribution of non-resonant diagrams. Gauge invariance is preserved by this rescaling,
but the non-resonant terms are not correctly treated in this scheme since they are simply
put to zero on the resonance. The resulting error is, however, of the order of O(I'y /My).
Away from the resonance the rescaling also introduces an error of the order of O(I'y /My).
Thus this prescription leads to a correct result to the leading order both on the resonance
and away from it, as long as the non-resonant contributions are not enhanced. At one-loop
level, one has to avoid the double-counting from the inclusion of width in the lowest order
amplitude. This can be done by subtracting the width term from the self energy correction
of the unstable particle, which gives

p*— M ( iMyTy )

M foot = :
blact T2 M2 4 iMy Ty

(5.7)

where M denotes the one-loop amplitude before Dyson resummation. The rescaled am-
plitude is gauge invariant since the two terms on the right-hand side are separately gauge
invariant. As in the lowest order, the non-resonant contributions are treated incorrectly on
the resonance, but the corresponding error is again of higher order.

5.3 Lowest order results

We consider the process
ho(ky) = WW*/ZZ* — fi(ka) + fa(ks) + fs(ka) + fa(ks) , (5.8)

where the momenta of the particles are given in the parentheses, while the helicity indices
are omitted. The masses of the external light fermions are neglected whenever possible, i.e.
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we keep them only as regulators for collinear singularities that arise from collinear photon
emission off final state fermions. As already mentioned, only one of the intermediate gauge
bosons can become resonant due to the upper bound on the lightest Higgs boson mass. We
implement the width of the gauge boson according to the factorization scheme, which yields
a simple rescaling at the lowest order

ki — M

Moorn = K2 — MZ +iMyTy

Mborn(rv = O) ) (59)

where ky is the four-momentum of the resonant gauge boson. My, (I'y = 0) denotes the
decay amplitude before Dyson resummation. To account for the numerically important Higgs
propagator corrections, we use the following effective Born amplitude

Mborn(rv = O) =/ ZhO (M%o (FV = 0) + ZhOHOM(]]{O (FV = 0))
=/ Zpo Mo (T = 0)(1 + cot(8 — a) Zpogo) (5.10)

where MY, (T'y = 0) and MY, (T'y = 0) denote the respective tree-level decay amplitude
of h® and HY before Dyson resummation, and the Z factors are defined in Eq.(5.2). In the
second row we have written the decay amplitude M(}{O in terms of Mgo. The lowest order
Feynman diagram including Higgs propagator corrections is shown in Fig. 5.1.

We start from the leptonic decay processes
hO(k1) — WW* — e (kg) + ve(ks) + pt (k) + vyu(ks) (5.11)
and
RO(k1) — ZZ* — e (ko) + et (k3) + pT (kg) + p (ks) . (5.12)
For the first process, the tree-level amplitude reads

2raeMyy sin(f — «) 1

0
Tw = 0) =
Mo =0) W B
1 _ _
X m[uf(k2)’7pw—’017€(/‘€3)][Uu#(k5)7pw—%+(k4)] ; (5.13)
and for the second
My sin(f — «) 1 1
MO (T — 0) = e
woilz=0) P Y VLRV
X [(=14 23%)@67(k2)’ypw_ve+(k3) + 2821 (k2)ypwive+ (k3)]
X [(=1+ 23%4/)21#— (ks )y w_v,+ (k) + 28%4/11“— (ks)yPwivys (ka)] ,  (5.14)

where we have introduced the variables ky with ky = ko+ks, k— = ky+ks and wy = %(1 +s5).
These decay amplitudes differ from their SM counterparts only by a factor of sin(5 — «).

The lowest order partial decay width is then given by

1
11born = M /% ‘Mborn‘Qd(I) ) (5'15)
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Figure 5.1: Lowest order diagram with Higgs propagator corrections indicated by the bubble.

with M }’ZO denoting the physical mass of the lightest Higgs boson, the squared matrix element
is summed over the final state polarizations and the phase space factor is given by

5 d?’kl 5
o i

i= 1=2

5.4 Virtual corrections

The evaluation of virtual corrections involves several additional issues. As in the lowest
order amplitude, we use an effective one-loop amplitude to account for the wave function
normalization factors for the external Higgs boson. In the presence of the mixing between
Higgs bosons, the corrections to the coupling of H? to gauge bosons from loops involving
fermions and sfermions, especially from those involving the third generation fermions and
sfermions may yield sizeable contributions, since they involve potentially large Yukawa cou-
plings, Vi, V3, Y7, and the couplings to down-type fermions/sfermions can be enhanced at
large tan 0 values. In addition, the photonic one-loop diagrams may contain not only soft
and collinear singularities, but also on-shell singularities. The soft singularities originate from
the diagrams with a virtual photon exchanged between two external charged particles, while
collinear singularities arise if a massless external particle splits into two massless internal
particles. On-shell singularities are closely related to the presence of resonant gauge boson
propagator in the loop and have to be cured by including the finite width of gauge boson. For
this purpose, the loop integrals that contribute to these on-shell singularities are computed
analytically. As before, the final state fermion masses are neglected whenever possible in the
evaluation of loop integrals. If the contribution of real photon emission processes is taken
into account, the infrared singularities will drop out.

According to the factorization scheme, at one-loop level the gauge boson width can be

incorporated as follows

k% — M i ImXET (M)
Mipop(Ty = 0) 4 —oZVAEV)
k% — MZ +iMyTy toop(T'v = 0) + k2 — M2

Mloop = Mborn
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k2 — M2

k2 — M2 +iMyTy loop,no r.s.(L'v = 0)

_ <25(’f%) — 5T (M2)
k2 — M2

+ 5ZV> Moorn (517)

where E‘F‘C denotes the transverse part of vector boson self energy and dZy the corresponding
field renormalization constant. The M;,p no r.s. term in the second row represents the one-
loop corrections excluding the self energy corrections to the resonant gauge boson. The term
involving the imaginary part of the vector boson self energy in the first line is required to
avoid the double-counting from the inclusion of finite width in the lowest order amplitude, it
is absorbed into the self energy corrections, yielding the last term in the above equation.

The effective amplitude My, (I'y = 0) can be written as

Mioop(Ty = 0) = \/Zpo (Mpo(Tv = 0) + Zpogo Mo, Ty =0)) (5.18)

where the superscript 1 indicates the one-loop amplitude, and we include as well the correc-
tions to the coupling of H" to gauge bosons from the third generation fermions and sfermions
M}{%r o Since they can potentially yield sizeable contributions. Note that only M}llo term
involves gauge boson self energy corrections, thus we can replace My, in Eq. (5.17) by

Emrn = Mborn‘M?{O:() (5.19)
without introducing any double-counting. The squared matrix element can be written as

IM? 2 [ Mporn|* + 2Re(Migrn Mioop) + 1V Zno Zo oMo .41 (5.20)
where we also keep the square of M}IO?W 4 term. Note that we can not simply include the
square of the complete one-loop amplitude, since the one-loop photonic diagrams involve
infrared singularities. In this work the Feynman diagrams are generated by the program
package FeynArts [132]. FormCalc [133] and LoopTools [133,134] are then used to alge-
braically simplify the amplitudes and evaluate the one-loop integrals that do not involve
on-shell singularities.

In the following we describe in detail the computation of virtual corrections to the decay
processes given in Egs. (5.11) and (5.12).

5.4.1 Virtual corrections to h° — WW* — 4]

The virtual corrections arise from the photonic, SM-like, genuine SUSY and counter term
diagrams. The photonic diagrams are the same as in the SM, examples of these diagrams
are shown in Fig.5.2. Such photonic diagrams might contain infrared as well as on-shell
singularities. Note that the diagrams with a photon exchanged between the two intermediate
W bosons do not contribute to the on-shell singularities, due to the fact that only one of
these W bosons can be at resonance. The on-shell singularities have to be rendered finite by
incorporating the gauge boson width. In the factorization scheme, power counting tells us that
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only scalar integrals resulting from the virtual photonic diagrams can contribute to the on-
shell singularities. We will evaluate these scalar integrals analytically. The SM-like diagrams
consist of diagrams involving other SM particles and the MSSM Higgs bosons in the loop.
Examples of these diagrams are depicted in Fig.5.3. In the decoupling limit M40 > My,
the lightest MSSM Higgs boson behaves like a SM Higgs boson and all other heavy Higgs
boson decouple, thus the contribution of these diagrams will approach the corresponding
SM contribution. This fact can be used as a useful check on our computation. The loop
diagrams involving all other SUSY particles constitute the genuine SUSY diagrams, some
representative of them are shown in Fig.5.4. The counter term diagrams are depicted in
Fig.5.5.

The structure of the counter term contribution in the first four diagrams of Fig. 5.5 is as in
the SM (see ref. [101]), while the last diagram yields (see e.g. [135])

10M?2 dosw  cos(f — «)

CcT 0 w 2

— 7 7 z

,/\/lho Mho{é e+ 0 W—i—2 5 T 5 —|—Si 3 )(cos (6 tan G

1 1
+ §5ZH0h0) + §5Zh0h0} ,

10M2 dsw  sin(f — «)

cT 0 w 2

— 7 7 - _

Mo M;,o[d e+ 0 W—i—2 5 T 5 +cos( )( cos” 36 tan 3

1 1
+ §5ZhOHO) + i(szHOHO] (521)

with

k‘2/ — M‘% MOO 0
k‘%/ — M‘Q/ + My Ty, ho.H

Mo g0 = Ty =0) . (5.22)

The Higgs field renormalization constants dZj0p,0, 6Z,0 0, 6Zgopo, 0Z oo and the counter
term ¢ tan § have been given by Eqs. (4.61), (4.62) and (4.63) in the previous chapter, the
remaining counter terms are determined in the on-shell scheme as [101]

sw 272(0)
ew MZ
§Zw = —Re X1 (MZ) |
SMiy, = Re Sy (M)

SMz = Re S5 (M3)

dsw 1y, (5M§ SME,
sw o 2% M2 M3,

1
5Ze == 52/7(0) -

), (5.23)

where the prime indicates the derivative and the superscript 1" the transverse part of the
corresponding self energy.

In the photonic diagrams the on-shell singularities can arise if the exchanged photon be-
comes soft. Now we turn to the extraction of these singularities from the virtual photonic
contributions.
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Figure 5.2: Examples of photonic diagrams for the process h® — WW* — 4l.

On-shell singular virtual contributions

As previously mentioned, in the factorization scheme only scalar integrals resulting from
the photonic diagrams can contribute to the on-shell singularities. In this section we calculate
the relevant scalar integrals and extract from them the on-shell singular virtual contributions.
The final state fermion masses are neglected unless they have to be kept as regulators for the
collinear singularities. The scalar loop integrals are computed for zero gauge boson width.
A finite width is inserted afterwards wherever a singularity arises when the resonant gauge
boson approaches on-shell.

For the notation of the one-loop integrals, we follow the convention of [136]. The virtual
3-, 4- and 5-point functions are defined as follows

1 1
CO(p17p27m07m1’m2) - W—Q/d4qm ’

1 1,q
Do,u(plap%p:%,m0>m1,m2,m3) = m—g /CZZL(J]VOT]\%]\[3 s (5-24)
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Figure 5.3: Examples of SM-like diagrams for the process h® — WW* — 4l.
and
E(ppppmmmmm)zi/délq17¢ (5.25)
0,1 \P15 P25 P35 P4, 1100, 1101, 1142, TTL3, 114 im2 NON1N2N3N4 ) .
where the denominators are given by
No = ¢* — md + ie, N; = (q +pi)* — m? +ie, 1=1..4 (5.26)

with the infinitesimal imaginary part ie (e > 0).
The vector integrals can be decomposed in terms of the momenta appearing in the denom-

inators and coeflicient functions, for example

4

E# = ZpiMEi . (527)
=1



60CHAPTER 5. ELECTROWEAK CORRECTIONS TO H° — WW*/ZZ* — 4 FERMIONS

€ €

i VAN

O A T TSN
Up dp

Vy Uy

Figure 5.4: Examples of genuine SUSY diagrams for the process h® — WW* — 4l.

Our evaluation of on-shell singular scalar integrals is based on the observation that only
one of the intermediate gauge bosons can be resonant due to the upper bound of the mass of
hO. Therefore it is possible to make a decomposition of these scalar integrals by separating
from them the non-resonant gauge boson propagator. This decomposition leaves the on-shell
singular parts of the integrals intact but simplifies the extraction of such singularities from
these integrals. We now illustrate this procedure by computing the on-shell singular scalar
5-point integral.

Assuming the gauge boson with four-momentum k_ is at resonance (the case that the other
gauge boson is resonant can be obtained by simple substitution with the help of the explicit
results for the integrals in Appendix B), the scalar 5-point integral arising from the photonic
pentagon diagram in Fig. 5.2 can be decomposed by separating the non-resonant gauge boson
propagator as follows (for convenience, we still use My to label the gauge boson mass in the
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Figure 5.5: Counter term diagrams for the process h® — WW* — 41,

integrals. It should be replaced by My, in the final result)

Eo(—ka, —k, k_, g, A, me, My, My, m,,)
= L d4q 1
im? (2 = M2)((q = k2)2 = m2)((q + ka)? =m2)((q — k3)? — M) ((q + k)2 — MY)
= i #/dzlq L
ir? k3 — My (¢ =A%) ((q — k2)? = m2)((q + k4)? —m2)((q + k- )? — M)
11 . —® 2 ks
in? k2 — M2 / T2 ka2 —m2)((q + ka)2 —m2)((q — k)2 — MP)((q + k)2 — M)
- m{a)(—i@, k_, kg, A, me, My, my,) — Do(ks + ky, —ks, ky + k_, me,my, My, My)
— Sys By (—ka, —ky, b, ks, 0,me, My, My, m,,)
+ (524 + S34)E2(—k‘2, —ki,k_,k4,0,me, My, My, m“)
— 283 B3(—ky, —k, k_, ky,0,me, My, My, m,,)

+ (S24 + S25 + S34 + S35) Ea(—ko, =k, k_, k4,0, me, My, My, mu)} ; (5.28)

where S;; = (k;+k;)?. In this decomposition we have introduced a fictitious photon mass A to
regularize the soft singularity. This is allowed since Ward identities are still preserved in the
presence of the photon mass. While the second scalar 4-point function in the curly bracket is
finite, the first one contains both the singular logarithm In(k? — M + ie) and the resonant
factor 1/(k% — MZ), as well as the soft singularities, as we will see from Eq. (5.29) below.
The coefficient functions F; do not contain soft singularity. They may contain the singular
logarithm In(k? — M2 + ic), but not the resonant factor 1/(k% — MZ). Therefore it follows
from Egs. (5.17), (5.28) and (5.29) that when the gauge boson approaches on-shell, only the
first scalar 4-point integral in Eq. (5.28) gives rise to a singular logarithm In(k? — M2 + ie).
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Consequently, to incorporate the width of gauge boson we only need to calculate this 4-point
integral instead of the original 5-point integral. The analytical result of this scalar 4-point
integral is worked out with the help of ref. [137,138] and listed as follows

Soa

Sy M-k
2m|—— | In| ——/——— —
tem ( MMy, — ie> . < AMy v

—In? M —In? M‘Q/_kg_SM_SZS — 1€
My me My

: (5.29)

1 S kQ — M2
Do(—ka, k_, kg, \,me, My, m,,) = —{ — Li (_ 25 + k2 v>

where Liy(z) is the usual dilogarithm
T dt
Lig(z) = —/ " In(1—1¢). (5.30)
0

The singular logarithm In(k? — M2 + i€) has to be replaced by In(k? — MZ +iMyT'y) in the
final result, as will be done later on for other scalar integrals involving this singular logarithm.
This replacement, as argued in previous sections, does not disturb gauge invariance.

The photonic box diagrams in Fig. 5.2 involve scalar 4-point integrals that might contribute
to the on-shell singularities. These integrals can be decomposed analogously by separating
the non-resonant gauge boson propagator, yielding

Do(—kyg, ky, —k,,o,mu,Mv,Mv)
1

T oM

+ (S24 + S34)D1(—ky, kg, —k_,0, my, My, My)

+ (S24 + S34 + Sas + S35)Do(—ka, ki, —k—,0,m,, My, My)

— 293 D5(—ku, k., —k,,O,mM,MV,Mv)} ,

DO(_k% k—a _k-i—v O’meaMV7 MV)

{CO(_kllv _k—a 07 my, MV) - CO(_k5> k4 + k+7 my, MVa MV)

1
= ﬁ{co(_k% k*u 07m€7 MV) - CO(_k37 k? + k77m€7 MV7 MV)
k2 — M2
- SQ?)DI(_k% k—v —k+,0,me, MVa MV) - 2523D2(_k27 k—v _k-i—v OameaMV7 MV)
(a1 + Su+ Sas + Sas) Dy(—ka, b, ke, 0,me, My, My) } (5.31)

These integrals do not involve soft singularities. Note that in our case, only one of these two
4-point integrals can yield on-shell singular contributions. Here we do not give the analytical
expressions for the on-shell singular scalar 3-point functions in Eq. (5.31), they are collected
in Appendix B. For the evaluation of other loop integrals, the general strategies have been
described, e.g. in [101,136,139-141].
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With these decompositions, the on-shell singular virtual contributions can be extracted
straightforwardly. Note that in the contribution of photonic box and pentagon diagrams
only scalar integrals contain soft singularities. Therefore the analytical results of these scalar
integrals can also be used to extract the soft singularities from virtual contributions and
allow us to analytically check their cancellation when combining with real corrections. The
soft and on-shell singular terms arising from the photonic box and pentagon diagrams can
be written in terms of the lowest order amplitude and a correction factor that contains these
singularities

a ((524 + Sa4) (k2 — M)

Myojn? = Mbyind = Mio{ = = Co(—ks, —k—,0,my, My)

bp bp 2 k3 — M
+ (S24 + S25)Co(—ka, k—,0,me, My )
+ Soq(k2 — M2)Do(—ka, k_, ka, X\, me, My, mu))} . (5.32)

The photonic vertex and self energy diagrams also contribute to the soft and on-shell singu-
larities. These contributions originate from the field renormalization constants of the external
charged fermions, the photonic corrections to the W f f” vertex and the W boson self energy.
The field renormalization constants of W boson give rise to soft singular contributions as
well. However, they only appear in intermediate stages and cancel out in the full matrix
element. Owing to the presence of one additional resonant propagator, the photonic self
energy insertion gives rise to a correction factor to the lowest order amplitude of the form
By(k?,0,My)/(k? — M2). After the W boson mass renormalization the correction factor is
modified to be proportional to

Bo(k2,0, My') — Bo(ME,0, My,) 1 (1 k2 )
= —1€ ) ,

- m(1- =
K2 — M2 U T M2

(5.33)

which is clearly on-shell singular and has to be regularized by the width of W boson. The
photonic vertex correction gives rise to a correction factor involving the on-shell singular
scalar 3-point integral. Putting all these together, one finds the following correction factor
that contains the soft and on-shell singularities from the photonic vertex and self energy
diagrams

Mhofj?‘q = Myo859 = M%O{% (kico(—km —k4,0,me, My)
1
+ K2Co(—ha, k-, 0,my, My) ) + 502 + 62}

a bk? — M‘Q/ ( k2 )
— Y In(1—- — — e , (5.34)
47 k2 M‘Q, }

where the subscript IR denotes the infrared singular part of the field renormalization costants,
whose expression can be found, e.g. in [101]. As before, the width of W boson should be
included in the on-shell singular logarithms. The correction factors defined in Eq. (5.32)
and (5.34) include all the soft singularities from virtual one-loop diagrams. The collinear
singularities, however, are not fully contained in these correction factors, since the tensor
integrals that are not accounted for in these factors, contain collinear singularities as well.
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In the case that the other gauge boson becomes resonant, the correction factor resulting
from the box and pentagon diagrams becomes

o ((524 + So5) (k3 — M?)

MhOSing = MgodSing = M?LO{ CO(_k% _k-f-v 0, me, MV)

b,p b,p o2 k2 — M‘Q,
+ (S24 + S34)Co(—ka, k1, 0,my, My )
+ 524(k-2|— - M\%’)DO(_k% _k-i—v k47 )\7 Mme, MV) mu)) } . (535)

The correction factor from the self energy and vertex diagrams can be obtained from Eq.
(5.34) by replacing k% with k2 in the last term.

Now we are able to extract the on-shell singular virtual contributions from Eqs. (5.32),
(5.34) and the results of the scalar integrals in Appendix B. This gives rise to the following
correction factor after incorporating the width of the resonant gauge boson

2 2 2
e k2 Soa + S25\2  SkZ — My,
Misonsataing = Moz 1 (377) +10 (Fgy )~z

k2 I'y
xin (1= 3 —i ). 5.36

MZ My (5.36)
In the case that the other gauge boson becomes resonant, the correction factor describing
on-shell singular virtual contributions can be obtained by making the following replacement
in the above equation

Sos — Sa4, k2 — kY . (5.37)

Soft and collinear singular virtual contributions

For the investigated process the photonic diagrams do not build a gauge invariant sub-
set by themselves and their contributions are UV divergent. However, one can extract the
infrared singularities and on-shell logarithms from them and combine with the real pho-
ton bremsstrahlung to build the QED-like corrections. The soft and collinear singular con-
tributions from the virtual corrections can be extracted by making use of the well-known
Kinoshita-Lee-Nauenberg (KLN) theorem [142], according to which the soft and collinear
singularities are canceled out between the real and virtual corrections for sufficiently inclu-
sive quantities. In the decay of h° to leptons, there is no initial state radiation of photons.
The singular parts of the virtual corrections are exactly given by the singularities in the final
state photon bremsstrahlung, but with opposite sign, which can be computed, e.g. with the
dipole subtraction approach [143-146]. Following [146], the soft and collinear singular parts
of the virtual contributions can be defined as

5 5
« 272
drvirt,sing = drborn% § E Qz Qj (L(Szy m?) + L(Siju m?) - 3 + 3) ) (538)
1=2 j=i+1
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where dl'py, is the lowest order decay width, ); denote the charge of final state fermions,
and the function L(S;;, m?) is given by
o0 m? A2 2?2 1, o /m? 1 m?

L(S;j,mj)=In (Si]) In (S—”) +In (SU) — 5111 <Sij) + 5111 <Sij> ) (5.39)
Note that when computing these contributions, the soft and collinear singular parts that
arise from the virtual photonic corrections to the mixed tree-level amplitude, i.e. to the
second term in Eq. (5.10) should be excluded, since they are not included in Eq. (5.20). The
definition of the soft and collinear singular virtual contribution is, of course, not unique, since
finite terms can be redistributed between the singular and finite contributions. An alternative
definition has been used in [147]. It differs from the definition used here only by finite terms.

The IR singular and on-shell singular virtual contributions combined with the contribution
of real bremsstrahlung yield the QED-like correction. As previously mentioned, the soft
singularities from photonic virtual diagrams are included in the correction factors 5;3’;‘ and
65" defined in Eqs. (5.32) and (5.34), subtracting from them the virtual singular factor in
Eq. (5.38) (note that one has to take twice of the real part of the correction factor in (5.32)
and (5.34)), the remnant must be free of soft singularities. This provides an analytic check
on the cancellation of soft singularities. The cancellation of collinear singularities is, however,
checked numerically since the collinear singularities appear not only in scalar integrals but
also in tensor ones. The contribution of the latter is not accounted for in these correction
factors.

5.4.2 Virtual corrections to h° — Z7* — 4l

The computation of virtual corrections to the decay of h° to four leptons via a Z boson
pair can be carried out analogously. Consider the process

ho(ky) — 22" — e (ko) + " (ks) + p* (k) + p~ (ks) | (5.40)

where we define k; = ko + k3 and k_ = k4 + k5 as before. The virtual one-loop diagrams can
be classified as for the process h’ — WW* — 4, and the h’ZZ/H"ZZ counter term contri-
butions can be easily obtained from Eq. (5.21) by simple replacements: §Zy — dZz, 55—‘” —

iSVVVV (1 — 2SW>, while the structure of the other counter terms is as in the SM [101] In

Fig. 5.6 we depict only the photonic diagrams that contribute to the on-shell singularities.
In this decay process, the intermediate gauge bosons are neutral, thus only pentagon dia-
grams with a photon exchanged between two external charged fermions can contribute to the
on-shell singularities. The scalar 5-point integrals can again be decomposed by separating
the non-resonant gauge boson propagator. Here we give explicitly the correction factor re-
sulting from the photonic pentagon diagrams that contains the soft and on-shell singularities
(assuming the gauge boson with four-momentum k_ is at resonance)

o570 = ——{ | ~Lis - 52 +§z4— M?z)

+21n(— m‘sjiﬂ —ie) In (JW;VT_VI{Q —ie)
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— In? (ﬂ) —In? (M‘%_k% — 52— 55 —ie) T }
MV meMV

+@H&4HQ—QH$—@HQ}, (5.41)
where the expressions in the parentheses are obtained from that in the squared bracket by

interchange of indices. In the case that the other gauge boson is resonant, the correction
factor reads

5?"9:—1{[—[412(— S34+k-2|—_M‘2/>

27 5242 ,
—|—21n(—ms27:; —ie)ln(ﬂi)\vT_Vk”L—ie)
eMy
() i (MK 2
+@H&4H@—@H$—@Ha}. (5.42)

As before, M‘% should be replaced by M‘Q/—iMVFV in the on-shell singular logarithm. The on-
shell singular virtual contributions can be easily extracted from these correction factors. The
photonic corrections to the Z f f vertex and the field renormalization constants of the external
charged fermions contribute to the soft singularities, but not to the on-shell singularities.
There is no contribution to these singularities from Z boson self energy corrections.

5.4.3 Application to semileptonic and hadronic final states

In the discussions above, we only consider the decay of h° to leptonic final states. The
procedure used there can, in principle, be applied to semileptonic and hadronic final states as
well. For semileptonic and hadronic final states, the number of photonic diagrams involving
on-shell singularities may increase, but their evaluation can be carried out in complete analogy
to what we did for leptonic final state. With simple substitution of momenta and mass
parameters, the analytical results for the scalar integrals in Appendix B can still be used
to extract the on-shell singularities from the virtual contributions. The soft and collinear
singular virtual contributions are again given by Eq. (5.38). The only possible exception in
which the procedure used for our computation can not be straightforwardly applied is that the
final state involves heavy down-type fermions, e.g. b quarks. Note that in our computation
we keep the final state fermion masses only as regulators for collinear singularities and neglect
them elsewhere. If the final state involves b quarks, we can not neglect their masses, since
their coupling to Higgs bosons can be enhanced at large tan # and give rise to numerically
important effects.

5.5 Real corrections

As can be seen from the computation of virtual corrections, the exchange of a virtual
photon between two external charged particles leads to IR divergences. In order to achieve
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Figure 5.6: Photonic diagrams that contribute to the on-shell singularities.

an IR finite physical result, the combination with real photon emission process is required,
as a consequence of the fact that the experimental resolution of soft photons is limited. The
KLN theorem guarantees that the IR singularities from virtual and real corrections cancel
with each other in physical observables.

We consider the following bremsstrahlung processes
WO(k1) — e (ka) + Te(ks) + p* (ka) + vu(ks) + (ko) (5.43)
and
hO(k1) — e (k) + et (ks) + p* (k) + p~ (ks) +v(ke) - (5.44)

In the evaluation of hard bremsstrahlung contribution a constant width is introduced in each
gauge boson propagator. As previously mentioned, not all intermediate gauge bosons are
resonant. For the propagator that is not resonant, the corresponding error is of higher order
and negligible.

The contribution of the real photon bremsstrahlung to the partial decay width can be
written as

T, = 2M, /Z\M 2do, (5.45)

pol

with the squared matrix element |M,|*> summed over the final state polarizations and the
phase space factor

o &k 6
(H 2m)3 %0) (2m) 6t (k1 — Zki) : (5.46)

7
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As in the evaluation of virtual corrections, the masses of light fermions are consistently
neglected unless they have to be kept as regulators. Soft and collinear real photon emission
give rise to singularities, which are regularized by the photon mass A and the fermion mass m,
respectively. These soft and collinear singularities are treated within two different approaches,
which will be discussed below.

5.5.1 Treatment of soft and collinear photon emission

In this section we describe the methods used to treat the soft and collinear photon emission,
i.e. the phase space slicing and the dipole subtraction approach. In the former approach one
needs to impose cut-offs on the photon energy and the emission angle, while in the latter
no cut-off is needed. Another advantage of the subtraction method is that the integration
error within this method is much (typically one order of magnitude) smaller than that of the
slicing method.

Phase space slicing

For the real photon bremsstrahlung the phase space integral diverges in certain regions.
One can divide the phase space into singular and non-singular regions. In the non-singular
region the integral is finite and can be evaluated numerically without regulators. In the
singular region the integral has to be evaluated analytically with regulators. The singular
region consists of the soft region, where the photon energy is smaller than a given cutoff AE;
and the collinear region, in which the photon is emitted collinearly (but not soft) to a charged
fermion, namely the angle between the emitted photon and the charged fermion is smaller
than an angular cutoff Af. The real correction can be decomposed as follows

dr" =497 = dT o, + dT o + dT 417 (5.47)
In the soft and collinear regions, the squared matrix element \MhOH‘”'Y\Q factorizes into the
lowest order squared matrix element \Mho_’4l\2 and a universal soft or collinear factor. The
five particle phase space also factorizes into four particle phase space and a photon part,
so that the photon momentum can be integrated over analytically. In the soft region, the
soft photon approximation can be applied, in which the photon 4-momentum is omitted
everywhere except in the IR singular propagators. Then one obtains [101]

5 5 o\ 2
« d3k qf q;
dFsoft = deorn A2 E E Qz Qj / ( - >

=2 j—it1 E,<AE EW kq; kQJ
LI
= dlyorn >N QiQylLi + I — 21y) (5.48)
i=2 j=i+1

where the basic integrals are given by [101,139]
1 d2k qiqj

I = — ax__949
7 2n Jp cap By (kai)(kg;)

(5.49)
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As mentioned before, we keep the fermion masses only as regulators for the collinear singu-
larities. Consequently, the soft photon correction factor can be written as [146]

5 5 07.0

Q 2AF Sii 4k k-

T =dr - oO2m (== ) 1 - n(| =Y —In| 22
Ton =i 37 37 @i (355 [ ()] - (GE0)

i=2 j=i+1

k0 2k 2 4kOK?
+ In? <ﬁ> + In? (—J> + 2 41 (1 - ’ 5 (5.50)
my mj 3 Sz

where S;; are defined as before, k? and m; denote the energy and mass of the final state
fermions.

In the collinear region, the squared matrix element and the phase space also factorize as
in the soft region, and the collinear factor that describes the collinear final state radiation is
given by

5
B a 2) 3 AE B AOKY B 272
dLeou = dlborn o ;Qz{ [2 +2In <—k20 )} [1 21n ( o 3= (5.51)

where the cutoff parameters AE and A6 should be chosen sufficiently small so that the soft
photon and leading-pole approximations apply. On the other hand, they should not be too
small so that the instabilities of numerical integration can be avoided. Also note that this
result assumes that a photon emitted collinearly to a charged fermion is treated inclusively,
namely it is combined to the emitting charged fermion. As a result, all dependence on the
photon and fermion masses will drop out in the final result. If the collinearly emitted photon
is not treated inclusively, for example, in the evaluation of distributions of final state muons,
then in the collinear region one has

1—AE

5 ~
o . 0 AOK?

dr’ = - (92 dr’ r kl ' d 4 3 21 L s | — 1

coll ;2 o Vi bo n( )/0 Z {pff(z )|: n ( m; Z) :|

+(1- zi)}@(zi) (5.52)

with z; = k9/k9 and the splitting function

1+ 22
1_Zi '

Prs(z) = (5.53)

Here l;:? and k? denote the energy of the charged fermion before and after emitting the collinear
photon, the function ©(z;) summarizes the phase space cuts. The integration over z; in Eq.
(5.52) is constrained by the phase space cuts O(z;) and cannot be performed analytically.
Consequently the fermion mass singularities are not fully canceled in the combination of
virtual and real corrections and thus become visible. If the photon is treated inclusively, the
integration over z; will not be constrained by any phase space cut, and thus can be performed
analytically, leading to Eq. (5.51).
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Dipole subtraction

In this approach [143-145] one constructs an auxiliary function which contains the same
singularities as the real bremsstrahlung integrand. Subtracting this auxiliary function from
the bremsstrahlung integrand thus cancels all soft and collinear singularities and the difference
can be integrated numerically, even in the singular region. In this numerical integration
no regulators are needed for the soft and collinear singularities. The auxiliary function
can then be integrated analytically (regulators are required) and readded to the original
integral. Within the subtraction method there is no singular contribution involved in the
numerical integration. Hence for computations within this method, the statistical uncertainty
is smaller than that of the slicing method, in which the singular contributions are present in
the numerical integration. The auxiliary function must possess the same asymptotic behavior
as the original integrand in the soft and collinear limit, and has to be simple enough to be
integrated over the singular regions analytically. In our case, soft and collinear singularities
occur only in the final state. As the masses of the final state light fermions can be consistently
neglected, the expression of the auxiliary function is fairly simple [144]

|Msub (I>4f'y Z Qz Q] QSUb k k k)|Mborn((i>4f,ij)‘2 5 (554)
i,j=2
%
where k; and k denote the respective momenta of final state fermions and photon, and the
functions gs“b contain the soft and collinear singularities
1 2

sub
b o ) = 1=z 5.55
g5 (ki, kj, k) (kik)(1 —yig) L1 — 245(1 — y45) zj o5

with the variables
k;k L kik;
kikj + kik + k;k ' Y kikj + ik

Yyij = (5.56)

The mapping between the phase space of the radiative and non-radiative process, ®4¢, and
@y, is defined as

1
K 5.57
L—yi; 7 ( )

kY = kM 4 kM — L kH =
! ! 1 - yzy J

with all other momenta unchanged. The contribution of the auxiliary function should be
computed analytically. After integrating over the photon momentum the result reads

/d(I)4f'Y|Msub((I)4f'y =T Z QZ QJ /dq)4f ij (Sij)‘Mborn((i)4f,ij)|2 (558)
7.{;]2
with the function
2
3
G5 (Sij) = L(Sij,m3) — % +5 (5.59)

where L(S;;,m?) has been defined in Eq. (5.39).
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5.6 Higher order final state radiation

The emission of photons collinear to the charged fermions leads to corrections enhanced
by large logarithms involving the fermion masses. These logarithms will cancel out if the
collinearly emitted photon is treated inclusively, i.e. if it is combined with the emitting
charged fermion. If this is not the case, for instance, in the evaluation of distributions of
muons in the final state, this logarithm will survive and give rise to sizeable effects. Therefore
one should take into account the corresponding higher order corrections. This can be done by
the structure-function method [125,148] based on the mass factorization theorem, according
to which the decay width with leading logarithmic final state radiation can be written as

/ dlyy, = ;0,0 / dziTH (2, Q%) / dTporn©(2;) (5.60)

where z; is again the energy fraction of the charged fermion after and before the collinear
photon emission, and @ is the relevant energy scale in the process, which can be taken as
the physical mass of the lightest CP-even Higgs boson mass M }’ZO in our case. The leading
logarithmic structure function including terms up to O(a?) is given by [125]

xp (— 5878 + 36i) B; 5, B
e . TRk T S O
T(1+30:) 2 4
2
_ % {% In(z;) +4(1 + 2z;) In(1 — z;) + 5+ Zz}

3

3584 (1 + ZZ) [6L12(ZZ) + 121112(1 — Zz) — 37r2]

1 _1 ~ [g(l + 82 + 322) In(z) + 6(2 + 5)(1 — z) In(1 — 2)

+12(1 + 22) In(z) In(1 — ) — —(1 +727) In? ()

+ 1(39 — 24z — 1542)}} : (5.61)

where vg and I'(x) are the Euler constant and the Gamma function, the function g; is given

by
Gi = 270‘ [ln (%) - 1} : (5.62)

7

For practical calculations, one can expand the structure function I'};" in terms of 3; and keep
terms up to O(a?). When adding the contribution in Eq. (5.60) to the one-loop result, the
lowest order and one-loop contributions dI'y; 1 should be subtracted, since they are already
contained in our results

/ dlyp = / Ayorn + Y / dzi T (21, Q2) / AThornO () (5.63)

,Q:i7#0
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where the one-loop contribution to the structure function FZ-LZ-L’l reads

(1422
otz Q%) = @< > 5.64
1 (ZQ) 4 1_ZZ + ( )

with the following +-prescription

1 1
L/dxﬂmg@h=i/dxuu)—ﬂnmw), (5.65)
0 0

or equivalently

1—e
m@+=m%ku—x—omm—au—x—o/‘ mw«w]. (5.66)
“ 0
This yields
F;L’l(Z“Q?) — %!g% |:(5(1—ZZ') (g—i-?lne) +0(1_Zi_6)11tf:| , (5.67)

where € is a regulator for the otherwise divergent numerical integration, the dependence on
which will drop out in the final result.

5.7 Numerical results

In this section we discuss the numerical results. Before that we briefly summarize the
strategies for the computation of electroweak radiative corrections to our decay processes. In
the evaluation of virtual corrections, the gauge boson width is incorporated via the factoriza-
tion scheme, in which we separate the gauge boson self energy diagrams from other virtual
diagrams and treat them differently in order to avoid the double counting from the inclusion
of gauge boson width in the lowest order matrix element. If the intermediate gauge boson
is charged, the contribution of photonic self energy diagrams diverges when the gauge boson
approaches on-shell. To render it finite, we have to include the gauge boson width. This is
done by computing analytically the scalar two-point integrals that contribute to these on-
shell singularities and replace afterwards the real gauge boson mass in the singular terms by a
complex one. Due to the upper bound of the lightest CP-even Higgs boson mass, only one of
the intermediate gauge bosons can be resonant. Power counting tells that in the factorization
scheme only scalar integrals potentially contribute to the on-shell singularities. The evalu-
ation of scalar 4- and 5-point integrals are simplified by extracting the non-resonant gauge
boson propagator from the integrals. In this way only analytical expressions for the resulting
singular scalar 3- and 4-point integrals are required. For the evaluation of real corrections, we
use two different approaches, i.e. the phase space slicing and the dipole subtraction approach.
With the help of these methods we are able to extract the soft singularities from the real
corrections and check analytically their cancellation with their counterparts in the virtual
corrections. The extraction of collinear singularities from the real corrections is straightfor-
ward. However, in the virtual corrections they occur not only in scalar loop integrals, but
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also in tensor ones, whose analytical evaluation is rather involved. Therefore we check the
cancellation of collinear singularities numerically by varying the masses of light fermions in
the final state, which act as regulators for collinear singularities. If the collinearly emitted
photons are not combined to the emitting fermions, the large logarithms involving final state
fermion masses can survive and become visible. In this case we also include the corrections
resulting from the higher order final state radiation.

For the numerical evaluation, the following inputs for the SM parameters are used [9, 149]

G, = 1.16637 x 107 °GeV ™2, o = 1/137.03599968
My = 80.403 GeV | Iy = 2.141GeV ,

My =91.1876 GeV 'y =2.4952GeV ,

M, =172.7GeV , M, =4.2GeV .

The lowest order matrix element is parametrized in such a way that it absorbs the running
of the electromagnetic coupling and the leading universal corrections to the p parameter, i.e.
we use the effective coupling derived from the Fermi constant

_ \/ﬁGuMI%VSIQ/V

™

(5.68)

OZGH

for the Born amplitude. In the relative O(«) corrections, we use the coupling o = «(0), which
is an appropriate choice for the real photon emission. In order to avoid double-counting from
using ag, in the lowest order amplitude, the charge renormalization constant in Eq. (5.23)
is modified to

62, =07, — %Ar , (5.69)

where Ar summarizes the radiative corrections to the muon decay. In the evaluation of
distributions, a real photon closer than 5 degrees to a charged fermion or with energy less
than 1GeV is combined with the charged fermion in the inclusive treatment.

As previously discussed, the Higgs field renormalization constants and the counter term
dtan 3 are determined in the DR scheme. We choose the renormalization scale as pP® =
1.5My,, which is the scale of the physical mass of the lightest CP-even Higgs boson for
moderate values of tan 3 and M 4o.

From the discussions in the previous chapter, there are a large number of free parameters
in the MSSM, most of which arise from the soft supersymmetry breaking Lagrangian. The
complete scan over the MSSM parameter space is thus a formidable task. In our numerical
analysis we investigate the results in several suggested benchmark scenarios [114,150], which
are defined so that the two parameters that govern the tree-level Higgs sector, M o0 and
tan 8, are varied while the other parameters that enter via radiative corrections are fixed.
In these scenarios a common soft supersymmetry breaking parameter Mgygy, as well as the
same trilinear coupling for the third generation slepton and squark, is chosen for simplicity.
The U(1) gaugino mass parameter is given by the GUT relation

My =22 A, (5.70)
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The experimental mass exclusion limits from direct search of supersymmetric particles and
the upper bound on the SUSY corrections to the electroweak p parameter [9] have been
taken into account throughout the parameter scan. In the region that we are interested, the
bound derived from the BR(B — X,7) prediction has ruled out the gluophobic scenario [151],
therefore we will not discuss this scenario here. The investigated scenarios are listed below :

1. The m;*** scenario

This scenario yields a maximal value of the lightest CP-even Higgs boson as a function of
tan 8 for fixed top quark mass and common soft supersymmetry breaking scale Mgysy. The
parameters are given by

my = 172.7GeV | Mgysy = 1TeV @ =200GeV , My = 200GeV |
Xt — 2MSUSY B Ab — At — A7- B mg — O'SMSUSY . (571)

where X; is the mixing parameter of the top squark sector and my is the gluino mass.

2. The no-mixing scenario

This scenario differs from the m;"®* scenario by the vanishing mixing in the scalar top sector
and a higher SUSY mass scale, which is chosen to avoid the exclusion bounds from the LEP
Higgs searches [10,152]. The parameters in this scenario read

my = 172.7GeV ,  Msysy = 2TeV , 1= 200GeV , My = 200GeV |
X, =0, Ay=A=A,,  mg=08Msysy . (5.72)

3. The small-a g scenario
In this scenario the higher order MSSM corrections can lead to a significant suppression of
the hbb coupling and give rise to an enhancement of BR(R? — WW*). The parameters are

my = 1727 GeV 5 MSUSY == 800 GeV 5 n = 2'5MSUSY 5 M2 == 500 Gev 5
X, = —1100GeV | Ay=A = A, mg=500GeV . (5.73)

For the decay process h® — WW* — e UeptT vy, the contribution of photonic one-loop
diagrams are UV divergent. Extracting the infrared and on-shell singular contributions from
these diagrams and combining with the contribution of real photon emission yields the QED-
like correction to the partial decay width, which is both UV and IR finite. It is independent
of the cutoff parameters AFE, Af within the phase space slicing approach. This is illustrated
in Fig. 5.7, where we show the relative size of the QED-like corrections

5= Fcor;b_ Fborn (574)
orn

for tan § = 25, M 40 = 500 GeV in the mj'*®* scenario. I'cor denotes the partial decay width
corrected by the QED-like contributions. The results of phase space slicing method is correct
up to O(AE/V/S) or O(A#). For small cutoff parameters, terms of these orders are negligible
and the result is independent of the cutoffs. For large cutoff parameters, such terms become
relevant and their effects become visible.
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Figure 5.7: Cutoff dependence of the QED-like corrections to the decay h® — e vep'ty, for
the m"@* scenario with tan 3 = 25, M9

500 GeV in the phase space slicing approach.

The left plot shows the dependence on the angular cutoff Af (with AE/+/S = 0.001), while
the dependence on the energy cutoff of soft photon is shown in the right plot (with Af =
0.001 rad).
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Figure 5.8: Comparison of the QED-like corrections to the decay h® — e D', for the
mi®X gcenario with tan 8 = 25, M4 = 500 GeV in the phase space slicing and dipole sub-
traction approach.
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For comparison purpose, the results computed within the slicing and the subtraction ap-
proach are shown in Fig. 5.8. From the plots one can find an agreement between the results of
the two approaches, and that the subtraction approach yields smaller integration errors than
the slicing method. In addition, the integration error within the slicing approach increases
when the value of the cutoff parameter decreases, since the original IR singularity will appear
if the cutoff parameter goes to zero.

In our decay processes, only SM particles are involved in the final state. It is interesting
to compare the SM and the MSSM predictions for the partial decay widths. As discussed
previously, in the limit that the mass parameter M 40 is much larger than the electroweak
scale, all the heavy Higgs bosons will decouple and the contribution from loop diagrams
involving the SM particles and Higgs bosons will approach the SM prediction for a Higgs
boson with the same mass. In order to compare the partial decay width of A" to four leptons
in this limiting case with the SM result, we also perform the computation with the SM
input parameters defined in [112], and choose the SUSY parameters Mgysy, 1 and My to be
Msysy = = My = M 40, so that the supersymmetric particles decouple when M 40 becomes
large. The remaining parameters are chosen as in the m)'®* scenario. In Fig.5.9 we show
the one-loop corrected partial decay width of k" to four leptons excluding the contribution
of genuine SUSY diagrams as a function of M 0. In the limiting case that M40 gets large
(M40 > 1.5TeV), the SM results for the partial decay width in [112] are reproduced. However,
in [112] the distributions are evaluated for a Higgs boson with mass beyond the upper mass
bound of h?, thus a comparison of distributions is not possible.

If the generic mass scale of SUSY particles Mgygy is not much larger than the electroweak
scale, these genuine SUSY particles do not decouple even in the limiting case that M 40 > M.
To investigate their numerical effects, we compare the one-loop corrected partial decay width
of hY including/excluding these genuine SUSY loop contributions. In Fig. 5.10 the lowest
order and corrected partial decay widths of h° to four leptons are depicted for Mgygy = p =
My = M 40, with the remaining parameters chosen as in the m;®* scenario. The numerically
most important one-loop corrections have been incorporated into the lowest order result by
using the effective amplitude and the G, scheme. For the decay hY — e~ Uept vy, the relative
loop corrections vary between —2.5% and —2% for tan 8 = 5, while vary between —2% and
—1.5% for tan 8 = 29. For the process h® — e~eT ™, the relative corrections change from
—3% to —2% and from —4% to —3% for tan 8 = 5 and 29, respectively. As can be seen from
the plots, for both processes, at large M 40 the blue curve that includes the genuine SUSY
loop contributions and the red curve that does not are almost indistinguishable from each
other, which indicates that the effects of the genuine SUSY loop contributions are negligible
in the large M 4o limit. In Fig. 5.11 we choose a relatively small value 300 GeV for Mgygy, all
other parameters are chosen as in the m;#* scenario, so that the genuine SUSY spectrum is
not too heavy. The relative corrections vary from —2.5% to —1.5% and from —3% to —1%
for tan 8 = 5 and 29, respectively. However, the genuine SUSY loop contributions again yield
negligible effects in the large M 40 limit (while for small value of M 40, their contributions can
reach several percent). This implies that in our case the decoupling behavior is essentially
dominated by the mass parameter M 40. Thus it is rather difficult to distinguish the lightest
MSSM Higgs boson from the SM Higgs boson in the limit that M 40 gets large, even if one-loop
corrections are taken into account.
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Figure 5.9: Corrected partial decay width of h® excluding the genuine SUSY one-loop con-
tribution as a function of M 4o, with Mgysy = 4 = Mo = Mo and tan§ = 6. All other
parameters are chosen as in the m}** scenario.
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Figure 5.10: Partial decay width of k" as a function of M 4o, with Mgygy = pt = My = M 40
and tan § = 5,29. All other parameters are chosen as in the mj*®* scenario. The dashed
line denotes the tree-level result. The blue line shows the width with full MSSM corrections,
including the genuine SUSY loop contributions, which are not included in the red line.
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Figure 5.11: Partial decay width of h° as a function of M40, with Mgysy = 300GeV and
tan 3 = 5,29. All other parameters are chosen as in the m}'* scenario. The right plot shows

the effects of the genuine SUSY contributions.

A generic scan over the most relevant parameters of the Higgs sector, M 40 and tan 3, has
also been performed. Fig. 5.12 shows the results for the one-loop corrected partial decay width
of h' — e vepT v, including the full MSSM corrections in three different scenarios, where
the corrections to the HYWW vertex from loops involving the third generation fermions
and sfermions are not included. For M40 > 500 GeV, the results hardly vary with M 4o
and therefore are not shown there. For small M40 values (M40 < 140GeV), the decay
width is rather small due to a cancellation between the two parts of the effective Born
amplitude Eq. (5.10). When M40 and tan [ increase, the Higgs boson mass and thus the
decay width increases rapidly in all three scenarios and reach a plateau after tan( > 15
and Myo > 220GeV. In the small-a.g scenario there is a slight decrease with M40 for
moderate and large tan § and M40 > 220 GeV. This is basically due to the slight decrease
of the light CP-even Higgs boson mass with M40 in this region. The relative corrections
are typically of the order of —1.5% ~ 1% and —3% ~ —2% respectively in the m;*®* and
no-mixing scenarios; in the small-ag scenario they do not exceed —4% unless for small M 4o
values (M40 < 140 GeV), where the cancellation between the two parts of the effective Born
amplitude Eq. (5.10) can yield a very small lowest order result, and the size of the radiative
correction is comparable to the lowest order result. This is not shown in Fig. 5.12 so that the
generic size of the relative corrections can be clearly seen.

Owing to the mixing between the two CP-even Higgs bosons, the coupling of H® to
gauge bosons needs to be taken into account as well. Although at tree-level this cou-
pling is usually suppressed, the one-loop correction can be numerically relevant, since the
fermionic and sfermionic loops involve potentially large Yukawa couplings and their contri-
bution can thus get enhanced. In Fig. 5.13 we show the correction to the partial decay width
of h% — e~ v.utv, due to the third generation fermionic and sfermionic loop contribution
to the H'WW coupling. Such correction involves both the Yukawa couplings and the wave
function normalization factors resulting from the mixing between the two CP-even Higgs
bosons. While the latter can lead to a suppression/enhancement to the correction when
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M 40/ tan 3 increase, the former tend to enhance the correction when tan 3 increases. The
combination of these effects may lead to local extremum in the M40 — tan 8 plane. For
our scan, a maximum appears at tan 3 = 9, M0 = 140GeV in the m'®*
tan 3 = 19, M40 = 120GeV in the no-mixing scenario. In the small-a,g scenario, there is
a maximum at tan 3 = 9, M40 = 140GeV. The relative corrections are positive and stay
below 1.5% in the m®* and no-mixing scenarios, and vary from —0.5% to 1% in the small-
ot scenario. In all three scenarios the contribution of these fermionic and sfermionic loops

decreases very rapidly when M 40 becomes large.

scenario and at

In Fig.5.14 and 5.15 we show the same plots for h® — e~etptp™, which exhibits similar
features as in Fig. 5.12 and 5.13. As shown in Fig. 5.14, the relative corrections are all negative
in the three scenarios. In the m;'®* scenario the relative correction varies from —3% to —0.5%,
while it stays between —5.5% and —3% in the other two scenarios. In the small-og scenario
where the cancellation in the effective Born amplitude can occur, the relative correction can
reach 95%. One can find from Fig.5.15 that there is a maximum at tan 3 = 11, M =
140 GeV in the mj®* scenario. The maximum occurs at tan 3 = 23, M40 = 120 GeV in the
no-mixing scenario and at tan 3 =9, M40 = 140 GeV in the small-ag scenario.

Fig. 5.16 shows the invariant mass distribution of the p*v, pair resulting from the decay
of the W boson in the process h® — e Uept v, in the mj@X scenario, where the parameters
are chosen to be tan 3 = 30, M40 = 120GeV and 400 GeV. As the mass of h® stays below
the production threshold of the gauge boson pair, only one intermediate gauge boson can be
resonant. From the plots it can be seen that in addition to the peak around the W boson
mass, there is another broad peak at small invariant mass. This is the point where the
other W boson gets resonant. In the right plot the broad peak is closer to the W resonance
peak, as the Higgs boson mass is larger. In Fig.5.17 we show the relative corrections to the
invariant mass distribution of the p*v, pair in the m}"®* scenario. From the plots one can
find an enhancement at low invariant mass due to the emission of photon off the final state
fermions. In the case that the collinear photon is not combined with the emitting fermions, the
logarithm involving the light fermion mass would survive and give rise to large corrections.
This is shown by the blue curves in Fig.5.17, while the red curves show the results with
photon combinations, i.e. the collinear photon is combined with the emitting fermion. If the
fermion masses are consistently neglected, the invariant mass distribution of the e~ 7, pair
with photon combination coincides with the red curves in the plots. In Fig. 5.18 we show the
relative contributions due to the higher order final state radiation discussed in section 5.6,
and the corrections of the third generation fermions and sfermions to the HYW W coupling,
where in the right plot the latter is not shown since it is strongly suppressed by the wave
function normalization factors and is completely negligible for large M 40 values. For both
M 4o values, the higher order final state radiation can lead to corrections less than 2%. The
corrections of the third generation fermions/sfermions to the HOWW coupling give rise to a
contribution less than 1% for M40 = 120 GeV. In Fig. 5.19 the invariant mass distributions
of the p*v, pair without photon combination in the no-mixing and small-ag scenarios are
shown with tan 8 = 30 and M40 = 400 GeV. The relative corrections can reach ~ 25% in
both scenarios.

Fig. 5.20 to 5.23 show the corresponding invariant mass distributions for the process h® —
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e”etuTp~ in the three benchmark scenarios. In the left plot of Fig.5.20 the broad peak at
low invariant mass is not clearly visible in the depicted region because of the larger mass of
Z boson compared to the W boson mass. As shown in Fig. 5.22, for both M 4o values, the
higher order final state radiation gives rise to larger corrections than in the previous process,
as the final state now involves two muons. While the contribution to the H°Z Z vertex leads
to a correction of 1% for M 40 = 120 GeV in the m}*®* scenario, it is completely negligible for
M 40 = 400 GeV. In Fig. 5.23 the invariant mass distributions in the no-mixing and small-o.g
scenarios are depicted with tan f = 30 and Mo = 400 GeV (no photon combination). In
both scenarios, the relative corrections vary from —30% to 10%.
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T/MeV o.004

Figure 5.12: Results for the partial decay width of ¥ — WIW* — e Uep v, in three different
benchmark scenarios (the contribution due to the third generation fermion and sfermion loop
corrections to the HOW W coupling is not included. TB denotes tan 3). The left column shows
the corrected partial decay width, while the right column shows the relative corrections.
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Figure 5.14: Results for the partial decay width of h® — ZZ* — e~et ™ in three different
benchmark scenarios (the contribution due to the third generation fermion and sfermion loop
corrections to the H?ZZ coupling is not included. TB denotes tan 3). The left column shows
the corrected partial decay width, while the right column shows the relative corrections.
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Figure 5.16: Invariant mass distribution of v, in the decay h® — e~ u'v, (corrected, no
photon combination, the contribution from the H'WW vertex correction is not included) in
the m;®* scenario, with tan 8 = 30, M40 = 120 GeV (left) and tan 5 = 30, M40 = 400 GeV
(right).
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Figure 5.17: Relative correction to the invariant mass distribution of p*v, in the decay
h® — e~ UepTv, (the contribution from the HYWW vertex correction is not included) in the
mp** scenario, with tan 8 = 30, M40 = 120GeV (left) and tan 8 = 30, M40 = 400 GeV
(right). ”com.” and "no-com.” indicate the results with and without photon combination,
respectively.
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Figure 5.18: Relative contribution to the invariant mass distribution of p*v, in the decay
h® — e UepTv, from the higher order final state radiation (higher order FSR) and from
the HOWW vertex correction (3rd generation only) in the m}** scenario, with tan =

30, M 40 = 120 GeV (left) and tan 8 = 30, M40 = 400 GeV (right).
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Figure 5.19: Invariant mass distribution and relative correction to the invariant mass dis-
tribution of v, in the decay h° — e v.uv, (no photon combination) in the no-mixing
scenario (upper) and the small-a,g scenario (lower), with tan 3 = 30, M40 = 400 GeV.
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Figure 5.20: Invariant mass distribution of p*u~ in the decay h’ — e~etputpu~ (corrected,
no photon combination, the contribution from the H°Z Z vertex correction is not included) in
the m;®* scenario, with tan 8 = 30, M40 = 120 GeV (left) and tan 5 = 30, M40 = 400 GeV
(right).
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Figure 5.21: Relative correction to the invariant mass distribution of p*p~ in the decay
hY — e~etutpu~ (the contribution from the H°ZZ vertex correction is not included) in the
mp** scenario, with tan 8 = 30, M40 = 120GeV (left) and tan 8 = 30, M40 = 400 GeV
(right). ”com.” and "no-com.” indicate the results with and without photon combination,
respectively.
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Figure 5.22: Relative contribution to the invariant mass distribution of ™y~ in the decay
h? — e~etptp~ from the higher order final state radiation (higher order FSR) and from the
H°ZZ vertex correction (3rd generation only) in the m}"®* scenario, with tan 3 = 30, M40 =
120 GeV (left) and tan 8 = 30, M 40 = 400 GeV (right).
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Figure 5.23: Invariant mass distribution and relative correction to the invariant mass dis-
tribution of u*u~ in the decay h® — e~e™ ™~ (no photon combination) in the no-mixing
scenario (upper) and the small-a,g scenario (lower), with tan 3 = 30, M40 = 400 GeV.



Chapter 6

EW Corrections to Decay of H' to
off /on-shell WW/ZZ Pair

The Higgs mechanism, as a widely discussed candidate for the electroweak symmetry break-
ing, in its minimal implementation in the SM, results in one physical Higgs boson. In the
MSSM, two complex Higgs doublets are required for consistency. Moreover, two doublets are
needed to bring the gauge couplings unified at some high energy scale [41]. Consequently
five physical Higgs bosons result after the electroweak symmetry breaking. As discussed
in previous chapters, among these physical Higgs bosons the lightest one resembles the SM
Higgs boson in certain limits, hence it is possible that the discovery of only one light Higgs
boson is compatible with both the SM and the MSSM predictions and thus one can not
straightforwardly distinguish between them. However, the observation of additional heavy
Higgs bosons would be a clear signature for physics beyond the SM. Precision measurements
of the decay properties of such heavy Higgs bosons can then help to distinguish the MSSM
from other models describing physics beyond the SM.

In the MSSM, the tree-level coupling of the heavy CP-even Higgs boson, H?, to vector
boson pair is suppressed by a factor cos(8 — a), compared to the coupling of the SM Higgs
boson to vector boson pair, where « is the angle that diagonalizes the CP-even Higgs sector
and tan § = vg/v; represents the ratio of the vacuum expectation values of the two Higgs
doublets in the MSSM. Radiative corrections induce important modifications to this coupling.
One potential source of large corrections is the contribution of loops involving fermions and
sfermions, especially those involving the third generation fermions and sfermions, since they
contain potentially large Yukawa couplings. The mixing between Higgs bosons can give rise
to significant contributions as well. We will concentrate on CP-conserving MSSM with real
parameters, hence the heavy CP-even Higgs boson can only mix with the light CP-even one.
In certain parameter regions of the MSSM, the tree-level coupling is strongly suppressed.
Investigating the impact of radiative corrections in these regions is particularly interesting.

The electroweak O(«) radiative corrections to the decay of the SM Higgs boson to vector
boson pair have been available for a long time, see e.g. [153-155]. In these computations all
three external legs can be off-shell, hence the results there can be used for more complicated

89
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process that involves the coupling of the SM Higgs boson and vector boson pair. Here we
evaluate the O(a) electroweak corrections to the decay of H® to vector boson pair in the
same way, and give the analytical expression for the one-loop contributions from diagrams
involving the third generation fermions and sfermions, so that our results can be straightfor-
wardly implemented into other processes that contain the process under consideration as a
subprocess.

In section 6.1 we discuss the one-loop corrections to the coupling HYWW/H°Z Z and work
out the analytical results for the contribution of fermionic and sfermionic loops, where all
three particles can be off-shell. Then we apply the results to on-shell particles and compute
the electroweak corrections to the decay of H? to gauge boson pair in section 6.2. The
numerical results are discussed in section 6.3.

6.1 Corrections to the H'WW/HZ Z vertices

6.1.1 Correction to the H'WW vertex

We start from the following process where all three particles are taken to be off-shell
HO(ky) — W (ko, ) + W (ks,v) . (6.1)

k; (i = 1...3) denote the momenta of the particles with k; = ko + k3 and u, v are Lorentz
indices for the two vector bosons. At tree-level, the HYW W coupling is given by

€MW
Sw

VHV _

Hoo = cos(f — a)g"” = Vyo cos(B — a)g"” (6.2)

which differs from the coupling of the SM Higgs boson to W bosons only by a factor of
cos(f—a). When the mass of the CP-odd Higgs boson M 4o gets large, the angle f—a — 7/2
and the factor cos(3— «) approaches 0 as O(M2 sin? 43/ (2Mio)), thus the tree-level coupling
Eq. (6.2) is strongly suppressed, this is known as the decoupling limit.

At one-loop level (ignore the mixing between Higgs bosons for the moment), the corrected
vertex HOW W possesses the following structure

Vi = Vi Ve

H%,0 HO1
= Vﬁﬁo + Vo (AKY kY + BESKY + CEYKY + DESKY + Eg — i Fe" P kopksy) ,  (6.3)

where €#7P7 is totally antisymmetric with €123 = 1. As in ref. [155], we concentrate on the
cases that the gauge bosons can either become on-shell or couple to conserved currents, thus
only the D, E and F' terms can contribute as a consequence of transversality requirement or
current conservation. In particular, if the gauge bosons are on-shell, the contribution of the
F' term would vanish due to the antisymmetry of the € tensor. In the following we focus on
the one-loop vertex corrections arising from fermions and sfermions, in particular from the
third generation fermions and sfermions, which involve potentially large Yukawa couplings
and are expected to yield sizeable contribution. For instance, they give rise to contributions
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enhanced by m?. We give the analytical expressions for the one-loop vertex corrections due
to the third generation fermions and sfermions, the results can be extended straightforwardly
to include all fermions and sfermions. Fig. 6.1 shows the relevant Feynman diagrams.

Now we write down the analytical expressions for the contributions to the D, F and F
terms from loops involving the third generation squarks, sleptons, and leptons and quarks,
respectively. Note that the F' term receives contribution only from the lepton and quark
loops. The contribution of stop and sbottom loops to the coefficient D is given by

(%

Dy = — {2 (= cos BUDR O U (U1 (U2 A: + (U7)2B)

27 sin QﬂMI%VCWs%V Py

X(Cl+011+012)[k k3,k2,m m? m ]—l—smﬂ( ) (Ug)il(Uf)kl(U;)kl

t )

X (U)nC; + (Up)iaD3)(C1 + Cn + Cua) [k, 1, 3, m2 ,m2 m2 )} (6.4)

where Uy and Uj denote the mixing matrices of the stop and sbottom sector that diagonalize
the corresponding squark mass matrices discussed in previous chapters, while A;, A represent
the corresponding trilinear couplings, ¢, 7,k = 1,2. (1, C11 and Cis represent the vector and
tensor coefficient functions of the 3-point integrals. For brevity we put together all integrals
with the same arguments, and adopt the convention defined in [133, 134] in writing the
arguments of the integrals. The abbreviations read

A; = (cos(a + B) sin My Mz(—3 + 4s3,) — 6eyy sinam? )(U*)
+ 3ewmy(cos ap — sin aAy) (U7 )iz

B; = 3cwmy(—sin a Ay + cos ap™) (U7 )in
— 2(2cos(a + B) sin BMyy Mzs¥, + 3sin OéCng)(U;)Z’Q ,

Ci = (cos(a + ) cos BMyy Mz(—3 + 2s%) + 6cyy cos amg)(Ug)ﬂ
+ 3ewmp(—sin ap + cos ady) (Uy )iz
= 3ewmp(cos ady — sinap”)(Uy)a

— 2(cos(a + B3) cos BMyy Mys¥, — 3 cos ozcwmg)(Ug)ig , (6.5)

where p is the Higgsino mass parameter and the asterisk indicates the complex conjugate,
although it is irrelevant here since we assume real MSSM parameters. The contributions of
stop and sbottom loops to the coefficients £ and F' read

(%

Eq= 87 sin 2ﬂM2 CWS%/V { %7: (Slnﬂ( ) ( )]1( (UB)chl - (UB)JQDZ)
X BO[:IC m m~ ] + cos B(Ut)zl(U )ﬂ((Ut)]l.A + (Ut)]QB )Bo[k m mtgj])
240 Cosﬂ k1 (U5 (Ui (U7 )1 (= (Up) i Ai — (U) j28:)

3,5,k

x Coolk7, k3, k3, m3 mf,m ]+ sin B(U;) 1 (U7)in (Up)ka (Uf )i

< (UpaC; + (Up)2Dy) Conlk?, k3, k3, m3 2 m2 )}

F;=0, (6.6)
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Figure 6.1: One-loop vertex diagrams and counter term diagram for HYWW.

where By denotes the scalar 2-point function, A;, B;, C; and D; are defined in Eq. (6.5).

The slepton loop contribution can be written as

[e%
DZ_ W{ ZCOS a—i_ﬁ)MZ(Cl +CH +012)[k‘1,k‘3,k‘2,m m2 m2]

x (Uz)a(Uz )i + Z m(Ui)il(U%)jl((U%)ilgj + (Us)i2 Fj)

x Cualk3, k2, k2, m2  m2, m2]}, (6.7)

and

o 2
EZ - 167 cos ﬂM{%VCWS%/V{ cos(a + ) cos ﬂMWMZBO[kl’m T ]

+ Z dcos(a + 3) cos BMw Mz (Uz)i (U2) it Cook7, k3, k3, mg_,mZ_,m2]

+ > —4Coolks, ki, k3, mp_,m2, mZ |(Un)jn (Ui (Ur)n & + (Us)iaFy)
(2]
+ Bolkd, m2, m | (U)a (V)1 (Un)jn&s + (Ur) 1o F) |
Fy=0 (6.8)
with the abbreviations
& = (cos(a + B) cos My Mz(1 — 2s%,) — 2 cos acy M2)(UZ)q
+ cw (psina — cos A7) M- (Uz )iz
Fi = ew(—cos aA; + sinap™)m,(UZ)i
4 2(cos(a + B3) cos BMy Mzs%, — cos acyy M2) (U)o . (6.9)
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Note the factor 1/cos 3 in these contributions, it leads to enhancement of the contribution
of down-type fermions and sfermions at large tan 5.

The lepton and quark loop contributions to the coefficients are given by
B o

 4rsin 26M3V312/V
+ C12)) k7, k3, k3, m7, m7, mj] + cos acsin B(m2(Cy + 4Cha

+ 02)[k%>k%’k§>07m72—7m72-] + 3m§(01 +4C12 + 02)[k%’k%’k§’m§7ml%vml%])} ) (6'10)

Dy, { — 3sin a cos ﬁm? (Co +Cy+4(C1+ Cy

and
«

P = e 52,
— 8Co0 + 2(2kT + k3 — k3)Cy + (ki + k3 — k3)Ca) [k7, k3, k3, m7, m7, mj])
+ cos asin 3(12mj Bolki, mj, my] + 4m? Bo[ki, m2, m2] — mZ(8Coo
+ (ki — 3k3 — k3)C1 + (kT — k3 — 3k3)Ca) [k3, ki, k3,0, m2, m?]
—3mi ( — 4miCo + 8Coo + (kT — 3k3 — k3)Ch
(R = K — 3K3)C2) I3, K3, k3, m, mi, m]) }
(6%
 4rsin 26M3V312/V

+ COSO&SiHﬁ(mg(Cl - 02)[1/”37 k%a kga 07 m72-7 mQ]

{3 sin avcos Bmj (4Bo[k3, mi, m7) + ((kf + k3 — k3 + 4m7)Co

F, = {3 sin a cos ﬁmf(Co +2C) + Cg)[k%, kg, k%,mf,mf,m%]

:
+3mi(Cy — Co) [k, ki, k3, md mi, mi]) } (6.11)
The vertex counter term contribution can be written as (see e.g. [135])
16ME,  dsw  sin(B — )

1
v . v 2
VA o = Vi [526 +O 0w+ IR T T ) (—cos? B3 tan § + 502y o)

1
b 25Z0im] (6.12)

where 07, is the charge renormalization constant, d Zy, is the field renormalization constant
for the W boson, and 5M3V the mass counter term of the W boson. dsyy is the renormalization
constant for the weak mixing angle. §Z;,050 and dZgogo are the Higgs field renormalization
constants in the mass eigenstate basis, which, together with dZ,0,0 and 6Z o0, are given in
the DR scheme as (see the discussion of chapter 4)

5Zhoh0 = —[Rezgoho(Mio)]div )
(SZHOHO = —[Re E}{oHo(MIZJO)]diV s

sin o cos av

5ZhOHO — 5ZHOhO — (5Zh0h0 - (5ZHOHO) (613)

cos 2x
with Mj0, Mo denoting the tree-level masses of the two CP-even Higgs bosons. The counter
term for tan 3 is introduced, as in chapter 4, via tan 8 — tan 3 4 d tan 3, and is given by

dtan  (dtanf3 ﬁ_ 1
tanf  \ tang ~ 2cos 2

[0 Zp0p0 — 5ZH0H0]diV . (6.14)
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As the renormalization scale, we choose uﬁ = M 4o0. The remaining counter terms in Eq.
(6.12) and (6.24) below are fixed by on-shell renormalization conditions as in the previous
chapter.

Due to the fact that the two CP-even Higgs bosons can mix beyond the tree-level, we need
to evaluate the loop corrections to the vertex h°WW as well. This can be done by simple
substitutions. The h®W W tree-level coupling is obtained by replacing cos(3 — ) in Eq. (6.2)
with sin(8 — «). The corresponding one-loop contributions can be obtained by making the
following replacements in Eqgs. (6.4-6.11)

sina — cosa , cosa — —sina , cos(a+ ) — —sin(a+ ) , (6.15)

while the corresponding counter term contribution reads

y ) 16ME,  dsw  cos(B—a),
Vi ‘or = Vao sin(8 — a)g"” [5Z +8Zw + = 5 M2 + > + Sn(3—a) (cos® 36 tan 3
1 1
+ §6ZH0h0) + §5Zh0h0i| . (616)
6.1.2 Correction to the H°ZZ vertex
Now we turn to the process
HO(ky) — Z(ko, p) + Z(ks,v) . (6.17)
As before, all the three particles can be off-shell.
The tree-level H°ZZ coupling reads
eM
VH’f)VO = ﬁ cos( — a)g"” = Vo cos(B — a)g"” | (6.18)
weow

which, as the tree-level H'WW coupling, differs from the coupling of the SM Higgs boson
and Z bosons by a factor of cos(f — «) and gets strongly suppressed in the decoupling limit
Mpo > Mg.

The corrected vertex has the same structure as Eq. (6.3), with Vo replaced by Vj,,. The
correction from loops involving the third generation fermions and sfermions to the H°ZZ
vertex can be computed analogously and the corresponding correction to the h®ZZ vertex
follows from the same replacement defined in Eq. (6.15). Due to charge conjugation invari-
ance, the coefficient F vanishes in this case. The contribution of the stop and sbottom loops
to the coeflicients can be written as

D; = a {Zsmﬁ C1 + Ch1 + Cra) [k, k:3,k:2,m mg,mi]

~ 367sin QﬁM‘%VchW

X (GinG i j(Ug)il'i‘D;(Ug)iZ)'i‘gjkg ( *(U*)]1+D*(U*)]2))

—cosﬁ(Cl+C11+C12)[k%,k‘§,k‘%,m m? ms ](szH k(A5 (U7 ) + B (U7 )i2)

+ Ho G (AL (U7 )1 + B (U7)0)) }
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Ei = foren 26M2, ey 2, { Z —sin fBolky, mj ,mj 1(C5 (Uy)in + D} (Uy )iz)

x ((3 = 2siy)(Up)ir (U ) j1 + 4siy (Uy)i2(Us ) j2) + cos BBo[k7, ms mgj]
X (A5(UF )i + B (U7 )in) (3 = 4s7y)* (Up)ir (U5 ) j1 + 1683y (Up)i2 (U5 ) j2)
+ > 2sin BC00[kT, k3, k3, m3 mg ,m3 1(GinGk(CF (U )in + D (U7 )iz)
.7,k
+ GG (CH U j1 + DF(U5 ) j2)) — 2cos BCoo[k7, k3, k3, m? mf ,m3 |
X (M M (A5 (U7 )ir + B (U7 )ia) + HnHi (A5 (U7 )1 + BZ‘(UE‘)ﬂ))} ; (6.19)
where the abbreviations { A, B,C,D}; have been given in Eq. (6.5) and

Gij = (=34 257 (Up)ar (U1 + 253 (Up)ia (U7 ) j2
Hij = (=3 + 4siy) (Up)ar (U)j1 + 4siy (Up)i2 (U7 ) j2 - (6.20)

The contribution of slepton loops are given by

Dj=——
SWMchSW

1 * * * * *
(C1 4 Cui + Cra) (K7, k3, k3, m2, m3,mZ | (M MG (E5(UR )i + F (U7 )ia)

{2cos(a+ﬂ)MZ(C’12 +Cy + Co) k2, k2, k2, m2, m2,,m? |

(2 R

~ cos BMy
+ My M (U1 + F (U7)2) |
«
Ei= My Mz (Bo[k? 2
z 16msﬁMV2VcWS%V{ cos(a+ ) cos BMy My (Bo [k, m, . m3,
— 4Coo (K3, k3, ki mZ_,m3 ,m2 ]) + ZBO K2, %](5;([];)21 + FH(UD)i)
x (1= 2s7y)*(Us)in (U j1 + 48W(U;)i2(U 22000 k17;€37;€27m m2  m2 N
0,5,k
X (MirMG(E (Ui + F5 (U7 )iz) + Me MG (€7 (UF)j1 + ]—'Z-*(U;*)jg))} (6.21)
with
Mij = (=14 2s3) (Un)ir (Uf)j1 + 253y (Us)i2(UZ) 2 (6.22)

while the lepton and quark loop contributions read
o

127 sin QBMI%/SIZ/V

+4(1 — 453y, + 853y (Cr2 + O + Cs2)) [k3, k3, ki, m2, m2, m2] + sin o cos Sm;

x ((9 4 8sjy (—3 + 4s7y))Co + 9C1 + 4(9 + 8siyy (—3 + 4s7y)) (Cr2 + C2

+ C92))[k3, k3, ki, mi, m7, m] + cos asin Bmj ((9 + 4siy (—3 + 2s3y))Co

+9CY +4(9 + Ay (=3 + 253))(C1z + Co + Ca)) (8, k3, K2, i, md, m]

Dy, = — {3 cos asin Bm?2 ((1 — 4sjy + 851y )Co + Cy
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(8
247 sin 28 M3, 5%,
+ (k7 + k3 — k3 + 4m2 — 4(k3 + k3 — k3)s3y + 8(kT + k3 — k3)s3y,)Co — 8Coo
+ (K2 4+ 5k3 — k2)Cy + 2(2k3 + k3 — k2)Co — 853, (—1 + 25%,)(4Cq0 — 2k3Cy
— (k§ + k3 — k3)C2)) [k3, k3, kT, m2, m2,m2]) + sin a cos Bmy (4(9 + 4sfy, (=3 + 4sfy))
x Bolk3, m7,mi] + ((36m? + (k3 + k3 — k3)(9 + 8s3 (=3 + 4s3y)))Co — 72C0
+ 9(k? + 5k3 — k3)Cy + 18(2k% + k3 — k2)Cy — 1653 (—3 + 4s%,)(4Co0 — 2k5C4
— (K} + k3 — k3)C)) [k3, k3, kT, mi, m7, m7]) + cos asin Bmj (4(9 — 6sfy + 4sfy)
x Bolk3,mj, my] + ((36mj + (kT + k3 — k3)(9 + 4siy (—3 + 2s7y)))Co — 72Cq0
+ 9(k? + 5k3 — k3)C + 18(2k3 + k3 — k3)Cy — 8s%,(—3 + 2s%,)(4Co0 — 2k3Cy

— (R} + K3 — K3)C2)) 3, K, ki, mi, md) | (6.23)

Ey, = {3 cosasinﬁmf( (1 — 283, + 48W)B0[k:3,m ,m?2]

The corresponding counter term contribution is

10M2 dsw s? sin(# — «)
oy §g 67 L4 9°W _ 2
Vio or = VH00|:5 +4 Z+2M2 w2 )+cos(ﬂ—a)( cos” 38 tan 3
1
+ §6Zh0H0) —|— 5(5ZHOH0:| 5 (624)

and analogously

15M 55W Qi_
2 ]\42 SW

Vg = Vi sin(8 — a)g™ 02 + 025 +

cos(f — «)
* sin(f — «)

2
7

(cos? 36 tan 3 + %5ZHoh0) + §5Zh0h0 . (6.25)

The analytical results presented here for the one-loop corrections to the HOWW/HZZ
coupling can be used as building blocks for more involved processes involving these couplings.
If the G, scheme described in the previous chapter is chosen for the numerical computation,
one can use in the counter term contribution the modified charge renormalization constant

57,
~ 1
87, =67, — §Ar , (6.26)

in which the Ar contribution is incorporated that summarizes the radiative corrections to
the muon decay.

6.2 Decay to on-shell gauge bosons

In this section we consider the case that the particles involved in the previously discussed
processes are real and compute the corresponding radiative corrections. The decay amplitude
can be obtained from the coupling vertex in the previous section by putting all off-shell
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momenta on-shell and multiplying with the polarization vectors for the gauge bosons. As
discussed in chapter 5, the finite wave function normalization factors for the external Higgs
boson has to be taken into account in order to ensure the correct normalization of the S
matrix. We define the effective Born amplitude as in chapter 5, which absorbs the Higgs
propagator corrections

Mporn = V Z o (M(]){O + ZHOhOM?zo)
=/ Zo MO0 (1 + tan(B8 — ) Zgopo) , (6.27)

where Zgo and Zgopo are the finite wave function normalization factors that are determined
by the renormalized self energies of Higgs bosons given in previous chapters by

1
Zo = 520 (k2) Mk2=pnrr 2’
vy 2\ __ "hOm0 "’ - HO
1+ ReX (k%) — Re <k2_M§O+2ho(k2)>
oo (M2
Zggopo = i (Migo) 028
HO%

Mg — M2, + Sy (M3

with Mo and My, the tree-level mass of hO and the physical mass of H?, respectively. M(I){O
in Eq. (6.27) denotes the tree-level decay amplitude of H°. For the decay to W boson pair,
it is given by

MY = V};Ig’oeﬂﬁy , (6.29)

where Viy  is defined in Eq. (6.2) and €, is the polarization vector of the external gauge

boson. The amplitude for the decay of H? into Z bosons can be obtained by straightforward
substitutions.

At one-loop level, the decay amplitude can be written as

Mioop =/ Zgro (Mo + Zpopo M) - (6.30)

For W boson final state, M}, = VAo €6, with V/§  defined in Eq. (6.3). M}, follows

from M}IO by the replacements in Eq. (6.15).

When computing the corrected decay width, the square of the one-loop amplitude |./\/lloop\2
needs to be included as well, due to the fact that the tree-level coupling can be suppressed so
that the square of the one-loop amplitude becomes comparable to the tree-level result. For
the decay process H® — WW, we compute the one-loop contribution from loops involving
all fermions and sfermions and from loops involving only the 3rd generation fermions and
sfermions. The full one-loop corrections are not presented, since the full one-loop amplitude is
not infrared finite, the numerically important contribution from the square of this amplitude
can not be included without a full exploration of the photonic corrections beyond one-loop.
However, for the decay H? — ZZ, the full one-loop amplitude is infrared finite, hence we
also compute the full one-loop corrections for this process.
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6.3 Numerical discussions

For the numerical evaluation, we choose the same SM input parameters and SUSY scenarios
as in the previous chapter and use the G|, scheme, i.e. we parametrize the lowest order
result with the Fermi constant. The experimental exclusion limits from direct search of
supersymmetric particles and the upper bound on the SUSY corrections to the electroweak
p parameter are taken into account throughout the scan over the SUSY parameter space.

To illustrate the numerical importance of the one-loop corrections, especially in the limit
where the CP-odd Higgs boson mass M 40 becomes large, we show in Fig. 6.2 and 6.3, as
an example, the dependence of the lowest order and the one-loop corrected partial decay
widths on M 4o in the mj®* scenario for different values of tan 3. From these figures one can
find that for large M 40 values (Mo 2 250 GeV), the one-loop corrections are of significant
importance both for small and large tan 3 values. The tree-level width for tan 8 = 30 is
much smaller than that for tan = 5. This is because for relatively large M 40, the tree-level
coupling of H? to vector boson pair is suppressed by tan 3 as well, as one can see from the
discussions below Eq. (6.2). In the fermionic and sfermionic sector, the leading contribution
is from the third generation fermions and sfermions. For tan 8 = 30, due to a cancellation
between the two parts of the effective Born amplitude Eq. (6.27), the tree-level decay width
is extremely small at M40 ~ 420GeV. For the decay H? — ZZ (see Fig. 6.3), the decay
width falls off rapidly when M 40 goes below ~ 200 GeV, this is because for such M 40 values,
the Higgs boson mass is just above the production threshold of Z boson pair, thus the result
is strongly suppressed by the allowed phase space. In Fig. 6.3 we also show the results
including the complete one-loop corrections as well as that including only the fermionic and
sfermionic corrections. The difference between them indicates that the contributions from
other sectors are comparable to the fermionic and sfermionic ones. Although the tree-level
decay width decreases quite rapidly with M 40, the one-loop corrected width for large M 40
turns out to be of comparable size as that for small M 40 values.

Fig. 6.4 and 6.5 show the lowest order and the one-loop corrected partial decay widths
as a function of tan in the m;'®* scenario for different values of M 40. For both small
and large M 40 values, the partial decay width decreases with tan 3. When M 40 is small,
the one-loop contribution yields relatively small corrections, while for large M 40 the one-loop
corrections are important and can exceed the lowest order result due to the strong suppression
of the tree-level coupling. As in previous plots, the leading contribution from the fermionic
and sfermionic sector is from the third generation fermions and sfermions. In Fig. 6.5 also
the results including the complete one-loop corrections are depicted. It turns out that the
contributions from other sectors are comparable to the fermionic and sfermionic ones for both
small and large M 40 values. Due to the identical particles in the final state, for large values

of M 4o the decay width of H? — ZZ is roughly half of the decay width of H® — WW.

In Fig. 6.6 we show the one-loop corrected partial decay width as well as the relative size
of the one-loop corrections for H° — WW in the mp*®* scenario, where the results with the
contribution from all fermion and sfermion loops and the results with the contribution only
from the third generation fermions and sfermions are depicted. For the size of the width

and the relative corrections see the caption of the figure. As illustrated there, the width is
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Figure 6.2: The tree-level and one-loop corrected partial decay widths for HY — WW as a
function of M 40 in the m}'®* scenario for tan # = 5,30. The results including the contribution
from the third generation fermion and sfermion loops, and that including the contribution
from all fermion and sfermion loops are depicted.
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Figure 6.3: The tree-level and one-loop corrected partial decay widths for H? — ZZ as a
function of M40 in the mj*®* scenario for tan § = 5,30. The results with the contribution
from the third generation fermion and sfermion loops, with the contribution from all fermion

and sfermion loops and with the complete one-loop corrections are depicted.



100CHAPTER 6. EW CORRECTIONS TO DECAY OF H° TO OFF/ON-SHELL WW/Z Z PAIR
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Figure 6.4: The tree-level and one-loop corrected partial decay widths for HY — WW as a
function of tan 8 in the mj*®* scenario for M40 = 200,500 GeV.
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Figure 6.5: The tree-level and one-loop corrected partial decay widths for H? — ZZ as a

function of tan § in the mj"®* scenario for M40 = 200,500 GeV, where the results including

the complete one-loop corrections are also shown.
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rather small for large tan 3 and M 40 values. It becomes larger when tan 3 decreases, and the
relative size of the loop corrections increases rapidly with M 40 and exceeds the tree-level result
when M40 > 300 ~ 350 GeV depending on the values of tan 3. With the Higgs propagator
corrections absorbed into the lowest order result, the other genuine one-loop corrections are
negative for small M 40 values, while they are positive for large M 40.

Fig. 6.7 shows the results in the no-mixing scenario. The region with small tan § and M 4o
values is excluded by the limits on the light CP-even Higgs boson mass. The corrected width
increases when tan 3 decreases, the fermionic and sfermionic contributions are negative over
a large fraction of the scanned parameter space. In Fig. 6.8 we show the results in the small-
aff scenario. The corrected decay width increases when tan 3 decreases unless for very large
tan 8 values, where the partial decay width is significantly increased by the Higgs propagator
corrections. The relative correction is nearly always negative in the lower half M 4o-tan 8
plane. At large tan 3 values, the relative size of the loop corrections increases with tan S and
exceeds 100% quite rapidly.

Fig. 6.9, 6.10, and 6.11 illustrate the results for H® — ZZ in the three different scenarios,
where we show as well the corrected width including the complete one-loop corrections.
These results exhibit similar features to those shown in previous plots for H? — WW,
but the corresponding width is smaller due to the identical particles in the final state. As
illustrated in Fig. 6.9, in the mj'®* scenario, at small M40 values the loop correction is
positive if the complete one-loop contribution is taken into account, while it is negative if
taking into account only the contribution from the (third generation) fermions and sfermions.
This indicates that the contribution from other sectors is positive and larger than that from
the fermionic and sfermionic sector for small M 40. For large M 40 values, the contributions
from the fermionic/sfermionic sector and other sectors are both positive. For the no-mixing
scenario, in the regions where the loop contributions from the (third generation) fermions
and sfermions are negative, they are also compensated by the loop corrections from the other
sectors.
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tan 8 all f/f

M 40

Figure 6.6: Results for the decay width of H® — WW in the mp*®* scenario. The upper
row (from left to right) shows the corrected decay width including the contribution from all
fermions and sfermions, and that including the contribution only from the third generation,
respectively. The purple region corresponds to I'jo < 1MeV, the blue region to 1MeV <
I'yo < 5MeV, the green region to 5MeV < I'jo < 10MeV, the yellow region to 10MeV <
I'go < H0MeV, the orange region to 50MeV < I'yo < 100MeV and the black region to
['go > 100MeV. The lower row shows the corresponding relative correction . The purple
region corresponds to 0 < § < 5%, the blue region to 5% < § < 25%, the green region to
25% < § < 50%, the yellow region to 50% < ¢ < 100%, and the orange region to 6 > 100%,
the black region corresponds to negative relative correction.
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Figure 6.7: Results for the decay width of H° — WW in the no-mixing scenario. The upper
row (from left to right) shows the corrected decay width including the contribution from all
fermions and sfermions, and that including the contribution only from the third generation,
respectively. The sliced region in the lower left corner of each plot is excluded. The lower
row shows the corresponding relative correction §. As in the upper row, the sliced region in
the lower left corner of each plot is the excluded region. The color coding here is the same
as in Fig. 6.6.
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Figure 6.8: Results for the decay width of H> — WW in the small-ag scenario. The upper
row (from left to right) shows the corrected decay width including the contribution from all
fermions and sfermions, and that including the contribution only from the third generation,
respectively. The lower row shows the corresponding relative correction §. The color coding
is the same as in Fig. 6.6.
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Figure 6.9: Results for the decay width of H® — ZZ in the m}** scenario. The upper
row (from left to right) shows the corrected decay width including the complete one-loop
contributions, that including all fermion and sfermion contributions and that including only
the third generation fermion and sfermion contributions, respectively. The purple region
corresponds to "o < 0.5MeV, the blue region to 0.5MeV < I'jo < 2.5MeV, the green region
to 2.5MeV < I'jo < bMeV, the yellow region to 5MeV < I'o < 25MeV, and the orange
region to 25MeV < I'jo < 50MeV. The lower row shows the corresponding relative correction
0. The purple region corresponds to 0 < § < 5%, the blue region to 5% < 0 < 25%, the green
region to 25% < § < 50%, the yellow region to 50% < ¢ < 100%, and the orange region to
0 > 100%, the black region corresponds to negative relative correction.
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Figure 6.10: Results for the decay width of H? — ZZ in the no-mixing scenario. The upper
row (from left to right) shows the corrected decay width including the complete one-loop
contributions, that including all fermion and sfermion contributions and that including only
the third generation fermion and sfermion contributions, respectively. The lower row shows
the corresponding relative correction §. The color coding is the same as in Fig. 6.9.
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Figure 6.11: Results for the decay width of H® — ZZ in the small-ag scenario. The upper
row (from left to right) shows the corrected decay width including the complete one-loop
contributions, that including all fermion and sfermion contributions and that including only
the third generation fermion and sfermion contributions, respectively. The lower row shows

the corresponding relative correction §. The color coding is the same as in Fig. 6.9.
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Chapter 7

Conclusions

In this thesis we investigated the decay processes of the light and heavy CP-even Higgs
bosons in the MSSM and computed the relative O(a) electroweak corrections, improved by
the two-loop corrections provided in the program package FeynHiggs.

The tree-level coupling of the light CP-even Higgs boson in the MSSM, h°, with the SM
fermions or gauge bosons approaches that of the SM Higgs boson with these particles in the
decoupling limit. Consequently the lowest order decay width for h° or a SM Higgs boson of
the same mass to SM fermions will be indistinguishable from each other in this limit. It is
therefore of particular interest to investigate the effects of radiative corrections to such decay
processes. For the decay of h°, the virtual corrections arise not only from loops involving
the SM particles, but also from loops involving the non-SM particles, i.e. the additional
Higgs bosons from the two Higgs doublets of the MSSM and the superpartners of the SM
particles. In the decoupling limit, the corrections excluding the genuine SUSY contribution
should approach the SM prediction, as in this limit all heavy Higgs bosons decouple. We
computed such corrections to the partial decay width of h? to fermions via gauge boson
pair in the decoupling limit and recovered the SM result. The decoupling of the genuine
SUSY particles is governed by their characteristic mass scale. If this mass scale is not much
larger than the electroweak scale, they may give rise to sizeable contributions, even in the
decoupling limit. However, our results show that they only yield negligible effects in the
decoupling limit, indicating that in our case the decoupling behavior is essentially dominated
by the mass of the CP-odd Higgs boson mass, even if the one-loop corrections are included.
As a consequence, it is rather difficult to distinguish between the light CP-even Higgs boson
and the SM one, if the mass of the CP-odd Higgs boson is large.

Care has been taken with the treatment of unstable particles in our process. The width of
unstable particles was incorporated according to the factorization scheme. This procedure,
however, does not fully eliminate all the singularities that arise when the unstable particle
goes on-shell. The scalar loop integrals arising from the photonic diagrams can still contain
on-shell singular logarithms. We computed these scalar integrals analytically and included
the width of resonant gauge boson afterwards in these singular logarithms. Owing to the
upper bound on the light CP-even Higgs boson mass, only one of the intermediate gauge
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bosons can become resonant. This allowed us to separate the propagator of the non-resonant
gauge boson from the scalar integrals and greatly simplified the analytical evaluation of these
integrals. As a byproduct, an analytical expression of the soft singular virtual contribution
was obtained, which allowed an explicit check on its cancellation when combining with the
real bremsstrahlung contribution. For the treatment of soft and collinear divergences in the
real correction, we used two different approaches, namely the phase space slicing and the
dipole subtraction approach.

The mixing between Higgs bosons beyond the lowest order can lead to numerically impor-
tant Higgs propagator corrections. We have absorbed these corrections into the tree-level
amplitude. In the presence of the Higgs boson mixing, the contribution due to corrections to
the coupling of the heavy CP-even Higgs boson to gauge bosons might play a role. We have
taken into account such contributions induced by fermionic and sfermionic loops, especially
by loops involving the third generation fermions and sfermions, as they contain potentially
large Yukawa couplings and are expected to yield sizeable contributions. It turns out that for
the SUSY scenarios investigated in this thesis, these contributions yield visible effects only
for small values of the CP-odd Higgs boson mass, and are completely negligible if the CP-odd
Higgs boson mass gets large.

We have evaluated invariant mass distributions of the reconstructed gauge boson for differ-
ent choice of SUSY parameters. If the collinearly emitted photon off the final state fermions
is treated inclusively, i.e. if it is combined with the emitting fermion, the relative correction
is usually of the order of several percent. If the collinear photon is not combined with the
emitting fermion, the relative correction can become much larger. In this case we took into
account as well the contribution of the higher order final state radiation. The size of such
contribution is usually at percent level.

In the last chapter of this thesis, we also studied the decay of the heavy CP-even Higgs
boson of the MSSM into gauge boson pair. The precise knowledge of the decay properties
of the heavy Higgs boson can help to distinguish MSSM from other frameworks describing
physics beyond the SM. Although the coupling of the heavy CP-even Higgs boson to gauge
bosons is usually suppressed at tree-level, it receives numerically important corrections at
the one-loop level. In order that our results can be used for more complicated process that
involves this coupling, we allowed all three external particles to be off-shell but assumed
that the gauge bosons couple to conserved currents. We computed analytically the one-loop
corrections to this coupling from fermionic and sfermionic sector, especially from the third
generation fermions and sfermions. Owing to the mixing between the Higgs bosons, we gave
explicitly the analytical results for the correction to the coupling of the light CP-even Higgs
boson to gauge bosons as well. These results were then applied to the decay of the heavy CP-
even Higgs boson to on-shell external gauge bosons. After including the Higgs propagator
corrections into the tree-level decay amplitude, the lowest order decay width can become
extremely small for some value of CP-odd Higgs boson mass and tan 3. However, it turns out
that after including the one-loop radiative corrections, the decay width at small values of M 40
is comparable with that at large M 40 values for a given tan 8. To illustrate the numerical
importance of the loop contribution from different sectors, we showed a comparison of the
correction from the third generation fermions and sfermions, the correction from all fermions
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and sfermions and the complete one-loop correction. The correction of the third generation
fermions and sfermions turned out to be the dominant contribution in the fermionic and
sfermionic sector. The contribution from other sectors is comparable to the fermionic and
sfermionic contributions and become particularly important for large CP-odd Higgs boson
mass.
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Appendix A

Spinors

In this Appendix we briefly describe the properties of spinors, more details can be found,
e.g. in [156-160].

A.1 Clifford algebra

A Clifford algebra is defined as a set of matrices which satisfy the following anticommutation
relations

{ye, W} = yuyN + vy = 20N (A.1)

where M, N can take 0,1,..., D —1 for D space-time dimensions, and 7y, is the flat metric.
Here we assume that only one of the D dimensions is time dimension, since this is the case
of most interest. The corresponding metric is then given by nyn = diag(+1,—1,...,—1).

Under multiplication the matrices ~y; generate a finite group CL(D) consisting of the
following elements

CL(D) = {£1, =y, EYM Mo ..., TVMy .. Mp | (A.2)

where the indices My, My ... are all different and vyas,pr, ... = Y, VM, - - - The number of
elements (or the order) of the group is 2 x 2P = 2P+l In the case that the space-time
dimensions D is even, this group has 2P + 1 conjugate classes !

[il]v[’7M1]7[7M1M2]7~~~7[7M1...MD] . (A3)

As the number of irreducible representations of a finite dimensional group equals the number
of its conjugate classes [161], the group C'L(D) has 2P 41 irreducible representations. For any

'The conjugate class is formed by the elements of a group conjugate to one another, e.g. for an element a
of group G, its conjugate elements are given by ga g~ * for any g € G, thus the conjugate class [a] is given by
[a] = {gag™',Vg € G}.
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two elements v4,vp, we have y4vyp = £vpy4, thus wwgyglygl = +1, hence the commu-
tator subgroup of CL(D), denoted as [CL(D), CL(D)], which is generated by yavsv, 75",
has two elements £1. In other words, it has order 2. The number of one-dimensional ir-
reducible representations of C'L(D) is given by the order of C'L(D) divided by the order of
[CL(D),CL(D)], which yields 2P+1 /2 = 2P, Consequently there is only one irreducible rep-
resentation of C'L(D) that is not one-dimensional, its dimension is determined by Burnside’s
theorem [161] as

(2P — 1 x 2P)z = 2P/2 (A.4)

This representation is also the only irreducible representation of the Clifford algebra that has
dimension greater than one, and is known as the spinor representation. Given the irreducible
representation of the Clifford algebra s, its transpose ’yf/[ forms a representation of the
same algebra as well. Due to the fact that there is only one irreducible representation with
dimension greater than one, these two representations must be equivalent, thus there exists
a matrix C relating them as follows

A =—CyyCt . (A.5)

The matrix C' is the so-called charge conjugation matrix.

In the case that the space-time dimensions D is odd, the matrix

YD = YoVl ---YD-1 (A.6)

commutes with all matrices yp7(M = 0,1,...,D — 1) and their products. Thus in addition
to vp, —yp also forms a conjugate class by itself. The number of conjugate classes of CL(D)
in odd dimensions is one more than that in even dimensions. This implies that the group
CL(D) has 2P 42 irreducible representations. As in the even dimensions case, 27 of them are
one-dimensional, which means that in odd space-time dimensions the group C'L(D) has two
irreducible representations that have dimension greater than one. The dimensions of these
two representations should divide 2°+! [161], the order of the group C'L(D), hence they can
be written as 2¢ and 27 respectively. Burnside’s theorem then yields

2% 4 9% = 9P (A.7)

thus i = 5 = %. Actually, the fact that yp commutes with all ~,; matrices implies that
it must be a multiple of the identity matrix, therefore the matrix yp_1 can be expressed in
terms of the other D — 2 matrices with the help of the defining anticommutation relation of
the Clifford algebra as

YD-1= @YV --- VD2 (A.8)

where a can take two different values depending on D [159,160]. The two irreducible rep-
resentations are indeed generated by the unique irreducible representation for ~yp (M =
0,1,...,D — 1) with the two choices of a for the matrix yp_j, respectively. So both of
them should be of dimension 22
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A Dirac spinor ¢ can be represented by a vector of 2P/2 or 975+ components for even or
odd space-time dimensions D, respectively. Its infinitesimal transformation is generated by

TMN
oY = iWMN’YMNlb : (A.9)
The conjugate Dirac spinor is defined as
b =9, (A.10)

so that the combination ¢ is invariant under the transformation (A.9). Dirac spinors are
reducible spinors. There are two possibilities to obtain from it irreducible spinors. For even
space-time dimensions, one can construct the following matrix

IYD+1 = NV0V1 -+ - YD1 » (A.11)

which commutes with ypsn, thus applying vp41 to a spinor just yields another spinor.
This matrix can be used to construct projection operators. For this purpose, one requires
(Yp+1)? = 1, which leads to

D—2

”=(-1)"7 . (A.12)
The projection operators can be defined as
1
Py =51£v+1), (A.13)
which clearly satisfy
PPy =0, P} =Py, Py +Pr=1. (A.14)

The Dirac spinor can be decomposed into two inequivalent Weyl spinors by applying the
projection operators

Yt = Put) . (A.15)

Note that the construction of vp,1 is possible only for even space-time dimensions, therefore
Weyl spinors exist only in even space-time dimensions.

Another possibility to obtain irreducible spinors is to impose the reality condition or Ma-
jorana condition

w=Cg' =y, (A.16)

where ¢ is the charge conjugate of 1. This condition is equivalent to requiring the Majorana
conjugate 1™ of spinor ¢ be equal to its Dirac conjugate 1)

M =y9pTC=9=yh". (A17)
This condition selects the allowed space-time dimensions for the existence of Majorana spinors
to be D =2,4,10,12... [159,160], i.e. in odd space-time dimensions, there are no Majorana

spinors. In ordinary quantum field theories, we are mainly concerned with the case that the
space-time dimensions D = 4, in which both Weyl and Majorana spinors are allowed.
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A.2 Spinors in four dimensions

In four space-time dimensions, a Dirac spinor % is represented by a vector with four com-
ponents. The projection operators can be written as

Py = %(1 £ 5) (A.18)

with the matrix

7% =77 =~ - (A.19)

In the chiral or Weyl representation of the gamma matrices are given by

s 0 ot
ot 0
with
o' =(I,0),
ot =U,-0)=0,, (A.20)

where I represents the two-dimensional identity matrix and ¢ the Pauli matrices, the matrix
~5 takes a diagonal form

o L
0 I

V5 =

In this representation the projection operator %(1 —75) projects out the upper two components

of the Dirac spinor, which have left chirality, while 1(1 + 75) projects out the lower two

components which have right chirality. A Dirac spinor can thus be decomposed as

Y =1L+ Yr, (A.21)

where Y5, and Yr are Weyl spinors with

Ao 0
1/}[/ = ) 1/’1% = . )
0

where different labels «, & are used to indicate that these two Weyl spinors transform dif-
ferently under the Lorentz group and a,& = 1,2. The action of the Lorentz group on the
Weyl spinors can be represented by a matrix M of SL(2,C), which yields the following
transformation properties

Ao — Mg, A — (MTHEN
Xa — (M9){xg Xt = (Mg (A.22)
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where Y4 = (Xa)*, X& = (x®)* and the spinor indices are raised and lowered as follows

)\azea,@)\a, )\azeaﬁ)‘av
X = ey o = €% (A.23)
ﬂ7 Xé agX .
with
0 1 . 0 -1
. — B _ &b _
€af = €; , €W =€ =
W 10 1 0

As a consequence, the following identities hold

Xa)\a = _Xa)\a = )\aon )
Xad® = —X* s = AaX?
O A = Yo (558 = —Ag (1) - (A.24)

Given a two-component Weyl spinor A, one can always construct a four-component Majorana
spinor

which clearly has the same number of degrees of freedom as a Weyl spinor. In the Majorana
representation of gamma matrices, which is a representation equivalent to the Weyl repre-
sentation with purely imaginary gamma matrices, the Majorana spinors can be realized as
real spinors.

In four dimensions, the following identities hold for the gamma matrices
V=4,
Pyt = =247
VA Ay = 49",
YA ANy = =297 Py
VA ANV Y = 2079+ AT (A.25)

while the traces of the gamma matrices fulfill

Tr(v") = Tr(ys) =0,
Tr(’Y 75) Tr(y#4"v5) =0,
Tr(yHiyk2 ... 4F) =0 for n odd ,
Tr(v ’YV) = 4g"
Tr(y#~"v"7) = 4(9‘“’9”” 99" +g"°g"") ,
Tr(yHy" P77 ys) = —4iet”? . (A.26)
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A.3 Grassmann variables

In the discussion of superspace in chapter 3, anticommuting Grassmann variables have
been introduced. The basic feature of such variables is that they satisfy the anticommutation
relations

{00, 05} = {04,05} = {04,045} =0, (A.27)
which clearly indicates that

02 =02=0. (A.28)

o (07

The derivatives of Grassmann variables also anticommute

o 0 o 0 o 0
S U A QS . G | A2
{Oéa’ 895} {69a’ 8%} {&9@’ 805} 0 (4.29)

The integration over Grassmann variables is defined such that

./wa:/ﬁ%zo, (A.30)

/d@a O = /d@d 0o =1, (A.31)

and

where no summation over the indices is implied. The volume elements in superspace are

defined as

d*0 = d*0 d*0 (A.32)
with
2 1 a
d?0 = —=do“ db, ,
4
_ 1 - _.
d*6 = =904 do . (A.33)

When integrating over the superspace, only the following integrals are non-zero
/d2092 =1, /d2992 =1. (A.34)

Other useful identities concerning the Grassmann variables can be found, e.g. in ref. [30].



Appendix B

Loop Integrals

In this Appendix we discuss the one-loop integrals relevant for this thesis. As discussed in
previous chapters, the one-loop photonic diagrams can lead to infrared singularities and/or
on-shell singularities in the soft photon region. These singularities are contained in the scalar
integrals resulting from such diagrams. The analytical results of these scalar integrals are
listed at the end of this Appendix. For other loop integrals that do not involve the on-shell
singularities, we used LoopTools [133,134], which is a program package based on FF [162],
to perform a numerical evaluation.

B.1 One-loop integrals

We closely follow the conventions and notation of refs. [136,138]. The general one-loop
tensor N-point integrals can be written as

TN _ 1) = (7 qPg—r  “Fe B.1
Ml,,,pp(pla yPN—1, 0, , MN 1) im2 / qNONl"'NN—l ( )
with the denominators given by

Ni=(q+p)*—mi4ie, i=0,...,.N—1, py=0, (B.2)

where the loop momentum ¢ is integrated over D space-time dimensions. The momenta in
the parentheses of the above equation represent the momenta of the internal propagators,
and ie (e > 0) is an infinitesimal imaginary part that gives rise to imaginary part of the
S-matrix element. The parameter p has mass dimension and is introduced to keep the mass
dimension of the integral fixed when varying the space-time dimension D.

The one-loop tensor integrals can be decomposed into tensors constructed from the mo-
menta appearing in the denominators and the metric tensor with symmetric coefficient func-
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tions according to Lorentz covariance. For instance,

N-1
N __ ) N
Tlll - Zplﬂljji ;
=1
N-1

N N N
Tmm = § :pimpjmTij + G2 Too > (B.3)
1,j=1

where the coefficient functions can be iteratively reduced to scalar integrals [140]. Note that
for N > 4, the term involving the metric tensor g,,,, in the decomposition is redundant,
since the metric can be expressed in terms of four linearly dependent momentum vectors that
span the Minkowski space [136].

Within this thesis, up to five-point integrals are involved. We will denote the one- to five-
point integrals by A, B, C, D, E following [139]. The corresponding scalar integrals are
denoted by a subscript 0. The simplest scalar integral is the scalar one-point integral Ay, the
explicit result of which is given by

2

Ag(m) = m*(A — ln% +1)+ 0D —4) , (B.4)

with
A= —2 oy tind (B.5)
_4—D YE nam, .

where I'(z) is the Gamma function, and vz = 0.5772... is the Euler constant. The UV
divergence is contained in A.

The result of the scalar two-point integral reads

2 2
momq mgy —my In mq

Bo(pl,mo,ml)ZA-l—Q—ln 2 +

K Pf mo
- o (1 - r) Inr+O(D —4) , (B.6)
pi r
where the variable r satisfies
pylomotmiopizic (B.7)

r moimi

Note that the scalar two-point integral itself is IR finite, only its derivative with respect
to its momentum argument can be IR divergent. The expressions for the scalar three- and
four-point integrals are rather lengthy and can be found in ref. [101].

The tensor integrals can be reduced to scalar integrals by inverting their covariant decom-
positions. For example, the decomposition equation of the vector two-point integral

By (p1,mo,m1) = p1,B1 (B.8)
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can be inverted as

1
By = =B, , (B.9)
bhy
where the right-hand side can be expanded as a linear combination of one- and two-point

scalar integrals, yielding
1

Bi(p1,mg,m1) = 27 (Ao(mo) — Ag(ma) — (pi + mg — m3)Bo(p1,mo,m1)) . (B.10)
1
Analogously one obtains
1
By = D=1 (Ag(m1) + 2mBo(p1, mo, ma) + (pT + m§ — m3)Bi(p1, mo,ma))
1
BH = - (D — 2)A0(m1) — QmZBO(pl,mo,ml)
2(D —1)p ( °
—D(pi +mg —m7)Bi(p1,mo, m1)) . (B.11)

The results for the coefficient functions of the three- and four-point tensor integrals can be
found in ref. [136].

The drawback of this reduction procedure is that it involves the inverse of the Gram de-
terminant, which is a determinant constructed from the scalar products of the momenta
appearing in the tensor integral. At the boundary of phase space where the momenta be-
come linearly dependent, the Gram determinant becomes vanishing and leads to numerical
instability. For the N-point integrals with N < 4 usually the Gram determinant vanishes
only at the boundary of phase space, while for N > 4, the Gram determinant can also vanish
within the phase space. In ref. [136] a reduction method of five-point integrals has been
developed in which the occurrence of the inverse Gram determinant can be avoided. This
reduction method has been implemented in LoopTools [133].

In the following we list the UV-divergent parts of the commonly used tensor integrals

2m2
AO(mO) = _D _04 5
2
By(p1, mg, m1) = D1’
1
Bi(p1,mo, m1) = D_1’
1
Boo(p1,mo, m1) = m(p% —3m§ — 3mj) ,
2
Bi1(p1,mo, m1) = EEDE
1
Coo(p1, p2, mo, m1, ma) = ToD—4)
1
COOi(p17p27m07mlum2) = m )
1

Doooo (p1, P2, p3, Mo, M1, ma, m3) = — (B.12)

12(D—4)
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The momentum dependence of the UV-divergent part of the coefficient function Byg indicates
that its derivative is also UV-divergent, the derivation of its UV-divergent part is straight-
forward.

B.2 Analytical results for on-shell singular scalar integrals

In the following we give explicitly the analytical expressions of the scalar integrals that
involve the on-shell singularities discussed in chapter 5. The variables k;, S;; and the mass
parameters are also defined there. These integrals are computed for zero gauge boson width.
The real squared mass M‘Q/ should be replaced by the complex squared mass M‘Q/ — My Ty
in the result, if singularities arise when k% approaches M‘%

2 2 2
W M k= .
Bo(k%,0, My) = A—l—2+ln< >—|-<—— )ln(l———%) )
M2 k2 M2

2

Co(—ka, —k—, 0,my, My) = k%{ln:l—?m( %—ie)—i—Lig(l—]\Z—‘%—ie)
_ﬁ} u
o
Col—ka, k_,0,me, My) = ﬁS%{[ln<Mamg)—21n<—Sg4—Sg5—ie>]

xln(Mv—kE—z'e) —ln<M‘2/—k:3—Sg4—Sg5—ie)
x [m (M3m2) ~In (Ma — k% — Sy — S5 — ze)}

+ In? ( Soq4 — Sos — 26) + 2Li2<M>

Soq + Sos
k> +Sg4+525 k2 72
+Lis(=—5p—) ~Li(5) + T
Do(—ko, k_, kg, \yme, My ,m,,) = ;{_Li(_szs-i-k%—M‘%)
sr Ve Soa(k2 — M) ? So4

2 1.2
+2In{ — 524 —2)111(“—’56)

memy, AMy
o () 2 (M‘Q/—k:Q—Sm—S% _Z.e)
1% me My
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) 1 Sk MR
DO(_k%_k+7k4>)\7me’MV7m'u) N m{ B L12< a 524 )

+21H<—£—’L‘6>ln<ﬂ4§T—Vki—i6>

Me ) 2 (M\Q/ — k3 — Sos — Saa _Z.e)
muMV

(B.13)
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Appendix C

Properties of Unstable Particles

Most particles in the SM and beyond are unstable, experimentally these unstable particles
manifest themselves as resonances in scattering amplitudes. There exists no S-matrix element
for external unstable particles, since they can not be defined as asymptotic states. In per-
turbation theory unstable particles can be viewed as intermediate states and are associated
with poles in S-matrix with finite imaginary parts and lie below the real axis in the p? plane.
The emergence of imaginary part can be understood as follows. Stable particles do not decay,
it follows from the optical theorem that the imaginary part of the sum of all one-particle-
irreducible (1PI) insertions to the propagator of the stable particle, hence the imaginary part
of the pole vanishes. Unstable particles do decay, optical theorem then implies a non-zero
imaginary part of the pole. A proper description of unstable particles in perturbation theory
requires a resummation of 1PI insertions to its propagator (Dyson resummation). It has
been shown that unitarity and causality are preserved in renormalizable theories involving
unstable particles [163].

For processes that involve an unstable particle as intermediate state, singularities can occur
in the lowest order calculations due to the presence of the propagator of the unstable particle.
These singularities can be avoided by including higher-order self energy corrections of the
unstable particle, the imaginary part of which, behaves as a regulator in the vicinity of the
resonance and produces the Breit-Wigner shape of resonance. The inclusion of higher-order
self energy corrections corresponds to the following resummation

i —3(p%)

D(p?) = 1+
(r7) p2—mg+i6( p? — md + i€

7
= ) C.1
IR (€

where mg denotes the unrenormalized bare mass and X (p?) denotes the 1PI self energy.

From a practical point of view, the incorporation of the resummed propagator into the
amplitude of a resonant process is not trivial. If this is done naively, for example, simply
replacing the bare propagator in the tree-level amplitude by the dressed (resummed) one,
usually the fulfillment of basic field theoretical requirements, e.g. gauge invariance of the
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S-matrix element will be spoiled. This is not surprising, since this naive replacement only
takes into account higher-order corrections to part of the tree-level amplitude and thereby
mixes different perturbative orders, while gauge invariance is guaranteed order by order in
perturbation theory. There have been different proposals to implement the width of unstable
particles in a consistent manner, each of them has its own advantage and disadvantage and
may be suitable for different circumstances. We have described some of such proposals in
Chapter 5.

Another issue related to unstable particle is the definition of its mass and width. In the
usual field theoretic treatment, the inverse propagator of a stable particle has a real pole
position, which can be identified as the physical mass of the stable particle

Dil(mgh) = mf,h —md + Z(mih) =0, (C.2)
thus
mgh =mi — Z(mﬁh) . (C.3)

When generalizing to unstable particles, the pole position becomes complex, one defines the
pole of the real part of the inverse propagator as the on-shell mass

Re D1 (m2,) = m2, —mi + ReX(m?2,) =0, (C.4)

0s
yielding

mZ, = md — Re X (m?,) . (C.5)

os

From this definition the propagator can be expanded as

(1+Re Z/(mgs))fl

D(p?) = C.6
W) = (C.6)
os T "TTRex (m2,)
It then follows that the on-shell width can be defined as
Im ¥ (m?
Moslos = ( OS) (C7)

1+ ReX/(m2,)

Sirlin [164] showed that the on-shell definition of the unstable particle mass is gauge-dependent
beyond the one-loop order. This gauge dependence can be erased by going to a more fun-
damental ”pole definition” that involves the position of the entire complex pole, which is an
intrinsic property of the S-matrix. According to the pole definition, the mass and width of
the unstable particle are defined by the following decomposition of the pole

m? =mi — (m?) = mz —imply, . (C.8)

Note that the width Iy, is a higher-order effect, expanding the self energy in I')/m,, yields

m% =mZ —Re Z(mg) —Im Z(mg)lm Z'(mg) +0(a?)

mpl'y = Im X(m2)[1 — Re X' (m2) + (Re X' (m)))* — %ImZ(m%)Im S (m2) + O@®)] . (C.9)
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From Eq. (C.5) and (C.9) one can see that these two definitions coincide at one-loop level
and differ only by two-loop contributions, thus the on-shell mass is, as the pole mass, gauge
invariant at one-loop order. The higher order contributions lead to a difference of the defi-
nition of unstable particle masses in these two schemes. For example, for the W boson the
mass difference is 27 MeV, and for the Z boson it is 34 MeV.
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