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Zusammenfassung

In dieser Arbeit untersuchen wir QCD und elektroschwache Korrekturen auf Ein-Schleifen-
Ordnung zu Squark-, Gluino- und Higgs-Boson–Zerfällen im Rahmen des Minimalen Su-
persymmetrischen Standard Modells (MSSM). Wir erläutern die technischen Details, die
für Ein-Schleifen-Rechnungen benötigt werden und werten die Zerfälle inklusive deren Ko-
rrekturen in verschiedenen Benchmark-Szenarien aus.

Falls das MSSM an der TeV Skala realisiert ist, haben Squarks und Gluinos hohe Pro-
duktionsraten an Hadronkollider wie dem LHC. Da diese Teilchen umgehend nach der Pro-
duktion wieder zerfallen, und die Unsicherheiten in in Verbindung mit den dazugehörigen
Zerfallsbreiten auf niedrigster Ordnung beträchtlich sind, ist es essentiell Korrekturen in
nächst höherer Ordnung zu berechnen. Daher untersuchen wir im ersten Teil dieser Arbeit
QCD und elektroschwache Ein-Schleifen-Korrekturen zu den Squark Zerfällen nach Quark-
Gluino, Quark-Neutralino und Quark-Chargino für Squarks aller drei Generationen. Auf-
grund der großen Yukawa-Kopplungen der Quarks der dritten Generation müssen Mischun-
gen für deren Superpartner berücksichtigt werden. Des Weiteren können die Massenun-
terschiede der Squark Masseneigenzustände beträchtlich sein. Daher sind für die Squarks
der dritten Generation zusätzlich zu den obengenannten Zerfällen noch die Zerfälle in
Squark–W/Z-Eichboson und Squark–Higgs-Boson kinematisch erlaubt. Für den Fall, dass
die Gluinos schwerer sind als die Squarks, werden die Gluino Zerfälle nach Quark und
Squark berechnet.

Im Gegensatz zum Higgs Sektor des Standard Modells, beinhaltet der Higgs Sektor
des MSSM fünf physikalische Higgs Bosonen. Zusätzlich zu deren Zerfälle in SM Teilchen
müssen auch deren Zerfälle in MSSM Teilchen betrachtet werden. Daher untersuchen wir
Ein-Schleifen-Korrekturen zu Higgs Zerfällen in Neutralinos und Charginos. Als Letztes
berechnen wir Korrekturen zu den Zerfällen von Higgs Bosonen in Squarks und Sleptonen.





Abstract

We study QCD and electroweak next-to-leading-order (NLO) corrections to two-body de-
cays of squarks, the gluino and Higgs bosons within the Minimal Supersymmetric Standard
Model (MSSM). The technical details needed to calculate NLO corrections to these pro-
cesses are presented in this thesis. Finally the aforementioned decays and their corrections
are evaluated at different benchmark scenarios.

If the MSSM is realized at the TeV scale, squarks and gluinos have large production
cross sections at hadron colliders such as the LHC. Since these particles decay immediately
after their production and the uncertainties connected to the decay widths on lowest order
are sizeable, it is necessary to compute the corrections at NLO. In this work we examine
the QCD and electroweak NLO corrections to the decays of squarks into quark-gluino,
quark-neutralino and quark-chargino for the first two squark generations. Because of the
large Yukawa couplings of third generation quarks, mixing effects for their superpartners,
the squarks, become relevant and the mass-difference between the two mass-eigenstates
can be large. This potentially opens the decays channels of third generation squarks into
squark plus W/Z-boson and squark plus Higgs-boson. Lastly, we compute the gluino decay
into quark plus squark, which becomes dominant when the gluino mass is larger than the
squark masses.

In contrast to the Higgs sector of the Standard Model, the Higgs sector of the MSSM
includes five physical Higgs bosons. In addition to their decay modes into SM particles,
the decays into supersymmetric particles have to be taken into account. We examine NLO
corrections to Higgs decays into neutralinos and charginos. Furthermore, we also calculate
corrections to the decays of Higgs bosons into squarks and sleptons.
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Chapter 1

Introduction

In the 20th century, our understanding of the fundamental structure of nature improved
dramatically. The theories of special relativity [1] and quantum mechanics [2,3] became the
corner stones to describe physics at the subatomic level. Today, all empirically known ele-
mentary particles and their interactions can be described within one theoretical framework
– the Standard Model of elementary particle physics (SM) [4–8]. The SM incorporates the
quarks and leptons of three generations and the gauge bosons going along with the strong,
weak, and electromagnetic force. All these constituents have been detected and identified
in numerous experiments. In order to provide a mathematically consistent description of
these elementary particles, a scalar field which breaks the symmetry of the SM Lagrangian
spontaneously, has to be introduced [9]. After this spontaneous symmetry breaking, the
particles acquire masses and a further elementary particle emerges – the Higgs boson. It
is the only constituent of the SM which has not been detected in high-energy experiments
so far, although very recently first hints might have been observed [10,11].

In spite of the SM being in excellent agreement with most experimental data, unresolved
issues remain. For example, the gravitational force cannot be included in the framework
of the SM. It also lacks to describe the dark matter observed in the universe and the
CP-violation necessary to explain the asymmetry between matter and antimatter. There
are also issues of more theoretical nature such as the hierarchy problem connected to the
Higgs-boson mass, the non-unification of gauge couplings, and the origin and nature of
quark and lepton masses. These issues are strong hints that the SM is an effective theory
of a more fundamental one, i.e. that it only describes phenomena for currently available
energies but has to be extended in order to explain physics at higher energy scales. There
are numerous such extensions of the SM amongst which supersymmetric extensions [12]
are of particular interest.

Supersymmetry (SUSY) is a theory which relates bosons with fermions. The minimal
supersymmetric extension of the SM (MSSM) [13,14] postulates scalar partners to the SM
fermions – the sfermions – and fermionic partners to the SM gauge and Higgs bosons – the
gauginos and higgsinos. If SUSY was an exact symmetry, SUSY partners would have the
same masses as their SM partner particles and would have been detected by now. Since
no SUSY particle has been observed so far, SUSY has to be broken at lower energies in
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order to allow for heavier SUSY particles. If the masses of the SUSY particles are at the
TeV scale, the hierarchy problem is solved owing to the existing particles of different spin
statistics of SUSY particles and the SM gauge couplings unify at high energies due to
the enlarged particle spectrum. In order to circumvent problems with proton decay, an
additional discrete symmetry called R-parity [15] is introduced. Besides avoiding terms
yielding fast proton decay, it renders the lightest SUSY particle (LSP) stable, which in
large regions of parameter space is a viable dark matter candidate. Finally, gravity can
potentially be included by promoting SUSY to a local symmetry.

Up to now, there are no direct hints of SUSY particles. The absence of direct evidence
at high-energy particle accelerators such as LEP and the Large Hadron Collider (LHC)
gives lower bounds on their masses [16]. On the other hand, indirect hints from precision
observables such as the mass of the W boson MW , the anomalous magnetic moment of
the muon (g − 2)µ or B-physics observables at low energies provide a powerful tool for
testing the MSSM (or other models) with empirical data [17]. However, with the LHC still
acquiring data and eventually moving to higher energies, it will be possible to detect or
exclude supersymmetric particles at higher mass scales which is one of the main goals of
the LHC. If SUSY is realized at the TeV scale, production of superpartners of quarks and
gluons – squarks and gluinos – is among the most important production channels of SUSY
particles. Since, in general, squarks and gluinos have very short life-times, it is important
to have precise knowledge about their decays. Studying these decays will be important
in order to determine the couplings and parameters associated with these particles. Since
the predictions for decays are significantly affected by QCD and electroweak higher-order
effects, the computation of next-to-leading order (NLO) contributions is necessary. Hence,
in the first part of this thesis, we give precise calculations including all electroweak and
QCD NLO contributions to decay widths of squark and gluino two-body decays. In order to
study these decays and the associated NLO contributions, the general results are evaluated
numerically in specific benchmark scenarios.

SUSY also enriches the phenomenology of Higgs physics. In order to get a consistent
theory, the MSSM has to include two scalar doublets, which after spontaneous symmetry
breaking result in five physical Higgs bosons. Since these Higgs bosons can also decay into
SUSY particles, they have complex decay signatures in the MSSM. Precise predictions
for Higgs-boson decays are substantial for probing the nature of electroweak and SUSY
breaking. Therefore, in the second part of this thesis, two-body decays of Higgs bosons
into SUSY particles including NLO QCD and electroweak corrections will be examined.

The outline of this thesis is as follows:

• In Chapter 2, the theoretical framework is introduced. First, the building blocks of
the SM and some of its open questions are reviewed. Then, construction of super-
symmetric theories is shortly sketched. This chapter is concluded by presenting the
Lagrangian and field-content of the MSSM.

• Relevant physical observables are then introduced in Chapter 3. The definitions
of decay widths and branching ratios at the tree-level and at NLO in perturbation
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theory are given.

• In Chapter 4, first, possible divergencies for high internal loop momenta are ad-
dressed. We shortly mention the different regularization schemes and give the regu-
larization procedure used throughout this work. Furthermore, we give an detailed de-
scription of the renormalization of the MSSM. Finally, treatment of soft and collinear
divergencies is discussed.

• In Chapter 5, a phenomenological overview over squark decays is given. We discuss
the different decay modes of squarks and give a survey over the different computations
performed so far.

• The specific details for the computation of radiative corrections to the different squark
decays are presented in Chapter 6. We list the Lagrangians and derive countert-
erm Lagrangians for the different squark interactions, picture the Feynman diagrams
needed to calculate the NLO amplitudes and write down the decay widths for the
different squark decays.

• The numerical evaluation of the preceding calculation is presented in Chapter 7. The
decay widths and branching ratios of squarks are evaluated in different benchmark
scenarios and dependences on different MSSM parameters are shown. Finally, we
also present the pT distributions of the quark jet in squark decays into quark plus
neutralino.

• In Chapter 8, gluino decays are discussed. We begin with a very brief phenomenolog-
ical overview. The calculation is performed in analogy to the one for squark decays.
In the last section the numerical evaluation including parameter dependence studies
is presented.

• Higgs-boson decays into SUSY particles are the topic of Chapter 9. As before we
give a short introduction and present the details of the computations including the
derivation of the counterterm Lagrangians, Feynman diagrams contributing to these
processes, and decay widths for the different Higgs-boson decay channels. Again, we
conclude this chapter with a numerical survey at specific benchmark points.

• Finally, in Chapter 10 we summarize our work. In the appendices, we provide needed
analytical formulas for bremsstrahlung integrals. We also list detailed expressions
appearing in the counterterm Lagrangians in Chapters 6 and 9 and the Feynman
rules relevant for the computed processes. Finally, more details are given on obtaining
low-energy input parameters for the numerical evaluations.
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Chapter 2

Theoretical framework

In this chapter, the Standard Model of elementary particle physics (SM) and its supersym-
metric extension, the Minimal Supersymmetric Standard Model (MSSM), are introduced.
In Section 2.1, the SM Lagrangian and its particle spectrum are discussed and in the last
part, the most prominent shortcomings of the SM are pointed out.

Supersymmetric theories represent a class of the most prominent models to explain
some of the open problems of the SM. They are introduced in Section 2.2. First, the
general idea of supersymmetric theories is roughly sketched and the MSSM is elaborated
in more detail. The different sectors are then discussed separately and the tree-level mass
spectrum of all particles in the MSSM is worked out.

2.1 The Standard Model of particle physics

All particles and interactions known today – apart from gravity – can be described within
one framework, the Standard Model of elementary particles (SM) [4–8]. It has high pre-
dictive power and is compatible with most experimental data.

The SM is a renormalizable field theory [18] with the Poincaré group of space-time
transformations as outer symmetry. Matter – electrons and quarks – is described by chiral
fermions, whereas their interactions are incorporated by imposing local gauge invariance
under the direct product SU(3)C ×SU(2)L×U(1)Y . Interactions of the different fermions
are defined by their charges under the different gauge groups.

SU(3)C is the gauge group of strong interactions also known as quantum chromodynam-
ics (QCD) with the Gell-Mann matrices T a (a = 1, . . . , 8) as generators. Electromagnetic
and weak interactions are incorporated into the unified group SU(2)L × UY with the re-
spective generators I i (i = 1, 2, 3) and Y . The different generators fulfill the commutation
relations [

T a, T b
]
= ifabcT c,

[
I i, Ij

]
= iεijkIk, [Y, Y ] = 0. (2.1)

The electric charge Q is connected to the third component of the weak isospin (I3) and
hyperweak charge (Y ) through the Gell-Mann–Nishijima relation, which, after electroweak
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1st generation 2nd generation 3rd generation I I3 Y Q

quarks




u

d



L




c

s



L




t

b



L

1/2

1/2

1/2

−1/2

1/3

1/3

2/3

−1/3

uR cR tR 0 0 4/3 2/3

dR sR bR 0 0 −2/3 −1/3

leptons




νe

e



L




νµ

µ



L




ντ

τ



L

1/2

1/2

1/2

−1/2

1/3

1/3

2/3

−1/3

Table 2.1: Fermion (spin 1/2) fields of the SM and their quantum numbers: the weak isospin
I, its third component I3, the weak hypercharge Y and the electromagnetic charge Q. The
last three charges are related via the Gell-Mann-Nishijima relation (2.2).

symmetry breaking, will turn out to be

Q = I3 +
Y

2
. (2.2)

The charges and transformation properties of the fermions under the gauge groups
define their interactions with the associated forces or rather gauge bosons. Quarks carry
“color” charge and are arranged in SU(3)C triplets, whereas the color-neutral leptons are
SU(3)C singlets. In order to correctly describe parity violation of the weak interaction,
left-handed fermions are arranged in SU(2)L doublets whereas right-handed fermions are
SU(2)L singlets. The complete list of matter fields can be found in Tab. 2.1.

A local SU(3)C×SU(2)L×U(1)Y transformation can be written as the exponentiation
of the generators

U(x) = e−i(gsθ
a
s (x)T

a+g2θi2(x)I
i+g1θ1(x)Y ) (2.3)

with the space-time dependent parameters θs(x), θ2(x) and θ1(x). Fermions then transform
under this function as

Ψ→ Ψ′ = U(x)Ψ. (2.4)

In order to maintain the invariance of the SM Lagrangian under this transformation, the
covariant derivative Dµ has to be introduced,

Dµ = ∂µ + igsT
aGa

µ + ig2I
iW i

µ + ig1
Y

2
Bµ (2.5)

with the local spin-1 gauge fields for the strong (Ga
µ), weak (W i

µ) and hyperweak (Bµ)
interaction. They are defined to transform as

Aµ → A′
µ = U(x)(Aµ + i∂µ)U

−1(x), (2.6)
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where Aµ stands for any of the three gauge fields. With these ingredients the kinetic terms
for fermions and gauge fields can be written down,

Lfermion = q†L /DqL + l†L /DlL + u†R /DuR + d†R /DdR + e†R /DeR, (2.7a)

Lgauge = −
1

4
GaµνGa

µν −
1

4
W i µνW i

µν −
1

4
BµνBµν , (2.7b)

where the sum over the three generations has been emitted. The field-strength tensors in
(2.7b) are defined as

Ga
µν = ∂µG

a
ν − ∂νGa

µ − gsfabcGb
µG

c
ν , (2.8a)

W i
µν = ∂µW

i
ν − ∂νW i

µ − g2ǫijkGj
µG

k
ν , (2.8b)

Bµν = ∂µBν − ∂νBµ. (2.8c)

Gauge-invariance forbids explicit mass terms for fermions and gauge bosons. The so-
lution has been elaborated by Brout, Englert, Guralnik, Hagen, Higgs, and Kibble – the
Higgs mechanism [9]. They postulate a two-component complex scalar field HT = (φ+, φ0)
– the Higgs field – which is a doublet under SU(2)L with hypercharge Y = +1. Due to the
scalar potential

V (H) = −µ2H†H +
λ

4
(H†H)2, µ2, λ > 0 (2.9)

the Higgs field acquires a non-vanishing vacuum state which spontaneously brakes the
SU(2)L × U(1)Y symmetry down to U(1)em. The minimum is obtained for |〈H〉|2 =
2µ2/λ ≡ v/2, with the vacuum expectation value (vev) v. In the unitarity gauge, the
Higgs ground state is given by 〈HT 〉 = (0, v/

√
2). Furthermore, Yukawa couplings between

the fermion fields and the scalar Higgs field are introduced. This yields the Lagrangian

LHiggs = (DµH)† (DµH)− V (H)

−
3∑

i,j=1

[
yijd q

i †
L Hd

j
R + yiju q

i †
L H

cujR + ylijl
i †
L He

j
R

]
, (2.10)

where the charge conjugation of the Higgs field is defined as Hc = iσ2H∗.
The Higgs field can be expanded around its ground state 〈H〉

H(x) =

(
φ+(x)

1√
2
(v + h(x) + iχ(x))

)
, φ−(x) ≡ (φ+(x))†. (2.11)

The field h(x) then describes the physical Higgs boson, φ±(x) and χ(x), the would-be
Goldstone bosons of the broken SU(2)L × U(1)Y , turn out to be unphysical degrees of
freedom, which will disappear from the physical spectrum in order to render the W±

and Z bosons massive. Choosing an appropriate gauge (unitarity gauge) this would-be
Goldstone bosons disappear and only h(x) remains.

Inserting the expansion (2.11) into the Lagrangian (2.10), the SU(2)L×U(1)Y symmetry
is broken down to U(1)em whose generator Q is given by (2.2). The emerging mass matrix
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for the gauge fields W i
µ and Bµ has to be diagonalized leading to the physical gauge fields

W±
µ , Zµ and Aµ, which are linear combinations of W i

µ and Bµ,

W±
µ =

1√
2

(
W 1
µ ±W 2

µ

)
, (2.12a)

(
Zµ
Aµ

)
=

(
cos θW − sin θW
sin θW cos θW

)(
W 3
µ

Bµ

)
. (2.12b)

The weak mixing angle θW is given by

cW ≡ cos θW =
g2√
g21 + g22

, sW ≡ sin θW =
g1√
g21 + g22

. (2.13)

W± gauge bosons have a charge of ±1 under Q, whereas the Z boson and the photon are
electrically neutral. Furthermore, the masses of these gauge bosons turn out as

MW =
g2v

2
, MZ =

v

2

√
g21 + g22. (2.14)

The photon stays massless, since it is the gauge boson connected to the unbroken symmetry
U(1)em. Its gauge coupling, the electrical charge e, is related to the couplings g1 and g2
via e = g1g2/

√
g21 + g22. Since the masses of the gauge bosons are known, the vev is fixed

to v ≈ 246 GeV. Moreover, the physical Higgs field h(x) acquires a mass term

Mh =
√
2µ =

vλ

2
, (2.15)

which is determined by the quadratic coupling µ. Hence, the Higgs-boson mass is a free
parameter in the SM and remains the only parameter of the SM which has not been
measured yet.

Fermion masses are generated by the Yukawa couplings in (2.10). After insertion of the
ground state 〈H〉 complex-valued mass matrices M f

ij = 1/
√
2yfijv for the fermions emerge.

They can be diagonalized by a bi-unitary transformation. The resulting mass eigenstates
for the fermionic fields and their masses are

f ′i
L =

3∑

k=1

U f,L
ik fkL, f ′i

R =
3∑

k=1

U f,R
ik fkR, (2.16a)

mf,i =
v√
2

3∑

k,m=1

U f,L
ik yfkm

(
U f,R
mi

)†
≡ v√

2
λfi , (2.16b)

where U f,L
ik and U f,R

ik are the unitarity matrices for the left- and right-handed fields fi =
ui, di, ei. Considering interactions between fermions and gauge bosons, these unitar-
ity matrices enter when expressing the gauge eigenstates by the mass eigenstates (2.16b).
However, in interactions with neutral gauge bosons, these matrices drop out due to their
unitarity. Hence, there are no flavor-changing neutral currents (FCNC) at tree-level. Since
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the W± boson connects up- and down-type fermions, products of up- and down-type ma-
trices emerge. The Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix,

VCKM = Uu,L
(
Ud,L

)†
(2.17)

remains in charged current interaction. It can be parameterized by four parameters, three
angles and one CP-violating phase. Together with the strong CP-violating term of QCD,
this phase is the only source of CP-violation within the SM.

2.1.1 Shortcomings

The SM is very successful in describing experimental data, it inhibits all known elementary
particles and their interactions [16] and fits experimental precision observables1 well [20,21].
The parameters of the SM that remain to be determined are the Higgs-boson mass and
associated couplings.

Despite of its experimental success, there are theoretical and experimental considera-
tions, which consolidates the assumption that there is a more fundamental theory at higher
energies. Furthermore, the SM does not account for all fundamental phenomena. The most
prominent being its lacking of describing gravitational interactions, which become impor-
tant at energies reaching the Planck scale ΛPlanck ∼ 1018 GeV. If the SM was valid up to
this scale, it would have to describe gravitational interactions.

A further deficiency of the SM is given by cosmological observations, the most promi-
nent being the measurement of rotation curves of galaxies. For large distances from the
center of the galaxy, the velocity of a star is expected to behave as v2 ∼ 1/R, where R is
the distance between the star and the center of the galaxy. However, for the outer stars
the rotation curves are almost constant with respect to R. This behavior can be repro-
duced by surrounding the galaxy with non-luminous (electrically neutral) matter – dark
matter (DM). The existence of DM is reinforced by precision measurements of the cosmic
microwave background. The only electrically neutral particle in the SM is the neutrino.
However, because of its small mass it does not reproduce the right small-scale structure of
the universe and therefore is not a viable DM candidate.

In addition, there are also theoretical considerations which motivate extensions at
higher energies. If the SM was valid up to high energy scales, i.e. the Planck scale
ΛPlanck ∼ 1018 GeV, the smallness of the weak scale compared to the Planck scale would
have to be explained. This is addressed as the hierarchy problem. This hierarchy ex-
presses itself when considering the Higgs-boson mass and its radiative corrections. From
electroweak symmetry breaking, one expects the Higgs-boson mass to be of the order of
the weak scale. However, it gets corrections due to Higgs self-couplings and couplings to
heavy fermions and gauge bosons. The dominant contributions are

∆M2
h =

3Λ2
cut

8πv2
(
M2

h + 2M2
W +M2

Z − 4m2
t

)
, (2.18)

1The largest deviation is measured for the anomalous magnetic moment of the muon gµ − 2. Its
measurement differs over three standard deviations from high-precision computations [19].
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where integrals over the loop-momenta are cut at the scale Λcut where new physics enters.
If the SM is valid up to high scales such as the GUT scale ΛGUT ∼ 1015 GeV or the Planck
scale ΛPlanck ∼ 1018 GeV the corrections would be up to 30 orders of magnitude larger
than the expected Higgs-boson mass, i.e. ∆M2

h/M
2
h ∼ 1030. The Higgs-boson mass would

suffer under an unnaturally severe fine-tuning. Therefore this is known as the fine-tuning
or naturalness problem.

2.2 Supersymmetry and the MSSM

In this section, supersymmetry (SUSY) is introduced and motivated relying on [22, 23].
The formal derivations of supersymmetric Lagrangians are kept to a minimum. Detailed
elaborations can be found in [22] on which our discussion is based. More space will be
given to the Minimal Supersymmetric Standard Model (MSSM) and its renormalization.

2.2.1 Motivation

Coleman and Mandula showed that any group combining an internal symmetry group with
the Poincaré group can only be built of their direct product with commuting operators [24].
This no-go theorem can be circumvented by supersymmetric groups, whose generators fulfill
commutator as well as anti-commutator relations,

{QA, QB} = {Q
Ȧ
, Q

Ḃ} = 0, (2.19a)

{QA, QḂ} = 2(σµ)AḂPµ, (2.19b)

[QA, Pµ] = [Q
Ȧ
, Pµ] = 0, (2.19c)

[Mµν , QA] = −(σµν)BAQB, (2.19d)

[Mµν , Q
Ȧ
] = −(σµν)ȦḂQ

Ḃ
, (2.19e)

where the two-component Weyl-spinor notation of [22] has been adapted and Pµ, Mµν are

the generators of the Poincaré group. QA and Q
Ȧ
represent the SUSY generators and their

conjugate. When acting on a particle, it changes its spin by 1/2, i.e. bosons are transformed
into fermions and vice versa. In general, N independent SUSY generators can be assumed.
However, in four-dimensional field theory, N > 1 SUSY theories do not allow for chiral
fermions. Therefore, in this thesis – and for most phenomenological studies – the case
N = 1 is considered, where only one SUSY generator is present. In N = 1 supersymmetric
models, each SM spin-1/2 particle is accompanied by a spin-0 SUSY partner and vice versa.
They are arranged in chiral superfields. The spin-1 vector-bosons get a spin-1/2 partner
and are arranged in vector superfields. By construction, the superpartners have the same
couplings to gauge bosons and the same masses as their SM partners. The equivalence of
the masses will be canceled by the soft SUSY-breaking terms which are introduced when
constructing the Minimal Supersymmetric Standard Model (MSSM).
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In Subsection 2.1.1 a selection of the most important drawbacks of the SM has been dis-
cussed. They can all be addressed by supersymmetric models. Concerning the naturalness
or fine-tuning problem emerging from the hierarchy problem, supersymmetry provides a
very elegant solution. For each diagram contributing to the Higgs-boson mass corrections
(2.18) diagrams containing the supersymmetric partner particles are present. In exact
SUSY these contributions from SM particles and their SUSY partners exactly cancel due
to different spin statistics. In the phenomenological relevant models with softly broken
SUSY, the Higgs-boson mass corrections are proportional to the squared-mass differences
between SM and SUSY partners and only grow logarithmically with the cutoff scale,

∆M2
h =

m2
f

4πv2
(m2

f −m2
s) log

(
Λcut

ms

)
. (2.20)

The masses of the fermionic SM particles are denoted as mf and the mass of their super-
symmetric partners asms. Hence, for SUSY massesms up to the TeV scale the naturalness
problem is solved.

Moreover, many SUSY models – especially the MSSM – provide for a lightest super-
symmetric particle (LSP). In many models it fulfills the conditions for a stable, massive,
weakly interacting particle and therefore is a viable DM candidate.

A further nice feature of SUSY models with a particle spectrum at the TeV scale is
that they alter the renormalization group equations for the gauge couplings in such a way,
that the three couplings meet at one point, i.e. at the grand unification (GUT) scale
ΛGUT ∼ 1016 GeV and allow for unification of the electroweak and strong forces.

2.2.2 From SUSY to the MSSM

Theoretical concepts of SUSY

At this point, the construction of N = 1 supersymmetric theories is sketched. An elegant
way is to adapt the superfield formalism introduced in [25]. In superspace, four-dimensional
space-time is extended by two anti-commuting, spinor-like Grassmann variables θA and θȦ.
Acting on this superspace, superfields Φ(x, θ, θ) can be defined consisting of irreducible rep-
resentations, the chiral and vector superfields. Chiral superfields contain a spin-0 complex
scalar and a spin-1/2 Weyl spinor field, whereas vector superfields describe spin-1/2 Weyl
spinor and spin-1 vector fields. In addition to these physical fields, each superfield contains
an additional auxiliary field, such that there are the same number of bosonic and fermionic
degrees of freedom in both super-multiplets. They are are denoted as F-term for chiral and
D-term for vector superfields. These auxiliary fields have no dynamical degrees of freedoms
and can be eliminated using their equations of motion. Under SUSY transformations they
transform as total derivatives and hence lead to a SUSY invariant action when surface
terms are discarded.

In order to construct a general renormalizable supersymmetric Lagrangian, only terms
with mass dimension less or equal four are allowed. For multiple fields denoted by an index
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i, these are the superfield Φi and the products ΦiΦj and ΦiΦjΦk. As a matter of fact, both
products are chiral superfields again. They can be combined to the superpotential

W = hiΦi +
1

2
mijΦiΦj +

1

3!
fijkΦiΦjΦk, (2.21)

where the mass terms mij and couplings fijk are symmetric in their indices. In order not
to spoil supersymmetry, only the F-term of the superpotential is taken to construct the
interaction Lagrangian

Lint = [W + hc]F , (2.22)

where “hc” denotes the hermitian conjugate.
For the kinetic terms, the product of a chiral superfield with its complex-conjugate

is taken, which is a vector superfield. Thus, supersymmetry invariance requires that
the Lagrangian only contains the D-term of this product. In order to maintain gauge-
invariance, gauge transformations for chiral superfields Φ→ e−i2gΛ

a(z)Ta
and vector super-

fields e2gV → e−i2gΛ
†
e2gV ei2gΛ are needed. T a is the generator of a SU(N) gauge group

obeying [T a, T b] = ifabcT c and Λ(z) is a chiral superfield specifying the local gauge trans-
formation. Thus, the kinetic term can be written as

Lkin =
[
Φ†e2gVΦ

]
D
. (2.23)

The kinetic terms for gauge bosons and their spin-1/2 partners are constructed with
help of the supersymmetric field strength tensor WA, which is defined as

WA = −1

4
DȦD

Ȧ
DAV and WA = −1

4
DȦD

Ȧ
e−2gVDAe

2gV , (2.24)

for abelian and non-abelian gauge groups, respectively. Here

DA = ∂/∂θA − iσµ
AḂ
θ
Ḃ
∂µ and DȦ = −∂/∂θȦ + iθBσµ

BȦ
∂µ (2.25)

are the supersymmetric covariant derivatives, where σµ
AḂ

denote the Pauli matrices and

∂/∂θA the derivative with respect to the Grassmann number θA. Hence, the supersym-
metric field strength is given by

Lgauge =

[
1

16g2
Tr
(
WAWA

)
+ hc

]

F

. (2.26)

Since WA is a chiral field, the F-term of the above expression has to be taken, such that
SUSY is conserved.

With these ingredients the supersymmetric Lagrange density can be constructed. By
convention it is grouped into F- and D-terms

L = LF + LD, (2.27a)

LF = Lint + Lgauge =

[
(W + hc) +

1

16g2
(
Tr(WAWA) + hc

)]

F

, (2.27b)

LD = Lkin =
[
Φ†e2gVΦ

]
D
. (2.27c)
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The F-term contains the superpotential and the kinetic terms for the vector superfields,
whereas the kinetic terms for the chiral superfields are collected in the D-term of the
Lagrangian.

Field content of the MSSM

The MSSM is a N = 1 supersymmetric extension of the SM based on the theoretical frame-
work presented in the previous subsection. It is minimal in the sense, that it introduces
the least number of particles, such that the theory is invariant under the SM gauge groups
SU(3)C × SU(2)L × U(1)Y and only has one SUSY generator QA.

As aforementioned, SM particles and their supersymmetric partner particles (sparticles)
are arranged in chiral and vector supermultiplets. In general, spin-0 superpartners of
fermionic particles are denoted with a precedent “s-” and spin-1/2 superpartners of bosonic
particles with an appended “-ino”. The quarks and squarks as well as the leptons and
sleptons are arranged in chiral superfields, generally denoted as fermions and sfermions.
Since the left- and right-handed SM fermions are separate Weyl spinor they get their own
superpartners, denoted as left- and right-handed sfermions. The SM gauge fields, the gluon,
W- and B-boson get spin-1/2 superpartners called gluino, wino, and bino, respectively.
Special care has to be taken when constructing the Higgs sector of the MSSM. In the SM
it is possible to give masses to up- and down-type fermions with one Higgs doublet field
by writing down Yukawa terms containing H and Hc. The Yukawa terms in the MSSM
stem from the superpotential W which has to be an analytic function of chiral superfields.
Hence, it cannot contain H and Hc simultaneously. Therefore, two Higgs doublets Hu and
Hd with hypercharge Y = 1 and −1 have to be introduced, which give mass to up- and
down-type fermions separately. These Higgs doublet fields and their spin-1/2 superpartners,
the higgsinos, are described by chiral superfields. The field content of the MSSM is collected
in Tab. 2.2.

R-parity

A general superpotential for the MSSM would contain terms which violate baryon (B) and
lepton number (L). Such terms are severely constrained, since B- and L-violating processes
have not been seen experimentally. The most prominent constraint is given by the non-
observation of proton decay. Therefore, in the MSSM a further symmetry – R-parity [15]
– is added, which eliminates these possible B- and L-violating terms in the superpotential
and soft-breaking terms.

R-parity is a multiplicatively conserved quantum number, which is assigned to each
particle,

PR = (−1)3(B−L)+2s, (2.28)

where s denotes the particle’s spin. Accordingly, SM and Higgs particles obtain an positive
R-parity PR = +1 and their supersymmetric partners carry PR = −1. R-parity conserva-
tion then implies that all vertices in the theory contain an even number of supersymmetric
(PR = −1) particles. This has important phenomenological consequences. First, the LSP
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Name Label Bosonic field Fermionic field (SU(3)C , SU(2)L, U(1)Y )

ch
ir
al

su
p
er
fi
el
d
s

(s)quarks

Q q̃L = (ũL, d̃L) qL = (uL, dL) (3,2, + 1/3)

U ũ∗R uL = ucR (3,1, − 4/3)

D d̃∗R dL = dcR (3,1, + 2/3)

(s)leptons
L l̃L = (ν̃L, ẽL) lL = (νL, eL) (1,2,−1)

E ẽ∗R eL = ecR (1,1,+2)

Higgs(ino)
Hu hu = (h+u , h

0
u) h̃u = (h̃+u , h̃

0
u) (1,2,+1)

Hd hd = (h0d, h
−
d ) h̃d = (h̃0d, h̃

−
d ) (1,2,−1)

ve
ct
or

su
p
er
fi
el
d gluon/gluino G ga g̃a (8,1, 0)

W(ino) W W i W̃ i (1,3, 0)

B(ino) B Bi B̃i (1,1, 0)

Table 2.2: Field content of the MSSM. As a convention, superfields are labeled with
capital letters and the superpartners of SM field are denoted with a tilde. The
gauge group representation (bold numbers) and the hyperweak charge are arranged as
(SU(3)C , SU(2)L, U(1)Y ). The indices a = 1 . . . 8 and i = 1 . . . 3 denote the SU(3)C and
the SU(2)L quantum numbers, whereas the color and generation indices have been sup-
pressed.

must be stable, since its decay into SM particles would violate R-parity conservation. If
the LSP is electrically neutral, it is an attractive DM candidate, whereas charged LSPs
are excluded by cosmological constraints. Second, supersymmetric particles decay through
possibly long decay chains ending up in usually one LSP. Lastly, at collider experiments
always an even number of sparticles is produced resulting in final states with an even
number of LSPs (if the decays are fast enough).

SUSY-breaking and the softly broken MSSM

It was mentioned before that in SUSY-conserving theories masses of particles in identical
supermultiplets are the same. In the MSSM, this would imply mass equality between
SM particles and their superpartners. In that case, SUSY particles would already have
been detected. Hence, in a realistic supersymmetric extension SUSY has to be broken.
From a theoretical point of view, SUSY is expected to be broken spontaneously. Hence
the underlying Lagrangian is invariant under SUSY transformations whereas the vacuum
state is not, such that SUSY is hidden at low scales. SUSY breaking in the MSSM sector is
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phenomenologically ruled out. Thus, it typically occurs in an unknown (hidden) sector and
then is mediated to the MSSM sector. In the MSSM, our ignorance how SUSY breaking
specifically happens is parameterized by the soft-breaking parameters. These soft-breaking
terms are chosen such that they introduce no new quadratic divergent corrections to scalar
masses in order not to reintroduce the naturalness problem. The most general soft–SUSY-
breaking, R-parity conserving Lagrangian is given by [26],

Lsoft =−
1

2

(
M1B̃B̃ +M2W̃W̃ +M3 g̃

ag̃a + hc
)

−
(
ũ∗i,R a

u
ij q̃j,L · hu − d̃∗i,R adij q̃j,L · hd − ẽ∗i,R aeij l̃j,L · hd + hc

)

− q̃†i,L (M2
q̃L
)ij q̃j,L − ũ∗i,R (M2

ũR
)ij ũj,R − d̃∗i,R (M2

d̃R
)ij d̃j,R

− l̃†i,L (M2
l̃L
)ij l̃j,L − ẽ∗i,R (M2

ẽR
)ij ẽj,R

−m2
hu h

†
u hu −m2

hd
h†d hd − (b hu · hd + hc), (2.29)

where a = 1, . . . , 8 denotes the color, i = 1, 2, 3 the generation indices, and a · b ≡ ǫijaibj.
The first line in (2.29) contains the gaugino mass terms, the second line the trilinear Higgs–
sfermion–sfermion interactions, the third and fourth line the sfermion and slepton mass
terms, and the fifth line the Higgs mass terms and bilinear couplings. The gaugino mass
terms M1,2,3 and the bilinear Higgs interaction term b are in general complex numbers,
whereas the Higgs mass parameters mhu,d have real values. Sfermion mass- and trilinear
coupling-parameters are 3 × 3 Hermitian matrices in generation space. It is common to
express the trilinear couplings in terms of the Yukawa couplings,

au,d,eij = yu,d,eik (Au,d,e)kj. (2.30)

Including all possible complex-valued soft-breaking terms, the MSSM counts 105 parame-
ters in addition to the 19 SM parameters.

Most of these parameters allow for FCNC or introduce new sources of CP violation,
which are heavily constrained. Therefore a great deal of the parameter space is phe-
nomenologically excluded. All these FCNC and CP-violating effects can be evaded in
minimal flavor violation (MFV), where SUSY breaking is assumed to be flavor-blind and
the only source of CP violation is given by the CKM matrix in the SM. Thus, all MSSM
parameters are set to be real and the sfermion mass matricesM2

f̃
and the trilinear couplings

Af diagonal in flavor space,

(M2
f̃
)ij = δijM

2
f̃i
, (Af )ij = δijAfi . (2.31)

This reduces the total number of parameters of the MSSM to 49. In the following chapters
we will refer to the MSSM as the MSSM within the MFV scenario real parameters.

The Lagrangian of the MSSM

The supersymmetric Lagrangian of the MSSM consists of F-, D- and the soft-breaking–
terms (2.29),

LMSSM = LD + LF + Lsoft = Lkin + Lgauge + Lint + Lsoft, (2.32)
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where the D-term provides for the kinetic terms of the chiral superfields (Lkin) and the
F-term contains the gauge- (Lgauge) and interaction-Lagrange densities (Lint). In terms of
the superfields in Tab. 2.2 and the supersymmetric field strength tensors (2.24) they are
given by

Lkin =
[
Q†e2(g1B+g2W+gsG)Q+ U

†
e2(g1B+gsG)U +D

†
e2(g1B+gsG)D

+ L†e2(g1B+g2W )L+ E
†
e2g1BE

+H†
ue

2(g1B+g2W )Hu +H†
de

2(g1B+g2W )Hd

]
D
, (2.33a)

Lgauge =
1

16

[ 1
g2s

Tr
[
(WG)

A(WG)A
]
+

1

g22
Tr
[
(WW )A(WW )A

]

+
1

g21
Tr
[
(WB)

A(WB)A
]
+ hc

]
F

(2.33b)

Lint =
[
µHu ·Hd − yuij U iQj ·Hu − ydij DiQj ·Hd − yeij Ei Lj ·Hd + hc

]
F
, (2.33c)

where the expression in the squared brackets of the last line is given by the R-parity
conserving superpotential WR.

2.2.3 The particle spectrum of the MSSM

The Higgs sector

The Higgs sector of the MSSM contains two complex scalar SU(2)-doublet fields hu and
hd with hypercharge Y = −1 and Y = 1, respectively. Contrary to the SM, the Higgs
potential of the MSSM VH emerges naturally from the F-, D- and the soft breaking terms.
It depends on the SUSY-breaking parameters mhu , mhd , b, the higgsino mass parameter
µ, and the gauge couplings g1 and g2:

VH =
(
m2
hd

+ |µ|2
)
h†dhd +

(
m2
hu + |µ|2

)
h†uhu − b2

(
ǫabh

a
dh

b
u + hc

)

+
g1

2 + g22
8

(
h†dhd − h†uhu

)2
+
g22
2
|h†dhu|2, (2.34)

where ǫ12 = −ǫ21 = −1 and ǫ11 = ǫ22 = 0. Unlike in the Higgs potential of the SM (2.34),
the quartic couplings of the Higgs fields are given by the gauge couplings g1 and g2 – i.e.
they are no free parameters of the theory. This has important consequences for the masses
of the Higgs bosons as it will be discussed later. Analogously to the SM, the Higgs-doublet
fields are required to acquire non-vanishing expectation values

〈hd〉 =
(
vd
0

)
, 〈hu〉 =

(
0

vu

)
, (2.35)

with the vevs vd and vu. With an appropriate choice of phases for the Higgs-doublet fields,
vd and vu are real and non-negative. In order to ensure electroweak symmetry breaking
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the potential has to be bounded from below. This imposes the following conditions:

m2
hd

+m2
hu + 2|µ|2 > 2|b|, (2.36a)

(m2
hd

+ |µ|2)(m2
hu + |µ|2) < b2. (2.36b)

Thus, electroweak symmetry breaking requires broken SUSY, since for an unbroken theory
(i.e. mhd = mhu = b = 0) the conditions (2.36) are not fulfilled. In complete analogy to
the SM, the gauge boson’s masses are obtained,

M2
W =

g22
2
(v2d + v2u), M2

Z =
g21 + g22

2
(v2d + v2u). (2.37)

At this point one usually defines v =
√
v2d + v2u = 246 GeV and tan β = vu/vd with

0 < β < π/2. The Higgs doublets then can be expanded around these ground states
yielding

hd =

(
vd +

1√
2
(φ0

1 − iχ0
1)

−φ−
1

)
, hu =

(
φ+
2

vu +
1√
2
(φ0

2 + iχ0
2)

)
, (2.38)

with the CP-even neutral fields φ0
1/2, the charged fields φ±

1/2 and the CP-odd fields χ0
1/2.

For vanishing fields, the potential (2.34) has to acquire the minimum (2.35). Essentially,
the linear terms in the fields φ0

1/2, φ1/2 and χ0
1/2 have to vanish giving the minimization

conditions

Tφ1φ
0
1 = 0

}
=⇒

{
(|µ|2 +m2

hd
) = b

vu
vd
− g21 + g22

4

v2d − v2u
vd

,

Tφ2φ
0
2 = 0 (|µ|2 +m2

hu
) = b

vd
vu
− g21 + g22

4

v2u − v2d
vu

,
(2.39)

where the linear terms in the fields are given by the tadpole parameters,

Tφ1 = −
(√

2
(
m2

1 + µ2
)
vd −

√
2b2vu +

vd (g
2
1 + g22) (v

2
d − v2u)

2
√
2

)
, (2.40a)

Tφ2 = −
(√

2
(
m2

2 + µ2
)
vu −

√
2b2vd −

vu (g
2
1 + g22) (v

2
d − v2u)

2
√
2

)
. (2.40b)

(2.39) can be used to eliminate m2
hd

and m2
hu

in terms of tan β and mA0 . However, the
fields in (2.38) are no gauge eigenstates. In fact, fields with the same quantum numbers
mix, which is manifest by writing down the bilinear terms after inserting the expansion
(2.38) into the Higgs potential (2.34),

V bil
H = +

1

2
(φ0

1, φ
0
2)Mφ01,2

(
φ0
1

φ0
2

)
+

1

2
(χ0

1, χ
0
2)Mχ0

1,2

(
χ0
1

χ0
2

)
+ (φ+

1 , φ
+
2 )Mφ±1,2

(
φ−
1

φ−
2

)
. (2.41a)
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The mass matrices read

Mφ01,2
=

(
m2
hd

+ |µ|2 + 1
4
ĝ2(3v2d − v2u) −(b2 + 1

2
ĝ2vdvu)

−(b2 + 1
2
ĝ2vdvu) m2

hu
+ |µ|2 − 1

4
ĝ2(v2d − 3v2u)

)
, (2.41b)

Mχ0
1,2

=

(
m2
hd

+ |µ|2 + 1
4
ĝ2(v2d − v2u) −b2

−b2 m2
hu

+ |µ|2 − 1
4
ĝ2(v2d − v2u)

)
, (2.41c)

Mφ±1,2
=

(
m2
hd

+ |µ|2 + 1
4
(ĝ2v2d + ḡ2v2u) −(b2 − 1

2
g22vdvu)

−(b2 − 1
2
g22vdvu) m2

hu
+ |µ|2 + 1

4
(ĝ2v2u + ḡ2v2d)

)
, (2.41d)

where ĝ2 = g21 + g22 and ḡ2 = g22 − g21. Diagonalizing the mass matrices, one obtains the
Higgs mass-eigenstates,

(
h0

H0

)
= Uφ01,2

(
φ0
1

φ0
2

)
, where Uφ01,2 =

(
− sinα cosα
cosα sinα

)
, (2.42a)

(
A0

G0

)
= Uχ0

1,2

(
χ0
1

χ0
2

)
, where Uχ0

1,2
=

(
− sin βn cos βn
cos βn sin βn

)
, (2.42b)

(
H±

G±

)
= Uφ±1,2

(
φ±
1

φ±
2

)
, where Uφ±1,2 =

(
− sin βc cos βc
cos βc sin βc

)
. (2.42c)

There are five physical Higgs fields: two neutral and CP-even Higgs fields h0 and H0, the
neutral and CP-odd Higgs field A0, and the two charged fields H±. The CP-odd field G0

and the charged fields G± are the would-be Goldstone bosons.

At tree-level the mixing angles βn, βc and the ratio of the Higgs vevs β are equal

β = βn = βc. (2.43)

However, β has to be renormalized, whereas βn and βc need not. Therefore it will be
important to distinguish β, βn and βc when carrying out renormalization transformations.
At certain points, especially when encountering lengthy expressions, the notation sβ ≡
sin β, cβ ≡ cos β and tβ ≡ tan β will be adopted. The diagonal Higgs mass matrices are
given by

Dh0H0 = Uφ01,2Mφ01,2
U †
φ01,2

=

(
m2
h0 0
0 m2

H0

)
, (2.44a)

DA0G0 = Uχ0
1,2
Mχ0

1,2
U †
χ0
1,2

=

(
m2
A0 0
0 m2

G0

)
, (2.44b)

DH±G∓ = Uφ±1,2Mφ±1,2
U †
φ±1,2

=

(
m2
H± 0
0 m2

G±

)
. (2.44c)
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At tree-level, the Higgs mass eigenvalues are

m2
h0,H0 =

1

2

(
b2(tan β + cot β) +M2

Z

∓
√

(b2 (tan β − cot β) +M2
Z cos (2β))

2
+ (2b2 +M2

Z sin (2β))
2

)
, (2.45a)

m2
A0 = b2 (tan β + cot β) , (2.45b)

m2
H± = b2 (tan β + cot β) +M2

W . (2.45c)

The Goldstone bosons G0 and G± acquire their masses through the gauge-fixing terms and
depend on the chosen gauge. Using (2.39) and (2.45b) the Higgs sector at the tree level is
determined by only two new SUSY parameters. They are usually defined to be mA0 and
tan β. In terms of these parameters and the tree-level Higgs-boson mass mh0 the mixing
angle α reads as follows,

α = arctan

[ − (m2
A +M2

Z) sinβ cosβ

M2
Zcos

2β +m2
Asin

2β −m2
h0

]
, −π

2
< α < 0. (2.46)

From (2.45a) and (2.45c) constraints on the Higgs-boson masses emerge,

mh0 < min (mA0 ,MZ) , (2.47a)

mH0 > max (mA0 ,MZ) , (2.47b)

mH± > max (mA0 ,MW ) . (2.47c)

In contrast to the SM, the tree-level masses of the neutral CP-even and charged Higgs
bosons are no free parameters. This is due to the quartic couplings in the MSSM which
are fixed by the D-terms. Remarkably, the tree-level mass of the lightest Higgs boson h0 is
lower than the Z mass, which is in contradiction with the current lower bound from LEP,
mh0 > 93 GeV [27]. Since the lightest CP-even Higgs-boson mass is not a free parameter,
radiative corrections [28] have to be included. These are dominated by the fourth power
of the top-quark Yukawa coupling owing to the incomplete cancellation of loops involving
top quarks and their supersymmetric partners. With the one-loop and dominating two-
loop contributions [29] the lightest Higgs-boson mass can be shifted up to mh0 . 140 GeV
without facing a sever fine-tuning problem again.

Sfermion sector

Generally, sfermions of different families mix via the soft breaking terms leading to 6 × 6
mixing matrices for squarks and charged sleptons and 3 × 3 matrices for the sneutrinos.
As mentioned in Subsection 2.2.2 we are restricting our-self to the minimal flavor-violation
scenario where the 6 × 6 matrices reduce to block-diagonal matrices with 2 × 2 blocks.
Since only left-handed sneutrinos are included in the MSSM they do not mix. The sfermion
mass-term for a given species of sfermions f̃ = ũ, d̃, ẽ can be written as

Lf̃ -mass = −
(
f̃ ∗
L, f̃

∗
R

)
Mf̃

(
f̃L

f̃R

)
, (2.48)



20 2. Theoretical framework

where the generation indices have been omitted. The mass matrixMf̃ is given by

Mf̃ =

(
MLL

f̃
MLR

f̃

MRL
f̃
MRR

f̃

)
, (2.49a)

MLL
f̃

= m2
f +M2

f̃L
+
(
I3f −Qf s

2
W

)
cos 2βM2

Z , (2.49b)

MLR
f̃

=MRL
f̃

= mf (Af + µκ) , (2.49c)

MRR
f̃

= m2
f +M2

q̃R
+Qf s

2
W cos 2βM2

Z , (2.49d)

where κ = cot β for up-type squarks and κ = tan β for down-type squarks and charged
sleptons. Since the MSSM only involves left-handed sneutrinos, they are described by the
one-dimensional matrix

Mν̃ =M2
l̃L
+

1

2
cos 2βM2

Z = m2
ν̃ . (2.50)

The soft-breaking mass parameters Mf̃L
, Mf̃R

and the trilinear couplings Af have been
introduced in (2.29). Since the left-handed up- and down-type fermions are arranged in
the same SU(2)L doublet the soft-breaking mass parameter Mf̃L

is the same for f̃L = ũL

and f̃L = d̃L. The parameter tan β was introduced in the Higgs sector and µ will be
introduced in the chargino sector. The gauge eigenstates f̃L and f̃R can be rotated into
mass eigenstates with the rotation matrices Uf̃ ,

(
f̃1

f̃2

)
= Uf̃

(
f̃L

f̃R

)
→ Df̃ ≡ Uf̃Mf̃U

†
f̃
=

(
m2
f1

0
0 m2

f2

)
. (2.51)

f̃1 is defined to be the sfermion mass eigenstate with the lower mass: mf̃1
< mf̃2

. The
mixing matrix Uf̃ can be parameterized by the mixing angle θf̃ ,

Uf̃ =

(
cos θf̃ sin θf̃
− sin θf̃ cos θf̃

)
or Uf̃ =

(
− sin θf̃ cos θf̃
cos θf̃ sin θf̃

)
, (2.52)

where the rotation matrix on the left-hand side has a positive determinant and the de-
terminant of the matrix on the right-hand side is negative. The sign of det

(
Uf̃
)
= ±1 is

chosen such that mf̃1
< mf̃2

. With (2.51) the mixing angle is related to the soft-breaking
parameters

sin 2θf̃ = det
(
Uf̃
) 2mf (Af − µκ)

m2
f̃1
−m2

f̃2

. (2.53)

Comparing (U †
q̃Dq̃Uq̃)1,1 for up- and down-type squarks yields the following relation

between the squark mass eigenvalues

(Ud̃11)
2m2

d̃1
+ (Ud̃12)

2m2
d̃2

= (Uũ11)
2m2

ũ1
+ (Uũ12)

2m2
ũ2

+m2
d −m2

u −M2
W cos 2β (2.54)

for each generation. Thus, one squark mass depends on the residual squark masses. This
will be important when imposing on-shell renormalization conditions on the squark masses.
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Each squark generation can be described by five free parameters: M2
q̃L
, M2

ũR
, M2

d̃R
, Au

and Ad. They can be parameterized by three out of the four squark masses mũ1 , mũ2 , md̃1
,

md̃2
and the two mixing angles θũ, θd̃.
Since the squark mixing is proportional to the corresponding quark mass the mixing

effects will be particularly interesting for third generation squarks. For the first two gen-
erations the quark masses or rather Yukawa couplings will be neglected. This leads to
trivial mixing matrices, reducing the number of free parameters from five to three. The
free parameters for the first two generations then are M2

q̃L
, M2

ũR
and M2

d̃R
, or rather three

out of the four squark masses.
Analogously, the slepton masses are connected via

(Uẽ11)
2m2

ẽ1
+ (Uẽ12)

2m2
ẽ2
= m2

ν̃ +m2
e −M2

W cos 2β. (2.55)

The free parameters are M2
l̃L
, MẽR for the light-flavor sleptons. For the stau sector these

parameters are supplemented by the trilinear coupling Aτ .

Chargino and neutralino sector

The charged gauginos W̃± = 1/
√
2(W̃ 1 ± W̃ 2) and higgsinos h̃+u , h̃

−
d mix and form mass

eigenstates called charginos χ̃±
1,2. So do the neutral gauginos B̃, W̃ 3 and higgsinos h̃0u, h

0
d.

Their four mass eigenstates are the neutralinos χ̃0
1,2,3,4. In terms of gauge eigenstates, the

chargino mass-terms in the Lagrangian are given by

Lχ̃±−mass = −
1

2

(
(ΨR)T , (ΨL)T

)( 0 MT
χ±

Mχ± 0

)(
ΨR

ΨL

)
+ hc (2.56)

with the mass matrix

Mχ̃± =

(
M2 g2vu
g2vd µ

)
=

(
M2

√
2MW sin β√

2MW cos β µ

)
(2.57)

and (
ΨR

1

ΨR
2

)
=

(
W̃+

h+u

)
,

(
ΨL

1

ΨL
2

)
=

(
W̃−

h−d

)
. (2.58)

The terms originate from the SUSY-breaking Lagrangian (terms proportional to M1 and
M2), the D-terms (couplings proportional g2), and the superpotential (term proportional
to µ). Diagonalizing the mass matrixMχ̃± with two unitary matrices U and V yields the
mass eigenstates,

(
χL1
χL2

)
= V

(
ΨL

1

ΨL
2

)
,

(
χR1
χR2

)
= U

(
ΨR

1

ΨR
2

)
, (2.59)

where the Weyl spinors are usually combined into the correspondent chargino Dirac spinors

χ̃+
i =

(
χLi
χRi

)
, χ̃−

i =

(
χRi
χLi

)
, i = 1, 2. (2.60)
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The diagonal mass matrix then is

Dχ̃± = U∗Mχ̃±V † = diag
(
mχ̃±

1
,mχ̃±

2

)
, (2.61)

where U and V can be chosen such that mχ̃±
1,2

are real, positive numbers with mχ̃±
1
< mχ̃±

2
,

m2
χ̃±
1,2

=
1

2

(
M2

2 + µ2 + 2M2
W

)
∓ 1

2

√
(M2

2 + µ2 + 2M2
W )

2 − 4 (µM2 −M2
W sin 2β)

2
. (2.62)

The mass terms for the neutral gauginos and higgsinos read

Lχ̃0−mass = −
1

2

(
Ψ0
)TMχ̃0Ψ0 + hc, with

(
Ψ0
)T

=
(
B̃0, W̃ 3, h̃0d, h̃

0
u

)T
, (2.63)

where the mass matrix is given by

Mχ̃0 =




M1 0 −MZsW cos β MZsW sin β
0 M2 MZcW cos β −MZcW sin β

−MZsW cos β MZcW cos β 0 −µ
MZsW sin β −MZcW sin β −µ 0


 . (2.64)

With the help of the 4× 4 unitary matrix N it can be diagonalized resulting in

Dχ̃0 = N∗Mχ̃0N † = diag
(
mχ̃0

1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4

)
, (2.65)

where N is chosen in such way that Dχ̃0 has real, non-negative entries, which obey mχ̃0
1
≤

mχ̃0
2
≤ mχ̃0

3
≤ mχ̃0

4
. The neutralino mass eigenstates then are




χ0
1

χ0
2

χ0
3

χ0
4


 = N




Ψ0
1

Ψ0
2

Ψ0
3

Ψ0
4


 , (2.66)

constituting the four Majorana spinors

χ̃0
i =

(
χ0
i

χ0
i

)
, i = 1 . . . 4. (2.67)

Gluino sector

The superpartner of the gluon is the gluino g̃a. Since it has unique color and spin quantum-
numbers it does not mix with any other particles. Its mass term in the Lagrangian is given
by

Lg̃−mass =
1

2
M3g̃

ag̃a + hc, (2.68)

and the gluino mass is given by the soft-breaking parameter mg̃ =M3. They are described
by the four-component Majorana spinor

Ψg̃ =

(
g̃

g̃

)
. (2.69)



Chapter 3

Decay widths and branching ratios

In this chapter, the general calculation of decay widths and branching ratios and the
required notation is introduced. The methods used to compute observables at next-to-
leading order (NLO) will then be introduced in Chapter 4.

3.1 Tree-level

The decay width at tree-level for a general two-body decay a→ b c is given by

Γ0(a→ b c) =
(2π)4

ma

∫
dPS2 |M0|2

=
κ(m2

a,m
2
b ,m

2
c)

64π2m3
a

∫
dφ d cos θ |M0|2, (3.1)

where pi = (Ei,pi) are the four-momenta and mi =
√
E2
i − p2

i the masses of particle i. In
the second line, the 2-body phase space element dPS2 is written in terms of the angles φ
and cos θ in the rest frame of the decaying particle. |M0|2 is the squared matrix element
for the specific process. Since decays of scalar particles are isotropic, the angles cos θ and
φ can be integrated out in this case, which leads to a factor of 4 π. The Källén function κ
is given by

κ (x, y, z) =
√
x2 + y2 + z2 − 2 (xy + xz + yz). (3.2)

In the rest frame of the particle a with mass m0 the absolute values of the outgoing three-
momenta are given by

|pb| = |pc| =
κ(m2

a,m
2
b ,m

2
c)

2ma

. (3.3)

Tree-level matrix elementsM0 are obtained computing the Born diagrams with the Feyn-
man rules deduced from the Lagrangians discussed in Chapters 6 and 9.

The total width of a particle a is obtained by summing all partial widths for all decay
channels,

Γ0(a) =
∑

{b,c}
Γ0(a→ b c). (3.4)
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A relevant quantity for hadron colliders such as the LHC is the branching ratio for a specific
decay channel a→ b c,

BR0(a→ b c) =
Γ0(a→ b c)

Γ0(a)
. (3.5)

It gives the probability of a particle a decaying into the particles b and c.

3.2 Next-to-leading order

There are two different kinds of processes contributing to EW/QCD NLO corrections. On
the one hand are the virtual corrections consisting of genuine loop-diagrams and countert-
erm contributions. On the other hand, there are real processes where an additional photon
or gluon is radiated. The virtual corrections to the partial decay width for a process a→ b c
are given by

Γ
virt,EW/QCD
1 (a→ b c) =

(2π)4

ma

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ Γ

soft+coll,EW/QCD
1

=
κ(m2

a,m
2
b ,m

2
c)

64π2m3
a

∫
dφ d cos θ 2Re

(
M0MEW/QCD

1

)
+ Γ

soft+coll,EW/QCD
1 (3.6)

with the same definitions as in (3.1). The decay width Γ
soft+coll,EW/QCD
1 is added to cure

possible infrared (IR) divergencies. In Section 4.2 the calculation of decay widths for soft
and collinear photon/gluon radiation is discussed. The computation of the one-loop matrix

elementMEW/QCD
1 will be discussed in Chapter 6. In order to cancel the ultraviolet (UV)

divergencies,MEW/QCD
1 contains the genuine one-loop amplitudesM1L,EW/QCD

1 as well as

the counterterm contributionsMCT,EW/QCD
1 ,

MEW/QCD
1 =M1L,EW/QCD

1 +MCT,EW/QCD
1 . (3.7)

The one-loop matrix elements M1L,EW/QCD
1 are obtained computing all one-loop dia-

grams contributing to the EW/QCD NLO corrections. They involve integrals over the loop
momentum. Generally, these integrals are UV- and IR-divergent as it will be discussed in
Chapter 4. In order to regularize the UV-divergencies the loop integrals are computed in
D = 4−2ǫ dimensions. Referring to [30], we define the general one-loop tensor integral with
P integration momenta in the numerator and N propagator factors in the denominator as
follows,

TNµ1...µP (p1, . . . pN−1,m0, . . . ,mN−1) =
(2πµR)

4−D

iπ2

∫
dD q

qµ1 · · · qµP
D0 · · ·DN−1

, (3.8)

where the propagator factors are given by

D0 = q2 −m2
0 + iǫ, Di = (q + pi)

2 −m2
i + iǫ, i = 1, . . . , N − 1. (3.9)
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The momenta q, (q+pi) and the masses mi belong to the particles propagating in the loop
and iǫ gives rise to the imaginary part of the S-matrix. The parameter µR is introduced
to preserve the mass dimension of the loop-integral in D dimensions. For NLO corrections
to two-body decays integrals up to N = 3 are involved. The one-, two-, and three-
point integrals will be denoted by A, B and C. One-loop tensor integrals (P > 0) can
be decomposed to scalar loop integrals (P = 0) using the Passarino-Veltman reduction
method [31].

For the counterterm matrix elementsMCT,EW/QCD
1 , the corresponding counterterm di-

agrams have to be evaluated. The required Feynman rules are obtained by renormalizing
the corresponding parameters (cf. Chapter 4) and inserting them into the relevant part
of the Lagrangian (Chapters 6 and 9). From the resulting counterterm Lagrangian, the
counterterm Feynman rules can be deduced. They are listed in Appendix C.

The amplitudes for real hard photon/gluon radiation Mreal,EW/QCD
0 , are of the same

order in perturbation theory as the virtual corrections (3.6). The partial decay widths for
the real processes a→ b c V , where V denotes the photon or gluon with momentum k, are

Γ
real,EW/QCD
1 (a→ b c V ) =

(2π)4

ma

∫
dPS3 |Mreal,EW/QCD

1 |2, (3.10)

where dPS3 denotes the three particle phase space element. In order to avoid the soft
and collinear regions which already have been added to the virtual corrections, integration
bounds have to be adjusted such that |k| > ∆E and 0 < cos θ < 1−δc, where θ denotes the
angle between the emitting massless quark and the photon/gluon in the rest frame of the
decaying particle. For the three-body decay, the phase space cannot simply be integrated
out as for the two-body decays of scalar particles. In the following computation, we use
the phase-space integration of FormCalc 6.0 [32]. FormCalc builds up the n-body phase
space iteratively as a sequence of two-body decays (Fig. 3.1).

mcmb

md

Ωb Ωc

ma M

Figure 3.1: Iterative construction of a three-body decay as a sequence of two two-body
decays.

For a three-body decay this results in an integration over the invariant mass M and
the solid angles Ωi = cos θi φi, i = b, c, which define the directions of pi (i = b, c) in the
rest frame of the decaying particle,

Γ
real,EW/QCD
1 =

(2π)4

2m2
a

∫ ma−mb

mc+md

dM dΩb
|pb|
2

∫
dΩc
|pc|
2
|Mreal,EW/QCD

1 |2, (3.11)
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where the momenta |pi| are given by

|pb| =
κ(m2

a,m
2
b ,M

2)

2ma

, |pc| =
κ(M2,m2

c ,m
2
d)

2M
. (3.12)

More details about recursive phase space integration can be found in [33,34].
Having introduced the different contributions to decays at EW/QCD NLO, the com-

plete partial and total decay widths are given by

Γ
EW/QCD
1 (a→ b c) =

[
Γ0 + Γ

virt,EW/QCD
1 + Γ

real,EW/QCD
1

]
(a→ b c), (3.13a)

Γ
EW/QCD
1 (a) =

∑

{b,c}
Γ
EW/QCD
1 (a→ b c). (3.13b)

Finally, the branching ratios with EW/QCD NLO corrections can be computed:

BR
EW/QCD
1 (a→ b c) =

Γ
EW/QCD
1 (a→ b c)

Γ
EW/QCD
1 (a)

. (3.14)

Decay widths and branching ratios including both, EW and QCD corrections are calculated
as

Γ1(a→ b c) =
[
Γ0 + Γvirt,EW

1 + Γreal,EW
1 + Γvirt,QCD

1 + Γreal,QCD
1

]
(a→ b c), (3.15a)

Γ1(a) =
∑

{b,c}
Γ1(a→ b c), (3.15b)

BR1(a→ b c) =
Γtot
1 (a→ b c)

Γtot
1 (a)

. (3.15c)



Chapter 4

Methods in perturbation theory

While computing radiative corrections in perturbation theory two major obstacles have
to be approached. On the one hand, at higher order in perturbation theory the relation
between parameters in the Lagrangian and physical observables get altered. At the same
time, loop functions arising in NLO computations may diverge at high energies, i.e. they
are ultraviolet (UV) divergent. Both problems are addressed within the renormalization
procedure.

On the other hand, when a massless particle is emitted or exchanged with vanishing
energy, the corresponding amplitude diverges – it is infrared (IR) divergent. Furthermore,
collinear singularities appear when a massless particle splits into two massless collinear
particles. This can be understood to originate from the unphysical separation of virtual
and real corrections and is solved by defining sufficiently inclusive observables.

In this chapter the technical tools are provided to compute sparticle decays at NLO. In
Section 4.1 the regularization and renormalization methods to tackle the UV divergencies
are discussed. Especially the renormalization procedure of the relevant sectors of the MSSM
is presented in Subsection 4.1.3. Finally, the treatment of IR and collinear singularities is
given in Section 4.2.

4.1 Ultraviolet singularities

The Lagrangian of a given model introduces free parameters which have to be determined
experimentally. At tree-level these free parameters can be chosen in such a way that
they directly correspond to physical observables such as masses or couplings. However, at
higher order in perturbation theory this direct correspondence is lost. The parameters in
the Lagrangian – the “bare” parameters – get contributions from higher-order diagrams.
Moreover, these corrections involve loop diagrams which diverge for arbitrarily high ener-
gies – they are ultraviolet (UV) divergent. For a consistent mathematical treatment these
UV divergencies have to be regularized.

In the renormalization procedure the connection between the bare parameters in the
Lagrangian and the physical observables at higher order is fixed. Furthermore, the diver-
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gencies appearing in loop amplitudes are absorbed into the bare parameters. In renor-
malizable theories it is possible to absorb all divergencies order-by-order in perturbation
theory with only a finite number of such redefinitions. With a finite number of parameters
fixed by measurement all possible physical quantities up to any order may be calculated
resulting in a highly predictive theory. Both, the SM and the MSSM are renormalizable
theories [18, 35, 36].

4.1.1 Regularization schemes

In order to treat the UV singularities appearing in loop amplitudes analytically, a regu-
larization procedure has to be introduced. The integrals then become finite but depend
on an unphysical parameter – the regulator Λ. In the following renormalization procedure
the dependence on the regulator Λ will be eliminated.

There is no unique, mathematically consistent method to regularize UV-divergent in-
tegrals. In this work the regularization method of use is dimensional reduction (DRED)
which is a variant of dimensional regularization (DREG). The idea of DREG is to analyt-
ically expand the divergent loop integrals in D = 4 − 2ǫ dimensions [18, 37]. For D < 4
the loop diagrams converge and the singularities appear as poles in 1/ǫ when D → 4. In
DREG space-time coordinates, γ-matrices and vector fields are treated in D dimensions.
Special care has to be taken, when generalizing γ5 to D dimensions. In order to maintain
the right mass-dimension of the D-dimensional loop-integrals they have to be multiplied
by a factor (2πµR)

2ǫ introducing a non-physical mass parameter µR. The advantage of
DREG is that Lorentz- and gauge-invariance is preserved.

Since in DREG the dimension of vector bosons is altered, the number of degrees of free-
dom of gauge bosons and gauginos in SUSY theories would not match anymore. Hence,
supersymmetry is explicitly broken when DREG is applied. In order to maintain the su-
persymmetry relations DRED has been introduced [38]. Technically, only the momenta
are treated in D dimensions whereas the vector fields and γ matrices remain in four di-
mensions. However, this definition leads to mathematical inconsistencies [39]. A math-
ematically consistent formulation has been worked out in [40], where the D-dimensional
space is a subspace of a quasi four-dimensional space and the vector fields and γ-matrices
remain four-dimensional objects.

4.1.2 Renormalization

In perturbative calculations beyond the tree level bare parameters of the Lagrangian of
a given model do not directly correspond to physical observables anymore. They differ
by UV-divergent contributions, which after regularization can be absorbed into the bare
quantities. In order to express the Lagrangian by UV-finite – renormalized – parameters,
the counterterm formalism is applied.

The mass and coupling parameters m0 and g0 of a given Lagrangian L0(m0, g0, ψ0) are
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expressed in terms of the renormalized UV-finite quantities m and g,

m0 = Zmm =
(
1 + δZ(1,0)

m + δZ(0,1)
m + . . .

)
m ≡ m+ δm(1,0) + δm(0,1) + . . . , (4.1a)

g0 = Zgg =
(
1 + δZ(1,0)

g + δZ(0,1)
g + . . .

)
g ≡ g + δg(1,0) + δg(0,1) + . . . , (4.1b)

where

Zn = 1 +
∞∑

i,j=1

δZ(i,j)
n . (4.1c)

All UV singularities have been absorbed into the renormalization constants Zm and Zg.
In the second step the multiplicative renormalization constants have been expanded in
a power series of the order parameters. In the SM and MSSM these are the coupling
constants α and αs. In this work, one-loop and higher-order EW/QCD contributions are
studied. However, for the renormalization procedure, only the first order expansion of
the renormalization constants is relevant. According to the LSZ formula [41], the wave
functions ψ0 get renormalized by field renormalization constants Zψ,

ψ0 =
√
Zψψ =

(
1 +

1

2

(
δZ

(1,0)
ψ + δZ

(0,1)
ψ

)
+ . . .

)
ψ. (4.2)

Inserting the above definitions of the renormalized parameters into the Lagrangian L0

allows to split it into a renormalized Lagrangian and a counterterm Lagrangian,

L0(g0,m0, ψ0) = L0

(
Zm, Zgg,

√
Zψψ

)

= L (m, g, ψ) + δL(1,0)
CT

(
m, g, ψ, δm(1,0), δg(1,0), δZ

(1,0)
ψ

)

+ δL(0,1)
CT

(
m, g, ψ, δm(0,1), δg(0,1), δZ

(0,1)
ψ

)
+ . . . . (4.3)

The Lagrangian L has the same form as L0 but only depends on renormalized parameters.
All renormalization constants are inclosed in the counterterm Lagrangian densities L(i,j)

CT

and thus absorb all UV divergencies. The counterterm Lagrangian L(i,j)
CT defines additional

Feynman rules from which counterterm diagrams can be computed. Together with the
virtual diagrams they yield a UV-finite result.

The choices of the renormalized parameters and consequently the renormalization con-
stants are only determined up to finite parts. This mathematical arbitrariness has to be
fixed by choosing a specific renormalization scheme. In the following paragraphs the used
renormalization schemes are presented.

On-shell renormalization

In the on-shell (OS) renormalization scheme the renormalized parameters of the Lagrangian
and the physical observables are directly related. Renormalization conditions for the masses
are imposed such that the renormalized mass corresponds to the real part of the pole of the
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propagator. The field renormalization constants are fixed by requiring the renormalized
propagator to have residue one.

In the case of mixing particles the on-shell conditions are imposed on the mass eigenval-
ues of the mass matrices. The fields are renormalized in such a way that the one-particle
irreducible (1PI) two-point functions are diagonal for on-shell external particles.

The OS renormalization condition for the coupling constant of electroweak interactions
α is imposed such that the renormalized vertex function at zero momentum transfer exactly
reproduces the Thomson limit. This is not applicable for the strong coupling constant αs
since in the low energy limit the theory gets strongly coupled and cannot be described
within perturbation theory anymore. Therefore, a different renormalization scheme for
QCD is required. Since the OS conditions fix the scale intrinsically at the mass scale of
the renormalized particle, the OS renormalized parameters show no dependence on µR.
The OS renormalization scheme is applicable for both, the electroweak SM [30,42] and the
MSSM [36].

MS and DR renormalization

In the OS scheme the renormalization constants are defined in such a way that the renor-
malized parameters correspond to physical quantities. In contrast, the renormalization con-
stants in the modified minimal subtraction (MS) scheme [43] only absorb the divergences
plus universal terms from the differential regularization procedure. Thus, this renormal-
ization scheme relies on DREG where the UV-divergent parts are proportional to 1/ǫ. In
the MS scheme the expressions proportional to ∆ are absorbed into the renormalization
constants,

∆ =
1

ǫ
− γE + log 4π, (4.4)

where γE is the Euler-Mascheroni constant. MS renormalized parameters depend on the
unphysical renormalization scale µR. When including higher-order contributions this scale
dependence gets more and more reduced. On the other hand, the dependence on the scale
variation of a calculated quantity gives a hint on the remaining uncertainties coming from
higher-order corrections.

Technically, µR usually enters the calculations in form of log µ2
R/Q

2, where Q is set by
the kinematics of the process. Therefore, µR should be chosen at the energy scale of the
process to keep these arising logarithms small. In decay processes µR is usually set to the
mass of the decaying particle.

In the same way as the MS renormalization scheme, the DR scheme is defined for
the DRED regularization procedure of the divergent integrals. Since in supersymmetric
theories DRED is needed to preserve SUSY, this or the OS scheme are the renormalization
procedures of choice.
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4.1.3 Renormalization of the MSSM

In this subsection the renormalization procedure for the different sectors of the MSSM is
discussed. This consists of the following steps. First, the independent parameters of each
sector are chosen. Second, the bare parameters and fields are replaced with the renormal-
ized quantities. After applying the chosen renormalization conditions, the expressions for
the renormalization constants can be written down.

Generally, we adopt the OS renormalization scheme. Exceptions are the strong coupling
constant, the bottom-quark mass, the according trilinear coupling, and parts of the Higgs
sector, where the DR renormalization scheme is used.

Electroweak sector

The electroweak sector is renormalized according to [30]. Care has to be taken concerning
the definition of the covariant derivative. Other than [30], in this work the definition (2.5)
taken from [14] is adopted. This has an impact on the renormalization constants of the
electroweak coupling constant and the couplings where W and Z bosons are involved.

The bilinear terms of the Fourier-transformed Lagrangian for the gauge bosons are

LA,Z,W = −Aµ
[
gµνp2 − pµpν

]
Aν − Zµ

[
gµν
(
p2 −M2

Z

)
− pµpν

]
Zν

+W−
µ

[
gµν
(
p2 −M2

W

)
− pµpν

]
W+
ν , (4.5)

where the gauge-fixing parameters have been neglected, since they are not renormalized.
The independent parameters of the electroweak gauge-boson sector are the electric charge e,
the mass of the W boson MW , and the mass of the Z boson MZ . For these parameters the
renormalization prescriptions are given by

e→ Zee = (1 + δZe) e, (4.6a)

M2
W →M2

W + δM2
W , (4.6b)

M2
Z →M2

Z + δM2
Z . (4.6c)

The electroweak mixing angle is given by cW = MW/MZ . Hence, its renormalization
constant depends on δM2

W and δM2
Z ,

cW → cW + δcW = cW +

[
MW

2MZ

(
δM2

W

M2
W

− δM2
Z

M2
Z

)]
, (4.7a)

sW → sW + δsW = sW +

[
− cWMW

2sWMZ

(
δM2

W

M2
W

− δM2
Z

M2
Z

)]
. (4.7b)

Since the couplings g1 and g2 can be expressed by e, sW , and cW , their renormalization
transformations are given by,

g1 → g1 + δg1 = g1 +

(
δZe
cw
− e δcW

c2W

)
, g2 → g2 + δg2 = g2 +

(
δZe
sw
− e δsW

s2W

)
. (4.8)
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For the gauge Fields Aµ, Zµ and W±
µ the renormalization transformations are

W±
µ →

√
ZWW

±
µ =

(
1 +

1

2
δZW

)
W±
µ , (4.9a)

(
Zµ
Aµ

)
→
( √

ZZZ
√
ZZA√

ZAZ
√
ZAA

)(
Zµ
Aµ

)
=

(
1 + 1

2
δZZZ

1
2
δZZA

1
2
δZAZ 1 + 1

2
δZAA

)(
Zµ
Aµ

)
. (4.9b)

Inserting these renormalization transformations into the gauge-boson Lagrangian (4.5)
yields

LCT
A,Z,W = −1

2
Aµ
[
δZAA

(
gµνp2 − pµpν

)]
Aν

− 1

2
Zµ
[
δZZZ

[
gµν
(
p2 −M2

Z

)
− pµpν

]
− δM2

Zg
µν
]
Zν

− 1

2
Aµ
[
δZAZ

[
gµν
(
p2 −M2

Z

)
− pµpν

]
+ δZZA

[
gµνp2 − pµpν

]]
Zν

− 1

2
W−
µ

[
δZW

[
gµν
(
p2 −M2

W

)
− pµpν

]
− δM2

W g
µν
]
W+
ν . (4.10)

The renormalized self-energies Σ̂µν
ViVj

for Vi, Vj = A,Z,W are given by the unrenormalized

self-energies plus the derivatives of the counterterm Lagrangian LCT
A,Z,W with respect to the

corresponding fields V = A, Z or W ,

Σ̂µν
ViVj

(p) = Σµν
ViVj

(p) +
∂

∂V ∗
i

∂

∂Vj
LCT
A,Z,W , (4.11a)

Σ̂µν
AA(p) = Σµν

AA(p)− δZAA
[
p2gµν − pµpν

]
, (4.11b)

Σ̂µν
ZZ(p) = Σµν

ZZ(p)−
[
δZZZ

[(
p2 −M2

Z

)
gµν − pµpν

]
− δM2

Zg
µν
]
, (4.11c)

Σ̂µν
AZ(p) = Σµν

AZ(p)−
1

2

[
δZZA

[(
p2 −M2

Z

)
gµν − pµpν

]
+ δZAZ

[
p2gµν − pµpν

]]
, (4.11d)

Σ̂µν
WW (p) = Σµν

WW (p)−
[
δZW

[(
p2 −M2

W

)
gµν − pµpν

]
− δM2

W g
µν
]
. (4.11e)

With the Lorentz decomposition of the self-energy,

Σµν
ViVj

(p) = ΣT
ViVj

(p2)

(
gµν − pµpν

p2

)
+ ΣL

ViVj
(p2)

pµpν

p2
, (4.11f)

the OS renormalization conditions are given by

R̃eΣ̂T
AA(0) = 0, R̃eΣ̂T

AA
′
(0) = 0, (4.12a)

R̃eΣ̂T
ZZ(M

2
Z) = 0, R̃eΣ̂T

ZZ
′
(M2

Z) = 0, (4.12b)

R̃eΣ̂T
AZ(0) = 0, R̃eΣ̂T

AZ(M
2
Z) = 0, (4.12c)

R̃eΣ̂T
WW (M2

W ) = 0, R̃eΣ̂T
WW

′
(M2

W ) = 0, (4.12d)
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where Σ′(m2) = ∂Σ(p2)/∂p2|p2=m2 . R̃e is defined such that only the real parts of the loop
integrals Li are selected while all other expressions ci such as the coupling constants remain
complex, i.e. R̃e

∑
ciLi ≡

∑
ciReLi. This fixes the renormalization constants as follows,

δZAA = −R̃eΣT
AA

′
(0), (4.13a)

δZZZ = −R̃eΣT
ZZ

′
(M2

Z), δM2
Z = R̃eΣT

ZZ(M
2
Z), (4.13b)

δZAZ = −2R̃eΣ
T
AZ(M

2
Z)

M2
Z

, δZZA = 2R̃e
ΣT
AZ(0)

M2
Z

, (4.13c)

δZW = −ΣT
WW

′
(M2

W ), δM2
W = ΣT

WW (M2
W ). (4.13d)

For the renormalization constant of the electroweak coupling constant e, the Ward identity
yields

δZe = −
1

2

(
δZAA −

sW
cW

δZZA

)
. (4.14)

Higgs sector

The renormalization of the Higgs sector is based on [29], where a hybrid OS/DR scheme is
adopted, i.e. the Higgs fields are renormalized according to the DR prescription, whereas
the masses are defined in the OS scheme. The Fourier-transformed Lagrangian for the
Higgs fields may be written as

LHiggs =
1

2

(
h0, H0

) [
p2 −Dh0H0

](h0
H0

)
+ Thh

0 + THH
0
∣∣∣
Th=TH=0

+
1

2

(
A0, G0

) [
p2 −DA0G0

](A0

G0

)
+
(
H+, G+

) [
p2 −DH±G±

](H−

G−

)
, (4.15)

with the mass matrices (2.44). The tadpole parameters Th and TH
1 denote the linear terms

in the fields h0 and H0,

Th =
√
2

(
+m2

1vdsα −m2
2vucα +

1

4

(
g21 + g22

) (
v2d − v2u

)
(vdsα + vucα)

)
, (4.16a)

TH =
√
2

(
−m2

1vdcα −m2
2vusα −

1

4

(
g21 + g22

) (
v2d − v2u

)
(vdcα − vusα)

)
. (4.16b)

They have to vanish at tree-level yielding the minimization conditions (2.39). The free
parameters of the Higgs sector can conventionally be chosen as

mA0 , tan β, Th, TH . (4.17)

1The tadpole parameters of the physical Higgs fields Th/H are related to the tadpole parameters Tφ0

1,2

over Tφ1
φ0

1
+ Tφ2

φ0

2
= Thh

0 + THH0.
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For the parameters and fields of the Higgs sector the renormalization conditions are given
by

m2
A0 → m2

A0 + δm2
A0 , (4.18a)

Th/H → Th/H + δTh/H , (4.18b)

tan β → tan β + δ tan β, (4.18c)

µ→ µ+ δµ. (4.18d)

Therewith the renormalization transformations for the mass matrices are obtained,

δDh0H0 → Dh0H0 + δDh0H0 = Dh0H0 +

(
δm2

h0 δm2
h0H0

δm2
h0H0 δm2

H0

)

= Dh0H0 + Uφ01,2δMφ01,2
U †
φ01,2

, (4.19a)

δDA0G0 → DA0G0 + δDA0G0 = DA0G0 +

(
δm2

A0 δm2
A0G0

δm2
A0G0 δm2

G0

)

= DA0G0 + Uχ0
1,2
δMχ0

1,2
U †
χ0
1,2
, (4.19b)

δDH±G∓ → DH±G∓ + δDH±G∓ = DH±G∓ +

(
δm2

H± δm2
H−G+

δm2
H+G− δm2

G±

)

= DH±G∓ + Uχ±
1,2
δMχ±

1,2
U †
χ±
1,2

. (4.19c)

The renormalization constants δMφ are obtained by expressing the Higgs mass matrices
(2.42) in terms of the free parameters (4.17) and applying (4.18). As mentioned in Subsec-
tion 2.2.3 the rotation matrices Uφ are not renormalized. The explicit values for δD can
be found in [29].

For each Higgs doublet (2.38) one renormalization constant is assigned:

hd →
(
1 +

1

2
δZhd

)
hd, hu →

(
1 +

1

2
δZhu

)
hu. (4.20)

This also fixes the renormalization of tan β:

tan β → tan β + δ tan β = tan β + δ

(
vu
vd

)

= tan β

(
1

2
(δZhu − δZhd) +

δvu
vu
− δvd

vd

)
, (4.21)

where the Higgs vevs are renormalized according to

vu/d →
(
1 + δZhu/d

) (
vu/d + δvu/d

)
= vu/d + δvu/d +

1

2
vu/dδZhu/d . (4.22)
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In the mass-eigenstate basis the renormalization transformations then are

(
h0

H0

)
→
(
1+

1

2
δZh0H0

)(
h0

H0

)
=

(
1 + 1

2
δZh0h0

1
2
δZh0H0

1
2
δZh0H0 1 + 1

2
δZH0H0

)(
h0

H0

)
, (4.23a)

(
A0

G0

)
→
(
1+

1

2
δZA0G0

)(
A0

G0

)
=

(
1 + 1

2
δZA0A0

1
2
δZA0G0

1
2
δZA0G0 1 + 1

2
δZG0G0

)(
A0

G0

)
, (4.23b)

(
H±

G±

)
→
(
1+

1

2
δZH±G±

)(
H0

G0

)
=

(
1 + 1

2
δZH+H−

1
2
δZH∓G±

1
2
δZH±G∓ 1 + 1

2
δZG+G−

)(
H±

G±

)
. (4.23c)

Applying the renormalization transformations (4.20) and rotating the fields according to
(2.42) yields the following expressions for the field-renormalization constants of the fields
in the mass-eigenstate basis:

δZh0h0 = sin2 α δZhd + cos2 α δZhu , (4.24a)

δZH0H0 = cos2 α δZhd + sin2 α δZhu , (4.24b)

δZh0H0 = sinα cosα (δZhd − δZhu) , (4.24c)

δZA0A0 = sin2 β δZhd + cos2 β δZhu , (4.24d)

δZG0G0 = cos2 β δZhd + sin2 β δZhu , (4.24e)

δZA0G0 = sin β cos β (δZhd − δZhu) , (4.24f)

δZH−H+ = sin2 β δZhd + cos2 β δZhu , (4.24g)

δZG−G+ = cos2 β δZhd + sin2 β δZhu , (4.24h)

δZH∓G∓ = δZH∓G± = sin β cos β (δZhd − δZhu) . (4.24i)

Thus, the counterterm Lagrangian reads as follows:

LCT
Higgs =

1

2

(
h0, H0

) [
δZh0H0

(
p2 −Dh0H0

)
− δDh0H0

](h0
H0

)

+
1

2

(
A0, G0

) [
δZA0G0

(
p2 −DA0G0

)
− δDA0G0

](A0

G0

)

+
(
H+, G+

) [
δZH±G±

(
p2 −DH±G±

)
− δDH±G±

](H−

G−

)
. (4.25)

Again, the renormalized self-energies are obtained by taking the sum of the unrenormalized
self-energy and the derivatives of the counterterm Lagrangian (4.25) with respect to the
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Higgs fields,

Σ̂h0h0
(
p2
)
= Σh0h0

(
p2
)
+ δZh0h0

(
p2 −m2

h0

)
− δm2

h0 , (4.26a)

Σ̂H0H0

(
p2
)
= ΣH0H0

(
p2
)
+ δZH0H0

(
p2 −m2

H0

)
− δm2

H0 , (4.26b)

Σ̂h0H0

(
p2
)
= Σh0H0

(
p2
)
+ δZh0H0

(
p2 − 1

2

(
m2
h0 +m2

H0

))
− δm2

h0H0 , (4.26c)

Σ̂A0A0

(
p2
)
= ΣA0A0

(
p2
)
+ δZA0A0

(
p2 −m2

A0

)
− δm2

A0 , (4.26d)

Σ̂G0G0

(
p2
)
= ΣG0G0

(
p2
)
+ δZG0G0

(
p2 −m2

G0

)
− δm2

G0 , (4.26e)

Σ̂A0G0

(
p2
)
= ΣA0G0

(
p2
)
+ δZA0G0

(
p2 − 1

2
m2
A0

)
− δm2

A0G0 . (4.26f)

For the charged Higgs bosons the following renormalized self-energies are obtained,

Σ̂H+H−

(
p2
)
= ΣH+H−

(
p2
)
+ δZH+H−

(
p2 −m2

H±

)
− δm2

H± , (4.26g)

Σ̂G+G−

(
p2
)
= ΣG+G−

(
p2
)
+ δZG+G− p2 − δm2

G± , (4.26h)

Σ̂H−G+

(
p2
)
= ΣH−G+

(
p2
)
+ δZH−G+

(
p2 − 1

2
m2
H±

)
− δm2

H−G+ . (4.26i)

The CP-odd Higgs-boson mass mA0 and the tadpole parameters Th and TH are renor-
malized according to the OS scheme:

R̃eΣ̂A0A0

(
m2
A0

)
= 0, Th + δTh = 0, TH + δTH = 0. (4.27a)

Thus, the renormalization constants are determined by

δm2
A0 = R̃eΣA0A0

(
m2
A0

)
, δTh = −T (1)

h , δTH = −T (1)
H , (4.27b)

where T
(1)
h and T

(1)
H denote the one-loop tadpole vertex-amplitudes. For the fields and

tan β the DR scheme is adopted,

δZhd = −
[
R̃eΣ′

H0H0

(
p2
)
|α=0

]div
, δZhu = −

[
R̃eΣ′

h0h0

(
p2
)
|α=0

]div
, (4.28a)

δ tan β = tan β

[
1

2
(δZhu − δZhd) +

δvu
vu
− δvd

vd

]div
=

1

2
tan β (δZhu − δZhd) , (4.28b)

where “div” signifies that only the divergent parts proportional to ∆ (c.f. Eq.(4.4)) are
taken. The last equality is due to the identical divergent parts of δvu/vu and δvd/vd
(c.f. [44, 45]). The DR renormalization of tan β has been shown to yield stable numerical
results [46] and to be gauge-independent at the one-loop level within the Rξ gauges [47].

The masses of the CP-even Higgs bosons mh0 , mH0 and mH± are no free parameters.
They are determined by the tree-level relations (2.45). However, they get large correc-
tions from higher-order contributions reaching up to 50%. In the Feynman-diagrammatic
approach, these contributions are determined using the Higgs-propagator matrices [29,45],

∆h0H0 = i

(
p2 −m2

h0 + Σ̂h0h0 (p
2) Σ̂h0H0 (p2)

Σ̂h0H0 (p2) p2 −m2
H0 + Σ̂H0H0 (p2)

)−1

. (4.29)
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The Higgs-boson masses Mh0 and MH0 including higher-order contributions are given by
the poles of this propagator matrix. Note that Mi denotes the corrected Higgs-boson
masses, whereas mi denotes their tree-level values, i = h0, H0.

In processes with external Higgs bosons beyond lowest order, their proper on-shell
conditions have to be assured. According to the LSZ formula the amplitudes have to
be multiplied with finite wave-function renormalization factors such that the S-matrix is
properly normalized. This also gives rise to mixing effects between the two neutral CP-
even Higgs bosons h0 and H0. The one-particle irreducible Higgs amplitude Mi, where
i = h0, H0 denotes the external Higgs boson, then receives the correction

Mi →
√
Ẑi

(
Mi + ẐijMj

)
, (i 6= j) , (4.30)

with the finite wave function factors Ẑi given by the residues of the (h0, H0) propagator
matrix [45],

Ẑi =


1 + R̃eΣ̂′

ii

(
p2
)
− R̃e




(
Σ̂ij (p

2)
)2

p2 −m2
j + Σ̂jj (p2)




′ 


−1

p2=M2
i

. (4.31a)

Finally the mixing terms read

Ẑij = −
Σ̂ij (M

2
i )

M2
i −m2

j + Σ̂jj (M2
i )
. (4.31b)

Quark sector

After symmetry breaking, the bilinear terms in the quark Lagrangian read

Lq = q
(
/p−mq

)
q, (4.32)

where q = ui, di denotes the fermion fields (i = 1, 2, 3) and generation mixing is neglected.
The renormalization conditions for the quark fields and masses are

PL q → PL

(
1 +

1

2
δZL

q

)
q, (4.33a)

PR q → PR

(
1 +

1

2
δZR

q

)
q, (4.33b)

mq → mq + δmq, (4.33c)

with the left- and right-handed quark states qL/R = PL/R q obtained with help of the
projection operators

PL ≡
1

2
(1− γ5) , PR ≡

1

2
(1 + γ5) . (4.34)
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With these renormalization transformations we obtain the counterterm Lagrangian,

LCT
q =

1

2
qL /p

(
δZL

q + δZL†
q

)
qL +

1

2
qR /p

(
δZR

q + δZR†
q

)
qR

− qR
(mq

2

(
δZL

q + δZR†
q

)
+ δmq

)
qL − qL

(mq

2

(
δZR

q + δZL†
q

)
+ δmq

)
qR. (4.35)

Thus, the renormalized self-energy is given by

Σ̂L
(
p2
)
= ΣL

(
p2
)
+

1

2

(
δZL

q + δZL†
q

)
, (4.36a)

Σ̂R
(
p2
)
= ΣR

(
p2
)
+

1

2

(
δZR

q + δZR†
q

)
, (4.36b)

Σ̂SL
(
p2
)
= ΣSL

(
p2
)
−
(m
2

(
δZL

q + δZR†
q

)
+ δmq

)
, (4.36c)

Σ̂SR
(
p2
)
= ΣSR

(
p2
)
−
(m
2

(
δZR

q + δZL†
q

)
+ δmq

)
, (4.36d)

where the Lorentz decomposition of the fermion self-energy has been used,

Σ (p) = /pPLΣ
L
(
p2
)
+ /pPRΣ

R
(
p2
)
+ PLΣ

SL
(
p2
)
+ PRΣ

SR
(
p2
)
. (4.37)

The field- and mass-renormalization constants are obtained by imposing the OS renormal-
ization conditions,

R̃e
[
Σ̂q (p)

]
q(p)

∣∣∣
p2=m2

q

= 0, lim
p2→m2

1

/p−mq

R̃e
[
Σ̂q (p)

]
q(p) = 0. (4.38)

Inserting the renormalized self-energies (4.36) into the OS conditions (4.38) yields

δmq =
1

2

(
mq R̃e

[
ΣL
q

(
m2
q

)
+ ΣR

q

(
m2
q

)]
+ R̃e

[
ΣSL

(
m2
q

)
+ ΣSR

(
m2
q

)])
, (4.39a)

δZL
q = −R̃e

[
ΣL
q

(
m2
q

)
+m2

q

(
ΣL
q

′ (
m2
q

)
+ ΣR

q

′ (
m2
q

))

+mq

(
ΣSL
q

′ (
m2
q

)
+ ΣSR

q

′ (
m2
q

))]
, (4.39b)

δZR
q = −R̃e

[
ΣR
q

(
m2
q

)
+m2

q

(
ΣL
q

′ (
m2
q

)
+ ΣR

q

′ (
m2
q

))

+mq

(
ΣSL
q

′ (
m2
q

)
+ ΣSR

q

′ (
m2
q

))]
. (4.39c)

Since the masses of the first two quark generations are not observable, they will be
neglected everywhere but in collinear singular regions, where λq is introduced as mass
regulator. This differs for third-generation quarks, especially the top quark. It has a
width of Γt ≈ 1.5 GeV, which implies that it decays before it can hadronize. The most
current measured value is mt = 173.3 ± 1.1 GeV [48], which is obtained using kinematic
reconstruction from the decay products, comparing them to results obtained from Monte-
Carlo simulations. However, the interpretation of this reconstructed top-quark mass and
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its relation to the pole mass is very challenging [49, 50]. In this work the top-quark mass
is treated in the OS renormalization scheme.

The calculations in the following chapters involving the bottom-quark mass use the
running DR definition. Following [51], the bottom-quark mass in the DR scheme mDR

b (µR)
at the scale µR is related to the bottom-quark pole-mass, which can be expressed in terms
of the MS mass at the MZ scale mMS

b (MZ) = 2.94GeV [16]. With the bottom-quark mass
counterterms in the OS and DR scheme,

δmOS
b =

1

2

(
mb R̃e

[
ΣL
q

(
m2
b

)
+ ΣR

q

(
m2
b

)]
+ R̃e

[
ΣSL
q

(
m2
b

)
+ ΣSR

q

(
m2
b

)])
, (4.40a)

δmDR
b =

1

2

(
mb R̃e

[
ΣL
q

(
m2
b

)
+ ΣR

q

(
m2
b

)]
+ R̃e

[
ΣSL
q

(
m2
b

)
+ ΣSR

q

(
m2
b

)]) ∣∣∣
div

, (4.40b)

and the relation mDR
b = mOS

b + δmOS
b − δmDR

b one finds

mDR
b (µR) = mOS

b +
mb

2

(
Σfin
L (mb) + Σfin

R (mb) + 2Σfin
S (mb)

)
, (4.41)

where Σfin ≡ Σ− Σdiv denotes the UV-finite part of the self energy. The on-shell bottom-
quark mass is related to the MS mass via

mOS
b = mMS

b (MZ) b
shift, bshift = 1 +

αs
π



4

3
− log

(
mMS
b

)2

m2
Z


 . (4.42)

It also gets potentially large tan β enhanced contributions. Thus, the computation of mDR
b

will be addressed in more detail in Subsection 4.1.4.

Light-flavor sfermion sector

The renormalization procedure for sfermions is based on [52]. For a sfermion f̃ = ũ, d̃, c̃, s̃, ν̃, ẽ
the bilinear terms in the Lagrangian are given by

Lf̃ =
(
f̃ ∗
L, f̃

∗
R

) (
p2 −Mf̃

)(f̃L
f̃R

)
, (4.43)

with the mass matrix Mf̃ from (2.49). For light-flavor sfermions mixing effects are ne-
glected and the mass matrix reduces to

Mf̃ =

(
M2

f̃L
+
(
I3f −Qfs

2
W

)
cos 2βM2

Z 0

0 M2
f̃R

+Qfs
2
W cos 2βM2

Z

)

=

(
m2
f̃L

0

0 m2
f̃R

)
. (4.44)
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The left-handed sneutrino is described by the one-dimensional mass matrix

Mν̃ =M2
l̃L
+

1

2
cos 2βM2

Z . (4.45)

Free parameters of the light-flavor squark sector are M2
f̃L
, M2

ũR
M2

d̃R
and M2

ẽR
. Because

of the SU(2) symmetry the soft breaking parameters for the left-handed up- and down-
type sfermions are the same: MũL = Md̃L

≡ Mq̃L and Mν̃ = MẽL ≡ Ml̃L
. Thus, the

renormalization conditions for the sfermion mass-parameters and fields read

M2
q̃L
→M2

q̃L
+ δM2

q̃L
, M2

l̃L
→M2

l̃L
+ δM2

l̃L
,

M2
ũR
→M2

ũR
+ δM2

ũR
, M2

d̃R
→M2

d̃R
+ δM2

d̃R
, (4.46a)

M2
ẽR
→M2

ẽR
+ δM2

ẽR
,

(
f̃L

f̃R

)
→
(
1+

1

2
δZf̃

)(
f̃L

f̃R

)
, with δZf̃ =

(
δZf̃Lf̃L δZf̃Lf̃R
δZf̃Rf̃L δZf̃Rf̃R

)
. (4.46b)

With the renormalization of the sfermion mass-parameters and the parameters from the
electroweak sector (4.6), the renormalization condition for the sfermion mass-matrix can
be written down,

Mf̃ →Mf̃ + δMf̃ =

(
m2
f̃L

0

0 m2
f̃R

)
+

(
δm2

f̃L
0

0 δm2
f̃R

)
, f̃ = ũ, d̃, ẽ, (4.47a)

m2
ν̃ → m2

ν̃ + δm2
ν̃ , (4.47b)

where

δm2
f̃L

= δM2
f̃L

+
(
I3 −Qfs

2
W

) (
δ cos 2βM2

Z + cos 2β δM2
Z

)
−Qfδs

2
W cos 2βM2

Z , (4.47c)

δm2
f̃R

= δM2
f̃R

+Qfδs
2
W cos 2βM2

Z +Qfs
2
W δ cos 2βM

2
Z +Qfs

2
W cos 2β δM2

Z . (4.47d)

Hence, the counterterm Lagrangian for the light-flavor sfermions reads

LCT
f̃

=
(
f̃ ∗
L, f̃

∗
R

)[1
2

(
δZf̃ + δZ†

f̃

)
p2 − 1

2

(
δZ†

f̃
Mf̃ +Mf̃δZf̃

)
− δMf̃

](
f̃L

f̃R

)
, (4.48)

which yields the renormalized squark self-energy

Σ̂f̃if̃j

(
p2
)
= Σf̃if̃j

(
p2
)
+

[
1

2

(
δZf̃ + δZ†

f̃

)
p2 − 1

2

(
δZ†

f̃
Mf̃ +Mf̃δZf̃

)
− δMf̃

]

ij

, (4.49)

where the subscript “f̃if̃j” refers to the transition f̃i → f̃j (i, j ∈ {L,R}) and the subscripts
“i, j” to the corresponding matrix elements ofMf̃ , δMf̃ and δZf̃ .

Since there are only three (two) independent mass parameters in the squark (slepton)
sector, only three (two) OS conditions can be imposed on the squark (slepton) masses.
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The renormalization constant of one sfermion mass then will depend on the other renor-
malization constants. This will also be referred to as the “dependent sfermion mass”. In
this work the left-handed down-type squark d̃L and the left-handed selectron masses are
chosen to be the dependent quantities. The renormalization constants then are

R̃eΣ̂f̃if̃i

(
m2
f̃i

)
= 0, f̃i 6= d̃L, eL, (4.50a)

R̃eΣ̂f̃Lf̃R

(
m2
f̃L

)
+ R̃eΣ̂f̃Lf̃R

(
m2
f̃R

)
= 0, (4.50b)

R̃eΣ̂′
f̃if̃i

(
m2
f̃i

)
= 0. (4.50c)

(4.50a) fixes the mass renormalization constant, whereas (4.50b) and (4.50c) determine the
diagonal and off-diagonal entries of the field renormalization matrix. Thus, the following
values for the renormalization constants are obtained,

δmf̃i
= R̃eΣf̃if̃i

(
m2
f̃i

)
, f̃i 6= d̃L, eL, (4.51a)

δZf̃if̃i = −R̃eΣ
′
f̃if̃i

(
m2
f̃i

)
, (4.51b)

δZf̃if̃j =
2

m2
f̃i
−m2

f̃j

R̃eΣf̃if̃j

(
m2
f̃j

)
, f̃i 6= f̃j. (4.51c)

The renormalization constants for the soft-breaking sfermion mass-parameters δM2
f̃L
, δM2

ũR
,

δM2
d̃R

and δM2
ẽR

are obtained by inverting (4.47),

δM2
q̃L

= δm2
ũL
−
(
1

2
− 2

3
s2W

)(
δ cos 2βM2

Z + cos 2β δM2
Z

)
+

2

3
δs2W cos 2βM2

Z , (4.52a)

δM2
l̃L
= δm2

ν̃ −
1

2

(
δ cos 2βM2

Z + cos 2β δM2
Z

)
, (4.52b)

δM2
ũR

= δm2
ũR
− 2

3
δs2W cos 2βM2

Z −
2

3
s2W δ cos 2βM

2
Z −

2

3
s2W cos 2β δM2

Z , (4.52c)

δM2
d̃R

= δm2
d̃R

+
1

3
δs2W cos 2βM2

Z +
1

3
s2W δ cos 2βM

2
Z +

1

3
s2W cos 2β δM2

Z , (4.52d)

δM2
ẽR

= δm2
ẽR

+ δs2W cos 2βM2
Z + s2W δ cos 2βM

2
Z + s2W cos 2β δM2

Z . (4.52e)

Since δM2
q̃L

has the same value for q̃L = ũL and q̃L = d̃L (4.47c) can be used to express the
renormalization constant of the dependent squark mass δmd̃L

in terms of the independent
renormalization constants,

δm2
d̃L

= δm2
ũL

+ s2W
(
δ cos 2βM2

Z + cos 2β δM2
Z

)
+ cos 2βM2

Zδs
2
W . (4.53)

Analogously, the left-handed selectron mass renormalization constant can be described in
terms of the independent quantities,

δm2
ẽL

= δm2
ν̃ − c2W

(
δ cos 2βM2

Z + cos 2β δM2
Z

)
+ cos 2βM2

Zδs
2
W . (4.54)
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Thus, the tree-level mass of the left-handed down-type squark and selectron receive a finite
shift to their on-shell value,

(
mOS
f̃L

)2
= m2

f̃L
+ δm2

f̃L
− R̃eΣf̃Lf̃L

(
m2
f̃L

)
, f̃ = d, e. (4.55)

Third-generation sfermion sector

As mentioned in for the sfermion sector, for third-generation sfermions mixing effects have
to be taken into account. The mass matrix now also includes non-diagonal terms,

Mf̃ =

(
M2

f̃L
+m2

f +
(
I3f −Qfs

2
W

)
cos 2βM2

Z mf (Af − µκ)
mf (Af − µκ) M2

f̃R
+m2

f +Qfs
2
W cos 2βM2

Z

)
(4.56)

with κ = cot β for the top squark f̃ = t̃ and κ = tan β for the bottom squark and stau
f̃ = b̃, τ̃ . For third-generation sneutrinos (4.45) stays valid. In this part, third-generation
sneutrinos will be excluded, since it can be treated as in the light-flavor sfermion sector.
In addition to the renormalization of the mass parameters (4.47) performed for light-flavor
sfermions, the renormalization of parameters relevant for sfermion mixing has to be taken
into account,

At → At + δAt Ab → Ab + δAb, (4.57a)

Aτ → Aτ + δAτ , (4.57b)

tan β → tan β + δ tan β, µ→ µ+ δµ. (4.57c)

For the mass matrices the following renormalization constants are obtained,

δMf̃ =

(
δMf̃Lf̃L

δMf̃Lf̃R

δMf̃Rf̃L
δMf̃Rf̃R

)
, (4.58a)

δMf̃Lf̃L
= δM2

f̃L
+ 2mfδmf +

(
I3f −Qfs

2
W

) (
δc2βM

2
Z + c2β δM

2
Z

)

−Qfδs
2
W c2βM

2
Z , (4.58b)

δMf̃Rf̃R
= δM2

f̃R
+ 2mfδmf +Qfδs

2
W c2βM

2
Z +Qfs

2
W δc2βM

2
Z +Qfs

2
W c2β δM

2
Z , (4.58c)

δMf̃LfR
= δMf̃RfL

= δmf (Af − µκ) +mfδAf −mfκ δµ−mfµ δκ, (4.58d)

where δκ = δ cot β for top squarks and δκ = tan β for bottom squarks and staus. This
yields the following renormalization transformations for the diagonal sfermion mass matri-
ces,

Df̃ → Df̃ + δDf̃ ≡ Df̃ + Uf̃δMf̃U
†
f̃
, (4.59a)

δDf̃ =
(
δm2

f̃1
δYf̃

δYf̃ δm2
f̃2

)
. (4.59b)
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In the second line, the diagonal mass matrix renormalization constant has been expressed
by the mass renormalization constants of the sfermions δm2

f̃1,2
and the renormalization con-

stants for the non-diagonal mixing parameters δYf̃ . Hence, the renormalization constants
of soft-breaking parameters are related to the mass and mixing renormalization constants
via (4.59a),

δMf̃Lf̃L
= U2

f̃11
δm2

f̃1
+ U2

f̃21
δm2

f̃2
+ 2Uf̃11Uf̃21δYf̃ , (4.60a)

δMf̃Rf̃R
= U2

f̃12
δm2

f̃1
+ U2

f̃22
δm2

f̃2
+ 2Uf̃12Uf̃22δYf̃ , (4.60b)

δMf̃Lf̃R
= δMf̃Rf̃L

= Uf̃11Uf̃12

(
δm2

f̃1
− δm2

f̃2

)
+
(
Uf̃11Uf̃22 + Uf̃12Uf̃21

)
δYf̃ . (4.60c)

Sfermion fields are renormalized in terms of the mass eigenstates [52],

(
f̃1

f̃2

)
→
(
1 +

1

2
δZf̃

)(
f̃1

f̃2

)
, with δZf̃ =

(
δZf̃1f̃1 δZf̃1f̃2
δZf̃2f̃1 δZf̃2f̃2

)
. (4.61)

This leads to the following sfermion counterterm Lagrangian in the mass eigenstate basis,

LCT
f̃

=
(
f̃ ∗
1 , f̃

∗
2

)[1
2

(
δZf̃ + δZ†

f̃

)
p2 − 1

2

(
δZ†

f̃
Df̃ +Df̃δZf̃

)
− δDf̃

](
f̃1

f̃2

)
, (4.62)

as well as the renormalized self-energies

Σ̂f̃1f̃1

(
p2
)
= Σf̃1f̃1

(
p2
)
+

1

2

(
p2 −m2

f̃1

) [
δZf̃1f̃1 + δZ∗

f̃1f̃1

]
− δm2

f̃1
, (4.63a)

Σ̂f̃2f̃2

(
p2
)
= Σf̃2f̃2

(
p2
)
+

1

2

(
p2 −m2

f̃2

) [
δZf̃2f̃2 + δZ∗

f̃2f̃2

]
− δm2

f̃2
, (4.63b)

Σ̂f̃1f̃2

(
p2
)
= Σf̃1f̃2

(
p2
)
+

1

2

(
p2 −m2

f̃1

)
δZf̃1f̃2 +

1

2

(
p2 −m2

f̃2

)
δZ∗

f̃2f̃1
− δYf , (4.63c)

Σ̂f̃2f̃1

(
p2
)
= Σf̃2f̃1

(
p2
)
+

1

2

(
p2 −m2

f̃1

)
δZ∗

f̃1f̃2
+

1

2

(
p2 −m2

f̃2

)
δZf̃2f̃1 − δYf . (4.63d)

The third-generation squark (slepton) sector is described by five (three) squark mass
parameters: Mq̃L , Mt̃R

, Mb̃R
, At and Ab (Ml̃L

, Mτ̃R and Aτ ). Again, one sfermion mass
renormalization-constant depends on the others. The dependent sfermion masses are cho-
sen to be mb̃1

and mτ̃1 , respectively. Renormalizing the third-generation sfermion sector
in the OS scheme is done by imposing conditions (4.50). This fixes the mass (δm2

f̃i
) and

mixing renormalization constants (δYf ),

δm2
f̃i
= R̃eΣf̃if̃i

(
m2
f̃i

)
, f̃i 6= b̃1, τ̃1, (4.64a)

δYf̃ =
R̃eΣf̃1f̃2

(
m2
f̃1

)
+ R̃eΣf̃1f̃2

(
m2
f̃2

)

2
. (4.64b)
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For the mass-mixing renormalization constants δYf̃ additional conditions δZf̃1f̃2 = δZf̃2f̃1
have to be imposed [52]. The renormalization constant for the dependent sfermion b̃1, τ̃1 is
then obtained by applying (4.60a) for up- and down-type sfermions,

δm2
b̃1
=

1

U2
b̃11

[
U2
t̃11δm

2
t̃1
+ U2

t̃21δm
2
t2
+ 2Ut̃11Ut̃21δYt̃ − U2

b̃21
δm2

b̃2
− 2Ub̃11Ub̃21δYb̃

− 2mtδmt + 2mbδmb −M2
W δc2β − c2βδM2

W

]
, (4.65a)

δm2
τ̃1
=

1

U2
τ̃11

[
δm2

ν − U2
τ̃21δm

2
τ̃2
− 2Uτ̃11Uτ̃21δYτ̃

+ 2mτδmτ −M2
W δc2β − c2βδM2

W + δsW c2βM
2
Z

]
, (4.65b)

where δc2β = −4tβ/(1 + t2β)
2δtβ. Applying (4.60), renormalization constants for the soft-

breaking squark mass-parameters are obtained,

δM2
q̃L

= U2
t̃11δm

2
t̃1
+ U2

t̃12δm
2
t̃2
+ 2Ut̃11Ut̃12δYt̃

− 2mtδmt −
(
1

2
− 2

3
s2W

)(
δc2βM

2
Z + c2βδM

2
Z

)
− 2

3
δs2W c2βM

2
Z , (4.66a)

δM2
t̃R

= U2
t̃12δm

2
t̃1
+ U2

t̃22δm
2
t̃2
+ 2Ut̃12Ut̃22δYt̃

− 2mtδmt −
2

3
δs2W c2βM

2
Z −

2

3
s2W δc2βM

2
Z −

2

3
s2W c2βδM

2
Z , (4.66b)

δM2
b̃R

= U2
b̃12
δm2

b̃1
+ U2

b̃22
δm2

b̃2
+ 2Ub̃12Ub̃22δYb̃

− 2mbδmb +
1

3
δs2W c2βM

2
Z +

1

3
s2W δc2βM

2
Z +

1

3
s2W c2βδM

2
Z . (4.66c)

The renormalization constants of the trilinear couplings are given by

δAt =
1

mt

[
Ut̃11Ut̃12

(
δm2

t̃1
− δm2

t̃2

)
+ (Ut̃11Ut̃22 + Ut̃12Ut̃21) δYt̃

− δmt

(
At −

µ

tβ

)
+
mtδµ

tβ
− mtµδtβ

t2β

]
, (4.66d)

δAb =
1

mbUb̃11

[
− Ub̃12δm2

b2
+ Ub̃22δYb̃ − (Ub̃11 (Ab − µtβ)− 2Ub̃12mb) δmb

+ Ub̃12
(
U2
t̃11δm

2
t̃1
+ U2

t̃12δm
2
t̃2
+ Ut̃11Ut̃21δYt̃

)
− 2Ub̃12mtδmt − Ub̃12c2βδM2

W

+

(
4Ub̃12M

2
W

tβ(
1 + t2β

) + Ub̃11mbµ

)
δtβ + Ub̃11mbtβδµ. (4.66e)
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For third-generation slepton parameters the renormalization constants read

δM2
l̃L
= δm2

ν̃ −
1

2

(
δc2βM

2
Z + c2βδM

2
Z

)
, (4.67a)

δM2
τ̃R

= U2
τ̃12δm

2
τ̃1
+ U2

τ̃22δm
2
τ̃2
+ 2Uτ̃12Uτ̃22δYτ̃

− 2mτδmτ + δs2W c2βM
2
Z + s2W δc2βM

2
Z + s2W c2βδM

2
Z , (4.67b)

δAτ =
1

mτUτ̃11

[
− Uτ̃12δm2

τ2
+ Uτ̃22δYτ̃ − (Uτ̃11 (Aτ − µtβ)− 2Uτ̃12mτ ) δmτ

+ Uτ̃12δm
2
ν̃ − Uτ̃12c2βδM2

W

+

(
4Uτ̃12M

2
W

tβ(
1 + t2β

) + Uτ̃11mτµ

)
δtβ + Uτ̃11mτ tβδµ. (4.67c)

However, the OS renormalization scheme in the bottom/sbottom sector is numerically
unreliable. Since δAb gets the contribution

δAb =
1

mb

[− (Ab − µ tan β) δmb + . . .] (4.68)

the OS renormalization scheme becomes unstable for large tan β. In the parameter region
where µ tan β ≫ Ab, counterterm contributions receive a large finite shift through δAb
invalidating the perturbative expansion. In the top/stop sector this is not an issue where
µ tan β is replaced by µ cot β, which is strongly suppressed for large values of tan β. Ac-
cording to [51,53] this problem can be avoided by changing the renormalization scheme in
the bottom/sbottom sector. We choose to renormalize mb and Ab in the DR scheme. The

problem is then not present anymore, since by definition, δmDR
b and consequently δADR

b do
not lead to finite contributions. The bottom-squark mass renormalization constant in the
DR scheme is then given by

δmDR
b =

1

2

(
mb

(
R̃e
[
ΣL
b

(
m2
b

)]div
+ R̃e

[
ΣR
b

(
m2
b

)]div)

+ R̃e
[
ΣSL
b

(
m2
b

)]div
+ R̃e

[
ΣSR
b

(
m2
b

)]div )
. (4.69)

For the bottom trilinear coupling the renormalization constant in the DR scheme is ob-
tained by taking the divergent parts of all renormalization constants appearing in (4.66e),

δADR
b =

1

mbUb̃11

[
− Ub̃12δm2

b2
|div + Ub̃22δYb̃|div − (Ub̃11 (Ab − µtβ)− 2Ub̃12mb) δmb|div

+ Ub̃12
(
U2
t̃11δm

2
t̃1
|div + U2

t̃12δm
2
t̃2
|div + Ut̃11Ut̃21δYt̃|div

)
− 2Ub̃12mtδmt|div

− Ub̃12c2βδM2
W |div +

(
4Ub̃12M

2
W

tβ(
1 + t2β

) + Ub̃11mbµ

)
δtβ

+ Ub̃11mbtβ δµ|div. (4.70)
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Using (4.60b) to replace δYb̃ with δAb in (4.65) yields the dependent bottom-squark mass
in terms of the DR renormalized parameters,

δm2
b̃1
=

1

U2
b̃11

[(
1− 2U2

b̃12

) (
U2
t̃11δm

2
t̃1
+ U2

t̃21δm
2
t̃2
+ 2Ut̃11Ut̃21δYt̃

− 2mtδmt − c2βδM2
W −M2

W δc2β
)
+ U2

b̃12
δm2

b̃2

+ 2Ub̃11Ub̃12mb (δAb − δµtβ − µδtβ)
+ δmb

(
2Ub̃11Ub̃12 (Ab − µtβ) + 2

(
1− 2U2

b̃12

)
mb

)]
. (4.71)

The relation between the tree-level mass and the on-shell mass of the dependent bottom
squark b̃1 is given by

(
δmOS

b1

)2
= m2

b̃1
+ δm2

b̃1
− R̃eΣb̃1b̃1

(
m2
b̃1

)
. (4.72)

In processes with external b̃1 bottom squarks its on-shell mass is used in the computation
of the decay widths. However, in order not to spoil UV-finiteness, the on-shell mass cannot
be used everywhere in the calculation. This will be addressed in Section 4.3.

As in the b/b̃ sector the τ mass mτ and its corresponding trilinear coupling Aτ are
renormalized in the DR scheme. Analogously the renormalization constants read

δmDR
τ =

1

2

(
mτ

(
R̃e
[
ΣL
τ

(
m2
τ

)]div
+ R̃e

[
ΣR
τ

(
m2
τ

)]div)

+ R̃e
[
ΣSL
τ

(
m2
τ

)]div
+ R̃e

[
ΣSR
τ

(
m2
τ

)]div )
, (4.73a)

δADR
τ =

1

mτUτ̃11

[
− Uτ̃12δm2

τ2
|div + Uτ̃22δYτ̃ |div − (Uτ̃11 (Aτ − µtβ)− 2Uτ̃12mτ ) δmτ |div

+ Uτ̃12δm
2
ν |div − Uτ̃12c2βδM2

W |div +
(
4Uτ̃12M

2
W

tβ(
1 + t2β

) + Uτ̃11mτµ

)
δtβ

+ Uτ̃11mτ tβ δµ|div, (4.73b)

δm2
τ̃1
=

1

U2
τ̃11

[(
1− 2U2

τ̃12

) (
δm2

ν − c2βδM2
W −M2

W δc2β
)
+ U2

τ̃12δm
2
τ̃2

+ 2Uτ̃11Uτ̃12mτ (δAτ − δµtβ − µδtβ)
+ δmτ

(
2Uτ̃11Uτ̃12 (Aτ − µtβ) + 2

(
1− 2U2

τ̃12

)
mτ

)]
. (4.73c)

The relation between the tree-level mass and the on-shell mass of the dependent stau τ̃1 is
given by (

δmOS
τ1

)2
= m2

τ̃1
+ δm2

τ̃1
− R̃eΣτ̃1τ̃1

(
m2
τ̃1

)
. (4.74)

Chargino sector

For the renormalization of the chargino and neutralino sector we rely on [54]. The bilinear
terms of the chargino Lagrangian in terms of the mass eigenstates are given by,

Lχ± = χ̃+
i

[
/pδij − PL

(
U∗Mχ±V †)

ij
− PR

(
VM†

χ±U
T
)
ij

]
χ̃+
j . (4.75)
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The free parameters of the chargino sector are µ and M2. Their renormalization transfor-
mations are given by

µ→ µ+ δµ, M2 →M2 + δM2. (4.76)

This implies for the chargino mass matrix:

Mχ̃± →Mχ̃± + δMχ̃± , (4.77a)

δMχ̃± =

(
δM2

√
2δ (MW sβ)√

2δ (MW cβ) δµ

)
, (4.77b)

δ (MW sβ) = sβδMW +MW δsβ, δ (MW cβ) = cβδMW +MW δcβ. (4.77c)

The chargino fields in the mass eigenstates are renormalized according to

PLχ̃
+
i →

(
δij +

1

2

[
δZLχ̃±

]
ij

)
PLχ̃

+
j , (4.78a)

PLχ̃
−
i →

(
δij +

1

2

[
δZRχ̃±

]∗
ij

)
PLχ̃

−
j , (4.78b)

PRχ̃
+
i →

(
δij +

1

2

[
δZRχ̃±

]
ij

)
PRχ̃

+
j , (4.78c)

PRχ̃
−
i →

(
δij +

1

2

[
δZLχ̃±

]∗
ij

)
PRχ̃

−
j . (4.78d)

For the diagonal chargino mass matrix we get

Dχ̃± → Dχ̃± + δDχ̃± = Dχ̃± + U∗δMχ̃±V †, (4.79)

which relates the chargino mass parameters renormalization constants δµ and δM2 to the
diagonal terms of (δDχ̃±)

ii
≡ δmχ̃±

i
,

δµ =
1

∆

[
U11V11δmχ̃±

2
− U21V21δmχ̃±

1
+
√
2U11U21 (V12V21 − V11V22) δ (MW sβ)

+
√
2V11V21 (U12U21 − U11U22) δ (MW cβ)

]
, (4.80a)

δM2 =
1

∆

[
U22V22δmχ̃±

1
− U12V12δmχ̃±

2
+
√
2U12U22 (V12V21 − V11V22) δ (MW cβ)

+
√
2V12V22 (U12U21 − U11U22) δ (MW sβ)

]
, (4.80b)

∆ = U11U22V11V22 − U12U21V12V21. (4.80c)

With these transformation rules the following counterterm Lagrangian is obtained,

LCT
χ̃± = χ̃+

i

[
1

2
/p
([
δZLχ± + δZL †

χ±

]
PL +

[
δZR ∗

χ± + δZRTχ±

]
PR

)

−
(
1

2
Dχ̃±δZLχ̃± +

1

2
δZRTχ̃± Dχ̃± + δDχ̃±

)
PL

−
(
1

2
Dχ̃±δZR ∗

χ̃± +
1

2
δZL †

χ̃±Dχ̃± + δD†
χ̃±

)
PR

]

ij

χ̃+
j . (4.81)
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Taking the derivative with respect to the fields χ̃+
i and χ̃+

j yields the renormalized self-
energies,

Σ̂L
χ̃+
i χ̃

−
j

(
p2
)
= ΣL

χ̃+
i χ̃

−
j

(
p2
)
+

1

2

[
δZLχ̃± + δZL †

χ̃±

]
ij
, (4.82a)

Σ̂R
χ̃+
i χ̃

−
j

(
p2
)
= ΣR

χ̃+
i χ̃

−
j

(
p2
)
+

1

2

[
δZR ∗

χ̃± + δZRTχ̃±

]
ij
, (4.82b)

Σ̂SL
χ̃±
i χ̃

±
j

(
p2
)
= ΣSL

χ̃±
i χ̃

±
j

(
p2
)
−
[
1

2
Dχ̃±δZLχ̃± +

1

2
δZRTχ̃± Dχ̃± + δDχ̃±

]

ij

, (4.82c)

Σ̂SR
χ̃±
i χ̃

±
j

(
p2
)
= ΣSR

χ̃±
i χ̃

±
j

(
p2
)
−
[
1

2
Dχ̃±δZR ∗

χ̃± +
1

2
δZL †

χ̃±Dχ̃± + δD†
χ̃±

]

ij

, (4.82d)

where the self-energy is decomposed into the respective Lorentz covariant parts according
to (4.37). The chargino sector consists of two free parameters µ andM2. They are fixed by
OS renormalization conditions for the diagonal renormalized self energies (i = j in (4.83)).

The other renormalization conditions fix the field renormalization factors
[
δZL/Rχ̃±

]
ij
,

mχ̃±
j
R̃eΣ̂R

χ̃+
i χ̃

−
j

(
m2
χ̃±
j

)
+ R̃eΣ̂SL

χ̃+
i χ̃

−
j

(
m2
χ̃±
j

)
= 0, (4.83a)

mχ̃±
j
R̃eΣ̂L

χ̃+
i χ̃

−
j

(
m2
χ̃±
j

)
+ R̃eΣ̂SR

χ̃+
i χ̃

−
j

(
m2
χ̃±
j

)
= 0, (4.83b)

R̃eΣ̂L
χ̃+
i χ̃

−
i

(
m2
χ̃±
i

)
+ 2mχ̃±

i
R̃eΣ̂SL

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

)

+m2
χ̃±
i

(
R̃eΣ̂L

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

)
+ R̃eΣ̂R

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

))
= 0. (4.83c)

Inserting the self-energies (4.82) into the renormalization conditions (4.83) yields the renor-
malization constants for chargino masses

Re δmχ̃±
i
=

1

2
mχ̃±

i

[
R̃eΣL

χ̃+
i χ̃

−
i

(
m2
χ̃±
i

)
+ R̃eΣR

χ̃+
i χ̃

−
i

(
m2
χ̃±
i

)]
+ R̃eΣSL

χ̃+
i χ̃

−
i

(
m2
χ̃±
i

)
, (4.84a)

diagonal field renormalization constants

[
δZL/Rχ̃±

]
ii
= −R̃eΣL/R

χ̃+
i χ̃

−
i

(
m2
χ̃±
i

)
−m2

χ̃±
i

[
R̃eΣL

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

)
+ R̃eΣR

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

)]

− 2mχ̃±
i
R̃eΣSL

χ̃+
i χ̃

−
i

′
(
m2
χ̃±
i

)
, (4.84b)
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and off-diagonal field renormalization constants

[
δZLχ̃±

]
ij
=

2

m2
χ̃±
i

−m2
χ̃±
j

[
m2
χ̃±
j
R̃eΣL

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)
+mχ̃±

i
mχ̃±

j
R̃eΣR

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)

+mχ̃±
i
R̃eΣSL

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)
+mχ̃±

j
R̃eΣSR

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)

−mχ̃±
i
[δDχ̃± ]

ij
−mχ̃±

j

[
δD†

χ̃±

]
ij

]
, (4.84c)

[
δZRχ̃±

]
ij
=

2

m2
χ̃±
i

−m2
χ̃±
j

[
m2
χ̃±
j
R̃eΣR

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)
+mχ̃±

i
mχ̃±

j
R̃eΣL

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)

+mχ̃±
i
R̃eΣSR

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)
+mχ̃±

j
R̃eΣSL

χ̃±
i χ̃

±
j

(
m2
χ̃±
j

)

−mχ̃±
i

[
δD†

χ̃±

]
ij
−mχ̃±

j
[δDχ̃± ]

ij

]
, (4.84d)

where i 6= j. Inserting the mass renormalization constants δmχ̃±
i
into (4.80) yields the

renormalization constants for the parameters µ and M2.

Neutralino sector

Using the four-component Majorana spinors from (2.67) the bilinear terms for the neu-
tralinos read

Lχ̃0 =
1

2
χ̃0
i

[
/pδij − PL

(
N∗Mχ̃0N †)

ij
− PR

(
NM†

χ̃0N
T
)
ij

]
χ̃0
j . (4.85)

The left-over neutralino mass parameter is given by M1. It transforms under renormaliza-
tion as

M1 →M1 + δM1. (4.86)

Together with the renormalization transformations of the parameters in the chargino sector
(4.76), the renormalization of the neutralino mass matrix reads

Mχ̃0 →Mχ̃0 + δMχ̃0 , (4.87)

δMχ̃0 =




δM1 0 −δ (MZsW cβ) δ (MZsW sβ)
0 δM2 δ (MZcW cβ) −δ (MZcW sβ)

−δ (MZsW cβ) δ (MZcW cβ) 0 −δµ
δ (MZsW sβ) −δ (MZcW sβ) −δµ 0


 . (4.88)

For the diagonal neutralino mass matrix Dχ̃0 this implies

Dχ̃0 → Dχ̃0 + δDχ̃0 = Dχ̃0 +N∗δMχ̃0N †. (4.89)
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Combining (4.87) and (4.89) yields the renormalization constant in terms of the renormal-
ization constants of the electroweak, Higgs, and chargino sector,

δM1 =
1

N2
11

[
δmχ̃0

1
−N2

12δM2 + 2N13N14δµ+ 2N11N13δ (MZsW cβ)

− 2N11N14δ (MZsW sβ)− 2N12N13δ (MZcW cβ) + 2N12N14δ (MZcW sβ)
]
, (4.90)

with δmχ̃0
1
≡ (δDχ̃0)

11
. The neutralino fields transform as

PLχ̃
0
i →

(
δij +

1

2
[δZχ̃0 ]

ij

)
PLχ̃

0
j , (4.91a)

PRχ̃
0
i →

(
δij +

1

2

[
δZ∗

χ̃0

]
ij

)
PRχ̃

0
j , (4.91b)

yielding the counterterm Lagrangian of (4.85),

LCT
χ̃0 =

1

2
χ̃0
i

[1
2
/p
([
δZχ̃0 + δZ†

χ̃0

]
PL +

[
δZ∗

χ̃0 + δZTχ̃0

]
PR

)

−
(
1

2
Dχ̃0δZχ̃0 +

1

2
δZTχ̃0Dχ̃0 + δDχ̃0

)
PL

−
(
1

2
Dχ̃0δZ∗

χ̃0 +
1

2
δZ†

χ̃0Dχ̃0 + δD†
χ̃0

)
PL

]
ij
χ̃0
j . (4.92)

Hence, in terms of the Lorentz covariant decomposition (4.37) the renormalized neutralino
self energies are given by

Σ̂L
χ̃0
i χ̃

0
j

(
p2
)
= ΣL

χ̃0
i χ̃

0
j

(
p2
)
+

1

2

[
δZχ̃0 + δZ†

χ̃0

]
ij
, (4.93a)

Σ̂R
χ̃0
i χ̃

0
j

(
p2
)
= ΣR

χ̃0
i χ̃

0
j

(
p2
)
+

1

2

[
δZ∗

χ̃0 + δZTχ̃0

]
ij
, (4.93b)

Σ̂SL
χ̃0
i χ̃

0
j

(
p2
)
= ΣSL

χ̃0
i χ̃

0
j

(
p2
)
−
[
1

2
Dχ̃0δZχ̃0 +

1

2
δZTχ̃0Dχ̃0 + δDχ̃0

]

ij

, (4.93c)

Σ̂SR
χ̃0
i χ̃

0
j

(
p2
)
= ΣSR

χ̃0
i χ̃

0
j

(
p2
)
−
[
1

2
Dχ̃0δZ∗

χ̃0 +
1

2
δZ†

χ̃0Dχ̃0 + δD†
χ̃0

]

ij

. (4.93d)

The OS renormalization conditions in the neutralino sector read

mχ̃0
j
R̃eΣ̂L

χ̃0
i χ̃

0
j

(
m2
χ̃0
j

)
+ R̃eΣ̂SL

χ̃0
i χ̃

0
j

(
m2
χ̃0
j

)
= 0, for (i 6= j) and (i = j = 1) , (4.94a)

R̃eΣ̂L
χ̃0
i χ̃

0
i

(
m2
χ̃0
i

)
+ 2m2

χ̃0
i
R̃eΣ̂L

χ̃0
i χ̃

0
j

′
(
m2
χ̃0
i

)
+ 2m2

χ̃0
i
R̃eΣ̂SL

χ̃0
i χ̃

0
j

′
(
m2
χ̃0
i

)
= 0, (4.94b)

The only free parameter M1 is fixed by the on-shell renormalization condition for the
lightest neutralino mass mχ̃0

1
(4.94a) (i = j = 1), whereas the other conditions fix the diag-

onal (4.94b) and non-diagonal (4.94a) (i 6= j) entries of δZχ̃0 . Hence, the renormalization
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constants read,

Re δmχ̃0
1
= mχ̃0

1
R̃eΣL

χ̃0
1χ̃

0
1

(
m2
χ̃0
1

)
+ R̃eΣSL

χ̃0
1χ̃

0
1

(
m2
χ̃0
1

)
, (4.95a)

[δZχ̃0 ]
ii
= −R̃eΣL

χ̃0
i χ̃

0
i

(
m2
χ̃0
i

)
− 2mχ̃0

i

[
mχ̃0

i
R̃eΣL

χ̃0
i χ̃

0
i

′
(
m2
χ̃0
i

)
+ R̃eΣSL

χ̃0
i χ̃

0
i

′
(
m2
χ̃0
i

)]
, (4.95b)

[δZχ̃0 ]
ij
=

1

m2
χ̃0
i
−m2

χ̃0
j

[
2
(
mχ̃0

j
R̃eΣL

χ̃0
i χ̃

0
j

(
m2
χ̃0
j

)
+ R̃eΣSL

χ̃0
i χ̃

0
j

(
m2
χ̃0
j

)
− [δDχ̃0 ]

ij

)]
. (4.95c)

With the mass renormalization constant of the lightest neutralino δmχ̃0
1
from (4.95a) the

neutralino mass-parameter renormalization constant (4.86) is obtained.
Since there is only one free parameter in the neutralino sector, the OS condition can

be imposed for one neutralino only. In this work we choose the lightest neutralino χ̃0
1. The

other neutralino masses mχ̃0
2,3,4

get finite shifts to their on-shell values,

mOS
χ̃0
i
= mχ̃0

i
+ δmχ̃0

i
−
(
mχ̃0

i
R̃eΣL

χ̃0
i χ̃

0
i

(
m2
χ̃0
i

)
+ R̃eΣSL

χ̃0
i χ̃

0
i

(
m2
χ̃0
i

))
, i = 2, 3, 4, (4.96a)

δmχ̃0
i
= δDii. (4.96b)

In processes with external neutralinos, the on-shell masses are used. This will be described
in more detail in Section 4.3.

Gluino sector

The bilinear terms in the gluino Lagrangian are given by,

Lg̃ =
1

2
Ψg̃

(
/p−M3

)
Ψg̃, (4.97)

where Ψg̃ = (g̃, g̃)T is the Majorana spinor built from the left-handed Weyl spinors g̃ (2.69).
By renormalizing the gluino mass-parameter and gluino field

M3 →M3 + δM3, (4.98a)

g̃ →
(
1 +

1

2
δZg̃

)
g̃, (4.98b)

the counterterm gluino Lagrangian (4.97) is obtained,

LCT
g̃ = Ψg̃/pδZg̃Ψg̃ − (M3δZg̃ + δM3)Ψg̃Ψg̃. (4.99)

Here we used that in the CP-conserving case, there is no difference between left- and right-
handed renormalization constants, i.e. δZ∗

g̃ = δZg̃ for Majorana spinors. Thus, the gluino
self-energy can be decomposed into its Lorentz-covariant parts,

Σg̃

(
p2
)
= /pΣg̃

(
p2
)
+M3Σ

S
g̃

(
p2
)
. (4.100)
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The coefficients of the renormalized self-energy are then obtained from Eq.(4.99),

Σ̂L
g̃

(
p2
)
= ΣL

g̃

(
p2
)
+ δZg̃, Σ̂S

g̃

(
p2
)
= ΣS

g̃

(
p2
)
− δZg̃ −

δM3

M3

. (4.101)

For the gluino mass M3 and gluino field the OS conditions are imposed analogously to the
quark case (c.f. (4.38)) yielding the renormalization constants

δM3 =M3R̃eΣ
L
g̃

(
M2

3

)
+ R̃eΣSL

g̃

(
M2

3

)
, (4.102a)

δZg̃ = −R̃eΣL
g̃

(
M2

3

)
+ 2M2

3 R̃eΣ
L
g̃
′ (M2

3

)
+ 2M2

3 R̃eΣ
SL
g̃

′ (M2
3

)
. (4.102b)

Strong coupling constant

Neglecting the gauge fixing terms, the bilinear part of the gluon-field Lagrangian is given
by

LG = −1

2
Ga
µ

[
p2gµν − pµpν

]
Ga
ν . (4.103)

The renormalization transformations for the gluon field and strong coupling-constant read

Ga
µ →

(
1 +

1

2
δZG

)
Ga
µ, (4.104)

gs → (1 + δZgs) gs. (4.105)

Since the strong coupling-constant gs becomes large at small energy scales, OS renormaliza-
tion at zero-momentum transfer is not well defined. Hence, the strong coupling constants
are treated in the DR scheme. They are given by the gluonic self-energy and triple gluon
vertex. In this scheme, δZG and δZgs then read,

δZG = −αs
4π
β0∆, δZgs = −

αs
4π

β0
2
∆, (4.106)

β0 =

(
11

3
N − 2

3
nf

)
+

(
−2

3
N − 1

3
(nf + 1)− 2

3

)
= 3, (4.107)

with N = 3 and nf = 5. β0 is the one-loop coefficient of the running coupling αs(µ) =
g2s(µ)/4π. In the following computations, the strong coupling will be evaluated at the mass
scale of the decaying squarks and gluinos. The β0 coefficient therefore receives contributions
from light quarks and gluons as well as from top quarks, squarks, and gluinos.

Since at scales comparable to the masses of heavy particles, their contribution to the
strong coupling have to be taken into account. The value of αs at the Z mass scale MZ

including contributions from squarks and gluinos is given by [55],

αDR
s (MZ) =

αMS
s (MZ)

1−∆αs
, (4.108)

∆αs =
αMS
s (MZ)

2π

[
1

2
− 2

3
log

mt

MZ

− 2 log
mg̃

MZ

− 1

6

∑

q̃

2∑

i=1

log
mq̃i

MZ

]
, (4.109)
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where the first sum runs over the six different squark species q̃ and the second sum over
the two mass eigenstate i. The value of αDR

S at a given scale µ is then given by

αDR
s (µ) =

αDR
s (MZ)

1− 3
4π
αDR
s (MZ) log

M2
Z

M2

. (4.110)

4.1.4 Resummation in the b / b̃ sector

Following [51], at tree-level, the mass of the bottom quark is given by its Yukawa coupling
to the down-type Higgs field λb hd b b̄ via the relation mb = λbvd. Through higher-order
corrections, the bottom quark couples to the up-type Higgs field ∆λbhubb̄ altering the
relation between the corresponding Yukawa coupling and mass to

mb = λbvd → mb = vd (λb +∆λb tan β) = λbvd (1 + ∆mb) . (4.111)

An explicit calculation of the gluino-sbottom and higgsino-stop loop yields

∆mb =
2αs
3π

M3µ tan β I
(
mb̃1

,mb̃2
,M3

)
+

λ2t
16π2

µAt tan β I
(
mt̃1 ,mt̃2 , µ

)
, (4.112)

which depends on the gluino mass-parameterM3, the higgsino mass-parameter µ, the ratio
of the Higgs vevs tan β, the sbottom masses mb̃1,2

, the trilinear coupling At and the stop

masses mt̃1,2 . The loop function I (a, b, c) is given by

I (a, b, c) =
1

(a2 − b2) (b2 − c2) (a2 − c2)

[
a2b2 log

a2

b2
+ b2c2 log

b2

c2
+ c2a2 log

c2

a2

]
. (4.113)

These contributions are enhanced by tan β and can change the tree-level relation sig-
nificantly. As shown in [51], the leading tan β-enhanced terms can be resummed by using
an effective bottom Yukawa coupling. Following [51] we use a DR definition of the bottom
quark mass. The effective Yukawa coupling is then defined as

λeffb =
1

vd

mDR
b (µR) +mb∆mb

1 + ∆mb

≡ mDR,eff
b

vd
. (4.114)

The second term in the numerator avoids double-counting of the resummed terms.

4.2 Infrared singularities

We have seen in the previous subsection that virtual correction exhibit UV singularities
which arise due to infinite loop momenta and are treated by means of renormalization.
However, there are also singularities related to finite or vanishing momenta – the infrared
(IR) and collinear singularities. Kinoshita has shown [56] that these singularities arise
from two different configurations. On the one hand are soft singularities, which occur
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when a particle emits or absorbs a massless particle. On the other hand are the collinear
divergencies, which appear when a massless particles splits into two massless particles.
Also, both conditions can overlap at the same time. IR singularities arise in real and virtual
diagrams. Their physical origin is the presence of degenerate initial or final states. For
example, in QED final states with an arbitrary number of soft photons are indistinguishable
due to the finite energy resolution of the detector. Or two collinear radiated particles are
indistinguishable due to its finite angular resolution. In order to cancel these singularities,
sufficiently inclusive observables have to be considered including these degenerate states.

For QED Bloch and Nordsieck [57] have shown that it is sufficient to sum over all
degenerate final states (i.e. all states with an arbitrary number of soft photons in the final
state). Kinoshita, Lee and Nauenberg [58] generalized this statement. Thus, the sum of
soft and collinear divergencies cancel in the sum of virtual and real corrections.

There are different methods to deal with the cancellation of the IR singularities. The
most prominent methods are phase-space slicing [59] which is applied in this work and the
dipole subtraction method [60–62]. In the phase-space slicing method the soft and collinear
divergent regions in the phase-space of real radiation diagrams are split off by introducing
phase-space cut parameters. The remaining real hard, non-singular phase-space region
can be integrated numerically. The soft and collinear singular regions can be integrated
analytically under the assumption that the cut parameters are small enough. They are
then added to the virtual contribution. Thus, after removing the singular regions from the
real contribution and adding them to the virtual part, both are IR finite. The sum of soft,
collinear and hard contributions then has to be independent of the cut parameters.

For two-body decays the complete bremsstrahlung processes including soft and hard
radiation can be integrated analytically [30]. The corresponding integrals are given in
Appendix A. The total decay width for the two-body decay including soft and hard radi-
ation can be expressed in terms of these bremsstrahlung integrals. This method has the
downside that only total decay widths and cross sections can be computed, i.e. it is not
possible to compute differential distributions with this method. In this work, this method
has been applied for the processes t̃2 → t̃1 h

0 and t̃2 → t̃1 Z and yields the same results as
the phase-space slicing method.

4.2.1 Soft bremsstrahlung

Soft singularities in bremsstrahlung processes are parameterized by the cutoff parameter
∆E. The momentum of the radiated gluon or photon k has to fulfill the condition k < ∆E.
The infrared singularity is regularized by a photon mass λ. Hence, the amplitude for soft
photon emission factorizes from the Born matrix elementM0,

Msoft,EW
1 = −eM0

∑

i

(±qi)
ǫpi
kpi

, (4.115)

where pi, qi are the momentum and charge of the i-th external particle, k is the outgoing
photon momentum and ǫ the polarization vector of the photon (following the notation
of [30]). The plus sign originates from initial state radiation, the minus sign from final
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state radiation. The soft photon decay width is obtained by squaring the soft photon
matrix element (4.115), summing over the photon polarizations and integrating over the
soft photon phase space (|k| ≤ ∆E),

Γsoft,EW
1 = −Γ0

α

2π2

∫

|k|≤∆E

d3|k|
2Ek

∑

ij

±pipjRij

pik pjk

= −Γ0
α

2π2

∑

ij

(±)RijIij ≡ δsoftΓ0, (4.116)

where Ek =
√
k2 + λ2 and (±) refers to the relative sign of the emitters i and j. Rij

denotes the charge factors for the emitting particles i and j and δsoft is called the soft-
photon factor. For photon radiation the charge factors are simply given by Rij = qiqj.
For QCD corrections, the electroweak coupling constant has to be replaced by the strong
coupling constant α → αs and color algebra has to be taken into account. However, for
decays mediated by the electroweak coupling (i.e. all squark decays except squark into
quark plus gluino) one can simply take qi = 2/

√
3 for quarks and squarks and qi = 0 for

all other particles. The color factor for the strong decay q̃a → q g̃ will be addressed in
Subsection 6.2.4.

The basic integrals have been worked out by ’t Hooft and Veltman [30, 63]. They are
given by

Iij = 4π
rpipj

(rpi)2 − p2j

{
1

2
log

4∆E2

λ2

+

[
1

4
log2

u0 − |u|
u0 + |u|

+ Li2

(
1− u0 + |u|

v

)
+ Li2

(
1− u0 − |u|

v

)]u=rpi

u=pj

}
, (4.117)

where Li2 is the dilogarithm or Spence function

Li2 = −
∫ 1

0

dt

t
log (1− xt) , |arg (1− x) | < π (4.118)

and r and v are defined as

r2p2i − 2rpipj + p2j = 0,
rpi,0 − pj,0

pj,0
> 0, v =

(rpi)
2 − p2j

2(rpi,0 − pj,0)
. (4.119)

4.2.2 Collinear bremsstrahlung

Collinear singularities occur, when the angle θ between the emitting and radiated particle,
in the rest frame of the decaying particle, vanishes, i.e. 1 > cos θ > 1− δc, for sufficiently
small δc. Since the soft radiation already has been taken care of by (4.115) only the hard-
collinear radiation (Ek > ∆E) has to be integrated over. The expression for the collinear
singularities using a finite mass regulator me for the emitting particle have been worked
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out in [64]. Since we only have to deal with final-state collinear radiation the collinear
singularity factorizes into the Born decay width

Γreal,coll
1 = Γ0

α

2π
q2e

{([
3

2
+ 2 log

(
∆E

Ee

)][
1− log

(
2E2

eδc
m2
e

)]
+ 3− 2π2

3

)

≡ δcollΓ0, (4.120)

where qe, me and Ee denote the charge, mass, and energy of the emitting particle. δcoll
denotes the collinear photon/gluon factor. Again, for gluon radiation one has to replace
α→ αs and take qe = 2/

√
3.

4.3 Dependent masses in higher order calculations

As we have seen in Subsection 4.1.3, there is a finite shift between the tree-level and on-
shell masses for the left-handed down-type squark, selectron (respectively b̃1 quark and τ̃1
slepton) and the three heavier neutralinos (χ̃i, i = 2, 3, 4). In order to account for the
on-shell property of the external dependent particles their on-shell masses have to be used
for the phase-space integration. However, for real-radiation processes (e.g. b̃1 → χ̃0

1 b γ)
infrared-singular terms proportional to ln(λ2/(mOS

b̃1
mb)) arise, where λ is the photon mass

regulator andmOS
b̃1

denotes the on-shell mass. In order to cancel these infrared singularities,
the on-shell mass also has to be used in the infrared-singular terms in the virtual corrections.
Since tree-level relations between the squark masses have to be fulfilled in order to cancel
the UV singularities, the on-shell mass is only introduced in the purely infrared-singular
terms [65]. These are obtained by separating the virtual diagrams with photon exchange
and performing the Passarino-Veltman decomposition [31]. The only IR divergent loop
integral which is a function of the dependent masses, is the scalar 3-point function C0.
Hence in the appearing terms proportional to m2 C0 ({m2}) and C0 ({m2}), with m being
the mass of the dependent particle, m is replaced with the according on-shell mass mOS.
In summary, the following approach is used:

• For the phase space integration in 1 → 2 and 1 → 3 processes the on-shell masses
are used. Furthermore, in amplitudes of diagrams where a photon is emitted of a
dependent particle the on-shell mass is inserted into the propagator.

• In one-loop diagrams, the contributions originating from photon/gluon exchange are
separated. After applying the Passarino-Veltman decomposition to the correspond-
ing amplitude, the tree-level mass m in expressions m2 C0 ({m2}) and C0 ({m2}) is
replaced with the on-shell value mOS.

4.4 Computation methods

First, Feynman diagrams for particular processes were generated with FeynArts 3.4 [66].
The tree-level Feynman rules are implemented in the MSSM model file [67]. For the
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counterterm Feynman rules the renormalization transformations introduced in Chapter 4
are inserted into the MSSM Lagrangian as described in Chapters 6 and 9. After sepa-
rating the contributions to the counterterm Lagrangian, the counterterm Feynman rules
(Appendix C) can be deduced. With these Feynman rules, analytical expressions for the
genuine 1-loop and counterterm amplitudes are generated. These amplitudes are passed
to FormCalc 6.0 [32], where analytical simplifications are performed and a Fortran 77 code
is generated. This code is evaluated using LoopTools 2.5 [32, 68] to compute the scalar
and tensor one-loop functions and the Cuba library [69] for the numerical phase space
integration. The input parameters are read in the SUSY Les Houches Accord (SLHA)
format [70], a unique set of conventions for SUSY extensions of the SM specifying model
parameters and decay tables. This is done with the help of SLHALib 2.2 [71], a library of
routines to read and write files in SLHA format.
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Chapter 5

Squark decays: introduction

After having discussed the theoretical framework of the MSSM in Chapter 2, decay ob-
servables in Chapter 3, and methods for NLO calculations in Chapter 4 we turn to the
phenomenological implications on collider physics. In Section 5.1 we discuss how sparti-
cles, in particular squarks, appear at the large hadron collider (LHC). This is followed by
a survey over squark decays in Section 5.2 and a discussion of the different computations
performed so far in Section 5.3.

5.1 Squarks at the LHC

There are two different kinds of SUSY signals at experimental facilities. On the one hand,
there are virtual sparticle effects on SM processes. For example, electroweak precision
observables such as Z-pole observables, the W-boson mass, and the anomalous magnetic
moment of the muon get altered by virtual SUSY effects. Sparticle loops also contribute
to processes which are rare in the SM such as b → s γ. However, it would be impossible
to ascribe deviations from the SM predictions to supersymmetry in an unambiguous way.
On the other hand, there is the direct production of SUSY particles at colliders. In order
to identify SUSY and determine its parameters it will be crucial to detect sparticles di-
rectly, identify their quantum numbers and measure their masses and coupling constants.
Therefore it is important to have a profound knowledge of the sparticle decays and the
associated radiative corrections.

Up to now no evidence for supersymmetric particles has been found. However, if
supersymmetry is realized at the TeV scale, the large hadron collider at CERN has good
prospects of detecting new supersymmetric particles. The LHC is a proton-proton collider
with a center of mass energy of 7 TeV which is planned to be upgraded to 14 TeV. The
two multi-purpose experiments ATLAS [72] and CMS [73] are designed for searches of new
particles. Furthermore, there are the LHCb [74] experiment investigating the CP properties
in the B meson system and the ALICE [75] experiment designed for detection of heavy-ion
collisions.

If SUSY is realized at the TeV scale, production of colored supersymmetric particles
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(squarks and gluinos) mediated by the strong interaction will dominate. In R-parity con-
serving supersymmetric theories these sparticles will be produced in pairs and subsequently
decay into SM particles and an even number of lightest supersymmetric particles (LSP). For
an adequate analysis it is necessary to go beyond Born approximations [76,77]. In a number
of publications, radiative corrections to squark production and decays have been studied.
For the squark and gluino production processes the computations of next-to-leading or-
der (NLO) QCD [78], as well as the NLO electroweak contributions1 [79] are available.
These are complemented with next-to-leading-logarithmic (NLL) [81–83], next-to-next-to-
leading-logarithmic (NNLL) [84], and next-to-next-to-leading-order QCD corrections [85].
The subsequent decays will be the subject of the next section.

5.2 Squark decays: phenomenological overview

In the following analysis we will distinguish between the first two generations (light-flavor
squarks) and the third-generation squarks. Because of their negligible Yukawa couplings
the light-flavor squarks are often considered as degenerate in mass and the squark mass
eigenstates are the SUSY partners of the left- and right-handed quarks. For the third-
generation squarks however, the large Yukawa coupling can account for a considerable
mass difference for top and bottom squarks and a large mixing between left- and right-
handed chiral eigenstates. Therefore, it will be important for our analysis to distinguish
between light-flavor and third-generation squarks.

For adequate sparticle masses, light-flavor squarks can decay into quark plus gluino,
quark plus neutralino, and quark plus chargino,

q̃L/R → q g̃, (5.1a)

q̃L/R → q χ̃0
i , i = 1, . . . , 4, (5.1b)

q̃L/R → q′ χ̃±
i i = 1, 2, q 6= q′. (5.1c)

The decay into quark plus gluino mediated by the strong coupling αs is only available
when the gluino mass is smaller than the squark mass, i.e. mg̃ < mq̃. However, when this
decay is possible it is the dominating decay mode. Hence, the gluino mass in relation to
the squark mass is an important quantity concerning squark decays.

Since the right-handed squarks only couple to the bino component of the neutralinos
and the left-handed squarks couple to winos they decay differently [23]. If

mZ ≪ |µ±M1|, |µ±M2|, (5.2)

the neutralino mass eigenstates are very nearly bino-like (χ̃0
1 ≈ B̃), wino-like (χ̃0

2 ≈ W̃ 3)
and higgsino-like (χ̃0

3,4 ≈ (h0u ± h0d)). In this limit the chargino mass eigenstates consist

of a wino-like χ̃±
1 ≈ W̃± = 1/

√
2(W̃ 1 ± W̃ 2) and a higgsino-like eigenstate χ̃±

2 . Thus, in

1The only missing NLO electroweak contribution is the non-diagonal squark–anti-squark production,
i.e. q̃αq̃

∗

β production for α 6= β and q̃αq
∗

β production for q̃ 6= q̃′.
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this parameter region, the right-handed squarks will mostly decay as q̃R → q χ̃0
1 where

the lightest neutralino χ̃0
1 is the LSP and escapes the detector contributing to the missing

transverse energy. The left-handed squarks decay differently, namely q̃L → q χ̃0
2 and

q̃L → q′ χ̃+
1 if the phase space is open for these decays. The heavier neutralinos and

chargino then subsequently decay with a LSP in the final state. Often, the two-body decays
for χ̃0

2 and χ̃±
1 are kinematically forbidden resulting in the three-body decays χ̃0

2 → f̄ f χ̃0
1

and χ̃±
1 → f̄ f ′ χ̃0

1, where f and f ′ denote a lepton or quark belonging to the same SU(2)L
multiplet. The decays into the higgsino-like neutralinos and chargino are negligible because
of the vanishing Yukawa couplings. The consequential signatures with missing transverse
energy and several jets constitute the typical signal for squark production at the LHC. With
additional requirement of leptons (originating from heavier neutralinos/chargino decays)
the SM background can be considerably reduced whereas most of the SUSY signal is
retained.

The Yukawa couplings of the third generation cannot be neglected anymore. Since
the off-diagonal entries of the squark mass matrix (2.49) are proportional to the quark
mass, i.e. mq(Aq − µκ) (κ = cot β for top and κ = tan β for bottom squarks), differences
between the two mass eigenstates t̃2− t̃1 and b̃2− b̃1 are considerable. Mixing between the
top squarks is strongly enhanced because of the large top-quark mass, whereas the mixing
between the bottom squarks grows for large values of tan β. Hence, the squarks cannot
be categorized into left- and right-handed eigenstates and the simplified analysis applied
to the light-flavor squarks does not apply. Additionally, the decays into the higgsino-like
neutralinos and charginos become relevant. Due to the the possibly large mass-splitting
further decay modes for the top and bottom squarks have to be considered,

t̃2 → t̃1 Z, t̃2 → t̃1 h
0, (5.3a)

t̃2 → t̃1H
0, t̃2 → t̃1A

0, (5.3b)

t̃2 → b̃iW
+, t̃2 → b̃iH

+, i = 1, 2, (5.3c)

b̃2 → b̃1 Z, b̃2 → b̃1 h
0, (5.3d)

b̃2 → b̃1H
0, b̃2 → b̃1A

0, (5.3e)

b̃2 → t̃iW
−, b̃2 → t̃iH

−, i = 1, 2. (5.3f)

The decay of the heavier top squark into the lighter top squark and the lightest Higgs
boson can be relevant for the associated production of the lightest Higgs boson with a top
squark pair, i.e. t̃1t̃

∗
1h

0 [86]. For large top squark mixing the t̃1t̃
∗
1h

0 cross section can be
larger than its SM counterpart tt̄h0. For top squark masses suitably larger than the top
quark mass the decay t̃1 → t χ̃0

1 can occur with a large branching ratio. The final outcome
would have a similar signature as the one emerging from tt̄h0 production. Due to the two
neutralinos in the final state escaping detection there is more missing transverse energy
allowing for an additional handle for background rejection. In the appropriate parameter
region the t̃1t̃

∗
1h

0 channel has the potential to be an interesting channel for Higgs discovery.
Further the t̃1t̃

∗
1h

0 cross section could give insights into the SUSY-breaking scenario and
its parameters. Therefore precise theoretical predictions on top-squark production and its
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b
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χ̃0
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χ̃+

W

c

χ̃0
1

Figure 5.1: Typical diagrams contributing to the four-body decay t̃1 → b f f̄ ′ χ̃0
1 (a) and

to the loop-suppressed decay t̃1 → c χ̃0
1 (b).

decay into Higgs bosons could become important.
In certain regions of the MSSM parameter space the decay channels mentioned above

for the lighter top squark t̃1 are kinematically forbidden. In that case the flavor-changing
decay

t̃1 → c χ̃0
1 (5.4)

and the four body decay

t̃1 → b f f̄ ′ χ̃0
1 (5.5)

become relevant. In Fig. 5.1 two typical Feynman diagrams contributing to these processes
are shown. However, these decays are not further examined in this work.

5.3 Squark decays: calculations

Early analyses of squark production with their subsequent decays at leading order assumed
that the squark-decay into photino and quark dominates [87]. In subsequent publications
it was shown that this hypothesis is generally not justified for higher masses of the gluino
and the squarks (mg̃,q̃ > 50 GeV) and different decay modes of light-flavor squarks must
be taken into account [88–92]. Third-generation squark decays incorporating the Yukawa
coupling and all mass terms of the top quark have been computed at tree level in [93].

The QCD NLO calculations to squark decays have first been performed for the decays
of third-generation squarks into neutralinos and charginos (q̃ → q χ̃0

i and q̃ → q′ χ̃±
j where

q, q′ = t, b, i = 1, . . . , 4, j = 1, 2) [94]. The authors found corrections of about 10% except
for decays with higgsino-like neutralinos or chargino where they can amount to 40%. This
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computation has been generalized for decays of light-flavor squarks with massless quarks
as decay products [95]. In this case the corrections to light-flavor squark decays did not
exceed 10%. The first electroweak (EW) NLO computations have been performed in [96]
for bottom squark decays in the Yukawa coupling approximation. Finally, complete EW
corrections to squark decays into neutralinos and charginos for third-generation and light-
flavor squarks have been presented in [97]. The authors identified universal corrections but
also found non-decoupling terms that make it necessary to take into account the whole
MSSM spectrum. The QCD corrections were improved by using an effective bottom quark
Yukawa coupling and were combined with the electroweak corrections which can be of the
same order of magnitude as the QCD ones. A computation using an effective description
of squark interactions with neutralinos and charginos has been done in [98].

At the same time as the corrections to squark decays into neutralinos and charginos
the NLO QCD corrections to light-flavor squark decays into quark plus gluino have been
calculated in [99]. Subsequently, the corrections to top-squark decays into top quark plus
gluino have been computed [100]. The corrections were found to be ranging between thirty
and fifty percent. The electroweak corrections in the Yukawa coupling approximation
amounting up to ten percent have been computed in [101]. The complete electroweak and
QCD one-loop corrections were recently implemented in the SFold package [102].

In [103] the decays of third-generation squarks into W/Z-bosons and into Higgs bosons
plus squarks have been discussed at tree-level. The analysis revealed that these decays can
be dominant in a wide range of the MSSM parameter space owing to the large Yukawa
couplings and mixing angles of t̃ and b̃. The NLO QCD corrections for squark decays into
W and Z bosons have been presented in [104]. It has been found that the corrections are
typically negative and range from minus five to minus ten percent. In [105] the electroweak
corrections were combined with the QCD correction, both being of the same order of
magnitude.

For the squark decays into Higgs bosons, the one-loop QCD corrections have been cal-
culated in [106] for the decay t̃2 → t̃1 (h

0, A0) and generalized to all possible squark decays
to Higgs bosons in [107]. The corrections are mostly negative and are of the order of a
−10% to −20%. In [108] the electroweak corrections in the Yukawa coupling approximation
were computed and the strict one-loop EW corrections have been calculated in [109].

The decays of the lighter top squark when the two-body decays (5.1) are kinematically
forbidden, have first been studied in [110, 111] and more recently in [112, 113]. The full
one-loop computation to the flavor changing neutral current decay t̃1 → cχ̃0

1 was recently
done in [114].

QCD corrections to sparticle decays including squark decays have been implemented
into the Fortran code SDECAY [115] which calculates the decay widths and branching
ratios of all supersymmetric particles in the MSSM. It is a part of the SUSY-HIT pack-
age [116] which combines the SUSY particle spectrum generator SuSpect [117] with the
program HDECAY [118] computing the decays of the MSSM Higgs boson.

The aim of the following chapters is to collect all electroweak and QCD corrections
to all different squark decays (5.1) and (5.3) in a common approach for renormalization
including higher-order contributions in the Higgs and bottom sector. Special care is taken
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for the consistent treatment of the external on-shell particles, especially in the case of the
dependent squarks and neutralinos masses. The Higgs sector has been treated according
to the renormalization scheme used in FeynHiggs [29] which is also used to compute the
two-loop corrections to the Higgs-boson masses. FeynHiggs is a Fortran code for the
diagrammatic calculation of masses, mixing factors of Higgs bosons in the MSSM at the
two-loop level. Furthermore production cross sections, decay widths, and branching ratios
of Higgs bosons are computed up to the one-loop level. For the renormalization of the other
parameters we have chosen the on-shell scheme, such that physical quantities, i.e. on-shell
masses, can be used as input parameters. Only the bottom-quark mass and the according
trilinear coupling are renormalized in the DR scheme in order to avoid instabilities in the
perturbative expansion.



Chapter 6

Squark decays: process-specific
calculations

In this chapter, process-specific calculations of NLO corrections to squark decays are pre-
sented. Explicitly, these are the derivation of the counterterm Lagrangians and counterterm
Feynman rules, which are listed in Appendix C. Furthermore, all Feynman diagrams con-
tributing to these processes are shown, treatment of the on-shell masses for the dependent
particles is specified, and characteristic features of the calculations in the Higgs sector are
discussed. Decays discussed in the following are the decays of squarks into quarks plus neu-
tralinos/charginos, squarks into quarks plus gluino, squarks into squarks plus W/Z-bosons,
and squark decays into squarks plus the various Higgs bosons.

6.1 q̃a → q′χ̃±i and q̃a → qχ̃0
i

6.1.1 Counterterm Lagrangian

The Lagrangian for squark-quark-chargino interactions in terms of the mass eigenstates is
given by [22]

Lqq̃′χ± = χ̃+
k

(
CL∗
sk PL + FR

sk PR
)
d̃†s u+ χ̃−

k

(
DL∗
sk PL + ER

sk PR
)
ũ†s d+ hc. (6.1a)

For interactions of squarks with quarks and neutralinos the Lagrangian reads

Lq q̃ χ̃0 = χ̃0
k

[(
GuL
sk PL +GuR

sk PR
)
ũ†s u+

(
GdL
sk PL +GdR

sk PR
)
d̃†s d
]
+ hc, (6.1b)

where “hc” denotes the hermitian conjugate of the preceding terms. χ̃±
k and χ̃0

k denote the
fields of the chargino and neutralino mass eigenstates (2.60) and (2.67), u and d the quark
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spinors, and ũs and d̃s the squark fields. The couplings in (6.1a) and (6.1b) are given by

CL
sk = −g2 Uk1 U d̃

s1 +
g2 Uk2√
2MW cβ

mdU
d̃
s2, (6.2a)

DL
sk = −g2 Vk1 U ũ

s1 +
g2 Vk2√
2MW cβ

muU
ũ
s2, (6.2b)

ER
sk =

g2 Uk2md√
2MW cβ

U ũ
s1, (6.2c)

FR
sk =

g2 Vk2mu√
2MW sβ

U d̃
s1, (6.2d)

GuL
sk = GuL

k U ũ
s1 −

g2√
2MW sβ

muN
∗
k4U

ũ
s2, (6.2e)

GuR
sk = GuR

k U ũ
s2 −

g2√
2MW sβ

muNk4U
ũ
s1, (6.2f)

GdL
sk = GdL

k U d̃
s1 −

g2√
2MW cβ

mdN
∗
k3U

d̃
s2, (6.2g)

GdR
sk = GdR

k U d̃
s2 −

g2√
2MW cβ

muNk3U
d̃
s1, (6.2h)

Gq L
k = −

√
2 g2 [T q3LN

∗
k2 + tW (Qq − T q3L)N∗

k1] , (6.2i)

Gq R
k =

√
2 g2 tW QqNk1, (6.2j)

where the parameters for the charginos, neutralinos, squarks, and quarks have been intro-
duced in Chapter 2. The mixing matrices for the squarks U q̃

ij , the charginos Uij/Vij , and
neutralinos Nij (Subsection 2.2.3) rotate the gauge eigenstates into mass eigenstates. The
subscript s denotes the squark mass eigenstates and k the chargino / neutralino mass eigen-
state. Indices in generation space are omitted throughout this work, since flavor-changing
interactions are neglected.

The counterterms δL are obtained inserting the renormalization transformations for
the chargino- (4.78), neutralino- (4.91), squark-, and quark-fields (4.33). Furthermore, the
couplings (6.2) transform as

CL
sk → CL

sk + δCL
sk, DL

sk → DL
sk + δDL

sk, (6.3a)

ER
sk → ER

sk + δER
sk, FR

sk → FR
sk + δFR

sk, (6.3b)

Gu L
sk → Gu L

sk + δGu L
sk , Gu R

sk → Gu R
sk + δGu R

sk , (6.3c)

Gd L
sk → Gd L

sk + δGd L
sk , Gd R

sk → Gd R
sk + δGd R

sk . (6.3d)

These renormalization constants are listed in Appendix B.1. This gives us the following
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counterterm Lagrangian for charginos,

δLqq̃′χ± = χ̃+
k

[
PL

(
1

2

[
δZRχ̃+

]∗
lk
CL∗
sl +

1

2
δZL

uC
L∗
sk +

1

2
[δZd̃]

∗
tsC

L∗
tk + δCL∗

tk

)

+ PR

(
1

2

[
δZLχ̃+

]∗
lk
FR
sl +

1

2
δZR

u F
R
sk +

1

2
[δZd̃]

∗
ts F

R
tk + δFR

tk

)]
d̃∗t u

+ χ̃−
k

[
PL

(
1

2

[
δZLχ̃±

]
lk
DL∗
sl +

1

2
δZL

d D
L∗
sk +

1

2
[δZũ]∗ts DL∗

tk + δDL∗
sk

)

+ PR

(
1

2

[
δZRχ̃±

]
lk
ER
sl +

1

2
δZR

d E
R
sk +

1

2
[δZũ]∗ts ER

tk + δER
sk

)]
ũ∗td+ hc, (6.4a)

and neutralinos,

δLq q̃ χ̃0 = χ̃0
l

[
PL

(
1

2
[δZχ̃0 ]

lk
GuL
sl +

1

2
[δZũ]∗ts GuL

tk +
1

2
δZL

u G
uL
sk + δGuL

sk

)

+ PR

(
1

2
[δZχ̃0 ]∗

lk
GuR
sl +

1

2
[δZũ]∗ts GuR

tk +
1

2
δZR

u G
uR
sk + δGuR

sk

)]
ũ∗s u

+ χ̃0
l

[
PL

(
1

2
[δZχ̃0 ]

lk
GdL
sl +

1

2
[δZd̃]

∗
ts G

dL
tk +

1

2
δZL

d G
dL
sk + δGdL

sk

)

+ PR

(
1

2
[δZχ̃0 ]∗

lk
GdR
sl +

1

2
[δZd̃]

∗
ts G

dR
tk +

1

2
δZR

d G
dR
sk + δGdR

sk

)]
d̃∗s d+ hc.

(6.4b)

The corresponding Feynman rules are listed in Appendix C.

6.1.2 Feynman diagrams

The QCD one-loop amplitudeM1L,QCD
1 consist of diagrams (Fig. 6.1) with gluino- (a) and

gluon-exchange (b). Furthermore, the counterterm contributions toMCT,QCD
1 are depicted

in (c), and diagrams with real gluon radiation contributing to the amplitudeMreal,QCD
1 are

given in (d)-(e). For the electroweak corrections (Fig. 6.2), triangle diagrams with a gaug-
ino (a)-(b), Higgs boson (c)-(d), and gauge boson (e)-(g) contribute to M1L,EW

1 , whereas
diagram (h) contributes to the counterterm amplitude MCT,EW. Real radiation account-
ing forMreal,EW

1 consist of diagrams, where a photon is radiated of a electrically charged
particle (i)-(k), whereas diagram (i) only appears in processes with external charginos.

6.1.3 Partial decay widths and branching ratios

In these processes, some subtleties have to be taken care of. First, renormalization of
the bottom quark mass and inclusion of tan β enhanced corrections, which is addressed in
Subsection 4.1.4, have to be considered. Second, one has to pay attention to the treat-
ment of the dependent masses for the particles d̃L, b̃1 and χ̃0

i , (i = 2, 3, 4). This concerns
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all processes (at least those with particles with a dependent mass in the final state) and
is highlighted in Section 4.3. Finally, when computing real corrections for the first gen-
eration squark decays, collinear divergencies occur due to the massless outgoing quark
(Subsection 4.2.2).

Computation of partial decay widths and branching ratios is explained in Chapter 3.
The tree-level partial decay widths for the decays into quarks and neutralinos/charginos is
given by

Γ0(q̃a → q′χ̃i) =
(2π)4

mq̃a

∫
dPS2 |M0|2, (6.5)

where χ̃i denotes a neutralino or chargino, dPS2 the two-body phase space element, and
M0 the tree-level amplitude for the corresponding decay. The decay widths at NLO are
obtained with the amplitudes computed from the Feynman diagrams listed in Subsec-
tion 6.1.2,

Γ
virt,EW/QCD
1 (q̃a → q′χ̃i) =

(2π)4

mq̃a

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0 + δcollΓ0, (6.6a)

Γ
real,EW/QCD
1 (q̃a → q′χ̃i) =

(2π)4

mq̃a

∫
dPS3 |Mreal,EW/QCD

1 |2, (6.6b)

whereMEW/QCD
1 =M1L,EW/QCD

1 +MCT,EW/QCD
1 . δsoft and δcoll denote the soft-photon/gluon

and collinear-photon/gluon factors (4.116) and (4.120). The partial decay widths at
EW/QCD NLO are then given by

Γ
EW/QCD
1 (q̃a → q′χ̃i) = Γ

virt,EW/QCD
1 (q̃a → q′χ̃i) + Γ

real,EW/QCD
1 (q̃a → q′χ̃i). (6.7)

Finally, the branching ratios are calculated according to (3.14).
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Figure 6.1: Generic Feynman diagrams contributing to QCD corrections to the process
q̃a → q′ χ̃i: (a), (b) virtual corrections, (c) counterterm diagram and (d), (e) real radiation
diagrams. Notation as in Fig. 6.2.
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Figure 6.2: Generic Feynman diagrams contributing to electroweak corrections to the pro-
cess q̃a → q′ χ̃i: (a)-(g) virtual corrections, (h) counterterm diagram, (i)-(k) real radiation
diagrams. The common label V denotes the gauge bosons γ, Z orW . S refers to the Higgs
bosons h0, H0, A0 and H±, for internal particles it also stands for the Goldstone bosons
G0 and G±. χ̃i labels neutralinos and charginos, respectively. Insertions of the specific
particles have to be combined such that the U(1) and SU(2) charges are conserved at each
vertex.

6.2 q̃a → qg̃

6.2.1 Counterterm Lagrangian

The Lagrangian for squark-quark-gluino interactions is given by [22]

Lq̃s q g̃a = −
√
2 gs T

a
∑

q=u,d

q
(
U q̃
1s PR − U q̃

2s PL

)
g̃a q̃s + hc. (6.8)

The renormalization transformations introduced for the squark, quark, and gluino fields
(4.61, 4.33, 4.98b) and for the strong coupling constant (4.105), yield the counterterm
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Lagrangian

δLq̃s q g̃a =
√
2T a

∑

q=u,d

q

[
PL

(
δZgs gs U

q̃
2s +

1

2
[δZq̃]ts gs U

q̃
2t +

1

2
δZR ∗

q gs U
q̃
2s

)

− PR

(
δZgs gs U

q̃
1s +

1

2
[δZq̃]ts gs U

q̃
1t +

1

2
δZL ∗

q gs U
q̃
1s

)]
g̃a q̃s + hc. (6.9)

From this counterterm Lagrangian the counterterm Feynman rules can be deduced. They
are listed in in Appendix C.

6.2.2 Feynman diagrams

Genuine 1-loop QCD diagrams contributing to the amplitude M1L,QCD
1 (Fig. 6.3) consist

of gluon and gluino exchange (a)-(d). Diagram (e) contributes to the QCD counterterm
amplitudeMCT,QCD

1 and diagrams (f)-(h) account forMreal,QCD
1 . The genuine 1-loop EW

corrections (Fig. 6.4) are built up of triangle diagrams with quark–squark–gauge-boson
(a), quark–squark–neutralino (b) and quark–squark–Higgs-boson loops (c) and the corre-
sponding amplitude is denoted as M1L,EW

1 . The counterterm diagram (d) contributes to
MCT,EW

1 . Finally, the real EW corrections consist of photon radiation of external particles
with electrical charge (Fig. 6.4 (e) and (f)). The corresponding amplitude readsMEW,real

1 .
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Figure 6.3: Feynman diagrams contributing to QCD corrections to q̃a → q g̃: (a)-(d) virtual
diagrams, (e) counterterm, (f)-(h) real radiation diagrams. Notation as in Fig. 6.2.
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Figure 6.4: Generic Feynman diagrams contributing to electroweak corrections to the
process q̃a → q g̃: (a)-(c) virtual corrections, (d) counterterm diagrams and (e)-(f) real
radiation diagrams. Notation as in Fig. 6.2.

6.2.3 Partial decay width and branching ratios

As described in Chapter 3, the tree-level decay width is given by

Γ0(q̃a → qg̃) =
(2π)4

mq̃a

∫
dPS2 |M0|2, (6.10)

where M0 is the tree-level amplitude for the corresponding decay. The decay widths at
NLO are obtained with the amplitudes computed from the Feynman diagrams in Subsec-
tion 6.2.2,

Γ
virt,EW/QCD
1 (q̃a → qg̃) =

(2π)4

mq̃a

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0 + δcollΓ0, (6.11a)

Γ
real,EW/QCD
1 (q̃a → qg̃) =

(2π)4

mq̃a

∫
dPS3 |Mreal,EW/QCD

1 |2, (6.11b)

whereMEW/QCD
1 =M1L,EW/QCD

1 +MCT,EW/QCD
1 . δsoft and δcoll denote the soft-photon/gluon

and collinear-photon/gluon factors (4.116) and (4.120). Because of the external gluino, the
QCD soft color factors involve a non-trivial color factor matrix Rij (c.f. (4.116)). Its cal-
culation is shown in Subsection 6.2.4. The partial decay widths at EW/QCD NLO are
given by

Γ
EW/QCD
1 (q̃a → qg̃) = Γ

virt,EW/QCD
1 (q̃a → qg̃) + Γ

real,EW/QCD
1 (q̃a → qg̃). (6.12)

Finally, the branching ratios are calculated with (3.14).
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6.2.4 Color factors

Since gluon-radiation of a gluino introduces different color factors than gluon-radiation of
squarks and quarks, the color factor matrix R (cf. (4.116)) for the real QCD corrections
of squark decays into quark plus gluino is not trivial anymore. Gluon radiation of quarks
and squarks yields the following charge factors:

(T a)ij =
{ taij for ingoing (s)quark or outgoing anti-(s)quark
−taij for ingoing anti-(s)quark or outgoing (s)quark

. (6.13)

Furthermore, the gluino emitting a gluon yields the factor

(T aG)bc = ifabc. (6.14)

The amplitudes in the soft-gluon approximation for gluon radiation are denoted in Tab. 6.1.

i

j

a

b

k
= −tajk tbki gsM0

p0ǫ

p0k
,

i

j

a
b

k
= taki t

b
jk gsM0

p1ǫ

p1k
,

i
j

a

b
k

= i fbka t
k
ji gsM0

p2ǫ

p2k
=
(
tajk t

b
ki − taki tbjk

)
gsM0

p2ǫ

p2k
.

Table 6.1: Gluon radiation matrix elements in the soft-gluon approximation for the pro-
cesses q̃a → g̃ q. a, b, i, j and k denote the color charges of the particles. p0 denotes the
momentum of the particle with color charge i, p1 belongs to particle j and p2 to particle
with index a.

Squaring the real gluon radiation amplitude yields products tajkt
b
kit

a
ljt

b
il. Color algebra

and the Fierz identity yield the color factor matrix (c.f. (4.116))

R =




16/3 −2/3 6
−2/3 16/3 −6
6 −6 12


 . (6.15)
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6.3 q̃a → q̃bZ and q̃a → q̃′bW
±

In the basis of mass eigenstates, the Lagrangians for electroweak squark–squark–W/Z-
boson interactions read as follows,

Lq̃∗s q̃t A = −iQq̃eAµ

(
U q̃
s1U

q̃
t1 + U q̃

s2U
q̃
t2

)
q̃∗s
←→
∂µ q̃t ≡ −iC (A, q̃∗s , q̃t)Aµq̃

∗
s

←→
∂µ q̃t, (6.16)

Lq̃∗s q̃t Z = − ie

sW cW
Zµ

[
T q̃3L

(
1− 4T q̃3LQq̃ s

2
W

)
U q̃
s1 U

q̃
t1 − s2W Qq̃ U

q̃
s2 U

q̃
t2

]
q̃∗s
←→
∂µ q̃t

≡ −iC (Z, q̃∗s , q̃t)Zµq̃
∗
s

←→
∂µ q̃t, (6.17)

Lq̃∗s q̃′tW = − i e√
2 sW

(
W+
µ U

ũ
s1 U

d̃
t1 ũ

∗
s

←→
∂µ d̃t + hc

)

≡ −iC
(
W+, ũ∗s, d̃t

)
W+
µ ũ

∗
s

←→
∂µ d̃t + hc, (6.18)

C
(
W+, ũ∗s, d̃t

)
= C

(
W−, d̃∗s, ũt

)
. (6.19)

Via the renormalization transformations for the squark-fields (4.61), vector-fields (4.9),
the electric charge (4.14), and the weak mixing angle (4.7) constituting the counterterm
couplings δC(. . .) given in Appendix B.2, the counterterm Lagrangian is obtained. It is
given by

δLq̃∗s q̃t Z = −i
[
δC (Z, q̃∗s , q̃t) +

1

2
δZZA

11 C (Z, q̃∗s , q̃t) +
1

2
δZZA

21 C (A, q̃∗s , q̃t)

+
1

2
[δZq̃s ]∗usC (Z, q̃∗u, q̃t) +

1

2
[δZq̃]vtC (Z, q̃∗s , q̃v)

]
Zµq̃

∗
s

←→
∂µ q̃t, (6.20a)

δLq̃∗s q̃′tW = −i
[
δC
(
W+, ũ∗s, d̃t

)
+

1

2
δZWC

(
W+, ũ∗s, d̃t

)
+

1

2
[δZũ]∗suC

(
W+, ũ∗u, d̃t

)

+
1

2
[δZṽ]vtC

(
W+, ũ∗s, d̃v

)]
W+
µ ũ

∗
s

←→
∂µ d̃t + hc. (6.20b)

From this counterterm Lagrangian the counterterm Feynman rules listed in Appendix C
are deduced.

6.3.1 Feynman diagrams

The 1-loop QCD diagrams contributing to M1L,QCD
1 (Fig. 6.5) include triangle diagrams

with gluino (a) and gluon exchange (b). Furthermore, two-point corrections of squark–
gluon (c)-(d) and squark–squark (e) loops have to be included. The counterterm amplitude
MCT,QCD

1 is represented by diagram (f). Real radiation diagrams accounting forMreal,QCD
1

consist of gluon radiation of the external squarks (h)-(i) and the four-point interaction
between squark–squark–gluon–W/Z-boson (g). The electroweak diagrams (Fig. 6.6) used
for the calculation ofM1L,EW

1 include triangle diagrams with quarks–neutralino/chargino
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(a)-(c), squarks–Higgs-boson (d)-(e), squark–Higgs-boson–gauge-boson (f)-(g), squarks–
gauge-bosons (h)-(i). There are also diagrams with two-point functions of squark–gauge-
bosons (j)-(k), Higgs-boson–Higgs-boson (l), sfermion–sfermion (m), and gauge-boson–
gauge-boson (n). For the counterterm amplitude MCT,EW

1 , diagram (o) has to be evalu-
ated. In addition to photon radiation of external squarks (s)-(t) the four-point interaction
between squark–squark–gauge-boson–photon (p) contribute to Mreal,EW

1 . Furthermore,
when the external W-boson radiates a photon (r), the diagram with a Goldstone-boson
propagator (q) has to be included.

(a)

q̃a

q̃′b

V

g̃

q
q′

(b)

q̃a

q̃′b

V

g

ũa
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Figure 6.5: Generic Feynman diagrams contributing to QCD corrections to the process
q̃a → V q̃′b: (a)-(e) virtual corrections, (f) counterterm diagrams and (g)-(i) real radiation
diagrams. Notation as in Fig. 6.2.

6.3.2 Partial decay width and branching ratios

Referring to Chapter 3, the tree-level decay width is given by

Γ0(q̃a → q̃′bV ) =
(2π)4

mq̃a

∫
dPS2 |M0|2, (6.21)

where V denotes the Z/W-boson and M0 the tree-level amplitude for the corresponding
decay. The decay widths at NLO are obtained with the amplitudes computed from the
Feynman diagrams in Subsection 6.3.1,

Γ
virt,EW/QCD
1 (q̃a → q̃′bV ) =

(2π)4

mq̃a

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0, (6.22a)

Γ
real,EW/QCD
1 (q̃a → q̃′bV ) =

(2π)4

mq̃a

∫
dPS3 |Mreal,EW/QCD

1 |2, (6.22b)
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Figure 6.6: Generic Feynman diagrams contributing to electroweak corrections to the
process q̃a → V q̃′b: (a)-(n) virtual corrections, (o) counterterm diagrams and (p)-(t) real
radiation diagrams. Notation as in Fig. 6.2.
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whereMEW/QCD
1 =M1L,EW/QCD

1 +MCT,EW/QCD
1 . δsoft denotes the soft-photon/gluon factor

(4.116). Since there is no external massless particle, there are no collinear singularities and
the collinear-photon/gluon factor does not appear. As we have seen in Subsection 4.1.3,
there is a finite shift between the tree-level and on-shell masses of the left-handed down-type
sfermions. In order not to spoil UV-finiteness, the on-shell masses only have to be inserted
into terms of one-loop amplitudes M1L,EW

1 including the IR divergent loop-integrals C0.
These terms involve the coupling between t̃2 b̃

∗
1G

−. In order to maintain IR-finiteness, the
procedure described in Section 6.3.3 has to be applied. Finally, the EW/QCD NLO partial
decay widths are given by

Γ
EW/QCD
1 (q̃a → q̃′bV ) = Γ

virt,EW/QCD
1 (q̃a → q′bV ) + Γ

real,EW/QCD
1 (q̃a → q′bV ). (6.23)

and the branching ratios are calculated with (3.14).

Real radiation

Alternatively, real radiation for the decay q̃a → q̃b Z has also been computed by integrating
the 3-body phase space analytically. The decay width including real photon emission
q̃a → q̃b Z γ (including soft and hard photons) in terms of the bremsstrahlung integrals
given in Appendix A reads

Γreal+soft,EW
1 =

4παm2
q̃a

πκ
Q2
q̃

(
3M2

Z

κ2
I −

(
I0 + I1 +m2

q̃aI00 +m2
q̃b
I11

+
(
m2
q̃a +m2

q̃b
−M2

Z

)
I01
))

Γ0, (6.24)

where the charges of the squarks are given by Qq̃ and their masses are denoted as mq̃a , mq̃b .
Furthermore, the abbreviation κ ≡ κ

(
m2
q̃a ,m

2
q̃b
,M2

Z

)
for the Källén function (3.2) is used.

The decay width for real gluon radiation Γreal,QCD
1 is obtained by replacing Qq̃ → 4/3 and

α→ αs. The NLO decay width then is given by

Γ
EW/QCD
1 (q̃a → q̃bZ) =

(2π)4

mq̃a

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ Γ

real+soft,EW/QCD
1 . (6.25)

This yields exactly the same numerical results as the phase-space slicing method in the
preceding subsection. However, in this approach it is not possible to extract kinematical
distributions, since the phase space is integrated analytically. Therefore, in general we
apply the phase space slicing method for all processes.

6.3.3 Dependent masses in squark–squark–Goldstone vertices

When computing the decay t̃2 → b̃1W one has to take special care while inserting the
on-shell mass of b̃1 (cf. Section 4.3). In several one-loop diagrams in Fig. 6.6, the vertex
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t̃2 b̃
∗
1G

− appears. The Feynman rule for this vertex reads

− iC
(
G−, t̃2, b̃

∗
1

)
= − i e√

2MW sW tβ

(
− tβ U t̃

2,2 U
b̃
1,1 mt

(
Au −

µ

tβ

)

︸ ︷︷ ︸
X

+ tβ U
t̃
2,1

(
U b̃
1,2 mb

(
Ab − µ tβ

)
︸ ︷︷ ︸

Y

+U b̃
1,1

(
m2
b −m2

t − c2βM2
W

)
︸ ︷︷ ︸

Z

))
. (6.26)

The expressions X, Y and Z can be written in terms of the squark masses. In order to
maintain IR-finiteness, the tree-level value mb̃1

has to be replaced by the on-shell value
mOS
b̃1
. Terms X and Y can be replaced through linear combinations of the squark masses,

using the relation

[Dq̃]12 =
[
U q̃ †Mq̃ U

q̃
]
12
, q̃ = t̃, b̃. (6.27)

Expression Z, on the other hand, can be written in terms of the squark masses using

M̃ b̃
11 − M̃ t̃

11 =
[
U b̃ †M b̃ U b̃

]
11
−
[
U t̃ †M t̃ U t̃

]
11
. (6.28)

Using these relations and inserting the on-shell value mOS
b̃1

one gets

X = |U b̃
11|2mOS2

b̃1
+ |U b̃

21|2m2
b̃2
− |U t̃

11|2m2
t̃1
− |U t̃

21|2m2
t̃2
, (6.29a)

Y = U b̃
11 U

b̃
12m

OS2
b̃1

+ U b̃
21 U

b̃
22m

2
b̃2
, (6.29b)

Z = U t̃
11 U

t̃
12m

2
t̃1
+ U t̃

21 U
t̃
22m

2
t̃2
. (6.29c)

6.4 q̃a → q̃bh
0, H0, A0 and q̃a → q̃′bH

±

6.4.1 Counterterm Lagrangian

The cubic Higgs-boson–squark–squark interactions can be written in terms of the La-
grangian [22,119]

LS q̃∗s q̃′t =
∑

S,q̃s,q̃′t

C (S, q̃∗s , q̃
′
t)S q̃

∗
s q̃

′
t, (6.30)
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where S stands for any Higgs field of the MSSM. The cubic interaction terms C (S, q̃∗s , q̃
′
t)

are given by

C
(
H+, ũ∗s, d̃t

)
=

g2√
2MW

[
U ũ
s1 U

d̃
t1

(
m2
u

cβc
sβ

+m2
d

sβc
cβ
−M2

W (sβcβc + cβsβc)

)

− U ũ
s1 U

d̃
t2md

(
µ
cβc
cβ
− Ad

sβc
cβ

)
− U ũ

s2 U
d̃
t1mu

(
µ
sβc
sβ
− Au

cβc
sβ

)

+ U ũ
2s U

d̃
2t

(
sβc
cβ

+
cβc
sβ

)
mumd

]
, (6.31a)

C
(
G+, ũ∗s, d̃t

)
=

g2√
2MW

[
U ũ
s1 U

d̃
t1

(
m2
u

sβc
sβ
−m2

d

cβc
cβ
−M2

W (sβsβc − cβcβc)
)

− U ũ
s1 U

d̃
t2md

(
µ
sβc
cβ

+ Ad
cβc
cβ

)
+ U ũ

s2 U
d̃
t1mu

(
µ
cβc
sβ

+ Au
sβc
sβ

)

+ U ũ
2s U

d̃
2t

(
sβc
sβ
− cβc
cβ

)
mumd

]
, (6.31b)

C
(
H0, ũ∗s, ũt

)
= CA (ũ

∗
s, ũt) sα + Cµ (ũ

∗
s, ũt) cα − Cg (ũ∗s, ũt) cα+β, (6.31c)

C
(
h0, ũ∗s, ũt

)
= CA (ũ

∗
s, ũt) cα − Cµ (ũ∗s, ũt) sα + Cg (ũ

∗
s, ũt) sα+β, (6.31d)

C
(
H0, d̃∗s, d̃t

)
= CA

(
d̃∗s, d̃t

)
cα + Cµ

(
d̃∗s, d̃t

)
sα − Cg

(
d̃∗s, d̃t

)
cα+β, (6.31e)

C
(
h0, d̃∗s, d̃t

)
= −CA

(
d̃∗s, d̃t

)
sα + Cµ

(
d̃∗s, d̃t

)
cα + Cg

(
d̃∗s, d̃t

)
sα+β, (6.31f)

C
(
A0, ũ∗s, ũt

)
=
i g2mu

2MW

sβn
sβ

(
U ũ
s1 U

ũ
t2

(
µ− Au

tβn

)
− U ũ

s2 U
ũ
t1

(
µ− Au

tβn

))
, (6.31g)

C
(
A0, d̃∗s, d̃t

)
=
i g2md

2MW

cβn
cβ

(
U d̃
s1 U

d̃
t2 (µ− Ad tβn)− U d̃

s2 U
d̃
t1 (µ− Ad tβn)

)
, (6.31h)

C
(
G0, ũ∗s, ũt

)
=
i g2mu

2MW

cβn
sβ

(
−U ũ

s1 U
ũ
t2 (µ+ Au tβn) + U ũ

s2 U
ũ
t1 (µ + Au tβn)

)
, (6.31i)

C
(
G0, d̃∗s, d̃t

)
=
i g2md

2MW

sβn
cβ

(
U d̃
s1 U

d̃
t2

(
µ+

Ad
tβn

)
− U d̃

s2 U
d̃
t1

(
µ+

Ad
tβn

))
, (6.31j)

with the abbreviations for the contributions via the trilinear couplings Au,d,

CA (ũ
∗
s, ũt) ≡

g2
MW sβ

[
muAu

2

(
U ũ
s1 U

ũ
t2 + U ũ

s2 U
ũ
t1

)
−m2

u

(
U ũ
s1 U

ũ
t1 + U ũ

s2 U
ũ
t2

)]
, (6.32a)

CA

(
d̃∗s, d̃t

)
≡ g2
MW cβ

[
mdAd

2

(
U d̃
s1 U

d̃
t2 + U d̃

s2 U
d̃
t1

)
−m2

d

(
U d̃
s1 U

d̃
t1 + U d̃

s2 U
d̃
t2

)]
, (6.32b)

the higgsino mass parameter µ,

Cµ (ũ
∗
s, ũt) ≡

g2mu µ

2MW sβ

(
U ũ
s1 U

ũ
t2 + U ũ

s2 U
ũ
t1

)
, (6.32c)

Cµ

(
d̃∗s, d̃t

)
≡ g2md µ

2MW cβ

(
U d̃
s1 U

d̃
t2 + U d̃

s2 U
d̃
t1

)
, (6.32d)
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and the gauge coupling g2,

Cg (ũ
∗
s, ũt) ≡

g2MW

2

[
U ũ
s1 U

ũ
t1

(
1 + (1− 2Qu)t

2
W

)
+ 2Qu U

ũ
s2 U

ũ
t2 t

2
W

]
, (6.32e)

Cg

(
d̃∗s, d̃t

)
≡ −g2MW

2

[
U d̃
s1 U

d̃
t1

(
1 + (1 + 2Qd)t

2
W

)
− 2Qd U

d̃
s2 U

d̃
t2 t

2
W

]
. (6.32f)

We distinguish between βn, βc and β, since the parameter β has to be renormalized whereas
the mixing angles α, βn and βc need not to as already explained in Subsection 4.1.3. This
distinction becomes important when computing the counterterms below.

Again, the counterterm Lagrangian is obtained inserting the transformations for the
squark fields, the Higgs fields (4.23), and for the couplings (6.31),

C (. . .)→ C (. . .) + δC (. . .) . (6.33)

This results in the following counterterm Lagrangian,

δLS q̃∗s q̃′t =
∑

S,q̃s,q̃′t

[
δC (S, q̃∗s , q̃

′
t) +

1

2
[δZq̃]∗suC (S, q̃∗u, q

′
t) +

1

2
[δZq̃]tv C (S, q̃∗u, q

′
v)

]
S q̃∗s q̃

′
t

+
∑

q̃

[(
1

2
δZh0 h0C

(
h0, q̃∗s , q̃t

)
+

1

2
δZh0H0C

(
H0, q̃∗s , q̃t

))
h0 q̃∗s q̃t

+

(
1

2
δZH0H0C

(
H0, q̃∗s , q̃t

)
+

1

2
δZh0H0C

(
h0, q̃∗s , q̃t

))
H0 q̃∗s q̃t

+

(
1

2
δZA0 A0C

(
A0, q̃∗s , q̃t

)
+

1

2
δZA0G0C

(
G0, q̃∗s , q̃t

))
A0 q̃∗s q̃t

+

(
1

2
δZG0G0C

(
G0, q̃∗s , q̃t

)
+

1

2
δZA0G0C

(
A0, q̃∗s , q̃t

))
G0 q̃∗s q̃t

]

+
∑

q̃,q̃′

[(
1

2
δZH±H∓C

(
H±, q̃∗s , q̃

′
t

)
+

1

2
δZH±G∓C

(
G±, q̃∗s , q̃

′
t

))
H± q̃∗s q̃

′
t

+

(
1

2
δZG±G∓C

(
G±, q̃∗s , q̃

′
t

)
+

1

2
δZH∓G±C

(
H±, q̃∗s , q̃

′
t

))
G± q̃∗s q̃

′
t

]
. (6.34)

The coupling renormalization constants δC (S, q̃∗s , q̃
′
t) are given in Appendix B.3 and the

resulting counterterm Feynman rules are listed in Appendix C.
Furthermore, we need the counterterms for W± −H± and Z − A0 mixing depicted in

Fig. 6.9. They stem from the kinetic terms of the Higgs fields

(DµH1)
† (DµH1) + (DµH2)

† (DµH2) . (6.35)

Renormalizing the parameters and fields respectively, the counterterm Lagrangian for the
A0 − Z and H± −W± interactions reads

δL = −MZ

(
c2β δtβ +

1

2
δZA0G0

)
Zµ ∂

µA0 ±
(
c2β δtβ +

1

2
δZG±H∓

)
W±
µ ∂

µH∓. (6.36)
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6.4.2 Feynman diagrams

The genuine 1-loop QCD amplitudesM1L,QCD
1 are computed via triangle diagrams (Fig. 6.7)

with gluino (a) and gluon exchange (b). Furthermore, the αs-dependent part of the four-
squark vertex is present in diagram (c). The counterterm amplitudeMCT,QCD

1 is given in
terms of the counterterm diagram (d). Real radiation consists of diagrams, where the in-
and outgoing squarks radiate a gluon (e)-(f) and contribute toMreal,QCD

1 .

For the virtual EW amplitudes M1L,EW
1 , triangle diagrams (Fig. 6.8) with quarks–

neutralinos or quark–charginos (a)-(c), squarks–Higgs-bosons (d)-(f), squark–Higgs-boson–
gauge-boson (g)-(h), and squarks–gauge-bosons (i)-(j) have to be computed. Further
corrections including two-point functions with squark–Higgs-boson (k)-(l), Higgs-boson–
Higgs-boson (m), and sfermion–sfermion (n) are present. Note, that the diagrams (b), (f)
and (j) only appear for the decays into neutral Higgs-bosons. The counterterm amplitude
MCT,EW

1 consists of diagrams (o). The real radiation amplitudeMreal,EW
1 is computed with

diagrams (p)-(r), where (p) only appears in processes with external charged Higgs bosons.
When the squark decays into the CP-odd or charged Higgs boson, the mixing between the
Higgs and the Z/W boson has to be taken into account. These diagrams are drawn in
Fig. 6.9. The 1-loop amplitudeM1L,EW

1 then also consists of diagrams with SM fermions
(a,f), neutralinos/charginos (b,g), Higgs boson (c,h), sfermion (d,i), and sfermion–gauge-
boson (e,j) bubble diagrams. In this case, also the counterterm amplitude MCT,EW

1 hast
to include counterterm diagram (k,l).

(a)

q̃a

q̃′b

S

g̃

q
q′

(b)

q̃a

q̃′b

S

g

q̃a

q̃′b

(c)

q̃a
q̃′b

S

q̃′c

q̃d

(d)

q̃a

q̃′b

S

(e)

q̃a

q̃′b

S

g

q̃′b

(f)

q̃a

q̃′b

S

g

q̃a

Figure 6.7: Generic Feynman diagrams contributing to QCD corrections to the process
q̃a → H q̃′b: (a)-(c) virtual corrections, (d) counterterm diagrams and (e)-(f) real radiation
diagrams. Notation as in Fig. 6.2.
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Figure 6.8: Generic Feynman diagrams contributing to electroweak corrections to the
process q̃a → H q̃′b: (a)-(n) virtual corrections, (o) counterterm diagrams, (p)-(r) real
radiation diagrams. Notation as in Fig. 6.2.

6.4.3 Partial decay widths and branching ratios

Referring to Chapter 3, the partial tree-level decay width for the decay of a squark into
squark plus Higgs boson reads

Γ0(q̃a → q̃′bS) =
(2π)4

mq̃a

∫
dPS2 |M0|2, (6.37)

where S denotes any of the five physical Higgs bosons and M0 the corresponding tree-
level amplitude. The computations of the partial decay widths beyond leading order will
be divided between the decays q̃a → q̃b (h

0, H0) (Subsection 6.4.4) and q̃a → q̃′b (A
0, H±)

(Subsection 6.4.6).
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Figure 6.9: Generic Feynman diagrams contributing to Higgs–gauge-boson mixing for the
process q̃a → H q̃′b. In this case (V , S) stands for (Z, A0) or (W , S). Otherwise, the
notation is as in Fig. 6.2.

6.4.4 q̃a → q̃b (h
0, H0)

When computing squark decays into (on-shell) Higgs bosons beyond leading order, the
finite wave-function normalization factors Zi (4.31a) and Zij (4.31b) have to be included.
For decays into the neutral CP-even Higgs bosons this implies a mixing between amplitudes
with external h and H. This is worked out in detail in Subsection 4.1.3.

Improved Born approximation

It has been shown in [45] that in large MSSM parameter regions the improved Born ap-
proximation [45,120] containing the Yukawa contributions of O(GFm

4
t/M

2
W ) deviates from

the complete one-loop calculation only by a few percent. The improved Born approxima-
tion includes the effects from the Higgs propagator corrections using the finite Z-factors
(4.31a, 4.31b). The improved amplitude MZ

0 is obtained by summing over the tree-level
amplitudesM0,{h0,H0}, weighted by the appropriate Z-factors1,

MZ
0

(
q̃2 → q̃1h

0
)
=
√
Zh0 (M0,h0 + Zh0H0M0,H0) , (6.38a)

MZ
0

(
q̃2 → q̃1H

0
)
=
√
ZH0 (M0,H0 + ZH0h0M0,h0) . (6.38b)

1The subscripts h0 and H0 denote the amplitudes for the processes q̃2 → q̃1 h0 and q̃2 → q̃1 H0,
respectively.
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The partial decay widths improved by Z-factors then read

ΓZ0
(
q̃2 → q̃1h

0
)
=

(2π)4

mq̃2

∫
dPS2 |MZ

0

(
q̃2 → q̃1h

0
)
|2, (6.39a)

ΓZ0
(
q̃2 → q̃1H

0
)
=

(2π)4

mq̃2

∫
dPS2 |MZ

0

(
q̃2 → q̃1H

0
)
|2. (6.39b)

One-loop corrections

In order to have the right on-shell properties for the external h0 and H0 bosons, the one-
loop amplitudes and decay widths have to be multiplied with the field renormalization
factors Z. The amplitudes for virtual EW/QCD corrections then read

MEW/QCD
1

(
q̃2 → q̃1h

0
)
=
√
Zh0

(
MEW/QCD

1,h0 + Zh0H0MEW/QCD

1,H0

)
, (6.40a)

MEW/QCD
1

(
q̃2 → q̃1H

0
)
=
√
ZH0

(
MEW/QCD

1,H0 + ZH0h0MEW/QCD

1,h0

)
, (6.40b)

whereMEW/QCD

1,{h0,H0} =M
1L,EW/QCD

1,{h0,H0} +MCT,EW/QCD

1,{h0,H0} are the amplitudes with external h0/H0

boson listed in Subsection 6.4.2. Similarly, for the real corrections we get

Mreal,EW/QCD
1

(
q̃2 → q̃1h

0
)
=
√
Zh0

(
Mreal,EW/QCD

1,h0 + Zh0H0Mreal,EW/QCD

1,H0

)
, (6.41a)

Mreal,EW/QCD
1

(
q̃2 → q̃1H

0
)
=
√
ZH0

(
Mreal,EW/QCD

1,H0 + ZH0h0Mreal,EW/QCD

1,h0

)
, (6.41b)

whereMreal,EW/QCD

1,{h0,H0} denote the amplitudes for real photon/gluon radiation with external

Higgs boson h0/H0. The partial decay widths for the virtual and real corrections, using
this amplitudes, then are

Γ
virt,EW/QCD
1

(
q̃2 → q̃1h

0/H0
)
=

(2π)4

mq̃2

∫
dPS2 2Re

[
MZ*

1 M
EW/QCD
1

]
+ δsoftΓ

Z
0 , (6.42a)

Γ
real,EW/QCD
1

(
q̃2 → q̃1h

0/H0
)
=

(2π)4

mq̃2

∫
dPS3

∣∣Mreal,EW/QCD
1

∣∣2, (6.42b)

where dPS3 denotes the 3-body phase-space element (c.f. Chapter 3) and δsoft the soft-
photon/gluon factor. Hence, the partial decay width at NLO is given by

Γ
EW/QCD
1 (q̃2 → q̃1h

0/H0) = Γ
virt,EW/QCD
1 (q̃a → qbh

0/H0)

+ Γ
real,EW/QCD
1 (q̃a → qbh

0/H0). (6.43)

6.4.5 Real radiation

In addition to the phase-space slicing method of the preceding subsection, the real ra-
diation was computed integrating the 3-body phase space analytically. In terms of the
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bremsstrahlung integrals including soft and hard photon radiation given in Appendix A,
the decay width for the real radiation process q̃2 → q̃1 h

0/H0 γ can be written as

Γreal+soft,EW
1 = −

4αm2
q̃2

πκ
(
m2
q̃2
,m2

q̃1
,M2

h0/H0

) (m2
q̃2
Q2
q̃I00 +m2

q̃1
Q2
q̃I11

+Q2
q̃

(
I0 + I1 +

(
m2
q̃2
+m2

q̃1
−M2

h0,H0

)
I01
))

ΓZ0 , (6.44)

where Qi, mi denote the charge and mass of the particle i and κ the Källén function (3.2).
The decay width for real gluon radiation is obtained by setting Q2

0 = Q2
1 = Q0Q1 = 4/3,

Q2 = 0 and replacing α→ αs.
Thus, the partial decay width at NLO is then given by

Γ
EW/QCD
1

(
q̃2 → q̃1h

0/H0
)
=

(2π)4

mq̃2

∫
dPS2 2Re

[
MZ*

1 M
EW/QCD
1

]

+ Γ
real+soft,EW/QCD
1 . (6.45)

Numerically, the decay widths obtained with the analytical bremsstrahlung integrals yield
the same result as the phase-space slicing result described in the preceding subsection.

6.4.6 q̃a → q̃′b (A
0, H±)

The decay widths at NLO are obtained with the amplitudes computed from the Feynman
diagrams in Subsection 6.4.2,

Γ
virt,EW/QCD
1 (q̃a → q̃′b (A

0, H±)) =
(2π)4

mq̃a

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0, (6.46a)

Γ
real,EW/QCD
1 (q̃a → q̃′b (A

0, H±)) =
(2π)4

mq̃a

∫
dPS3 |Mreal,EW/QCD

1 |2, (6.46b)

Since the A0 and H± fields are renormalized according to the DR scheme, the EW one-loop
amplitudes have to include the finite factors

√
ẐA0 ≃ 1− 1

2
δẐA0 ≡ 1− 1

2
Re

∂

∂p2
Σ̂A0

∣∣
p2=m2

A0
, (6.47a)

√
ẐH± ≃ 1− 1

2
δẐH± ≡ 1− 1

2
Re

∂

∂p2
Σ̂H−H+

∣∣
p2=m2

H±
, (6.47b)

with the DR renormalized self energies Σ̂ (4.26). The infrared divergence contained in
δZH±

is canceled with the one from soft radiation (explicitly the soft divergent part in the
square of the diagrams Fig. 6.8 (p)). Hence, the amplitudesMEW

1 for squark decays into
A0 and H± are given by

MEW
1 (q̃a → q̃bA

0) =M1L,EW
1 +MCT,EW

1 − 1

2
M0 δẐA0 , (6.48a)

MEW
1 (q̃a → q̃′bH

±) =M1L,EW
1 +MCT,EW

1 − 1

2
M0 δZH± . (6.48b)
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Finally, the decay widths at NLO are given by

Γ
EW/QCD
1 (q̃a → q̃bA

0) = Γ
virt,EW/QCD
1 (q̃a → q̃bA

0) + Γ
real,EW/QCD
1 (q̃a → q̃bA

0), (6.49a)

Γ
EW/QCD
1 (q̃a → q̃′bH

±) = Γ
virt,EW/QCD
1 (q̃a → q̃′bH

±) + Γ
real,EW/QCD
1 (q̃a → q̃′bH

±). (6.49b)
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Chapter 7

Squark decays: numerical evaluation

In the previous chapter the computation of NLO corrections to squark decays was discussed.
In this chapter the decay widths including the computed NLO corrections are numerically
evaluated. First, in Section 7.1 the input parameters are given and the decay widths
and branching ratios are subsequently evaluated in Section 7.2. Following, the numerical
impact of using the correct on-shell values for the dependent particles is discussed in
Subsection 7.2.1. In Section 7.3 different parameter dependence studies with respect to the
relevant parameters, tan β, the CP-odd Higgs-boson mass mA0 , and the trilinear couplings
At, Ab are performed. Also, a two-dimensional parameter scan varying squark (MSUSY)
and gluino (M3) masses is presented. In Section 7.4 the impact of NLO corrections to
differential kinematic distributions of quark jets in the decays of squarks into quark and
neutralino are discussed. Finally, in Section 7.5 our results are compared with the results
obtained with SFOLD [102].

7.1 Input parameters

The SM parameters are chosen in correspondence with [16],

MZ = 91.1876 GeV, MW = 80.399 GeV,

α−1 = 137.036, αS(MZ) = 0.118, (7.1)

mt = 172.0 GeV, mMS
b (MZ) = 2.94 GeV.

The MSSM with real parameters in minimal flavor violation (MFV) counts 30 param-
eters in addition to the aforementioned SM parameters. In order to simplify numerical
studies and to be able to interprete them, it is necessary to reduce the number of param-
eters. This is usually done by assuming specific models of SUSY breaking or classes of
simplified models [121]. The following numerical studies will be performed in benchmark
scenarios based on the minimal supergravity breaking mechanism mSUGRA [122]. Be-
cause of the natural link of SUSY models to grand unified theories (GUTs), the boundary
conditions imposed by mSUGRA and parameters describing the model are given at the
GUT scale.
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For the following analyses we chose benchmark scenarios where the gluino is heavier
than the squarks. Otherwise, the decays of the squarks into gluinos would predominate
over all other decay channels. The decay of squarks into gluinos is then part of the study
in the parameter scan in Subsection 7.3.5. Hence, the numerical evaluation is performed
at the Snowmass Points SPS1a′ [55, 123]

M0 = 70 GeV, M1/2 = 150 GeV, A0 = −300 GeV,

tan β = 10, sgnµ > 0, (7.2)

and SPS4

M0 = 400 GeV, M1/2 = 300 GeV, A0 = 0 GeV,

tan β = 50, sgnµ > 0. (7.3)

The Snowmass Points are already under pressure [124] from ATLAS [125] and CMS SUSY
searches [126]. Since these analyses have been made under simplifying assumptions (e.g.
simplified SUSY models, global K-factors for production processes, and no higher-order
corrections for sparticle decays), numerical examinations in these challenged regions are
important to study the quality of the used approximations in the experimental analyses.
In order to adapt to the recent SUSY limits, updated benchmark scenarios have been
proposed in [127]. From these benchmark scenarios we chose Point 10.1.1 with the GUT-
scale parameters,

M0 = 125 GeV, M1/2 = 550 GeV, A0 = 0 GeV,

tan β = 10, sgnµ > 0. (7.4)

With the spectrum calculator Softsusy 3.1.7 [128] the SUSY parameters in the DR
scheme at the scale QSUSY = 1TeV are obtained, which is in accordance with the SPA
convention [55]. However, in our calculation, the SUSY parameters are defined in the on-
shell (OS) scheme. Hence, the DR SUSY parameters are converted into the OS scheme
according to the procedure described in Appendix D. The only exception is given by the
trilinear couplings in the b and τ sector which are renormalized according to the DR scheme
as described in Section 4.1.2. In general, tree-level Higgs-boson masses get large radiative
corrections. Since especially third-generations squarks can also decay into their lighter
partners plus Higgs bosons, it is important that these corrections are incorporated. This is
done with the help of FeynHiggs 2.7.4 [29] where one- and leading two-loop corrections to
the Higgs-boson masses are computed. These corrected masses are used as OS masses for
the external particles and for Higgs bosons propagating in loops. The OS SUSY param-
eters and mass spectra of the relevant particles (squarks, gauginos and Higgs bosons) are
summarized in Tabs. 7.1, 7.2 for SPS1a′, in Tabs. 7.3, 7.4 for SPS4, and in Tabs. 7.5, 7.6
for the Point 10.1.1. Note, that the input parameters and results are given in a precision
much higher than the uncertainties from missing higher-order contributions would allow
for. This is done to provide for comparison with our results.

These parameter points are also used as a starting point to study parameter depen-
dences in Subsection 7.3.
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MA0 = 418.51 GeV tan β = 9.65 µ = 386.96 GeV

M1 = 100.50 GeV M2 = 197.48 GeV M3 = 608.17 GeV

M
l̃
(1,2)
L

= 181.07 GeV M
ẽ
(1,2)
R

= 115.67 GeV

M
l̃
(3
L
= 179.41 GeV Mτ̃R = 110.34 GeV

M
q̃
(1,2)
L

= 559.79 GeV M
ũ
(1,2)
R

= 540.91 GeV M
d̃
(1,2)
R

= 539.03 GeV

M
q̃
(3)
L

= 493.93 GeV Mt̃R
= 404.02 GeV Mb̃R

= 526.65 GeV

Aτ = −445.80 GeV At = −514.37 GeV Ab = −938.42 GeV

Table 7.1: SUSY-breaking on-shell parameters for the parameter point SPS1a′ [55, 123].

mh0 = 112.18 GeV mH0 = 418.73 GeV mA0 = 418.51 GeV mH± = 426.44 GeV

mχ̃0
1
= 97.95 GeV mχ̃0

2
= 183.44 GeV mχ̃0

3
= 395.15 GeV mχ̃0

4
= 408.66 GeV

mχ̃±
1
= 183.14 GeV mχ̃±

2
= 410.02 GeV mg̃ = 608.17 GeV

mũL = 557.23 GeV mũR = 539.79 GeV md̃L
= 562.69 GeV md̃R

= 539.59 GeV

mt̃1 = 357.64 GeV mt̃2 = 578.26 GeV mb̃1
= 497.84 GeV mb̃2

= 530.51 GeV

Table 7.2: On-shell masses of Higgs bosons, gauginos and squarks for the parameter point
SPS1a′ [55, 123]. Masses of the Higgs bosons include 1- and 2-loop corrections obtained
with FeynHiggs 2.6.5.
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MA0 = 177.24 GeV tan β = 49.35 µ = 368.94 GeV

M1 = 122.81 GeV M2 = 240.95 GeV M3 = 731.20 GeV

M
l̃
(1,2)
L

= 446.57 GeV M
ẽ
(1,2)
R

= 414.98 GeV

M
l̃
(3
L
= 392.57 GeV Mτ̃R = 407.59 GeV

M
q̃
(1,2)
L

= 764.36 GeV M
ũ
(1,2)
R

= 745.73 GeV M
d̃
(1,2)
R

= 743.76 GeV

M
q̃
(3)
L

= 555.85 GeV Mt̃R
= 625.03 GeV Mb̃R

= 601.61 GeV

Aτ = −445.80 GeV At = 444.73 GeV Ab = −636.24 GeV

Table 7.3: SUSY-breaking on-shell parameters for the parameter point SPS4 [123].

mh0 = 112.36 GeV mH0 = 176.77 GeV mA0 = 177.25 GeV mH± = 164.22 GeV

mχ̃0
1
= 120.61 GeV mχ̃0

2
= 223.87 GeV mχ̃0

3
= 375.82 GeV mχ̃0

4
= 395.10 GeV

mχ̃±
1
= 223.63 GeV mχ̃±

2
= 396.35 GeV mg̃ = 731.20 GeV

mũL = 762.45 GeV mũR = 744.90 GeV md̃L
= 766.67 GeV md̃R

= 744.17 GeV

mt̃1 = 539.75 GeV mt̃2 = 680.67 GeV mb̃1
= 544.86 GeV mb̃2

= 614.97 GeV

Table 7.4: On-shell masses of Higgs bosons, gauginos and squarks for the parameter point
SPS4 [123]. The masses of the Higgs bosons include 1- and 2-loop corrections obtained
with FeynHiggs 2.6.5.
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MA0 = 713.63 GeV tan β = 9.66 µ = 623.99 GeV

M1 = 206.48 GeV M2 = 399.33 GeV M3 = 1146.89;GeV

M
l̃
(1,2)
L

= 353.74 GeV M
ẽ
(1,2)
R

= 221.90 GeV

M
l̃
(3
L
= 352.74 GeV Mτ̃R = 218.64 GeV

M
q̃
(1,2)
L

= 1052.77;GeV M
ũ
(1,2)
R

= 1013.42 GeV M
d̃
(1,2)
R

= 1009.15 GeV

M
q̃
(3)
L

= 960.94 GeV Mt̃R
= 825.29 GeV Mb̃R

= 997.12 GeV

Aτ = −297.01 GeV At = −778.14 GeV Ab = −1294.84 GeV

Table 7.5: SUSY-breaking on-shell parameters for Point 10.1.1 [127].

mh0 = 115.01 GeV mH0 = 713.63 GeV mA0 = 713.36 GeV mH± = 718.17 GeV

mχ̃0
1
= 204.64 GeV mχ̃0

2
= 385.68 GeV mχ̃0

3
= 628.67 GeV mχ̃0

4
= 642.30 GeV

mχ̃±
1
= 385.67 GeV mχ̃±

2
= 642.66 GeV mg̃ = 1146.89 GeV

mũL = 1051.41 GeV mũR = 1012.83 GeV md̃L
= 1054.41 GeV md̃R

= 1009.45 GeV

mt̃1 = 800.88 GeV mt̃2 = 1009.05 GeV mb̃1
= 960.75 GeV mb̃2

= 999.34 GeV

Table 7.6: On-shell masses of Higgs bosons, gauginos and squarks for the benchmark point
10.1.1 [127]. The masses of the Higgs bosons include 1- and 2-loop corrections obtained
with FeynHiggs 2.6.5.
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7.1.1 Soft and collinear cuts

The first and second generation quarks (light-flavor quarks) are treated as massless in
general. Hence, in decays of squarks into light-flavor quarks and neutralinos, the one-
loop amplitudes are collinear divergent (cf. Chapter 4.2). These collinear divergencies are
regulated with λq = 10−3 GeV. The cutoff parameters for the soft and collinear regions
are fixed at ∆E/

√
s = 10−3 and δc = 10−2. It has been verified numerically that these

values are small enough to justify the eikonal approximation. In Fig. 7.1, the dependence
on the cut parameters in benchmark scenario SPS1a′ is exemplary shown for the decay
ũR → u χ̃0

1. We compare the decay widths

Γvirt,EW
1 = Γ1L,EW

1 + ΓCT,EW
1 + Γsoft,EW

1 + Γcoll,EW
1 , (7.5a)

Γreal,EW
1 (7.5b)

Γsum,EW
1 = Γvirt,EW

1 + Γreal,EW
1 (7.5c)

The left plot shows the dependence on the variation of ∆E/
√
s where δc = 10−2 is fixed

and the right plot vice versa. Both, the 1-loop corrections including contributions from
the soft and collinear regions Γvirt,EW

1 and the real hard non-collinear contribution Γreal,EW
1

depend on the cutoff parameters but their sum Γsum,EW
1 remains constant. For small cutoff

parameters large cancellations occur whereas for larger values of the soft cutoff parameter
the sum shows a small deviation, indicating that the eikonal approximation is not valid
anymore.

δc
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Figure 7.1: Dependence of ΓEW
1 on the cut parameters ∆E/

√
s (left) and δc (right) for the

decay ũR → u χ̃0
1 at the benchmark point SPS1a′.
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7.2 Numerical evaluation

In this analyses, we are interested in the different squark decays into neutralinos, charginos,
W/Z-bosons, and Higgs bosons. Since the decay into gluinos would dominate over all these
mentioned decay channels, we choose parameter points, where the gluino is heavier than the
squarks. Therefore, we evaluate the (improved) tree-level decay widths Γ0 and branching
ratios BR0, as well as the NLO quantities Γ1 and BR1 including EW and QCD corrections
in the SPS1a′ scenario (Tabs. 7.7, 7.8) and benchmark Point 10.1.1 (Tabs. 7.9, 7.10). For
the decay into Higgs bosons (i.e. t̃2 → t̃1 h

0) Γ0 includes higher-order improvements from
Higgs-propagator effects using finite Z-factors (cf. Chapter 6.4.4). Likewise, for decays
involving the bottom-quark Yukawa coupling (i.e. t̃i → b χ̃+

j , b̃i → b χ̃0
k, and b̃i → t χ̃−

j ),
the partial decay width Γ0 includes higher-order effects from the effective bottom quark
mass meff

b .
In both scenarios the bino-like neutralino is the χ̃0

1, where χ̃
0
2/χ̃

±
1 are wino-like and

χ̃0
3,4/χ̃

±
2 are higgsino-like. Therefore, the right-handed light-flavor squarks decay domi-

nantly into χ̃0
1, whereas the left-handed light-flavor squarks decay into χ̃0

2 and χ̃±
1 . For

third-generation squarks decays into lighter squarks plus W/Z-bosons or Higgs bosons
become relevant. At SPS1a′ decays into W/Z-bosons have branching ratios up to 40%,
whereas at Point 10.1.1 branching ratios for decays into W/Z-bosons reach 13%. The only
possible decay into Higgs bosons is t̃2 → t̃1 h

0 with branching ratios around 5% in both
scenarios.

For both of the two benchmark points, relative QCD corrections (ΓQCD
1 −Γ0)/Γ0 have a

negative value an lie in the range between −2% and −10%. Only for decays into top quarks,
where the available phase space for real radiation is restricted, relative QCD corrections
can have a positive sign and value up to 25%. Relative EW corrections (ΓEW

1 −Γ0)/Γ0 can
be positive or negative, depending on the decay channel. Thus, there can be significant
cancellations between QCD and EW corrections. The absolute value of the relative EW
corrections is of the order of the QCD corrections. Therefore, a consistent treatment of
squark decays beyond leading order demands to include QCD and EW contributions.
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

ũL → u χ̃0
1 0.036 0.68 % 0.037 0.69 %

ũL → u χ̃0
2 1.700 32.14 % 1.695 32.21 %

ũL → u χ̃0
3 0.003 0.06 % 0.002 0.05 %

ũL → u χ̃0
4 0.035 0.66 % 0.033 0.62 %

ũL → d χ̃+
1 3.476 65.72 % 3.456 65.66 %

ũL → d χ̃+
2 0.040 0.75 % 0.040 0.76 %

∑
{a,b} ũL → a b 5.290 5.263

ũR → u χ̃0
1 1.031 99.09 % 1.086 99.03 %

ũR → u χ̃0
2 0.006 0.62 % 0.007 0.65 %

ũR → u χ̃0
3 0.001 0.07 % 0.001 0.07 %

ũR → u χ̃0
4 0.002 0.22 % 0.002 0.24 %

∑
{a,b} ũR → a b 1.040 1.096

d̃L → d χ̃0
1 0.108 2.13 % 0.113 2.22 %

d̃L → d χ̃0
2 1.617 31.73 % 1.603 31.50 %

d̃L → d χ̃0
3 0.005 0.11 % 0.006 0.12 %

d̃L → d χ̃0
4 0.048 0.93 % 0.048 0.94 %

d̃L → u χ̃−
1 3.181 62.40 % 3.185 62.58 %

d̃L → u χ̃−
2 0.137 2.69 % 0.134 2.63 %

∑
{a,b} d̃L → a b 5.096 5.089

d̃R → d χ̃0
1 0.258 99.09 % 0.272 99.02 %

d̃R → d χ̃0
2 0.002 0.62 % 0.002 0.66 %

d̃R → d χ̃0
3 0.000 0.07 % 0.000 0.07 %

d̃R → d χ̃0
4 0.001 0.22 % 0.001 0.24 %

∑
{a,b} d̃R → a b 0.261 0.275

Table 7.7: Decay widths of light-flavor squarks at the benchmark point SPS1a′. Listed are
values at tree-level (Γ0, BR0) and including both, electroweak and QCD corrections (Γ1,
BR1).
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

t̃1 → t χ̃0
1 0.265 19.98 % 0.289 21.98 %

t̃1 → t χ̃0
2 0.037 2.81 % 0.039 3.00 %

t̃1 → b χ̃+
1 1.025 77.21 % 0.985 75.02 %

∑
{a,b} t̃1 → a b 1.327 1.313

t̃2 → t χ̃0
1 0.204 3.20 % 0.219 3.56 %

t̃2 → t χ̃0
2 0.611 9.57 % 0.613 9.95 %

t̃2 → t χ̃0
3 0.072 1.13 % 0.055 0.89 %

t̃2 → b χ̃+
1 1.593 24.96 % 1.683 27.32 %

t̃2 → b χ̃+
2 1.199 18.78 % 0.942 15.30 %

t̃2 → t̃1 Z 2.288 35.85 % 2.228 36.95%

t̃2 → b̃1 W
+ 0.003 0.04 % 0.003 0.05%

t̃2 → t̃1 h
0 0.413 6.47 % 0.368 5.98%

∑
{a,b} t̃2 → a b 6.383 6.111

b̃1 → b χ̃0
1 0.138 3.23 % 0.140 3.15 %

b̃1 → b χ̃0
2 1.270 29.68 % 1.327 29.79 %

b̃1 → b χ̃0
3 0.011 0.25 % 0.010 0.23 %

b̃1 → b χ̃0
4 0.018 0.42 % 0.016 0.36 %

b̃1 → t χ̃−
1 1.536 35.90 % 1.620 36.36 %

b̃1 → t̃1 W
+ 1.305 30.52 % 1.342 30.11%

∑
{a,b} b̃1 → a b 4.278 4.455

b̃2 → b χ̃0
1 0.212 25.61 % 0.220 25.65 %

b̃2 → b χ̃0
2 0.094 11.32 % 0.099 11.55 %

b̃2 → b χ̃0
3 0.026 3.18 % 0.028 3.30 %

b̃2 → b χ̃0
4 0.034 4.10 % 0.034 3.94 %

b̃2 → t χ̃−
1 0.120 14.47 % 0.125 14.59 %

b̃2 → t̃1 W
+ 0.342 41.32 % 0.352 40.98%

∑
{a,b} b̃2 → a b 0.828 0.858

Table 7.8: Decay widths of third-generation squarks at the benchmark point SPS1a′. Listed
are the values at tree-level (Γ0, BR0) and including both, electroweak and QCD corrections
(Γ1, BR1).
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

ũL → u χ̃0
1 0.102 1.06 % 0.106 1.14 %

ũL → u χ̃0
2 3.057 31.92 % 2.951 31.93 %

ũL → u χ̃0
3 0.003 0.04 % 0.002 0.02 %

ũL → u χ̃0
4 0.095 0.99 % 0.084 0.91 %

ũL → d χ̃+
1 6.182 64.54 % 5.970 64.62 %

ũL → d χ̃+
2 0.139 1.45 % 0.127 1.38 %

∑
{a,b} ũL → a b 9.578 9.240

ũR → u χ̃0
1 1.929 99.62 % 2.032 99.59 %

ũR → u χ̃0
2 0.002 0.12 % 0.003 0.12 %

ũR → u χ̃0
3 0.001 0.04 % 0.001 0.04 %

ũR → u χ̃0
4 0.004 0.22 % 0.005 0.24 %

∑
{a,b} ũR → a b 1.936 2.041

d̃L → d χ̃0
1 0.152 1.61 % 0.156 1.70 %

d̃L → d χ̃0
2 2.983 31.53 % 2.870 31.35 %

d̃L → d χ̃0
3 0.005 0.06 % 0.007 0.07 %

d̃L → d χ̃0
4 0.118 1.25 % 0.111 1.22 %

d̃L → u χ̃−
1 5.899 62.35 % 5.733 62.62 %

d̃L → u χ̃−
2 0.303 3.20 % 0.279 3.05 %

∑
{a,b} d̃L → a b 9.460 9.156

d̃R → d χ̃0
1 0.480 99.62 % 0.507 99.59 %

d̃R → d χ̃0
2 0.001 0.12 % 0.001 0.12 %

d̃R → d χ̃0
3 0.000 0.04 % 0.000 0.05 %

d̃R → d χ̃0
4 0.001 0.22 % 0.001 0.24 %

∑
{a,b} d̃R → a b 0.482 0.509

Table 7.9: Decay widths of light-flavor squarks at benchmark Point 10.1.1. Listed are the
values at tree-level (Γ0, BR0) and including both, electroweak and QCD corrections (Γ1,
BR1).
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

t̃1 → t χ̃0
1 1.171 22.54 % 1.257 26.48 %

t̃1 → t χ̃0
2 0.729 14.04 % 0.664 13.99 %

t̃1 → t χ̃0
3 0.093 1.80 % 0.076 1.61 %

t̃1 → b χ̃+
1 1.872 36.05 % 1.715 36.13 %

t̃1 → b χ̃+
2 1.328 25.56 % 1.034 21.79 %

∑
{a,b} t̃1 → a b 5.193 4.746

t̃2 → t χ̃0
1 0.287 1.75 % 0.314 2.10 %

t̃2 → t χ̃0
2 1.609 9.83 % 1.637 10.95 %

t̃2 → t χ̃0
3 2.139 13.07 % 1.643 10.99 %

t̃2 → t χ̃0
4 4.241 25.91 % 3.314 22.17 %

t̃2 → b χ̃+
1 3.455 21.11 % 3.705 24.78 %

t̃2 → b χ̃+
2 2.044 12.49 % 1.698 11.35 %

t̃2 → t̃1 Z 1.766 10.79 % 1.790 11.97%

t̃2 → t̃1 h
0 0.824 5.04 % 0.849 5.68%

∑
{a,b} t̃2 → a b 16.365 14.950

Table 7.10: Decay widths of top squarks at benchmark Point 10.1.1. Listed are the values
at tree-level (Γ0, BR0) and including both, electroweak and QCD corrections (Γ1, BR1).

7.2.1 Dependent masses

In Chapter 4.1, we have seen, that the following masses are dependent quantities at the
one-loop level:

md̃L
, mb̃1

, mχ̃0
2
, mχ̃0

3
, mχ̃0

4
.

Therefore, finite shifts have to be introduced for these masses, such that the right on-shell
values are obtained. In General, these mass-shifts are of the order of 1%. Exemplary, the
aforementioned masses are shown in Tab. 7.12 at the benchmark point SPS1a′.

In decays involving particles with dependant masses, the mass-shifts enter the decay
widths through the phase-space integration. Unsurprisingly, effects are largest for decays
of the lighter bottom squark b̃1, which is the squark with the largest shift between tree-level
and on-shell value. The corrected decay widths for these decays in GeV with and without
usage of the right on-shell masses for the dependent particles are given in Tab. 7.13 and
can differ by up to 9%. Therefore it is important, that these effects are included.
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

b̃1 → b χ̃0
1 0.179 1.30 % 0.175 1.36 %

b̃1 → b χ̃0
2 2.497 18.09 % 2.592 20.10 %

b̃1 → b χ̃0
3 0.051 0.37 % 0.052 0.40 %

b̃1 → b χ̃0
4 0.095 0.69 % 0.089 0.69 %

b̃1 → t χ̃−
1 4.432 32.11 % 4.468 34.64 %

b̃1 → t χ̃−
2 4.723 34.22 % 3.667 28.43 %

b̃1 → t̃1 W
+ 1.824 13.22 % 1.854 14.38%

∑
{a,b} b̃1 → a b 13.801 12.897

b̃2 → b χ̃0
1 0.435 25.34 % 0.458 27.27 %

b̃2 → b χ̃0
2 0.088 5.11 % 0.093 5.52 %

b̃2 → b χ̃0
3 0.074 4.29 % 0.082 4.87 %

b̃2 → b χ̃0
4 0.100 5.81 % 0.104 6.19 %

b̃2 → t χ̃−
1 0.161 9.40 % 0.162 9.63 %

b̃2 → t χ̃−
2 0.631 36.75 % 0.549 32.68 %

b̃2 → t̃1 W
+ 0.228 13.30 % 0.232 13.83%

∑
{a,b} b̃2 → a b 1.717 1.980

Table 7.11: Decay widths of bottom squarks at benchmark Point 10.1.1. Listed are the
values at tree-level (Γ0, BR0) and including both, electroweak and QCD corrections (Γ1,
BR1).

md̃L
[GeV] mb̃1

[GeV] mχ̃0
2
[GeV] mχ̃0

3
[GeV] mχ̃0

4
[GeV]

tree-level 562.879 493.328 183.547 392.867 409.355

on-shell 562.686 498.169 183.440 395.155 408.663

∆m/m −0.03% 0.98% −0.06% 0.58% −0.17%

Table 7.12: Tree-level, on-shell masses, and the relative difference in benchmark scenario
SPS1a′.
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decay products b χ̃0
1 b χ̃0

2 b χ̃0
3 b χ̃0

4 t χ̃−
1 t̃1 W

−

Γ1 in GeV using tree-level masses 0.1409 1.3301 0.0106 0.0153 1.5899 1.1779

Γ1 in GeV using on-shell masses 0.1422 1.3477 0.0108 0.0167 1.6209 1.1325

Table 7.13: NLO corrected decay width Γ1 for decays of the lighter bottom squark b̃1 using
tree-level and on-shell dependant masses.

7.3 Parameter dependences

7.3.1 Scale dependence

The renormalization scale µR enters via the DR renormalization of the Higgs field (4.28b),
the finite Z-factors (4.31a, 4.31b), the trilinear coupling Ab (4.70), and the strong coupling

constant αDR
s (µR) in the decay amplitude. Hence, the improved and NLO decay widths

including these parameters depend on µR.
In order to show the dependence on µR via Higgs field-renormalization and Z-factors, in

the left panel of Fig. 7.2 we show the decay widths for t̃2 → t̃1 h
0 as function of tan β. The

renormalization scale is varied between m/2 ≤ µR ≤ 2m, where m denotes the mass of the
decaying particle. The red curve shows the improved tree-level decay width ΓZ (9.8) and
the red light area its spreading when µR is varied. The blue curve shows the NLO decay
width Γ1 (6.43) including EW and QCD contributions. The variation then is drastically
reduced, such that it is not visible anymore. Hence, as expected, the NLO contributions
reduce the scale uncertainty of the improved Born approximation.

In the right panel of Fig. 7.2, the decay widths for b̃1 → b χ̃0
1 are shown. Here, µR

enters via Ab, and αs. The red curve represents the tree-level decay width Γ0 including
the effective bottom quark mass meff

b . It does not depend on the renormalization scale. At
one-loop order including EW and QCD corrections, the variation of µR is clearly visible.
It is mainly due to the µR-dependence of the DR renormalization constant δAb.

7.3.2 Dependence on tan β

For the variation of tan β the SPS4 benchmark scenario (Tab. 7.3) is taken as a start-
ing point. This parameter point is characterized by having a large value for tan β. As
mentioned in Chapter 4 the b/b̃ sector strongly depends on tan β. Hence, in Fig. 7.3 the
branching ratio for the decays of the heavier bottom squark b̃2 are presented. An impor-
tant contribution to the radiative corrections for large tan β originates from the effective
bottom mass meff

b . In order to show the tan β dependence of the effective bottom quark
mass meff

b , the relative corrections

δ0 =
ΓXb − Γ0

Γ0

, X ∈ {tree, EW, QCD, EW+QCD}, (7.6)
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Figure 7.2: Scale dependence for t̃2 → t̃1 h
0 (left) and b̃1 → b χ̃0

1 (right) as a function of
tan β in benchmark scenario SPS1a′.

are considered. The subscript b denotes the decay width, where the effective bottom
quark mass is used to compute the corresponding amplitude. These relative corrections
are plotted in the left plot of Fig. 7.4, whereas the right plot shows the relative corrections
with respect to the meff

b -improved tree-level decay width Γtree
b

δb =
ΓXb − Γtree

b

Γtree
b

, X ∈ {EW, QCD, EW+QCD}. (7.7)

There is a strong dependence of the improved tree-level decay width on tan β. For large
values of tan β it gives a correction of up to −8%. Furthermore, EW, QCD, and EW+QCD
corrected decay widths show the same tan β dependence. Thus, their relative corrections
with respect to Γeff

b only show a mild variation with tan β and the total corrections amount
up to 2% leading to an overall correction of −4%. Hence, the major tan β dependence is
absorbed into the effective bottom quark mass.

For the other decays, the relative NLO corrections do not depend strongly on tan β. As
an example, the branching ratios including NLO corrections for the heavier top squark t̃2
are plotted in Fig. 7.5. The most important decay channels are the ones into the neutralinos
with large higgsino components. The decays into the Z (W+) gauge bosons and lighter
top (bottom) squarks do also have a considerable branching ratio – depending on tan β –
reaching 14%. For small tan β the branching ratio into a W+ boson is very small, since
now the lighter bottom squark essentially is right-handed. For larger tan β the bottom
squark b̃1 has a larger left-handed component, enabling the decay t̃2 → b̃1 W

+. The same
characteristic can be seen for the wino-like chargino χ̃+

1 .
In contrast, for decay widths not including the bottom Yukawa coupling at the tree

level, the relative corrections do not depend on tan β strongly. Hence, in Fig. 7.6 the
relative corrections

δ =
ΓX1 − Γ0

Γ0

, X ∈ {tree, EW, QCD, EW+QCD}, (7.8)
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are plotted for the decays t̃2 → t χ̃4 (left plot) and t̃2 → b̃1 W
+ (right plot). The tree-level

decay widths for both processes do not depend on the bottom mass and their relative
corrections show no strong dependence on tan β.

χ̃0
4

χ̃0
3

χ̃0
2

χ̃0
1

tanβ

706050403020100

25

20

15

10

5

0Z

χ̃+
2

χ̃+
1

tanβ

B
R

706050403020100

45

40

35

30

25

20

15

10

5

0

Figure 7.3: Branching ratios in % for the decays of the heavier bottom squark b̃2 as function
of tan β. The other parameters are taken from the SPS4 parameter point. The branching
ratio for the decay b̃2 → t̃1 W

+ is not displayed since its value is far below one percent.
The dashed lines represent the tree-level and the full line the branching ratios including
the meff

b -improvement and additional the EW and QCD corrections.
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Figure 7.4: Relative corrections with respect to the tree-level decay width (7.8) (left) and
with respect to the improved tree-level decay width (7.7) (right) for the decay b̃2 → t χ̃−

1 .
Both plots show the variation as function of tan β whereas the other parameters are fixed
according to the SPS4 parameter point.
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Figure 7.5: Branching ratios in % for the decays of the heavier top squark t̃2 as function of
tan β. The other parameters are fixed according to the SPS4 parameter point. The dashed
line represent the tree-level and the full line the NLO branching ratios including EW and
QCD corrections.
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Figure 7.6: Relative corrections for the decays t̃2 → t χ̃0
4 (left) and t̃2 → b̃1 W

+ as function
of tan β. The other parameters are fixed according to the SPS4 parameter point.

7.3.3 Dependence on mA0

The dependence on the mass of the CP-odd Higgs boson mA0 is examined for the decays of
third-generation squarks, which couple to Higgs bosons via their large Yukawa couplings.
As a starting point the benchmark scenario SPS1a′ (cf.7.1, 7.2) is taken and mA0 is varied.
In particular, squark decays into Higgs bosons are affected by the variation of mA0 . There-
fore the decay of the heavier top squark t̃2 is inspected, where the decay channels into the
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Higgs bosons and the lighter top squark t̃1 are opened for (Fig. 7.7). Here, tree-level values
do not include Z-factors for the external Higgs bosons, whereas they are included for all
corrected decay widths. For small values of mA0 the decay t̃2 → t̃1 A

0 has a BR of about
10%. One can also see that there are large corrections for the decays into Higgs bosons for
small mA0 , especially for the decay t̃2 → t̃1 A

0 and t̃2 → t̃1 h
0.

In order to study the various contributions for decays into Higgs bosons, the relative
corrections

δ0 =
ΓXZ − Γ0

Γ0

, X ∈ {tree, EW, QCD, EW+QCD}, (7.9)

for the process t̃2 → t̃1 h
0 are plotted. The subscript Z denotes the decay width improved

by the appropriate Z-factors for the external Higgs bosons (Subsection 4.1.3). In the left
plot of Fig. 7.8 the four different values for (7.9) are plotted. For small values of mA0

the largest effects originate from the Z-factors in the improved tree-level decay width. For
larger mA0 the corrections from the Z-factors in the improved tree-level decay width nearly
vanish. The effects of the one-loop EW and QCD corrections are better visible in the
relative corrections with respect to the improved decay width

δZ =
ΓXZ − Γtree

Z

Γtree
Z

, X ∈ {EW, QCD, EW+QCD}. (7.10)

They are depicted in the right plot of Fig. 7.8. These corrections reaching from −25% for
smaller values of mA0 to −10% for larger mA0 are added to the improved tree-level decay
width.
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Figure 7.7: Branching ratios in % for the decays of the heavier bottoms squark t̃2 as function
of mA0 . The other parameters are fixed according to the SPS1a′ parameter point. The
dashed lines represent the tree-level and the full lines the NLO branching ratios including
EW and QCD contributions.
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Figure 7.8: Relative corrections for the decay t̃2 → t̃1 h
0 with respect to the tree-level

decay width (left) and to the improved tree-level decay width (right) as function of mA0 .
The other parameters are fixed according to the SPS1a′ parameter point.

7.3.4 Dependence on At and Ab

It was mentioned in the previous chapters that for third-generation squarks mixing effects
have to taken into account. The off-diagonal entries of the third-generation squark matrices
are given by mq(Aq − µκ) with κ = cot β for q = t and κ = tan β for q = b. Therefore
the trilinear couplings have a strong effect on the decay of third-generation squarks. In
order to examine the dependence on At and Ab, in Fig. 7.9 the trilinear couplings are
varied, At = Ab ∈ [−1000, 1000] GeV. The other parameters are fixed according to SPS1a′

parameter point.
ForAt ∈ [−150, 150] GeV the mass difference between the heavier and lighter top squark

is to small to allow the decays t̃2 → t̃1 h
0/Z. In this parameter region the most important

decays are t̃2 → t χ̃0
2 and t̃2 → b̃ χ̃+

1 since the off-diagonal entries in the squark mass matrix
become small and t̃2 is mostly left-handed. For larger values of At the mixing between left-
and right-handed squarks becomes important and the top squark mass eigenstates cannot
be regarded as left- and right-handed chiral states. In this region, phase space also allows
for the decays into h0 and Z. The latter becoming important for large values of |At| with
a branching ratio reaching 50%. The branching ratio for the decay into the lightest Higgs
boson reaches up to 6%.
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Figure 7.9: Branching ratios in % for the decays of the heavier bottoms squark t̃2 as
function of At = Ab. The other parameters are fixed according to the SPS1a′ parameter
point. The dashed line represent the tree-level and the full line the NLO branching ratios
including EW and QCD contributions.

7.3.5 Parameter scan over MSUSY and M3

Here, the decays of light-flavor squarks are considered with respect to squark and gluino
masses. In order to identify the parameter regions where big corrections arise in light-
generation squark decays, the following parameter scan is performed. The parameters
varied are MSUSY ∈ [400, 2000] GeV and M3 = mg̃ ∈ [400, 2000] GeV. The gaugino param-
eters M1 and M2 obey the GUT relation M1 = 5/3 tan2 θwM2 = 5α/(3αs cos

2 θW )M3. The
other relevant parameters for light-flavor squark decays are tan β = 10, MA0 = 500 GeV,
µ = 500 GeV, Mf̃L

=Mf̃R
=MSUSY.

For M3 > MSUSY the squark decay into quark and gluino dominates. This is clearly
visible in Fig. 7.10(a), where the branching ratio for the process ũL → u g̃ is plotted. In
the lower right half of the parameter space the branching ratio reaches over 90 %. In the
upper left corner the white space indicates that the decay into gluino is kinematically not
available.

When squarks are lighter than the gluino, left- and right-handed squarks decay dif-
ferently and their decays have to be analyzed separately. In Fig. 7.11(a) and 7.11(b) the
branching ratios for the decays ũL → u χ̃0

2 and ũL → d χ̃+
1 are drawn. The green area

in both plots indicate the region where this two decays dominate since in this region χ̃0
2

and χ̃+
1 are wino-like. In the upper region, these decays are much less important, since the

wino-like neutralino and chargino then are χ̃0
4 and χ̃+

2 .

The branching ratio for the decay of the right-handed squark is studied in Fig. 7.10(b).
Here the branching ratio for the decay ũR → u χ̃0

1 is plotted. Since χ̃0
1 is mostly bino-like,

the right-handed squark dominantly decays via this channel for M3 > MSUSY.

In Fig. 7.13(a) the relative correction of the NLO decay width including EW and QCD
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contributions to the total decay width of the left-handed up-type squark

δtot =
ΓEW+QCD
1 (ũL)− Γ0 (ũL)

Γ0 (ũL)
(7.11)

is plotted. Γ(ũL) denotes the total decay width (3.13b) of the left-handed up-type squark.
Since the denominator of δM2 and δµ can be written as ∆ = M2

2 − µ2 [129], the renor-
malization constants δM2 and δµ diverge for M3 ≈ 1500GeV, M2 ≈ µ ≈ 500GeV. Since
our renormalization scheme is not valid in this case, relative corrections in this region are
manually set to zero (which is also visible in Fig. 7.11(a), 7.11(b), 7.12(b)) since they would
predominate the corrections in the valid parameter space. This pole in the renormalization
constants when M2 ≈ µ can be avoided by choosing different neutralinos for the on-shell
renormalization conditions. However, these different renormalization schemes can lead to
instabilities in other regions of parameter space [130].

The biggest relative corrections occur for M3 < MSUSY. In that region the squark dom-
inantly decays into a quark and a gluino and the QCD corrections to this decay dominate,
which is visible in Fig. 7.12(a) where only the relative QCD corrections are shown. The
relative electroweak corrections to the total decay width of the left-handed up-type squark
are shown in Fig. 7.12(b). They are mostly negative when the squark decays predominantly
into a quark and a gluino, and positive when the it decays into quark and neutralino /
chargino. In the latter case, they are of the same order as the QCD corrections.

The total relative corrections (7.11) for the decay width of the right-handed up-type
squark are depicted in Fig. 7.13(b). The biggest corrections again occur in the region, where
QCD corrections to the decay ũR → u g̃ are predominant (Fig. 7.14(a)). Apart from the
decay of ũL, electroweak corrections (Fig. 7.14(b)) in this parameter region are negligible.
Whereas in the region where the decay ũR → u χ̃0

1 is most important, corrections reach up
to 9%.
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Figure 7.10: Branching ratio in % for the decay ũL → u g̃ (a) and ũR → u χ̃0
1 (b). Param-

eters are chosen as described in the first paragraph of Subsection 7.3.5.
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Figure 7.11: Branching ratio in % for the decay ũL → u χ̃0
2 (a) and ũL → d χ̃+

1 (b).
Parameters are chosen as described in the first paragraph of Subsection 7.3.5.
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Figure 7.12: Relative QCD (a) and electroweak (b) corrections to the total decay width of
ũL. Parameters are chosen as described in the first paragraph of Subsection 7.3.5.
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Figure 7.13: Relative total corrections to the total decay width of and ũL (a) and ũR (b).
Parameters are chosen as described in the first paragraph of Subsection 7.3.5.
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Figure 7.14: Relative QCD (a) and electroweak (b) corrections to the total decay width of
ũR. Parameters are chosen as described in the first paragraph of Subsection 7.3.5.



112 7. Squark decays: numerical evaluation

7.4 Quark jet pT distribution

The electroweak and QCD corrections also have a substantial effect on differential distribu-
tions. These are of particular interest when production and decay of squarks are combined.
In order to get observable distributions events of the decaying squarks would have to be
combined with the events of squark production, i.e. the momenta of the decay products
would have to be boosted with the distribution originating from the squark production.
In this analysis we focus on the pT distribution of the quark in the decay of a squark into
quark plus neutralino. This shows whether big effects can arise due to corrections only in
the squark decay.

The effects of NLO contributions to pT distributions of squark decays into neutralinos
or charginos are very similar for the different light-flavor squark decay channels. As an
example we show the pT distribution of the quark jet of the decay ũR → u χ̃0

1 in the SPS1a′

benchmark scenario. In Fig. 7.15(a) the tree-level and corrected pT distributions of the u
quark in the decay ũR → u χ̃0

1 at the SPS1a′ parameter point are plotted 1. The different
relative corrections are defined as

δ =
d∆ΓX/ d pT
dΓ0/ d pT

, X ∈ {EW, QCD, (real,QCD), (virt,QCD)}, (7.12)

where pT is the transverse momentum of the quark in the rest frame of the squark and the
different contributions to the decay widths are defined in Chapter 3. This distribution is
plotted in Fig. 7.15(b). Since for pT distributions, QCD corrections are largest, real and
virtual corrections are shown separately. The virtual contributions to the pT distribution
do not change its shape, i.e. the contribution of the relative virtual corrections (7.12) is flat.
Noticeable is the finite value of the decay width for zero pT . At tree-level the distribution
reaches zero, whereas the corrected distribution reaches a finite, non-zero value.

The same distributions are plotted for the decay t̃1 → t χ̃0
1 in Fig. 7.16(a) and 7.16(b).

Here, the effect of the real corrections on the distribution is much weaker. This can be
explained by the presence of the massive top quark. Hence, the available phase space for
the gluon radiation is much smaller and therefore influences the pT distribution much less.

1pT distribution in the center of mass system of the decaying particle denotes the distribution of the
transverse component of the momentum in relation to a chosen direction rest frame of the decaying particle.
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Figure 7.15: pT distribution of the quark for the decay ũR → u χ̃0
1 in the benchmark

scenario SPS1a′. (a) shows the tree-level and the total corrected distribution, (b) the
relative distributions (7.12).
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Figure 7.16: pT distribution of the quark for the decay t̃1 → t χ̃0
1 in the benchmark

scenario SPS1a′. (a) shows the tree-level and the total corrected distribution, (b) the
relative distributions (7.12).
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7.5 Comparison with SFOLD

In the computer program SFOLD [102], strict one-loop QCD and EW corrections to two-
body decays of sfermions are computed. The calculation at the one-loop level is performed
in the DR scheme, whereas for the kinematics and one-loop functions on-shell masses are
used. These input parameters are given in the SLHA [70] format. In order to compare
the results of our calculations with the results of SFOLD we use the on-shell masses and
mixing angles used by SFOLD to calculate the soft-breaking parameters. For the light-
flavor squarks we choose the on-shell masses mũ1 , mũ2 , and md̃2

to compute the on-shell
soft-breaking parameters Mq̃L , MũR , and Md̃R

. Since the trilinear coupling in the bot-

tom/sbottom sector is renormalized in the DR scheme we take the DR value of Ab as
input parameter. For the remaining parameters for third-generation squarks we choose
the masses and mixing angles mt̃1 , mt̃2 , mb̃2

, and θt̃ to compute Mq̃3L
, Mt̃R

, Mb̃R
, and At.

Similarly, in the slepton sector the on-shell masses mν̃τ , mτ̃2 are used to calculateMl̃3L
, Mτ̃2

and Aτ is taken in the DR scheme. In the neutralino/chargino sector we use the on-shell
masses of mχ̃0

1
, mχ̃±

1
, and mχ̃±

2
to compute the parameters M1, M2, and µ in the on-shell

scheme. For the gluino we take the on-shell mass mg̃ as input for the soft-breaking param-
eter M3. Finally we take the DR value of tan β. According to the SPA convention [55],
parameters in the DR scheme are given at the scale QSUSY = 1TeV.

The decay widths and branching ratios are compared at the [55,123] benchmark point
SPS1a′ with the SM parameters used by SFOLD

MZ = 91.1876 GeV, MW = 80.3183 GeV,

αDR(1TeV) = 124.9736−1, αS(MZ) = 0.1176, (7.13)

mt = 171.2 GeV, mb(mb) = 4.2 GeV.

Since in our computation, the electric charge e is renormalized in the on-shell scheme, we
take the fine-structure constant α = 137.036−1 as input. The soft-breaking parameters
in the DR scheme used by the SFOLD code and in an on-shell/DR scheme used by our
squark decay code (SDC) are listed in Tab. 7.15. The on-shell masses in Tab. 7.14 are used
by SFOLD for the kinematics and one-loop functions. Furthermore, we use these on-shell
masses to calculate the soft-breaking parameters in the on-shell scheme listed in Tab. 7.15.

Since SFOLD uses the input parameters in the DR scheme and we choose the input
parameters in the on-shell scheme (only the trilinear coupling Ab and the bottom quark
mass are renormalized in the DR scheme) it only makes sense to compare the results
including EW and QCD corrections. SFOLD also includes higher-order contributions from
the bottom-quark resummation which is also included in our result. Furthermore, in our
computation the decay widths for squark decays into Higgs boson also include higher-order
contributions from the finite field renormalization factors (4.31a) and (4.31b).

For the light-flavor squark decays, the relative NLO corrections obtained with SFOLD
are about 30%, where the largest part of the NLO corrections stem from the QCD correc-
tions. As discussed in Section 7.2 in our computation there are large cancellations between
QCD and EW corrections and the relative corrections to the decay widths of light-flavor
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mh0 = 110.70 GeV mH0 = 421.15 GeV mA0= 421.00 GeV mH± = 428.96 GeV

mχ̃0

1
= 97.97 GeV mχ̃0

2
= 183.87 GeV mχ̃0

3
= 396.74 GeV mχ̃0

4
= 410.51 GeV

m
χ̃

±
1

= 183.63 GeV m
χ̃

±
2

= 411.94 GeV mg̃= 611.46 GeV

mν̃= 172.31 GeV mẽL = 189.66 GeV mẽR= 125.25 GeV

mν̃τ
= 170.26 GeV mτ̃1 = 108.00 GeV mτ̃2= 194.65 GeV

mũL
= 560.76 GeV mũR

= 543.18 GeV md̃L
= 566.24 GeV md̃R

= 542.87 GeV

mt̃1
= 361.08 GeV mt̃2

= 583.10 GeV mb̃1
= 502.67 GeV mb̃2

= 541.71 GeV

θτ̃ = 1.2430 θt̃= 0.9714 θb̃ = 0.3675

Table 7.14: On-shell masses for the Higgs bosons, gauginos and sfermions at the SPS1a′

parameter point [55, 123] given by SFOLD. The mixing angles for τ̃ , t̃, and b̃ mixing are
given in radiant. The quantities in bold letters are used to compute the soft-breaking
parameters.

squarks are generally smaller than 10%. Furthermore, the decay widths computed with
SFOLD and the ones from our computation deviate by around 30%. Because of this large
discrepancy, we will not compare the results for light-flavor squarks in more detail.

In Tab. 7.16 the decay widths and branching ratios for third-generation squark decays
obtained with SFOLD and our squark decay code denoted as SDC are shown. As described
before, the decay widths and branching ratios include the complete EW and QCD one-loop
corrections, as well as higher-order corrections from the resummed bottom Yukawa cou-
pling. Furthermore, our code also includes higher-order contributions from the finite Higgs
field renormalization factors (4.31a) and (4.31b). For most decay channels the relative dif-
ference between the partial decay widths obtained with SFOLD and the ones obtained with
our computation is less than 10%. Only for the decays t̃2 → t̃1 h

0, b̃2 → b χ̃0
2, b̃2 → t χ̃−

1 ,
and b̃2 → t̃1W

− the differences are considerably larger and amount up to 30%. So far,
the reason for this discrepancy between the two computations has not been identified and
needs further examination. The large difference between the decay widths for decays into
Higgs bosons could originate from the different renormalization scheme used in the Higgs
sector, whereas the deviations in the decay widths of the bottom squarks could stem from
the discrepancies in the effective bottom quark mass.
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SFOLD (DR) SDC (on-shell/DR)

tan β 10 10

µ 392.131 GeV 389.158 GeV

M1 103.584 GeV 100.468 GeV

M2 193.495 GeV 197.662 GeV

M3 568.374 GeV 611.459 GeV

mA0 368.483 GeV 420.996 GeV

Ml̃L
180.821 GeV 183.758 GeV

MẽR 115.633 GeV 117.733 GeV

Ml̃3L
179.061 GeV 181.832 GeV

Mτ̃R 109.940 GeV 114.096 GeV

Mq̃L 522.286 GeV 563.305 GeV

MũR 503.613 GeV 544.298 GeV

Md̃R
501.409 GeV 542.312 GeV

Mq̃3L
468.257 GeV 496.836 GeV

Mt̃R
384.891 GeV 411.090 GeV

Mb̃R
497.188 GeV 538.390 GeV

Aτ −444.550 GeV −444.550 GeV

At −565.875 GeV −531.406 GeV

Ab −937.430 GeV −937.430 GeV

Table 7.15: Soft-breaking parameters in the DR scheme used as input by the SFOLD
code (left column). In the right column the soft-breaking parameters used as input in our
calculation are listed. The parameters tan β, Aτ , and Ab are given in the DR scheme.
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SFOLD SDC

Process Γ1 [GeV] BR1 Γ1 [GeV] BR1

t̃1 → t χ̃0
1 0.290 21.9% 0.298 23.1%

t̃1 → t χ̃0
2 0.066 4.9% 0.067 5.2%

t̃1 → b χ̃+
1 0.971 73.2% 0.925 71.7%

t̃2 → t χ̃0
1 0.223 3.4% 0.243 3.6%

t̃2 → t χ̃0
2 0.633 9.7% 0.642 9.6%

t̃2 → t χ̃0
3 0.073 1.1% 0.071 1.1%

t̃2 → t χ̃0
4 0.267 4.1% 0.288 4.3%

t̃2 → b χ̃+
1 1.699 25.9% 1.699 25.4%

t̃2 → b χ̃+
2 0.967 14.8% 0.929 13.9%

t̃2 → t̃1 Z 2.387 36.5% 2.467 36.8%

t̃2 → t̃1 h
0 0.299 4.5% 0.355 5.3%

b̃1 → b χ̃0
1 0.132 2.9% 0.123 2.6%

b̃1 → b χ̃0
2 1.335 29.0% 1.332 28.3%

b̃1 → b χ̃0
3 0.011 0.2% 0.010 0.2%

b̃1 → t χ̃0
4 0.019 0.4% 0.016 0.3%

b̃1 → t χ̃−
1 1.667 36.2% 1.719 36.6%

b̃1 → t̃1W
− 1.437 31.2% 1.499 31.9%

b̃2 → b χ̃0
1 0.222 27.3% 0.232 34.8%

b̃2 → b χ̃0
2 0.081 9.9% 0.054 8.0%

b̃2 → b χ̃0
3 0.030 3.7% 0.025 3.8%

b̃2 → b χ̃0
4 0.037 4.5% 0.028 4.3%

b̃2 → t χ̃−
1 0.104 12.8% 0.070 10.5%

b̃2 → t̃1W
− 0.340 41.8% 0.258 38.7%

Table 7.16: Comparison of decay widths and branching ratios between SFOLD and our
code denoted as SDC. The decay widths are given including EW and QCD corrections.



Chapter 8

Gluino decays

In this chapter, gluino decays into quark plus squark are discussed. This process is obtained
by crossing the squark decay into a quark and a gluino. Therefore, the framework of
Section 6.2 can be reapplied. Section 8.1 introduces the decay channels considered in this
work and in Section 8.2 the computation of the decay width is briefly discussed. Lastly, in
Section 8.3 the numerical evaluation is presented.

8.1 Overview

The characteristics of gluino decays strongly depends on the relation between gluino and
squark masses. If the gluino is heavier than the squarks, the two-body decays g̃ → q̄ q̃i
(Fig. 8.1 (a)) are dominant because of the QCD strength of the squark-quark-gluino cou-
pling. Since the top and bottom squarks can be considerably lighter than the other squarks,
it is possible that only the decays g̃ → t t̃1 and g̃ → b b̃1 are relevant. However, if all of the
squarks are heavier than the gluino, it will either decay through off-shell squarks, i.e. via
the three-body decays g̃ → q q̄ χ̃0

i and g̃ → q q′ χ̃±
i (Fig. 8.1 (b)) or via the loop-suppressed

decay g̃ → g χ̃0
i [88–90, 93, 131, 132]. In this work we only consider the two-body decays

g̃ → q̄ q̃i for the case mg̃ > mq̃.
The QCD corrections to gluino decays into quark and squark have been studied in

[99, 100]. They amount to up to 10%. In [101], corresponding EW corrections in the
Yukawa approximation have been worked out. They also reach up to 10%.

The aim of our work in this chapter is to compute all QCD an EW NLO corrections to
the two-body decays of gluinos into squarks plus quarks, g̃ → q̄ q̃a+cc. This calculation is
performed within a general renormalization scheme also used for computing squark decays
in the preceding chapters (cf. Chapter 4).

8.2 Decay width

The amplitudes for the decay g̃ → q̄ q̃a are obtained by crossing the diagrams in Figs. 6.3, 6.4.
The tree-level amplitude is denoted as M0, the NLO amplitudes including one-loop and
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(a)

g̃

q̃i

q̄

(b)

g̃ q̃′′

χ̃

q q̄′

Figure 8.1: Feynman diagrams for gluino decays in the case mg̃ > mq̃ (a) and mg̃ < mq̃

(b).

counterterm contributions are given byMEW/QCD
1 =M1L,EW/QCD

1 +MCT,EW/QCD
1 , and the

amplitudes for real photon/gluon radiation are denoted asMreal,EW/QCD
1 .

The tree-level decay widths are given by

Γ0(g̃ → q̄q̃a) =
(2π)4

mg̃

∫
dPS2 |M0|2, (8.1)

and the decay widths at NLO for virtual and real contributions read

Γ
virt,EW/QCD
1 (g̃ → q̄q̃a) =

(2π)4

mg̃

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0 + δcollΓ0, (8.2a)

Γ
real,EW/QCD
1 (g̃ → q̄q̃a) =

(2π)4

mg̃

∫
dPS3 |Mreal,EW/QCD

1 |2, (8.2b)

where δsoft and δcoll denote the soft-photon/gluon and collinear-photon/gluon factors (4.116)
and (4.120). An analogous calculation as in Subsection 6.2.4 yields the color factor matrix
Rij (cf. (4.116)),

R =




12 6 6
6 16/3 2/3
6 2/3 16/3


 . (8.3)

Finally, the NLO decay width including real and virtual contributions is given by

Γ
EW/QCD
1 (g̃ → q̄q̃a) = Γ

virt,EW/QCD
1 (g̃ → q̄q̃a) + Γ

real,EW/QCD
1 (g̃ → q̄q̃a) (8.4)

In the numerical analyses, we consider MSSM parameters, where first and second gen-
eration squarks have the same masses and couplings. Therefore, for gluino decays into
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light-flavor squarks, the decay widths will include the identical decays into the two light-
flavor generations. Since the gluino also decays into the charge conjugated final state
g̃ → q q̃∗i , decays related by charge conjugation are combined into the same decay widths,

Γ(g̃ → q̄ q̃a + cc) =
∑

j=1,2

[
Γ(g̃ → q̄j q̃ja) + Γ(g̃ → qj q̃j∗a )

]
, (8.5a)

Γ(g̃ → t̄ t̃a + cc) = Γ(g̃ → t̄ t̃a) + Γ(g̃ → t t̃∗a), (8.5b)

Γ(g̃ → b̄ b̃a + cc) = Γ(g̃ → b̄ b̃a) + Γ(g̃ → b b̃∗a), (8.5c)

where the superscript g denotes the generation index and “cc” the charge-conjugate final
state. Hence, for gluino decays into light-flavor squarks, the decay width is multiplied by
a factor of 4 and for decays into third-generation squarks with a factor of 2.

8.3 Numerical evaluation

As SM input parameters we use the ones given in Section 7.1. Since we are interested
in decays of gluinos into quarks plus squarks, for the numerical evaluation we choose
parameter points where the squarks (or at least some of them) are lighter than the gluino.
For the first analysis, we choose the benchmark Point 10.1.1 (Tab. 7.5, 7.6), which was
already used for the analyses of squark decays. Here, the gluino is heavier than almost all
squarks, allowing for gluino decays into quarks and squarks. Only the decay g̃ → t t̃2 is
kinematically forbidden due to the mass of the heavier top squark. In Tab. 8.1 the decay
widths and branching ratios are listed at the tree level and at the one-loop level. The
relative EW/QCD corrections are defined by

δEW/QCD =
Γ
EW/QCD
1 − Γ0

Γ0

. (8.6)

For all decay channels, the relative QCD corrections are always negative and lie around
−11%. Only for the decay of the gluino into bottom squarks their absolute values are
slightly larger and the relative corrections amount to −13%. The relative EW corrections,
however, all are positive. Their value differ for the different decay channels. For gluino
decays into left-handed light-flavor squarks and quarks the relative EW corrections are
given by δEW ≈ 5%, whereas for the decay into light-flavor right-handed squarks and
quarks the relative corrections only amount to 1%. Taking into account the cancellation
between EW and QCD corrections, the total corrections for gluino decays into light-flavor
left-handed squarks and quarks lie around −6% and for decays into light-flavor right-
handed squarks and quarks they amount to −10%. For the gluino decays into top and
bottom squarks, the overall corrections lie between 8% and 13%. The differences in the
relative corrections for the different decay channels explain that the branching ratios at
tree-level and at NLO change up to 5%.

A particular interesting case occurs when the light-flavor squarks are heavier and only
the third-generation squarks are lighter than the gluino. This is the case for benchmark
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Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

g̃ → u ũL 1.293 8.82 % 1.223 9.23 %

g̃ → u ũR 2.460 16.79 % 2.194 16.56 %

g̃ → d d̃L 1.221 8.33 % 1.154 8.71 %

g̃ → d d̃R 2.577 17.59 % 2.278 17.19 %

g̃ → t t̃1 3.417 23.33 % 3.101 23.41 %

g̃ → b b̃1 2.205 15.05 % 2.014 15.20 %

g̃ → b b̃2 1.478 10.09 % 1.283 9.69 %

Table 8.1: Decay widths of the gluino at the benchmark point 10.1.1. Listed are values at
tree-level (Γ0, BR0) and including both, electroweak and QCD one-loop corrections (Γ1,
BR1).

point 40.2.1 [127]. In terms of the mSUGRA parameters at the GUT scale (cf. Section 7.1)
it is given by

M0 = 550 GeV, M1/2 = 450 GeV, A0 = −500 GeV,

tan β = 40, sgnµ > 0. (8.7)

The soft-breaking parameters and relevant sparticle masses for this benchmark point are
given in Tabs. 8.3 and 8.2, respectively. Since only third-generation squarks are lighter than
the gluino, only the decays g̃ → t t̃1 and g̃ → b b̃1/2 are kinematically accessible. For these
three possible two-body decay channels, the branching ratios are listed in Tab. 8.4 including
NLO EW and QCD corrections. The relative EW corrections (8.6) are all positive and
range from 0.2% to 3% whereas the relative QCD corrections are negative and lie between
−8% and −11%. Considering the cancellation between EW and QCD NLO corrections,
the relative corrections of both EW and QCD contributions are approximately 8% for all
decay channels. Therefore, the branching ratios at tree-level and at NLO do not change
significantly.

mg̃ = 1146.89GeV

mũL = 1092.45 GeV mũR = 1063.79 GeV md̃L
= 1095.40GeV md̃R

= 1061.48 GeV

mt̃1 = 745.03 GeV mt̃2 = 948.94 GeV mb̃1
= 853.09 GeV mb̃2

= 914.58 GeV

Table 8.2: On-shell masses for the gluino and squarks at the benchmark point 40.2.1.
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MA0 = 632.32 GeV tan β = 39.19 µ = 627.26 GeV

M1 = 187.74 GeV M2 = 364.54 GeV M3 = 1063.29;GeV

M
l̃
(1,2)
L

= 623.44 GeV M
ẽ
(1,2)
R

= 573.31 GeV

M
l̃
(3)
L

= 567.99 GeV Mτ̃R = 441.74 GeV

M
q̃
(1,2)
L

= 1093.79;GeV M
ũ
(1,2)
R

= 1064.37 GeV M
d̃
(1,2)
R

= 1061.19 GeV

M
q̃
(3)
L

= 893.65 GeV Mt̃R
= 775.83 GeV Mb̃R

= 872.61 GeV

Aτ = −507.78 GeV At = −812.79 GeV Ab = −1338.17 GeV

Table 8.3: Soft SUSY-breaking on-shell parameters for the benchmark point 40.2.1. Since
the bottom quark/squark sector is treated in the DR scheme, the trilinear coupling of the
bottom quark Ab remains DR.

Decay channel Γ0 [GeV] BR0 Γ1 [GeV] BR1

g̃ → t t̃1 2.705 36.61 % 2.495 36.80 %

g̃ → b b̃1 3.200 43.32 % 2.920 43.07 %

g̃ → b b̃2 1.483 20.07 % 1.364 20.12 %

Table 8.4: Decay widths of the gluino at the benchmark point 40.2.1. Listed are the values
at tree-level (Γ0, BR0) and including both, electroweak and QCD one-loop corrections (Γ1,
BR1).

8.4 Dependence on the squark masses

The squark-mass dependence of gluino decays into squarks plus quarks is analyzed starting
from the benchmark Point 10.1.1 (c.f. Tab. 7.5), where the on-shell squark mass parameters
are set to

M
q̃
(1,2,3)
L

=M
ũ
(1,2)
R

=M
d̃
(1,2)
R

=Mb̃R
=MSUSY, (8.8a)

Mt̃R
=MSUSY − 150GeV, (8.8b)

and the parameter MSUSY is varied between 800GeV and 1150GeV. Condition (8.8b)
results in a top squark considerably lighter than the other squarks, which is a common
feature of supersymmetric models due to the running of the SUSY parameters from the
GUT scale.

The variation of the branching ratios with respect to MSUSY are displayed in Fig. 8.2.
In the left panel the branching ratios including QCD and EW corrections for the differ-
ent decay channels are plotted. The red curve shows the branching ratio for the gluino
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decaying into light-flavor quarks and squarks, where “cc” denotes the charge conjugated
decay processes. For MSUSY < 900GeV the partial decay widths for the different de-
cay channels have more or less the same value. This results in a branching ratio of
approximately 64% for gluino decays into light-flavor quarks and squarks (red curve),
BR ≈ 24% for the decay into the heavier top squark and bottom squarks (blue curve), and
BR ≈ 8% for the decay into the lighter top squark (green curve). The kink in the curves
at MSUSY ≈ 930GeV appears since, the decay channel g̃ → t̄ t̃2 + cc is kinematically not
accessible anymore. In the right panel of Fig. 8.2 the branching ratio is enlarged for the
range 1100GeV ≤ MSUSY ≤ 1150GeV. For MSUSY ≈ 1135GeV the branching ratio for a
gluino decaying into the lighter top squark grows considerably reaching upto 55%. This is
due to the smaller value of the lighter top squark mass mt̃1 ≈ 972GeV compared to the
other squark masses mq̃ ≈ 1135GeV, resulting in a larger available phase space for the
decay g̃ → t̄ t̃1 + cc. For 1140GeV ≤ MSUSY ≤ mg̃ ≈ 1147GeV the gluino decay into the
lighter top squark is kinematically forbidden and the BR for the decays into light-flavor
squarks and the bottom squarks increase. When MSUSY approaches the gluino mass mg̃,
the decay to bottom and lighter sbottom remains the only possible decay channel visible
in the steep increase of the blue curve.

In order to study the dependence of the NLO corrections on MSUSY, the relative cor-
rections

δ =
ΓX1 − Γ0

Γ0

, X ∈ {EW, QCD, EW+QCD} (8.9)

are displayed in Fig. 8.3. The expressions for the decay widths are given in Section 8.2.
We have seen in the preceding section, that the relative corrections, especially the EW
corrections, depend on the different decay channels. Therefore, the relative corrections are
displayed exemplary for the decay channels g̃ → ū ũL + cc (left panel) and g̃ → t̄ t̃1 + cc
(right panel). The relative EW corrections to the decay g̃ → ū ũL + cc are positive and
do not strongly depend on MSUSY staying at a value of δ ≈ 0.04. For MSUSY considerably
smaller than mg̃, the relative QCD corrections range between −0.08 ≥ δ ≥ −0.13 resulting
in relative EW and QCD corrections around −0.5. For MSUSY approaching the gluino
mass, the relative QCD corrections grow positive resulting in an positive overall relative
correction. The kink at MSUSY ≈ 930GeV corresponds to the threshold mg̃ = mt + mt̃2

and the kink at MSUSY ≈ 1140GeV indicates the threshold mg̃ = mt + mt̃1 in the field
renormalization factor of the gluino. For the gluino decaying to the lighter top squark, the
relative corrections are positive ranging between 0 < δ ≤ 0.03 and strongly increase when
MSUSY approaches the gluino mass. The kinks at MSUSY ≈ 975GeV and 985GeV are due
to the threshold mt̃1 = mt + mχ̃0

3,4
in the field renormalization factor of the top squark

t̃1. The relative QCD corrections range from −0.05 ≥ δ ≥ −0.13 for MSUSY considerably
smaller than mg̃. Unlike the relative QCD corrections to the gluino decaying into light-
flavor squarks, the relative QCD corrections to the decay g̃ → t̄ t̃1 become negative when
MSUSY approaches mg̃. The kink at MSUSY ≈ 930GeV again corresponds to the threshold
mg̃ = mt +mt̃2 .
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Figure 8.2: Branching ratios for the different gluino decay channels in function of MSUSY

including QCD and EW corrections. The other parameters are chosen according to bench-
mark point 10.1.1 as described in the first paragraph of Section 8.4. In the right panel the
region 1100GeV ≤MSUSY ≤ 1150GeV is enlarged.
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Figure 8.3: Relative corrections to the partial decay widths for the processes g̃ → ū ũL (left)
and g̃ → t̄ t̃1 (right) in function of MSUSY. The other parameters are chosen according to
benchmark point 10.1.1 as described in the first paragraph of Section 8.4.
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Chapter 9

Higgs-boson decays into sfermions,
neutralinos and charginos

In this chapter, NLO corrections to Higgs-boson decays into squarks, sleptons, neutralinos,
and charginos are discussed. Section 9.1 introduces the different Higgs-boson decay chan-
nels and lists different publications where these decays have been computed. The following
Section 9.2 discusses the calculation framework used in this work. In Section 9.3 the rele-
vant decay widths and branching ratios are introduced and in Section 9.4 numerical results
are presented. Finally, in Section 9.5 our results are compared with the results obtained
with HFOLD [133].

9.1 Overview

A substantial difference between phenomenology of Higgs bosons in the SM and MSSM
is the possibility of decays not only into SM particles but also into sparticles such as
neutralinos, charginos and possibly sleptons and third-generation squarks. In the MSSM
the lightest Higgs boson might decay invisibly into a pair of the lightest neutralinos h0 →
χ̃0
1 χ̃

0
1 with a branching ratio exceeding 10% [134]. This is particularly true when the

universality condition M1 = 5
3
tan2 θWM2 ≈ 2M2 is relaxed leading to light χ̃0

1 and still
respecting the LEP bound on mχ̃±

1
. Decays of the lightest Higgs boson h0 into other

sparticles than possibly χ̃0
1 are kinematically forbidden. Overall, we consider here the

following decays:

(
H0, A0

)
→ χ̃0

i χ̃
0
j , h0 → χ̃0

1χ̃
0
1,(

H0, A0
)
→ χ̃+

k χ̃
−
l + cc, H− → χ̃−

k χ̃
0
l ,(

H0, A0
)
→ q̃mq̃

∗
n + cc, H− → ũ∗md̃n,(

H0, A0
)
→ l̃ml̃

∗
n + cc, H− → ν̃ẽm,

where the indices (i, j) number the four neutralinos, (k, l) the two charginos and (m,n)
label the left- and right-handed sfermions, respectively their two mixed states for third-
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generation sfermions. Generation indices for the sfermions have been ommited. Due to its
CP property the only decays of the A0 Higgs boson into sfermions are the diagonal decays
A0 → t̃∗1 t̃2 + cc, A0 → b̃∗1 b̃2 + cc and A0 → τ̃ ∗1 τ̃2 + cc. Since the tree-level amplitudes are
proportional to the Yukawa couplings, decays into light-generation squarks and sleptons
are negligible. Similarly, the coupling of the charged Higgs boson H± to right-handed
sfermions is proportional to the corresponding Yukawa coupling. Thus, H± does not decay
into right-handed light-generation sfermions.

As for the squark decays into Higgs bosons, QCD corrections to the crossed processes,
Higgs-boson decays into squarks, have been calculated in [106, 107, 135]. The EW correc-
tions to these processes are given in [108,109]. Decays of Higgs bosons into neutralinos and
charginos have been analyzed in [136,137] at tree level. For the decays of the charged Higgs
boson H− → χ̃0

i χ̃
−
j the EW corrections have been computed in [138]. The corrections to

the invisible decays (h0, H0, A0) → χ̃0
1 χ̃

0
1 have first been calculated in the higgsino limit

(µ ≪ M1,M2) [139] and in the gaugino limit (µ ≫ M1,M2) [140] and the full one-loop
corrections can be found in [141].

The aim of our work in this chapter is to compute all EW and QCD NLO corrections
to the Higgs boson decays (9.1). This calculation is done in a common renormalization
framework in accordance with FeynHiggs [29] and includes higher-order contributions from
the Higgs field-renormalization factors and effective bottom Yukawa coupling.

9.2 Amplitudes

9.2.1 H → q̃∗i q̃
′
j

Feynman diagrams for Higgs-boson decays into squarks are obtained by crossing the Feyn-
man diagrams for q̃i → q̃′j S (S = h0, H0, A0, H±) (Section 6.4). These Feynman diagrams
yield the tree-level amplitudes M0, amplitudes for 1-loop EW and QCD contributions
M1L,EW/QCD

1 , for counterterm contributions MCT,EW/QCD
1 , and the amplitudes including

real contributionsMreal,EW/QCD
1 .

9.2.2 H → l̃i l̃
′
j

The Lagrangian and Feynman rules for Higgs-boson–slepton–slepton interactions are ob-
tained from the Higgs-boson–squark–squark interactions by replacing ũ → ν̃ and d̃ → ẽ
whereas all rules with ν̃R are omitted. The amplitudes contributing to the EW corrections
to Higgs-boson decays into sleptons are then computed analogously as the Higgs-boson
decays into squarks in the preceding subsection. In Fig. 9.1 the generic Feynman diagrams
contributing to the EW NLO corrections of the process S → l̃i l̃

′
j are displayed (S denotes

any of the five physical Higgs bosons). For decays of A0 and H± the mixing between the
Higgs bosons, the Goldstone bosons, and W/Z bosons have to be taken into account. These
diagrams can be obtained by crossing the diagrams in Fig. 6.9 and replacing the external
squarks by sleptons.
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Figure 9.1: Generic virtual, counterterm and real Feynman diagrams contributing to elec-
troweak corrections to the process S → l̃i l̃

′
j . S denotes any of the five physical Higgs-

bosons, l̃i the sleptons, χ̃l the neutralinos/charginos, V the electroweak gauge bosons, and
γ the photon.
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9.2.3 H → χ̃ χ̃

Adapting the notation of [22] the Lagrangians for Higgs-boson–neutralino and Higgs-
boson–chargino interactions are given by

LS0 ¯̃χ0
nχ̃

0
l
=

4∑

n,l=1

∑

S0

1

2
¯̃χ0
n

(
PR C

R
nl

(
S0
)
+ PLC

L
nl

(
S0
))
χ̃0
l S

0, (9.2a)

LS0 ¯̃χ+
k χ̃

+
m
=

2∑

k,m=1

∑

S0

¯̃χ+
k

(
PRD

R
km

(
S0
)
+ PLD

L
km

(
S0
))
χ̃+
mS

0, (9.2b)

LS− ¯̃χ0
l χ̃

+
k
=

4∑

l=1

2∑

k=1

∑

S−

¯̃χ0
l

(
PRE

R
lk

(
S−)+ PLE

L
lk

(
S−)) χ̃+

k S
− + hc, (9.2c)

with S0 = h0, H0, A0, G0 and S± = H±, G±. The couplings are given by

CR
nl

(
h0
)
= CL

ln

(
h0
)∗

= g2 (sinαQ
′′
nl + cosαS ′′

nl) , (9.3a)

CR
nl

(
H0
)
= CL

ln

(
H0
)∗

= −g2 (cosαQ′′
nl − sinαS ′′

nl) , (9.3b)

CR
nl

(
A0
)
= CL

ln

(
A0
)∗

= −ig2 (sin β Q′′
nl − cos β S ′′

nl) , (9.3c)

CR
nl

(
G0
)
= CL

ln

(
G0
)∗

= ig2 (cos β Q
′′
nl + sin β S ′′

nl) , (9.3d)

DR
km

(
h0
)
= DL

mk

(
h0
)∗

= g2 (sinαQkm − cosαSkm) , (9.3e)

DR
km

(
H0
)
= DL

mk

(
H0
)∗

= −g2 (cosαQkm + sinαSkm) , (9.3f)

DR
km

(
A0
)
= DL

mk

(
A0
)∗

= −ig2 (sin β Qkm + cos β Skm) , (9.3g)

DR
km

(
G0
)
= DL

mk

(
G0
)∗

= ig2 (cos β Qkm − sin β Skm) , (9.3h)

ER
lk

(
H−) = −g2 sin β Q′R

lk , EL
lk

(
H−) = −g2 cos β Q′L

lk , (9.3i)

ER
lk

(
G−) = g2 cos β Q

′R
lk , EL

lk

(
G−) = −g2 sin β Q′L

lk , (9.3j)

in terms of

Qkm =
1√
2
Vk1Um2, Skm =

1√
2
Vk2Um1, (9.3k)

Q′R
lk = Nl3Uk1 −

1√
2
Uk2 (Nl2 + tan θWNl1) , (9.3l)

Q′L
lk = N∗

l4V
∗
k1 +

1√
2
V ∗
k2 (N

∗
l2 + tan θWN

∗
l1) , (9.3m)

Q′′
nl =

1

2
[Nn3 (Nl2 − tan θWNl1) +Nl3 (Nn2 − tan θWNn1)] , (9.3n)

S ′′
nl =

1

2
[Nn4 (Nl2 − tan θWNl1) +Nl4 (Nn2 − tan θWNn1)] . (9.3o)

Inserting the renormalization transformations for the Higgs fields (4.20), the neutralinos
(4.91), and charginos (4.78) and the couplings

C
L/R
nl (S)→ C

L/R
nl (S) + δC

L/R
nl (S), (9.4)
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the counterterm Lagrangians are obtained. The explicit expressions for these renormal-
ization constants are given in Appendix B.4. For the interactions between neutral Higgs
bosons and neutralinos the counterterm Lagrangian then reads

δLS0 ¯̃χ0
nχ̃

0
l
=

1

2

4∑

n,l=1

∑

S0

¯̃χ0
n

[
PL

(
1

2
[δZχ̃0 ]

mn
CL
ml

(
S0
)
+

1

2
[δZχ̃0 ]

kl
CL
nk

(
S0
)
+ δCL

nl

(
S0
))

+ PR

(
1

2

[
δZ∗

χ̃0

]
mn

CR
ml

(
S0
)
+

1

2

[
δZ∗

χ̃0

]
kl
CR
nk

(
S0
)
+ δCR

nl

(
S0
))]

χ̃0
l S

0

+
1

4

4∑

n,l=1

¯̃χ0
n

[{
PL
(
δZh0h0C

L
nl

(
h0
)
+ δZh0H0CL

nl

(
H0
))

+ PR
(
δZh0h0C

R
nl

(
h0
)
+ δZh0H0CR

nl

(
H0
))}

h0

+
{
PL
(
δZH0H0CL

nl

(
H0
)
+ δZh0H0CL

nl

(
h0
))

+ PR
(
δZH0H0CR

nl

(
H0
)
+ δZh0H0CR

nl

(
h0
))}

H0

+
{
PL
(
δZA0A0CL

nl

(
A0
)
+ δZA0G0CL

nl

(
G0
))

+ PR
(
δZA0A0CR

nl

(
A0
)
+ δZA0G0CR

nl

(
G0
))}

A0

]
χ̃0
l . (9.5a)

The counterterm Lagrangian for the interaction between neutral Higgs fields and charginos
is given by

δLS0 ¯̃χ+
k χ̃

+
m
=

2∑

k,m=1

∑

S0

¯̃χ+
k

[
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(
1
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+
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]∗
lk
DR
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+

1

2

[
δZr

χ̃±
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(
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(
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1

2
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L
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(
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(
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R
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(
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)
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km

(
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))}
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(
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(
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(
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))}
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(
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km

(
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)
+ δZA0G0DL

km

(
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))
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(
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km

(
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)
+ δZA0G0DR

km

(
G0
))}

A0

]
χ̃+
m. (9.5b)



132 9. Higgs-boson decays into sfermions, neutralinos and charginos

Finally, the counterterm Lagrangian for interactions between charged Higgs bosons, neu-
tralinos and charginos reads

δLS− ¯̃χ0
l χ̃

+
k
=

4∑

l=1

2∑

k=1

∑

S−

¯̃χ0
l

[
PL

(
1

2
[δZχ̃0 ]

ml
EL
mk

(
S−)+ 1

2

[
δZL

χ̃±

]
nk
EL
ln

(
S−)+ δEL

lk

(
S−)

)

+ PR

(
1

2
[δZχ̃0 ]∗

ml
ER
mk

(
S−)+ 1

2

[
δZR

χ̃±

]
nk
ER
ln

(
S−)+ δER

lk

(
S−)

)]
χ̃+
k S

−

+
1

2

4∑

l=1

2∑

k=1

¯̃χ0
l

[{
PL
(
δZH+H−EL

lk

(
H−)+ δZH+G−EL

lk

(
G−))

+ PR
(
δZH+H−ER

lk

(
H−)+ δZH+G−ER

lk

(
G−))}H−

]
χ̃+
k + hc . (9.5c)

From these counterterm Lagrangians the counterterm Feynman rules can be deduced. They
are given in Appendix C.

Feynman diagrams

Feynman diagrams contributing to the amplitudes at NLO for neutral Higgs boson decays
into neutralinos are depicted in Fig. 9.2. For neutral Higgs-boson decays into charginos,
the Feynman diagrams are given in Fig. 9.3 and for charged Higgs-boson decays into a
chargino and a neutralino the diagrams are shown in Fig. 9.4. The corrections due to
the Higgs-field renormalization factors are computed as in Section 6.4. For decays of the
CP-odd and charged Higgs bosons, Feynman diagrams with mixtures between the Higgs
bosons, Goldstone bosons, and W/Z bosons contribute to the NLO amplitudeMEW

1 . They
can be obtained by crossing the Feynman diagrams in Fig. 6.9 and replacing the squarks
by neutralinos/charginos. The 1-loop amplitudes are then denoted asM1L,EW

1 , amplitudes
including counterterm corrections are given byMCT,EW

1 , and real radiation contributes to
the amplitudesMreal,EW

1 .
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Figure 9.2: Generic virtual and counterterm Feynman diagrams contributing to electroweak
corrections to the process S0 → χ̃0

i χ̃
0
j . Notation as in Fig. 9.1.
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Figure 9.3: Generic virtual, counterterm and real Feynman diagrams contributing to elec-
troweak corrections to the process S0 → χ̃+
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Figure 9.4: Generic virtual, counterterm and real Feynman diagrams contributing to elec-
troweak corrections to the process S− → χ̃0
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9.3 Decay widths

For the decay S → a b the tree-level decay width is given by

Γ0(S → a b) =
(2π)4

mS

∫
dPS2 |M0|2, (9.6)

where S denotes any of the five physical Higgs bosons and a, b any of the possible decay
products.

9.3.1 h0/H0 → a b

As in Subsection 6.4.4, for decays of h0 and H0 we define the improved Born decay width
which includes contributions of O(GFm

4
t/M

2
W ). The improved Born amplitude MZ

0 is
obtained by summing over the tree-level amplitudes with external h0/H0 bosonsM0,h0/H0

and weighting them with the appropriate Z factors,

MZ
0

(
h0 → a b

)
=
√
Zh0 (M0,h0 + Zh0H0M0,H0) , (9.7a)

MZ
0

(
H0 → a b

)
=
√
ZH0 (M0,H0 + ZH0h0M0,h0) . (9.7b)

The partial decay widths improved by Z-factors then read

ΓZ0
(
h0 → a b

)
=

(2π)4

mh0

∫
dPS2 |MZ

0

(
h0 → a b

)
|2, (9.8a)

ΓZ0
(
H0 → a b

)
=

(2π)4

mH0

∫
dPS2 |MZ

0

(
H0 → a b

)
|2. (9.8b)

For decays of h0/H0, the EW/QCD NLO amplitudes are given by

MEW/QCD
1

(
h0 → a b

)
=
√
Zh0

(
MEW/QCD

1,h0 + Zh0H0MEW/QCD

1,H0

)
, (9.9a)

MEW/QCD
1

(
H0 → a b

)
=
√
ZH0

(
MEW/QCD

1,H0 + ZH0h0MEW/QCD

1,h0

)
, (9.9b)

whereMEW/QCD

1,{h0,H0} =M
1L,EW/QCD

1,{h0,H0} +MCT,EW/QCD

1,{h0,H0} are the amplitudes with external h0/H0

boson. Similarly, for the real corrections we get

Mreal,EW/QCD
1

(
h0 → a b

)
=
√
Zh0

(
Mreal,EW/QCD

1,h0 + Zh0H0Mreal,EW/QCD

1,H0

)
, (9.10a)

Mreal,EW/QCD
1

(
h0 → a b

)
=
√
ZH0

(
Mreal,EW/QCD

1,H0 + ZH0h0Mreal,EW/QCD

1,h0

)
, (9.10b)

whereMreal,EW/QCD

1,{h0,H0} denote the amplitudes for real photon/gluon radiation with an external

h0/H0 Higgs boson. The partial decay widths for the virtual and real corrections, using
these amplitudes, then are

Γ
virt,EW/QCD
1

(
h0 → a b

)
=

(2π)4

mh0

∫
dPS2 2Re

[
MZ*

1 M
EW/QCD
1

]
+ δsoftΓ

Z
0 , (9.11a)

Γ
real,EW/QCD
1

(
H0 → a b

)
=

(2π)4

mH0

∫
dPS3

∣∣Mreal,EW/QCD
1

∣∣2, (9.11b)
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where dPS3 denotes the 3-body phase-space element (c.f. Chapter 3). Hence, the partial
decay width at NLO is given by

Γ
EW/QCD
1

(
h0/H0 → a b

)
= Γ

virt,EW/QCD
1

(
h0/H0 → a b

)

+ Γ
real,EW/QCD
1

(
h0/H0 → a b

)
. (9.12)

9.3.2 A0/H± → a b

At NLO, the decay widths for decays of A0/H± into squarks are given by

Γ
virt,EW/QCD
1 (A0/H± → a b) =

(2π)4

mA0/H±

∫
dPS2 2Re

(
M0MEW/QCD

1

)
+ δsoftΓ0, (9.13a)

Γ
real,EW/QCD
1 (A0/H± → a b) =

(2π)4

mÃ0/H±

∫
dPS3 |Mreal,EW/QCD

1 |2, (9.13b)

Since the A0 and H± fields are renormalized according to the DR scheme, the EW one-loop
amplitudes have to include the finite factors

√
ẐA0 ≃ 1− 1

2
δẐA0 ≡ 1− 1

2
Re

∂

∂p2
Σ̂A0

∣∣
p2=m2

A0
, (9.14a)

√
ẐH± ≃ 1− 1

2
δẐH± ≡ 1− 1

2
Re

∂

∂p2
Σ̂H−H+

∣∣
p2=m2

H±
, (9.14b)

with the DR renormalized self energies Σ̂ (4.26). Hence, the amplitudesMEW
1 for squark

decays into A0 and H± are given by

MEW
1 (A0 → a b) =M1L,EW

1 +MCT,EW
1 − 1

2
M0 δẐA0 , (9.15a)

MEW
1 (H± → a b) =M1L,EW

1 +MCT,EW
1 − 1

2
M0 δZH± . (9.15b)

Finally, the decay widths at NLO are given by

Γ
EW/QCD
1 (A0 → a b) = Γ

virt,EW/QCD
1 (q̃a → q̃bA

0) + Γ
real,EW/QCD
1 (q̃a → q̃bA

0), (9.16a)

Γ
EW/QCD
1 (H± → a b) = Γ

virt,EW/QCD
1 (q̃a → q̃′bH

±) + Γ
real,EW/QCD
1 (q̃a → q̃′bH

±). (9.16b)

9.4 Numerical evaluation

The SM parameters used in this analyses are the same as used in Section 7.1. For the MSSM
parameters, we consider benchmark scenarios, where the masses and couplings of the first
two sfermion generations (light-flavor sfermions) are identical. Therefore, for Higgs-boson
decays into light-flavor sfermions the partial decay widths include decays into first- and
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second-generation sfermions. Furthermore, the decay widths also include the decays into
charge conjugated final states,

Γ(S → f̃ ∗
a f̃

′
b + cc) =

∑

j=1,2

[
Γ(S → f̃ ja f̃

′j
b ) + Γ(S → f̃ ja f̃

′j∗
b )
]
, (9.17a)

Γ(S → f̃ 3∗
a f̃ 3′

b + cc) = Γ(S → f̃ 3∗
a f̃ ′3

b ) + Γ(S → f̃ 3
a f̃

′3∗
b ), (9.17b)

where S denotes any of the five physical Higgs bosons, f j/f̃ j the fermions/sfermions of
the first two generations, and f 3/f̃ 3 the third-generation fermions/sfermions. This can be
accounted for by multiplying the Higgs-boson decay widths with the factors in Tab. 9.1
for decays into squarks and Tab. 9.2 for decays into sleptons. Furthermore, they include a
factor of 1/2 for the decay of the neutral Higgs bosons into two identical sneutrinos.

(
H0, A0

)
→ q̃iq̃

∗
j + cc, q = u, d (1st and 2nd generation) 2× (2− δij)(

H0, A0
)
→ q̃iq̃

∗
j + cc, q = t, b 2− δij

H− → ũ∗i d̃j (1st and 2nd generation) 2

H− → t̃∗i b̃j 1

Table 9.1: Factors accounting for decays into charge conjugate final states and into the
two light-flavor squark generations for the decays H → q̃∗i q̃

′
j.

(
H0, A0

)
→ ν̃ν̃, (1st and 2nd generation) 2× 1/2(

H0, A0
)
→ ν̃τ ν̃τ , 1/2(

H0, A0
)
→ ẽiẽ

∗
j + cc, (1st and 2nd generation) 2× (2− δij)(

H0, A0
)
→ τ̃iτ̃

∗
j + cc, 2− δij

H− → ν̃ẽj (1st and 2nd generation) 2

H− → ν̃τ ẽj 1

Table 9.2: Factors accounting for decays into charge conjugate final states and into the
two light-flavor slepton generations for the decays H → l̃∗i l̃

′
j.

For the decay of the neutral Higgs bosons into charginos, the decay into charge-
conjugated final states are incorporated into the same decay width,

Γ(S0 → χ̃+
i χ̃

−
j + cc) = Γ(S0 → χ̃+

i χ̃
−
j ) + Γ(S0 → χ̃−

i χ̃
+
j ), i 6= j, (9.18)

where S0 denotes any of the neutral Higgs bosons h0, H0, and A0. Again, this can be done
by multiplying the decay widths with the factors given in Tab. 9.3 where factors of 1/2 for
decays into identical neutralinos are included.
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(
h0, H0, A0

)
→ χ̃0

i χ̃
0
j

1

1 + δij(
h0, H0, A0

)
→ χ̃+

i χ̃
−
j + cc. 2− δij

H− → χ̃−
i χ̃

0
j 1

Table 9.3: Factors accounting for decays into two identical particles, charge conjugate final
states and to the two light-flavor squark generations for the decays of the Higgs bosons
into neutralinos and charginos.

We illustrate the effects of the EW and QCD NLO corrections to Higgs-boson decays
into sfermions or into neutralinos/charginos in the maximal-mixing scenario used in [134],
where the maximal possible Higgs-boson mass is obtained. For the parameter point

tan β = 30, mA0 = 500GeV, µ = −200GeV,

M1 =
1

2
M2 = 75GeV, M2 = 150GeV, M3 = 2TeV, (9.19)

Mq̃1,2
L/R

=MSUSY = 2TeV

Mq̃3
L/R

= 400GeV, Ab = Aτ = 400GeV, At =
√
6Mq3L

+
µ

tan β
,

we compute the decay widths at NLO for the Higgs-boson decays into sfermions, neutrali-
nos, and charginos. At this parameter point, the lightest Higgs boson h0 does not decay
into SUSY particles. Since the CP-odd Higgs boson A0 has similar decay characteristics
as the CP-even Higgs boson H0, we only list the decay widths and branching ratios of H0

and H− in Tab. 9.4, where decay channels with BR < 0.1% are omitted. ΓZ0 denotes the
improved Born decay width, whereas Γ1 the decay width including EW and QCD NLO
corrections. The decays into SM particles have been computed with FeynHiggs 2.7.4 [29]
and include the full one-loop corrections. The branching ratios BR1 have been computed
using the decay widths Γ1.

The decay H0 → t̃1t̃
∗
1 receives positive relative QCD corrections of 10% and negative

EW corrections of about −1%. The decays into neutralinos and charginos receive only EW
corrections. In general, they lie between −2% and 10%. However the decays H0 → χ̃0

1 χ̃
0
4

and H0 → χ̃0
2 χ̃

0
3 receive large corrections which reach about 40% and 30%.

In order to illustrate the effects of NLO corrections to the different Higgs-boson decay
channels, we choose different benchmark points where only the particular channel is kine-
matically allowed. In Subsection 9.4.1 the decays of the heavier neutral Higgs bosons into
chargino and neutralinos are examined. This analysis is done starting from the benchmark
point (9.19) with a high and low value of tan β and varying mA0 . In Subsection 9.4.2,
the invisible decay of the lightest Higgs boson into two lightest-neutralinos is analyzed.
In order to allow for this decay, the universality relation between M1 and M2 has to be
relaxed. For the decay of the heavy neutral Higgs boson into third-generation squarks,
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H0 → . . . Γ1 [GeV] BR1 H− → . . . Γ1 [GeV] BR1

τ τ̄ 0.847 4.7% ν̄τ τ 0.914 6.5%

b b̄ 11.999 66.2% t̄ b 9.655 68.2%

H0 → . . . ΓZ0 [GeV] Γ1 [GeV] BR1 H− → . . . ΓZ0 [GeV] Γ1 [GeV] BR1

t̃1 t̃
∗
1 1.378 1.571 8.7% χ̃−

1 χ̃
0
1 0.571 0.614 4.3%

χ̃0
1 χ̃

0
1 0.094 0.094 0.5% χ̃−

1 χ̃
0
2 0.038 0.036 0.3%

χ̃0
1 χ̃

0
2 0.342 0.349 1.9% χ̃−

1 χ̃
0
3 0.685 0.757 5.3%

χ̃0
1 χ̃

0
3 0.150 0.165 0.9% χ̃−

1 χ̃
0
4 0.691 0.736 5.2%

χ̃0
1 χ̃

0
4 0.021 0.029 0.2% χ̃−

2 χ̃
0
1 0.005 0.011 0.1%

χ̃0
2 χ̃

0
2 0.279 0.291 1.6% χ̃−

2 χ̃
0
2 1.212 1.280 9.0%

χ̃0
2 χ̃

0
3 0.172 0.219 1.2% χ̃−

2 χ̃
0
3 0.156 0.154 1.1%

χ̃0
3 χ̃

0
3 0.011 0.012 0.1% χ̃−

2 χ̃
0
4 0.007 0.008 0.1%

χ̃0
3 χ̃

0
4 0.218 0.213 1.2%

χ̃+
1 χ̃

−
1 1.042 1.040 5.7%

χ̃+
1 χ̃

−
2 1.144 1.275 7.0%

Tot. width 18.123 Tot. width 14.165

Table 9.4: Decay widths and branching ratios for the decay of the neutral CP-even Higgs
boson H0 and the charged Higgs boson H±. Decays with branching ratios < 0.1% are
omitted. The decay widths for the SM decays into τ and b are obtained with FeynHiggs
2.7.4 and are given at full one-loop precision. The branching ratios are then computed
with the one-loop decay widths.

the mass parameters for the third-generation squarks have to be lowered. These decays
are analyzed in Subsection 9.4.3. Finally, the decay H0 → τ̃1 τ̃

∗
1 is analyzed in Subsection

9.4.4. For this analysis we choose a parameter point, where the Higgs-boson decay into
staus is kinematically allowed, whereas the other sfermions are considerably heavier than
the Higgs bosons.

9.4.1 H0 → χ̃ χ̃

Following [134] we chose the parameter point

tan β = {3, 30}, mA0 ∈ [100, 500]GeV, µ = −200GeV,

M1 =
1

2
M2 = 75GeV, M2 = 150GeV, M3 = 2TeV, (9.20)

Mq̃L/R
=MSUSY = 2TeV, Ab = Aτ = 2TeV, At =

√
6MSUSY +

µ

tan β
.
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Note, the authors of [134] take −µ = M2 = 150GeV. Since this leads to instabilities in
the renormalization constants of δM2 and δµ (cf. Subsection 7.3.5), thus the value µ has
been shifted to µ = −200GeV. The value for the trilinear coupling At is chosen according
to the maximal-mixing scenario. We vary the parameter mA0 between 100 and 500 GeV.
In Fig. 9.5 the neutral Higgs-boson masses mh0 and mH0 are plotted in function of mA0 .
For mA0 ≥ 150GeV the light Higgs-boson mass mh0 reaches its maximal value ∼ 125GeV.
The heavy Higgs-boson mass mH0 shows a nearly linear dependence on mA0 except for
small values of mA0 .
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Figure 9.5: Values for mh0 (left) and mH0 (right) in function of mA0 . The other parameters
are chosen as described in the first paragraph of Subsection 9.4.1.

In Fig. 9.6 the partial decay width Γ and the relative corrections

δ =
ΓEW
1 − ΓZ0
ΓZ0

(9.21)

for the invisible decay H0 → χ̃0
1 χ̃

0
1 are plotted for tan β = 3 and tan β = 30 in function of

mA0 . ΓZ0 denotes the improved Born decay width including the effects from the Higgs-field
correction factors Z. The partial decay width for tan β = 30 is enhanced by a factor 4
compared to the decay width for tan β = 3. As it can be seen in the right-hand side plot,
the relative corrections amount from −1.5% to 3%.

The partial decay widths and relative corrections for the decay ofH0 into all neutralinos
and charginos except the invisible decay H0 → χ̃0

1 χ̃
0
1 are plotted in Fig. 9.7. Again, the

decay width for tan β = 30 is larger than for tan β = 3. The relative corrections lie between
−4% and 8%.

9.4.2 h0 → χ̃0
1 χ̃

0
1

Ifmχ̃0
1
. mh0/2 the invisible decay of the lightest Higgs boson h

0 → χ̃0
1 χ̃

0
1 becomes relevant.

In order to allow for a light χ̃0
1, the universality relation for the parameter point (9.20) is
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Figure 9.6: Partial decay width Γ in GeV(left) and relative corrections δ (right) for the
decay H0 → χ̃0

1 χ̃
0
1. The other parameters are chosen as described in the first paragraph of

Subsection 9.4.1.
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Figure 9.7: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H0 into all neutralinos and charginos except H0 → χ̃0

1 χ̃
0
1 in function

of mH0 . The other parameters are chosen as described in the first paragraph of Subsec-
tion 9.4.1.

relaxed to M1 = {0.1, 0.3} ×M2. Thus, according to [134] the following parameter point
was chosen and mA0 is varied between 100 and 500 GeV.

tan β = 10, mA0 ∈ [100, 500]GeV, µ = −200GeV,

M1 = {0.1, 0.3} ×M2, M2 = 150GeV, M3 = 2TeV, (9.22)

Mq̃L/R
=MSUSY = 2TeV, Ab = Aτ = 2TeV, At =

√
6MSUSY +

µ

tan β
.

In Fig. 9.8 the partial decay width and the relative corrections for the decay h0 → χ̃0
1 χ̃

0
1

is plotted in function of m0
h. For mh0 → 125GeV the partial decay width approaches zero

causing the relative corrections to diverge. The relative corrections lie between 2% and
10%.
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Figure 9.8: Partial decay width in GeV(left) and relative corrections (right) for the decay
h0 → χ̃0

1 χ̃
0
1. The other parameters are chosen as described in the first paragraph of

Subsection 9.4.2.

9.4.3 H0 → t̃1 t̃1

In order to study the decay of heavy Higgs boson into top squarks, the squark mass
parameters for the third generation have been lowered to 400GeV and the CP-odd Higgs-
boson massmA0 is varied between 400 and 1000 GeV. This results in the MSSM parameters

tan β = {3, 30}, mA0 ∈ [400, 1000]GeV, µ = −200GeV,

M1 =
1

2
M2 = 75GeV, M2 = 150GeV, M3 = 2TeV, (9.23)

Mq̃1,2
L/R

=MSUSY = 2TeV

Mq̃3
L/R

= 400GeV, Ab = Aτ = 400GeV, At =
√
6MSUSY +

µ

tan β
.

The partial decay width and relative corrections (9.21) to the decay widths ofH0 → t̃1 t̃
∗
1

are shown in Fig. 9.9. They slightly decrease with higher values of mH0 . The relative QCD
corrections lie between 5% and 20% whereas the EW contributions amount to −4% to 2%.

9.4.4 H0 → τ̃1 τ̃
∗
1

In order to allow for the decay H0 → τ̃1 τ̃
∗
1 the mass of τ̃1 has to be considerably lighter than

the mass of the heavy Higgs bosons, i.e. mH0 > 2mτ̃1 . Therefore, we perform our numerical
analysis of the decay H0 → τ̃1 τ̃

∗
1 in scenario α of [142]. In terms of the parameters at the

GUT scale scenario α is given by

M0 = 800 GeV, M1/2 = 600 GeV, A0 = 1600 GeV,

tan β = 55, sgnµ > 0. (9.24)

This yields the MSSM parameters given in Tab. 9.5. The relevant τ̃ and Higgs-boson
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Figure 9.9: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H0 → t̃∗1 t̃1. The other parameters are chosen as described in the first
paragraph of Subsection 9.4.3.

MA0 = 401.67 GeV tan β = 55 µ = 665.88 GeV

M1 = 252.83 GeV M2 = 466.04 GeV M3 = 1397.17 GeV

M
l̃
(1,2)
L

= 890.60 GeV M
ẽ
(1,2)
R

= 829.83 GeV

M
l̃
(3
L
= 687.54 GeV Mτ̃R = 214.93 GeV

M
q̃
(1,2)
L

= 1466.69 GeV M
ũ
(1,2)
R

= 1428.30 GeV M
d̃
(1,2)
R

= 1424.08 GeV

M
q̃
(3)
L

= 1224.25 GeV Mt̃R
= 1104.50 GeV Mb̃R

= 1239.66 GeV

Aτ = 507.28 GeV At = −466.89 GeV Ab = −503.83 GeV

Table 9.5: Soft SUSY-breaking on-shell parameters for the CMSSM scenario α [142]. Since
the bottom quark/squark and τ sector is treated in the DR scheme, the trilinear coupling
of the bottom quark Ab and Aτ remain DR values.

masses in this scenario are

mH0 = 401.52GeV, mτ̃1 = 196.54GeV, mτ̃2 = 684.51GeV. (9.25)

Thus, only the decay channel H0 → τ̃1 τ̃
∗
1 is kinematically accessible in this benchmark

scenario. Starting from this parameter point the CP-odd Higgs-boson mass is varied be-
tween 390GeV ≤ mA0 ≤ 1000GeV. In Fig. 9.10 the partial decay width (left) and relative
corrections (right) for the decay H0 → τ̃1 τ̃

∗
1 are shown in function of mH0 . The partial

decay width reaches zero when mH0 → 2mτ̃1 ≈ 400GeV. For low values of mH0 the rela-
tive correction goes up to δ ≈ 3% and for values of mH0 ≥ 500GeV the relative correction
stabilizes at δ ≈ −2%.
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Figure 9.10: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H0 → τ̃ ∗1 τ̃1 in function of mH0 . The other paramters are chosen as
described in the first paragraph of Subsection 9.4.4.

9.5 Comparision with HFOLD

The HFOLD package [133] computes the strict one-loop EW and QCD corrections to Higgs-
boson decays within the MSSM. As in the SFOLD package the calculation is performed in
the DR scheme using on-shell masses for the kinematics. Hence, we use the same procedure
as in Section 7.5 to obtain the soft-breaking parameters in the on-shell scheme (only the
trilinear couplings Ab and Aτ are renormalized according to the DR scheme) used in our
calculation. As for the comparison with the SFOLD package we compare the decay widths
obtained with our code and with HFOLD at the SPS1a′ [55, 123] benchmark point using
the SM parameters given in (7.13). The on-shell masses are given in Tab. 7.14 and the
soft-breaking parameters in the DR and on-shell schemes are given in Tab. 7.15.

The partial decay widths computed with HFOLD and with our Higgs-boson decay
code (HDC) are compared in Tab. 9.6. In order to be able to compare the results for
processes with small decay widths, all values are given in MeV. Since the computation
in HFOLD is performed in the DR scheme, whereas in our code for most parameters the
on-shell scheme is used, only the partial decay widths including the full corrections can be
compared. For the decay of the CP-even neutral Higgs boson H0 and charged Higgs boson
H− the difference between the partial decay widths computed with HFOLD and with our
code is mostly below 2%. Only for the decays into τ̃ the differences between the decay
widths computed with HFOLD and our code are between 5% and 10%. For the decays
of the CP-odd Higgs boson A0 only the partial decay widths for the decays A0 → χ̃0

1 χ̃
0
1

and A0 → χ̃0
1 χ̃

0
2 are below 2%. The other partial decay widths show differences up to 11%

between the computation of HFOLD and our code. So far, the reason for this discrepancy
between the two computations has not been identified and needs further examination.



146 9. Higgs-boson decays into sfermions, neutralinos and charginos

HFOLD HDC HFOLD HDC

Process Γ1 [MeV] Γ1 [MeV] Process Γ1 [MeV] Γ1 [MeV]

H0 → χ̃0
1 χ̃

0
1 14.01 13.86 A0 → χ̃0

1 χ̃
0
1 20.54 20.53

H0 → χ̃0
1 χ̃

0
2 46.50 45.43 A0 → χ̃0

1 χ̃
0
2 97.16 95.41

H0 → χ̃0
2 χ̃

0
2 20.65 19.91 A0 → χ̃0

2 χ̃
0
2 116.57 104.88

H0 → χ̃+
1 χ̃

−
1 52.73 49.45 A0 → χ̃+

1 χ̃
−
1 286.20 255.32

H0 → ν̃e ν̃
∗
e 0.50 0.50 A0 → τ̃1 τ̃

∗
2 59.37 55.02

H0 → ν̃τ ν̃
∗
τ 0.54 0.55

H0 → ẽL ẽ
∗
L 0.41 0.42 H− → χ̃−

1 χ̃
0
1 130.58 127.96

H0 → ẽR ẽ
∗
R 0.45 0.44 H− → χ̃−

1 χ̃
0
2 0.63 0.66

H0 → τ̃1 τ̃
∗
1 18.43 17.20 H− → ẽL ν̃e 1.26 1.28

H0 → τ̃1 τ̃
∗
2 38.13 35.16 H− → τ̃1 ν̃τ 64.32 59.97

H0 → τ̃2 τ̃
∗
2 3.51 3.32 H− → τ̃2 ν̃τ 1.18 1.04

Table 9.6: Partial decay widths including the full NLO corrections computed with HFOLD
and with our code denoted as HDC. The decay widths of the neutral CP-even Higgs
boson H0 computed with HDC also include higher-order corrections from the finite field-
renormalization factors.
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Conclusions

Supersymmetry (SUSY) is among the most promising extensions of the Standard Model of
elementary particles. It has the potential to solve important open questions, i.e. it is able
to solve the hierarchy problem, allows for unification of the electroweak and strong forces,
and provides a viable dark matter candidate.

If SUSY is realized at the TeV scale, there is a good chance to produce and detect
supersymmetric particles at the LHC. The particles with the generally largest production
cross section at the LHC are squarks and the gluino, the superpartners of quarks and the
gluon. Since they decay immediately after their production, precise knowledge of their
decay channels and corresponding decay rates is essential. The theoretical predictions
are significantly affected by higher-order contributions and therefore next-to-leading order
(NLO) corrections have to be included. Hence, decay rates and branching ratios of squarks
and gluino including QCD and electroweak NLO corrections are the first topic of this work.

Since the Yukawa couplings of the quarks of the first two generations are negligible at the
energy scale considered, there are no mixing effects for squarks of the first two generations
(light-flavor squarks) and the masses of left- and right-handed squarks are nearly degen-
erate. Hence, for light-flavor squarks we only considered decays into quark plus gluino,
quark plus neutralino and quark plus chargino. On the other hand, the Yukawa couplings
of the top and bottom quark cannot be neglected. This results in potentially large mixing
between left- and right-handed third-generation squarks and large mass splittings between
mass eigenstates are possible. Because of this potentially large difference between the mass
eigenstates, decays of the heavier squarks into lighter squarks plus electroweak gauge-boson
or Higgs-boson become possible. Thus, for third-generation squarks we considered in ad-
dition to the aforementioned decay channels the decays of the heavier top/bottom squark
into Z/W-boson plus lighter-squark and Higgs-boson plus lighter-squark.

Generally, we performed the calculation of the QCD and electroweak NLO corrections
in the on-shell renormalization scheme except for the bottom quark mass and the according
trilinear coupling which we renormalized in the DR scheme. This procedure cures numerical
instabilities in certain parameter regions. Furthermore, we also resummed tan β-enhanced
contributions into effective bottom Yukawa couplings. Since the masses of the left-handed
down-type squarks and the masses of the three heavier neutralinos can be chosen to depend
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on the other masses, finite shifts between the tree-level and on-shell values have to be
respected. This can alter the decay width by a few percent.

The computation has been performed within the framework of the Minimal Super-
symmetric Standard Model (MSSM). In order to study the numerical results the decay
widths and branching ratios including the NLO contributions have been evaluated at spe-
cific benchmark points which represent distinct characteristics (e.g. mass spectra). The
contributions from virtual and real QCD corrections to the total decay widths of squarks
lies between −5% and 20%. The QCD corrections to the total squark decay width grow
substantially in parameter regions, where the decay into quark plus gluino is dominat-
ing, i.e. when the gluino is lighter than the squarks. Otherwise, QCD corrections are of
the same order as the electroweak corrections, which lie between −5% and 5%, but often
have opposite sign than the QCD corrections. Hence, significant cancellations between
electroweak and QCD NLO contributions can occur and therefore, it is important to in-
clude both, electroweak and QCD corrections. Finally, we also examined effects of NLO
corrections on differential distributions. The real photon bremsstrahlung corrections alter
the pT distributions of the quark jet in light-flavor squark decays into quark plus neu-
tralino/chargino significantly. In contrast the distributions in the decays of the top squark
into top quark plus neutralino is not strongly altered by real QCD corrections because of
the reduced phase space. For the gluino decay into quark plus squark, the numerical study
at selected benchmark points show that the QCD corrections vary between −8% and −13%
and the electroweak corrections again have opposite sign and a value of approximately 4%.
Hence, cancellations between electroweak and QCD NLO contributions have again to be
taken into account.

In order to formulate a consistent supersymmetric Lagrangian, also the Higgs-sector
has to be extended. In the MSSM it consists of two scalar doublet fields, which after
spontaneous symmetry breaking, result in five physical Higgs bosons. Since the additional
Higgs bosons can have large masses, their decays into supersymmetric particles may have
sizeable branching fractions. Therefore, in the second part of this work we examined
NLO corrections to Higgs boson decays into supersymmetric particles. We considered
the decays of Higgs bosons into sfermions, neutralinos, and charginos. Furthermore, we
also analyze the invisible decay of the lightest Higgs boson into two lightest neutralinos.
This decay becomes relevant in scenarios with light neutralino LSPs, especially when the
universality condition M1 = 5/3 tan2 θWM2 is relaxed. We adopted the same framework
as in squark and gluino decays to compute the QCD and electroweak corrections to the
aforementioned Higgs-boson decays. In order to study the decay width and the impact
of NLO contributions numerically, specific benchmark scenarios have been chosen. We
choose the maximal-mixing scenario, where the maximal possible Higgs-boson mass is
obtained. For the Higgs-boson decays into neutralinos and charginos, we found relative
electroweak corrections between 2% and 10%. For Higgs-boson decays into top squarks,
the QCD corrections lie between 5% and 20%, whereas the contributions from electroweak
corrections amount to −4% to 2%. Finally, the Higgs-boson decays into tau sleptons have
been studied in a benchmark scenario where this decay is kinematically accessible. Here,
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the electroweak corrections are of the order of −2%.

This work provides an important step in collecting all NLO corrections to two-body
squark decays in a consistent framework. Furthermore, the existing implementations of
NLO corrections to Higgs-boson decays into SM particles are complemented by the pre-
sented corrections to Higgs-boson decays into their supersymmetric partners.
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Appendix A

Bremsstrahlung integrals

For the processes t̃2 → t̃1 Z and t̃2 → t̃1 h
0 the real photon/gluon radiation decay widths

are also computed analytically. These decay widths are linear combinations of the brems-
strahlung integrals presented in this section using the notation of [30]. For a massive
particle with momentum p0 and massm0 decaying into two massive particles with momenta
p1, p2 and masses m1, m2 and a photon with momentum q the following phase-space
integrals need to be computed,

Ij1,...,jmi1,...,in
=

1

π2

∫
d3 p1
2E1

d3 p2
2E2

d3 q

2Eq
δ (p0 − p1 − p2 − q)

(±2qpj1) · · · (±2qpjm)
(±2qpi1) · · · (±2qpin)

, (A.1a)

Ei =
√
p2
i +m2

i , Eq =
√

q2 + λ2,

where λ is the ficticious photon mass introduced to regularize the infrared divergences. For
bremsstrahlung integrals with no upper indices the scalar products in the numerator are
replaced by 1. With the phase-space function κ ≡ κ(m2

0,m
2
1,m

2
2) given in (3.2) and the

dilogarithm Li2(x)

Li2(x) = −
∫ 1

0

d t

t
log(1− xt), (A.2)

and defining the abbreviations

β0 =
m2

0 −m2
1 −m2

2 + κ

2m1m2

, β1 =
m2

0 −m2
1 +m2

2 − κ
2m0m2

, (A.3a)

β2 =
m2

0 +m2
1 −m2

2 − κ
2m0m1

, (A.3b)

compact expressions for the analytical integration of (A.1a) can be obtained. Since (A.1a)
is symmetric under the exchange of the two external massive particles, the integrals with
the indices 1 and 2 interchanged are obtained by interchanging m1 and m2. Omitting
integrals which can be obtained by interchanging indices, the IR-singular bremsstrahlung
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integrals are given by

I00 =
1

4m2
0

[
κ log

(
κ2

λm0m1m2

)
− κ−

(
m2

1 −m2
2

)
log

(
β1
β2

)
−m2

0 log (β0)

]
, (A.4a)

I11 =
1

4m2
0m

2
1

[
κ log

(
κ2

λm0m1m2

)
− κ−

(
m2

0 −m2
2

)
log

(
β0
β2

)
−m2

1 log (β1)

]
, (A.4b)

I01 =
1

4m2
0

[
−2 log

(
λm0m1m2

κ2

)
log (β2) + 2 log2 (β2)− log2 (β0)− log2 (β1)

+ 2Li2
(
1− β2

2

)
− Li2

(
1− β2

0

)
− Li2

(
1− β2

1

)]
, (A.4c)

I12 = −I01 − I02. (A.4d)

The other bremsstrahlung integrals are IR-finite. Again, omitting integrals which are
obtained by interchanging indices, the IR-finite bremsstrahlung integrals read

I =
1

4m2
0

[κ
2

(
m2

0 +m2
1 +m2

2

)
+ 2m2

0m
2
1 log (β2) + 2m2

0m
2
2 log (β1)

+ 2m2
1m

2
2 log (β0)

]
, (A.5a)

I0 =
1

4m2
0

[
−2m2

1 log (β2)− 2m2
2 log (β1)− κ

]
, (A.5b)

I1 =
1

4m2
0

[
−2m2

0 log (β2)− 2m2
2 log (β0)− κ

]
, (A.5c)

I10 =
1

4m2
0

[
m4

1 log (β2)−m2
2

(
2m2

0 − 2m2
1 +m2

2

)
log (β1)

− κ

4

(
m2

0 − 3m2
1 + 5m2

2

)]
, (A.5d)

I01 =
1

4m2
0

[
m4

0 log (β2)−m2
2

(
2m2

1 − 2m2
0 +m2

2

)
log (β0)

− κ

4

(
m2

1 − 3m2
0 + 5m2

2

)]
, (A.5e)

I12 = −I − I02 , (A.5f)

I1200 =
1

4m2
0

[
m4

1 log (β2) +m4
2 log (β1) +

κ3

6m2
0

+
κ

4

(
3m2

1 + 3m2
2 −m2

0

)]
, (A.5g)

I0211 =
1

4m2
0

[
m4

0 log (β2) +m4
2 log (β0) +

κ3

6m2
1

+
κ

4

(
3m2

0 + 3m2
2 −m2

1

)]
, (A.5h)

I1200 = −I01 − I0211 , (A.5i)

I1200 = −I10 − I1200 , (A.5j)

I1200 = −I21 − I0211 . (A.5k)



Appendix B

Renormalization constants

In Chapters 6 and 9 the counterterm Lagrangian for squark–quark–neutralino/chargino,
squark–quark–gluino, squark–squark–gauge-boson, squark–squark–Higgs-boson, and Higgs-
boson–neutralino/chargino interactions are derived. In this section we list the renormal-
ization constants belonging to the couplings given in the Lagrangians.

B.1 q̃∗a q
′ χ̃i

δCL
sk = −δg2 Uk1 U d̃

s1 +

(
δg2
g2

+
δmd

md

− δM2
W

2M2
W

− δcβ
cβ

)
g2 Uk2√
2MW cβ

md U
d̃
s2, (B.1)

δDL
sk = −δg2 Vk1 U ũ

s1 +

(
δg2
g2

+
δmu

mu

− δM2
W

2M2
W

− δsβ
sβ

)
g2 Vk2√
2MW sβ

mu U
ũ
s2, (B.2)

δER
sk =

(
δg2
g2

+
δmd

md

− δM2
W

2M2
W

− δcβ
cβ

)
ER
sk, (B.3)

δFR
sk =

(
δg2
g2

+
δmu

mu

− δM2
W

2M2
W

− δsβ
sβ

)
FR
sk, (B.4)

δGuL
sk = δGuL

k U ũ
s1 −

(
δg2
g2

+
δmu

mu

− δM2
W

2Mw
W

− δsβ
sβ

)
g2√

2MW sβ
muN

∗
k4 U

ũ
s2, (B.5)

δGuR
sk = δGuR

k U ũ
s2 −

(
δg2
g2

+
δmu

mu

− δM2
W

2Mw
W

− δsβ
sβ

)
g2√

2MW sβ
muNk4 U

ũ
s1, (B.6)

δGdL
sk = δGdL

k U d̃
s1 −

(
δg2
g2

+
δmd

md

− δM2
W

2Mw
W

− δcβ
cβ

)
g2√

2MW cβ
mdN

∗
k3 U

d̃
s2, (B.7)

δGdR
sk = δGdR

k U d̃
s2 −

(
δg2
g2

+
δmd

md

− δM2
W

2Mw
W

− δcβ
cβ

)
g2√

2MW cβ
mdNk3 U

d̃
s1, (B.8)
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δGq L
k =

δg2
g2
Gq L
k −

√
2 g2 [δtW (Qq − T q3L)N∗

k1] , (B.9)

δGq R
k =

(
δg2
g2

+
δtW
tW

)
Gq R
k . (B.10)

B.2 q̃∗a q̃
′
b V

δC (Z, q̃∗s , q̃t) =

(
δZe −

δsW
sW
− δcW

cW

)
C (Z, q̃∗s , q̃t)

+
[
4
(
I3q̃
)2
Qq̃U

q̃
s1U

q̃
t1 +Qq̃U

q̃
s2U

q̃
t2

]
δs2W , (B.11)

δC
(
W+, ũ∗s, d̃t

)
= δC

(
W−, d̃∗s, ũt

)
=

(
δZe −

δsW
sW

)
C
(
W+, ũ∗s, d̃t

)
. (B.12)

B.3 q̃∗a q̃
′
b S

δC
(
H+, ũ∗s, d̃t

)
= δC

(
H−, d̃∗s, ũt

)
=

(
δg2
g2
− δM2

W

2M2
W

)
C
(
H+, ũ∗s, d̃t

)

+
g2

2MW

[
U ũ
s1 U

d̃
t1

(2mu δmu

tβ
− m2

u

tβ

δsβ
sβ

+ 2md δmd tβ −m2
d tβ

δcβ
cβ
− δM2

W s2β

+M2
W (δsβ cβ + δcβ sβ)

)

− U ũ
s1 U

d̃
t2

(
δmd (µ− Ad tβ) +md

(
δµ− δAd tβ −

δcβ
cβ

(µ− Ad tβ)
))

− U ũ
s2 U

d̃
t1

(
δmu

(
µ− Au

tβ

)
+mu

(
δµ− δAu

tβ
− δsβ

sβ

(
µ− Au

tβ

)))

+ U ũ
s2 U

d̃
t2

(
(δmumd + δmdmu)

(
tβ +

1

tβ

)
−mumd

(
tβ
δcβ
cβ

+
1

tβ

δsβ
sβ

))]
, (B.13)

δC
(
H0, ũ∗s, ũt

)
=

δCA (ũ
∗
s, ũt) sα + δCµ (ũ

∗
s, ũt) cα − δCg (ũ∗s, ũt) cα+β + Cg (ũ

∗
s, ũt) sα+β c

2
β δtβ, (B.14)

δC
(
h0, ũ∗s, ũt

)
=

δCA (ũ
∗
s, ũt) cα − δCµ (ũ∗s, ũt) sα + δCg (ũ

∗
s, ũt) sα+β + Cg (ũ

∗
s, ũt) cα+β c

2
β δtβ, (B.15)
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δC
(
H0, d̃∗s, d̃t

)
=

δCA

(
d̃∗s, d̃t

)
cα + δCµ

(
d̃∗s, d̃t

)
sα − δCg

(
d̃∗s, d̃t

)
cα+β + Cg

(
d̃∗s, d̃t

)
sα+β c

2
β δtβ, (B.16)

δC
(
h0, d̃∗s, d̃t

)
=

− δCA
(
d̃∗s, d̃t

)
sα + δCµ

(
d̃∗s, d̃t

)
cα + δCg

(
d̃∗s, d̃t

)
sα+β + Cg

(
d̃∗s, d̃t

)
cα+β c

2
β δtβ.

(B.17)

δC
(
A0, ũ∗s, ũt

)
=

(
δg2
g2

+
δmu

mu

− δM2
W

2M2
W

)
C
(
A0, ũ∗s, ũt

)

+
i g2mu

2MW

(
U ũ
s1 U

ũ
t2

(
δµ− δAu

tβ
− δsβ

sβ

(
µ− Au

tβ

))

− U ũ
s2 U

ũ
t1

(
δµ− δAu

tβ
− δsβ

sβ

(
µ− Au

tβ

)))
(B.18)

δC
(
A0, d̃∗s, d̃t

)
=

(
δg2
g2

+
δmu

mu

− δM2
W

2M2
W

)
C
(
A0, ũ∗s, ũt

)

+
i g2md

2MW

(
U d̃
s1 U

d̃
t2

(
δµ− δAd tβ −

δcβ
cβ

(µ− Ad tβ)
)

− U d̃
s2 U

d̃
t1

(
δµ− δAd tβ −

δcβ
cβ

(µ− Ad tβ)
))

(B.19)

δCA (ũ
∗
s, ũt) =

(
δg2
g2
− δM2

W

2M2
W

− δsβ
sβ

)
CA (ũ

∗
s, ũt) +

g2
MW sβ

[

(
δmuAu

2
+
mu δAu

2

)(
U ũ
s1 U

ũ
t2 + U ũ

s2 U
ũ
t1

)
− 2mu δmu

(
U ũ
s1 U

ũ
t1 + U ũ

s2 U
ũ
t2

) ]
, (B.20)

δCA

(
d̃∗s, d̃t

)
=

(
δg2
g2
− δM2

W

2M2
W

− δcβ
cβ

)
CA

(
d̃∗s, d̃t

)
+

g2
MW cβ

[

(
δmdAd

2
+
md δAd

2

)(
U d̃
s1 U

d̃
t2 + U d̃

s2 U
d̃
t1

)
− 2md δmd

(
U d̃
s1 U

d̃
t1 + U d̃

s2 U
d̃
t2

)]
, (B.21)

δCµ (ũ
∗
s, ũt) =

(
δg2
g2

+
δmu

mu

+
δµ

µ
− δM2

W

2M2
W

− δsβ
sβ

)
Cµ (ũ

∗
s, ũt) , (B.22)

δCµ

(
d̃∗s, d̃t

)
=

(
δg2
g2

+
δmd

md

+
δµ

µ
− δM2

W

2M2
W

− δcβ
cβ

)
Cµ

(
d̃∗s, d̃t

)
, (B.23)

δCg (ũ
∗
s, ũt) =

(
δg2
g2

+
δM2

W

2MW

)
Cg (ũ

∗
s, ũt)

+ g2MW

[
(1− 2Qu)U

ũ
s1 U

ũ
t1 + 2Qu U

ũ
s2 U

ũ
t2

]
tW δtW , (B.24)

δCg

(
d̃∗s, d̃t

)
=

(
δg2
g2

+
δM2

W

2MW

)
Cg

(
d̃∗s, d̃t

)

− g2MW

[
(1 + 2Qd)U

d̃
s1 U

d̃
t1 − 2Qd U

d̃
s2 U

d̃
t2

]
tW δtW . (B.25)
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B.4 S ¯̃χi χ̃j

δCR
nl

(
h0
)
= δCL

ln

(
h0
)∗

= δg2C
R
nl

(
h0
)
+ g2 (sinα δQ

′′
nl + cosα δS ′′

nl) , (B.26)

δCR
nl

(
H0
)
= δCL

ln

(
H0
)∗

= δg2C
R
nl

(
H0
)
− g2 (cosα δQ′′

nl − sinα δS ′′
nl) , (B.27)

δCR
nl

(
A0
)
= δCL

ln

(
A0
)∗

= δg2C
R
nl

(
A0
)
− ig2 (sin β δQ′′

nl − cos β δS ′′
nl) , (B.28)

δCR
nl

(
G0
)
= δCL

ln

(
G0
)∗

= δg2C
R
nl

(
G0
)
+ ig2 (cos β δQ

′′
nl + sin β δS ′′

nl) , (B.29)

δDR
km

(
h0
)
= δDL

mk

(
h0
)∗

= δg2D
R
km

(
h0
)
, (B.30)

δDR
km

(
H0
)
= δDL

mk

(
H0
)∗

= δg2D
R
km

(
H0
)
, (B.31)

δDR
km

(
A0
)
= δDL

mk

(
A0
)∗

= δg2D
R
km

(
A0
)
, (B.32)

δDR
km

(
G0
)
= δDL

mk

(
G0
)∗

= δg2D
R
km

(
h0
)
, (B.33)

δER
lk

(
H−) = δg2E

R
lk

(
H−)− g2 sin β δQ′R

lk , (B.34)

δEL
lk

(
H−) = δg2E

R
lk

(
H−)− g2 cos β δQ′L

lk , (B.35)

δER
lk

(
G−) = δg2E

R
lk

(
G−)+ g2 cos β δQ

′R
lk , (B.36)

EL
lk

(
G−) = δg2E

R
lk

(
G−)− g2 sin β δQ′L

lk . (B.37)

δQ′R
lk = − 1√

2
Uk2Nl1δtW , δQ′L

lk =
1√
2
V ∗
k2N

∗
l1δtW , (B.38)

δQ′′
nl = −

1

2
(Nn3Nl1 +Nl3Nn1) δtW , δS ′′

nl = −
1

2
(Nn4Nl1 +Nl4Nn1) δtW . (B.39)



Appendix C

Feynman rules

The Feynman rules including counterterms are deduced from the Lagrangians given in
Chapter 6. In the vertices all momenta are considered as incoming.

C.1 q̃s q̄
′ χ̃k

q̃s

q̄′

χ̃k

= i
(
CLPL + CRPR

)
,

(
CL

CR

)[
ũs, d̄, χ̃

−
k

]
=

(
ER∗
sk

DL
sk

)

(
CL

CR

)CT [
ũs, d̄, χ̃

−
k

]
=




1

2

(
[δZRχ̃+ ]∗lkE

R∗
sl + [δZũ]tsER∗

tk + δZR∗
d ER∗

sk

)
+ δER∗

sk

1

2

(
[δZLχ̃+ ]∗lkD

L
sl + [δZũ]tsDL

tk + δZL∗
d DL

sk

)
+ δDL

sk




(
CL

CR

)[
d̃s, ū, χ̃

+
k

]
=

(
FR∗
sk

CL
sk

)

(
CL

CR

)CT [
d̃s, ū, χ̃

+
k

]
=




1

2

(
[δZLχ̃+ ]lkF

R∗
sl + [δZd̃]tsFR∗

tk + δZR∗
u FR∗

sk

)
+ δFR∗

sk

1

2

(
[δZRχ̃+ ]lkC

L
sl + [δZd̃]tsCL

tk + δZL∗
u CL

sk

)
+ δCL

sk
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(
CL

CR

)[
ũs, ū, χ̃

0
k

]
=

(
GuR∗
sk

GuL∗
sk

)

(
CL

CR

)CT [
ũs, ū, χ̃

0
k

]
=




1

2

(
[δZχ̃0 ]lkG

uR∗
sl + [δZũ]tsGuR∗

tk + δZR∗
u GuR∗

sk

)
+ δGuR∗

sk

1

2

(
[δZχ̃0 ]∗lkG

uL∗
sl + [δZũ]tsGuL∗

tk + δZL∗
u GuL∗

sk

)
+ δGuL∗

sk




(
CL

CR

)[
d̃s, d̄, χ̃

0
k

]
=

(
GdR∗
sk

GdL∗
sk

)

(
CL

CR

)CT [
d̃s, d̄, χ̃

0
k

]
=




1

2

(
[δZχ̃0 ]lkG

dR∗
sl + [δZd̃]tsGdR∗

tk + δZR∗
d GdR∗

sk

)
+ δGdR∗

sk

1

2

(
[δZχ̃0 ]∗lkG

dL∗
sl + [δZd̃]tsGdL∗

tk + δZL∗
d GdL∗

sk

)
+ δGdL∗

sk


 .

C.2 q̃s q̄ g̃
a

q̃s

q̄

g̃

= i
(
CLPL + CRPR

)
,

(
CL

CR

)
[q̃s, q̄, g̃

a] = −
√
2gsT

a

(
−U q̃

2s

U q̃
1s

)

(
CL

CR

)CT

[q̃s, q̄, g̃
a] = −

√
2gsT

a



−δZgsU q̃

2s −
1

2
[δZq̃]ts U

q̃
2t −

1

2
δZR∗

q U q̃
2s

δZgsU
q̃
1s +

1

2
[δZq̃]ts U

q̃
1t +

1

2
δZL∗

q U q̃
1s


 .
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C.3 q̃′s q̃
∗
t V

q̃′s

q̃∗t

V

= iC (p1 − p2)µ ,

C [q̃s, q̃
∗
t , Zµ] = C (Z, q̃∗t , q̃s) ,

CCT [q̃s, q̃
∗
t , Zµ] = δC (Z, q̃∗t , q̃s) +

1

2
δZZA

11 C (Z, q̃∗t , q̃s) +
1

2
δZZA

21 C (A, q̃∗t , q̃s)

+
1

2
[δZq̃]∗tuC (Z, q̃∗u, q̃s) +

1

2
[δZq̃]sv C (Z, q̃∗t , q̃v) ,

C
[
ũs, d̃

∗
t ,W

−
µ

]
= C

(
W−, d̃∗t , ũs

)
,

CCT
[
ũs, d̃

∗
t ,W

−
µ

]
= δC

(
W−, d̃∗t , ũs

)
+

1

2
δZWC

(
W−, d̃∗t , ũs

)

+
1

2
[δZd̃]

∗
tuC

(
W−, d̃∗u, ũs

)
+

1

2
[δZũ]sv C

(
W−, d̃∗t , ũv

)
.

C.4 q̃′s q̃
∗
t S

q̃′s

q̃∗t

S

= iC

C
[
q̃s, q̃

∗
t , h

0
]
= C

(
h0, q̃∗t , q̃s

)
,

CCT
[
q̃s, q̃

∗
t , h

0
]
= δC

(
h0, q̃∗t , q̃s

)
+

1

2
[δZq̃]∗tuC

(
h0, q̃∗u, q̃s

)
+

1

2
[δZq̃]sv C

(
h0, q̃∗t , q̃v

)

+
1

2
δZh0h0C

(
h0, q̃∗t , q̃s

)
+

1

2
δZh0H0C

(
H0, q̃∗t , q̃s

)
,



160 C. Feynman rules

C
[
q̃s, q̃

∗
t , H

0
]
= C

(
H0, q̃∗t , q̃s

)
,

CCT
[
q̃s, q̃

∗
t , H

0
]
= δC

(
H0, q̃∗t , q̃s

)
+

1

2
[δZq̃]∗tuC

(
H0, q̃∗u, q̃s

)
+

1

2
[δZq̃]sv C

(
H0, q̃∗t , q̃v

)

+
1

2
δZH0H0C

(
H0, q̃∗t , q̃s

)
+

1

2
δZh0H0C

(
h0, q̃∗t , q̃s

)
,

C
[
q̃s, q̃

∗
t , A

0
]
= C

(
A0, q̃∗t , q̃s

)
,

CCT
[
q̃s, q̃

∗
t , A

0
]
= δC

(
A0, q̃∗t , q̃s

)
+

1

2
[δZq̃]∗tuC

(
A0, q̃∗u, q̃s

)
+

1

2
[δZq̃]sv C

(
A0, q̃∗t , q̃v

)

+
1

2
δZA0A0C

(
A0, q̃∗t , q̃s

)
+

1

2
δZA0G0C

(
G0, q̃∗t , q̃s

)
,

C
[
ũs, d̃

∗
t , H

−
]
= C

(
H−, d̃∗t , ũs

)
,

CCT
[
ũs, d̃

∗
t , H

−
]
= δC

(
H−, d̃∗t , ũs

)
+

1

2
[δZd̃]

∗
tuC

(
H−, d̃∗u, ũs

)
+

1

2
[δZũ]∗sv C

(
H−, d̃∗t , ũv

)

+
1

2
δZH+H−C

(
H−, d̃∗t , ũs

)
+

1

2
δZH−G+C

(
G−, d̃∗t , ũs

)
.

C.5 S χ̃n χ̃l

S0

χ̃0
n

χ̃0
l

= i
2
(CLPL + CRPR),

(
CL

CR

)[
S0, χ̃0

n, χ̃
0
l

]
=

(
CL
nl(S

0)
CR
nl(S

0)

)
, S0 = h0, H0, A0,

(
CL

CR

)CT [
h0, χ̃0

n, χ̃
0
l

]
=




{
1
2

(
[δZχ̃0 ]

mn
CL
ml(h

0) + CL
nk(h

0) [δZχ̃0 ]
kl

+δZh0h0C
L
nl(h

0) + δZh0H0CL
nl(H

0)
)
+ δCL

nl(h
0)

}

{
1
2

(
[δZχ̃0 ]∗

mn
CR
ml(h

0) + CR
nk(h

0) [δZχ̃0 ]∗
kl

+δZh0h0C
R
nl(h

0) + δZh0H0CR
nl(H

0)
)
+ δCR

nl(h
0)

}


 ,
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(
CL

CR

)CT [
H0, χ̃0

n, χ̃
0
l

]
=




{
1
2

(
[δZχ̃0 ]

mn
CL
ml(H

0) + CL
nk(H

0) [δZχ̃0 ]
kl

+δZH0H0CL
nl(H

0) + δZh0H0CL
nl(h

0)
)
+ δCL

nl(H
0)

}

{
1
2

(
[δZχ̃0 ]∗

mn
CR
ml(H

0) + CR
nk(H

0) [δZχ̃0 ]∗
kl

+δZH0H0CR
nl(H

0) + δZh0H0CR
nl(h

0)
)
+ δCR

nl(H
0)

}


 ,

(
CL

CR

)CT [
A0, χ̃0

n, χ̃
0
l

]
=




{
1
2

(
[δZχ̃0 ]

mn
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ml(A
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0) [δZχ̃0 ]
kl
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nl(A
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nl(G

0)
)
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}

{
1
2

(
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0) [δZχ̃0 ]∗
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+δZA0A0CR
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0)
)
+ δCR

nl(A
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}


 .

S0

χ̃+
m

¯̃χ+
k

= i(CLPL + CRPR),

(
CL

CR

)[
S0, ¯̃χ+

k , χ̃
+
m

]
=

(
DL
km(S

0)
DR
km(S

0)

)
, S0 = h0, H0, A0,

(
CL
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)CT [
h0, ¯̃χ+

k , χ̃
+
m

]
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{
1
2
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δZR
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]∗
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]
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{
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2
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]
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R
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)
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,

(
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)CT [
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m

]
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0) + δZh0H0DR
km(h
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,

(
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{
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2
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[
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H−

χ̃+
k

¯̃χ0
l

= i(CLPL + CRPR),

(
CL

CR

)[
H−, ¯̃χ0

l , χ̃
+
k

]
=

(
EL
lk(H

−)
ER
lk(H

−)

)
,

(
CL

CR

)CT [
H−, ¯̃χ0

l , χ̃
+
k

]
=




{
1
2

(
[δZχ̃0 ]

ml
EL
mk(H

−) + EL
ln(H

−)
[
δZL

χ̃±

]
nk

+δZH+H−EL
lk(H

−) + δZH+G−EL
lk(G

−)
)
+ δEL
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−)

}

{
1
2

(
[δZχ̃0 ]∗

ml
ER
mk(H

−) + ER
ln(H

−)
[
δZR

χ̃±

]
nk

+δZH+H−ER
lk(H

−) + δZH+G−ER
lk(H

−)
)
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−)

}



.

A0 , p Zµ = −iMZ

2
(δZA0G0 + cos2 βδ tan β) pµ

H+, p W−
µ

= −iMW

2
(δZH+G− + cos2 βδ tan β) pµ

H−, p W+
µ

= i
MW

2
(δZH−G+ + cos2 βδ tan β) pµ



Appendix D

Input parameters

For the SPS1a’, SPS4, point.10.1.1 and point.40.1.1 benchmark scenarios, the low-energy
spectrum is defined by only five GUT scale parameters (M0,M1/2, A0, tan β, sgnµ). Using
the renormalization group running, the GUT parameters are evolved down to the SUSY
scale

QSUSY = 1TeV (D.1)

according to the SPA convention [55]. Numerically, we use the program Softsusy 3.1.7 [128].
In order to translate the soft-breaking parameters in the DR scheme into the on-shell (OS)
scheme, sfermion masses, their mixing angles and the neutralino masses are computed in
the DR scheme using tree-level relations. A further subtlety is that the SM particle masses
in the squark mass matrix also need to be in DR scheme. Therefore, before computing the
squark masses, the SM masses are translated to the DR scheme.

After computing the masses and mixing angles in the DR scheme, they are translated
to the OS scheme using relations

(m2
q̃i
)OS = (m2

q̃i
)DR + (δm2

q̃i
)OS − (δm2

q̃i
)DR, i = 1, 2 , (D.2a)

θOS
t̃ = θDR

t̃ + δθOS
t̃ − δθDR

t̃ , (D.2b)

mOS
χ̃0
1
= mDR

χ̃0
1
+ δmOS

χ̃0
1
− δmDR

χ̃0
1
, (D.2c)

mOS
χ̃±
i
= mDR

χ̃±
i
+ δmOS

χ̃±
i
− δmDR

χ̃±
i
, i = 1, 2 . (D.2d)

The squark, chargino, and neutralino mass renormalization constants in the OS scheme are
given in (4.47), (4.84a), and (4.95a). The according renormalization constants in the DR
scheme are obtained by taking the UV-divergent parts of the renormalization constants in
the OS scheme. The renormalization constant of the top squark mixing angle in the OS
scheme is given by

δθOS
t̃ = det(Ut̃)

δYt̃
m2
t̃1
−m2

t̃2

(D.3)

with the renormalization constant δYt̃ defined in (4.64b). Again, the top squark mixing
angle renormalization constant in the DR scheme is obtained by taking the UV-divergent
part of δYt̃.
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As mentioned in Subsection 4.1.3 each generation of the light-flavor squarks has three
and the third-generation squark sector five input parameters Mq̃L , MũR , Md̃R

and the

trilinear couplings for the third generation At, Ab. Thus, the DR to on-shell transition
(D.2a) is performed for mũL,R

and md̃R
(mt̃1,2 and mb̃2

for third generation squarks). The
fourth dependent squark mass md̃L

(mb̃1
) is computed via (4.55) and (4.65). Since in the

bottom-quark/squark sector the trilinear coupling Ab is treated in the DR scheme, only
the mixing angle of the top squark is translated into the on-shell scheme.

Similarly, the chargino and neutralino sector is defined by the three parameters M1,
M2 and µ (Subsection 4.1.3). Thus, the DR to on-shell transitions are performed for the
three masses mχ̃±

1,2
and mχ̃0 . The remaining three neutralino masses obtained with relation

(4.96).
In summary, the procedure to obtain soft-breaking input parameters in the on-shell

scheme is as follows:

1. Define CMSSM parameters (M0,M1/2, A0, tan β, sgnµ) at the GUT scale.

2. Evolve parameters at the GUT scale down to QSUSY.

3. Translate DR parameters at QSUSY to the on-shell scheme:

(a) Translate SM parameters into the DR scheme.

(b) Compute sparticle masses and mixing angles using tree-level relations.

(c) Translate sparticle masses and stop mixing angle into the on-shell scheme.

(d) Compute soft-breaking parameters in the on-shell scheme using tree-level rela-
tions.

(e) Compute the dependent on-shell masses for the subset of squark and neutralino
masses mentioned above.
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[82] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen, et. al., Soft-gluon
resummation for squark and gluino hadroproduction, JHEP 0912 (2009) 041,
[arXiv:0909.4418].

[83] W. Beenakker, S. Brensing, M. Krämer, A. Kulesza, E. Laenen, et. al.,
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[115] M. Mühlleitner, A. Djouadi, and Y. Mambrini, SDECAY: A Fortran Code for the
Decays of the Supersymmetric Particles in the MSSM, Comput. Phys. Commun.
168 (2005) 46–70, [hep-ph/0311167].
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