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Kurzfassung

Das Standardmodell der Elementarteilchenphysik beschreibt alle derzeit bekannten funda-
mentalen Materieteilchen sowie deren Wechselwirkungen, nämlich die starke, die schwache
und die elektromagnetische Kraft. Obwohl das Standardmodell bei der korrekten Beschrei-
bung experimenteller Ergebnisse im Rahmen der Messgenauigkeit große Erfolge verzeichnen
kann, wird angenommen, dass es eine effektive Theorie ist, die nur für die derzeitig erreich-
baren Energien Gültigkeit hat. Um physikalische Phänomene auch bei höheren Energien
beschreiben zu können, muss das Standardmodell erweitert werden. Der aussichtsreichste
Kandidat hierfür ist das Minimale Supersymmetrische Standard Model (MSSM), dem das
Konzept der Supersymmetrie zugrunde liegt. Das MSSM sagt die Existenz von sogenann-
ten supersymmetrischen Teilchen zu den bisher bekannten Teilchen voraus. Die Suche nach
diesen supersymmetrischen Teilchen ist deshalb eines der wichtigsten Ziele des Large Hadron
Colliders (LHC) am Kernforschungszentrum CERN, bei dem genügend hohe Energien zur
Verfügung stehen sollen, um Kollisionen zu erzeugen, die die Existenz von Supersymmetrie
bestätigen.

Unter diesen supersymmetrischen Teilchen befinden sich die Partnerteilchen der Fermio-
nen, die Sfermionen, sowie fünf physikalische Higgsbosonen. Um diese Teilchen entdecken
zu können, sind genaue Vorhersagen ihrer Zerfallskanäle und Verzweigungsverhältnisse er-
forderlich.

In dieser Arbeit werden die Zerfälle von Higgsbosonen in zwei Sfermionen und ihre gekreuzten
Kanäle analysiert. Von großem Interesse sind dabei die Sfermionen der dritten Generation,
weil man annimmt, dass sie wegen ihrer starken Yukawakopplungen sowie ihrer Links-Rechts
Mischung sehr leicht sind. In der Berechnung der Zerfallsbreiten werden die vollständigen
elektroschwachen Einschleifen-Korrekturen berücksichtigt. Aufgrund der Tatsache, dass in
diesem Prozess fast alle Parameter des MSSM renormiert werden müssen und daher eine
große Anzahl von Feynmangraphen berechnet werden muss, gestaltet sich diese Aufgabe
als ziemlich schwierig. In bestimmten Zerfallskanälen, vor allem für große Werte des Pa-
rameters tanβ, führt das On-shell Renormierungverfahren zu inakzeptablen Ergebnissen,
sodass eine Verbesserung nötig ist. Dieses Problem kann durch eine Redefinition des Tree-
levels gelöst werden, indem die fermionischen Masses und die trilinearen Kopplungen als
DR Größen behandelt werden. Die Entwicklung um diesen redefinierten Tree-level führt
daraufhin zu vernünftigen Ergebnissen. Um die benötigten DR und On-shell Größen in kon-
sistenter Weise zu erhalten, muss die Umrechnung von den DR auf die On-shell Größen
und umgekehrt sorgfältig behandelt werden. Die starke Verwicklung der in diesem Verfahren
auftretenden Parameter machen die Entwicklung eines ausgeklügelten Iterationsverfahrens
notwendig.
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Abstract

The Standard Model of elementary particle physics describes all presently known fundamen-
tal particles that make up all matter as well as their interactions, i.e. the strong, weak, and
electromagnetic forces. Despite its great success in explaining experimental results correctly
within the scope of precision measurements at current particle accelerators, it is believed to
be an effective theory valid only at energies accessible by today’s particle accelerators. There-
fore, the Standard Model has to be extended to describe physics also at higher energies. The
most promising candidate is the minimal supersymmetric extension of the Standard Model
(MSSM). Based on the concept of supersymmetry, it predicts the existence of supersym-
metric particles to every fundamental known particle. The search for supersymmetry is one
of the primary goals of the Large Hadron Collider (LHC) at the CERN laboratory which
should be ready for use in 2007, producing collisions at sufficiently high energies to detect
the superpartners many theorists expect to see.

Among these supersymmetric particles are the partners of the fermions, called sfermions, as
well as the five supersymmetric counterparts of the Higgs boson in the Standard Model. For
a discovery, precise predictions for their decay modes and branching ratios are necessary.

In this thesis, we study in detail the decays of Higgs bosons into two sfermions, as well as
the corresponding crossed channels. In particular, the sfermions of the third generation are
interesting because one expects them to be lighter than the other sfermions due to their
large Yukawa couplings and left–right mixings. We will calculate the full electroweak one–
loop corrections in the on–shell renormalization scheme. Owing to the fact that almost all
parameters of the MSSM have to be renormalized in this process and hence a large num-
ber of graphs has to be computed, the calculation is very complex. Despite this complexity,
we have performed the calculation in an analytic way. As we will see, in some cases the
on–shell scheme will lead to unacceptable results in certain decay channels which makes an
improvement necessary. Especially this is the case in the decay modes involving down–type
sfermions for large values of the parameter tan β. This problem can be solved by defining an
appropriate tree level in terms of DR running values for the fermion masses and the trilinear
couplings. The expansion around this new tree level then no longer suffers from bad con-
vergence. In order to get consistently all needed DR running and on–shell masses, we have
to pay special attention to the shifting from the DR to the on–shell renormalization scheme
and vice versa. Since the parameters involved in these calculations are very entangled, we
have to perform a sophisticated iteration procedure.
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Chapter 1

Supersymmetry

The Standard Model (SM) of elementary particle physics [1, 2] is an impressively successful
theory of quarks and leptons and their electroweak and strong interactions. It is a gauge
theory described by the gauge group SU(3)C ⊗ SU(2)L ⊗ U(1)Y in which the electroweak
SU(2)L⊗U(1)Y symmetry is spontaneously broken to the U(1)EM electromagnetic symmetry.
The mechanism of spontaneous electroweak symmetry breaking (EWSB) [3] is based on the
nonvanishing vacuum expectation value v of the fundamental scalar field in the SM, the
Higgs field, to give masses to all particles which couple to the Higgs boson, in particular
to the W± and Z0 weak vector bosons. Although the SM describes almost all phenomena
presently known at energies up to � 100 GeV, there are several fundamental questions that
remain unanswered:

• Hierarchy problem
One of the main arguments to extend the SM is the solution of the hierarchy problem.
The SM does not explain the scale of EWSB. Phenomenologically, the mass of the
Higgs particle is expected to lie in the range of the EWSB scale, i.e. v ∼ 250 GeV. In
the SM, radiative corrections to the Higgs mass (squared) depend quadratically on the
UV cut–off Λ where new physics should appear, since the masses of scalar particles
are not protected by chiral symmetries. Therefore, the Higgs boson is unstable against
quantum corrections, leading to a natural mass close to the high scale Λ.

• Electroweak symmetry breaking
In the SM, the masses of fermions and gauge bosons are generated by the Higgs mecha-
nism which is parameterized by the Higgs boson h and its potential V (h) ∝ µ2h2+λh4.
However, this potential is introduced by hand and without any deeper justification for
a negative squared mass parameter µ2 which accounts for the typical ‘mexican hat’
potential with its minimum away from h = 0.

• Gauge coupling unification
Despite its enormous success in confirming nearly all experimental data in high preci-
sion measurements, the SM cannot be the final truth in understanding nature but is
rather an effective theory valid only at energies nowadays reachable at particle accel-
erators. Therefore, it is expected that there exists a Grand Unified Theory (GUT) at
a high scale in which the fundamental forces are treated by means of one single gauge
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2 Supersymmetry

group. However, the most recent measurements of the coupling show that unification
within the SM is not possible.

• Cosmological issues
One of the most fundamental open questions is the origin of the observed baryon asym-
metry of the universe. Although the SM fulfills all the requirements for baryogenesis [5],
the electroweak phase transition is too weak to preserve the generated baryon asymme-
try. Therefore, baryon asymmetry generated at the electroweak phase transition claims
for new physics at the electroweak scale.
In addition, the cosmic microwave background data strongly indicate that only about
5% of the total matter density of the universe consist of quarks leptons of the SM, while
there is about five to six times more mass in the form of invisible cold dark matter.
Unfortunately, the SM does not have a reliable candidate with the right properties to
form this cold dark matter.

Therefore, the Standard Model has to be extended to describe physics also at higher ener-
gies. In the early 70’s, J. Wess and B. Zumino found an attractive symmetry relating the
two fundamental species of elementary particles, bosons and fermions, by a supersymmetry
transformation,

Q|Fermion〉 = |Boson〉 Q|Boson〉 = |Fermion〉 . (1.1)

In such supersymmetric models each particle of a certain type gets a superpartner with equal
mass and the same quantum numbers but differs in spin by 1/2. Due to this boson↔ fermion
symmetry the scalar masses are protected from quadratically divergent loop corrections, as
the masses of the fermions are protected by chiral symmetry, providing an elegant solution
to the hierarchy problem.
Since none of the predicted supersymmetric particles have been observed, SUSY must be a
broken symmetry. If this supersymmetry breaking is of a certain type known as soft breaking
[6], it doesn’t forfeit some of its advantages, e.g. it does not reintroduce quadratic divergences
of scalar particle masses (squared).
Even though theories including SUSY have to explain why the masses of the predicted
superpartners are that high and up to now there is no direct evidence that the fundamental
structure of nature is supersymmetric, such theories provide many remarkable features:

• Hierarchy problem
One of the main reasons for introducing SUSY theories is their ability to solve the
hierarchy problem [7]. By grouping fermions and bosons together in supermultiplets,
the putative quadratically divergent radiative fermionic corrections to the Higgs bo-
son mass are cancelled by the corresponding bosonic loop contributions of opposite
sign. Hence, SUSY stabilizes the hierarchy in the sense that the ‘natural’ mass of the
Higgs boson lies in the range of electroweak symmetry breaking which is no longer in
contradiction with a very high GUT scale.

• Electroweak symmetry breaking
As already indicated, in the SM an effective Higgs potential V (h) ∝ µ2h2 + λh4 with
µ2 < 0 is introduced ‘by hand’ to achieve EWSB. In renormalizable (supersymmetric)
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theories, however, the mass parameters which enter in the Lagrangian are also scale–
dependent, and renormalization group equations (RGEs) can be used to evolve the
parameters from the unification scale of the order of 1016 GeV down to the weak scale
of order 102 GeV. In case of the Higgs mass parameter µ, the large top quark Yukawa
coupling is responsible for a negative value of µ2 of the correct order of magnitude at
the electroweak scale, thus providing a plausible explanation of the origin of EWSB
[8, 9].

• Gauge coupling unification
It can further be shown that in the minimal supersymmetric extension of the SM,
the extrapolation of the low energy values of the gauge couplings unify at a scale
MGUT � 3× 1016 GeV [10], well in agreement with the limits on the proton lifetime.

• Cold dark matter
As we have seen, supersymmetric models can solve many problems which the SM
suffers from. However, without any additional structure, they can give rise to baryon
and lepton number violation at unacceptable levels, e.g. proton decay can be mediated
by the superpartners of quarks, i.e. p→ π0e+. The non-observation of such decays has
lead to the introduction of a discrete symmetry known as R–parity [11], to forbid such
decays and to ensure baryon and lepton number conservation in an elegant way. As a
consequence, the lightest supersymmetric particle (LSP) is absolutely stable, and, if
electrically neutral it serves as a nice cold dark matter candidate.



Chapter 2

The Minimal Supersymmetric
Standard Model

The simplest and most attractive extension of the Standard Model is the Minimal Super-
symmetric Standard Model (MSSM). As indicated by its name, ‘minimal’ means in this case
that the number of superfields and interactions is kept as small as possible. In particular, the
field content of the MSSM consists only of the SM fields and their supersymmetric partners,
and an additional Higgs doublet.

• Gauge fields
In order to respect the SU(3)C⊗SU(2)L⊗U(1)Y gauge symmetry of the SM, the spin–1
gauge bosons are described by the corresponding vector superfields. In particular, the
eight gluons of QCD, Gaµ, get eight spin–1

2
partners G̃a called gluinos, the SU(2) gauge

bosons W i
µ get three winos W̃ i as partners and the U(1) gauge boson Bµ gets a bino

B̃. Note that since SU(2)L × U(1)Y is broken in the SM, the winos and the bino
do not form mass eigenstates but mix with fields with the same charge but different
SU(2)L ⊗ U(1)Y quantum numbers.

Superfield spin–1 spin–1/2 SU(3)C ⊗ SU(2)L ⊗ U(1)Y Names

V̂ as Gaµ G̃a (8, 1, 0) gluons, gluinos

V̂ i W i
µ W̃ i (1, 3, 0) W -bosons, winos

V̂ ′ Bµ B̃ (1, 1, 0) B-boson, bino

Table 2.1: Gauge supermultiplet fields in the MSSM.

• Matter fields
The matter content of the SM is described by three generations of leptons and quarks,
i.e. for each generation two SU(2)L fermion doublets and three singlets for the right-

4
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handed fermions,

L =

(
νL
eL

)
, E = ecR , Q =

(
uL
dL

)
, D = dcR , U = ucR . (2.1)

Therefore, one generation of the SM is represented by five left–chiral superfields which
contain the leptons and quarks given above plus their supersymmetric partners, the
sleptons and squarks:

L̃ =

(
ν̃L
ẽL

)
, Ẽ = ẽ∗R , Q̃ =

(
ũL
d̃L

)
, D̃ = d̃∗R , Ũ = ũ∗

R . (2.2)

Superfield spin–1/2 spin–0 SU(3)C ⊗ SU(2)L ⊗ U(1)Y Names

Q̂ (uL, dL) (ũL, d̃L) (3, 2, 1
3
)

quarks, squarks
Û c ūR ũ∗

R (3̄, 1, −4
3
)

(× 3 families)

D̂c d̄R d̃∗R (3̄, 1, 2
3
)

L̂ (νL, eL) (ν̃L, ẽL) (1, 2, -1) leptons, sleptons

Êc ēR ẽ∗R (1, 1, 2) (× 3 families)

Ĥ1 (H̃1
1 , H̃

2
1) (H1

1 , H
2
1 ) (1, 2, -1)

higgsinos, Higgs
Ĥ2 H̃1

2 , H̃
2
2 H1

2 , H
2
2 (1, 2, 1)

Table 2.2: Chiral supermultiplet fields in the MSSM.

• Higgs sector
Contrary to the SM, two chiral superfield doublets with hypercharges ±1 are required
to break SU(2)L × U(1)Y invariance and to give masses to both up– and down–type
fermions. One reason is that if there was only one single chiral superfield doublet,
the gauge symmetry would suffer from a fermion triangle gauge anomaly. This can
easily be seen from the conditions for anomaly cancellation, Tr[Y 3] = Tr[T 2

3 Y ] = 0,
where T3 and Y denote the third component of the isospin and the weak hypercharge,
respectively, and the electric charge given by Q = T3+Y/2. In the SM these conditions
are satisfied by a complete generation of SM fermions. To cancel the contribution from
one superfield doublet, one needs a second doublet to get a consistent quantum theory.
The two Higgs doublets and their superpartners, the higgsinos H̃j

i , are given as follows:

H1 =

(
H1

1

H2
1

)
, H2 =

(
H1

2

H2
2

)
,

H̃1 =

(
H̃1

1

H̃2
1

)
, H̃2 =

(
H̃1

2

H̃2
2

)
. (2.3)



6 The Minimal Supersymmetric Standard Model

2.1 MSSM Lagrangian

The complete Lagrangian of the MSSM can be written as

LMSSM = Lkinetic − VY − VF − VD − VG̃ψψ̃ + Lsoft , (2.4)

where Lkinetic stands for both the standard kinetic terms for each particle and their interac-
tions with the gauge bosons.
The interactions described by the potentials VX are all restricted by supersymmetry, and
the last term (Lsoft) includes the SUSY–breaking terms.
In general, interactions in the MSSM have two different sources:

• Superpotential
The superpotential for the MSSM is given by

W = εij

[
heĤ

i
1L̂
jÊc + hdĤ

i
1Q̂

jD̂c + huĤ
j
2Q̂

iÛ c − µĤ i
1Ĥ

j
2

]
, (2.5)

where the hatted quantities Ĥ i
j, Q̂

i, L̂j , Û , D̂, Ê are the chiral superfields given in Ta-
ble 2.2. Due to better readability we have suppressed all colour, weak isospin and
generation indices.

The superpotential determines two kinds of interactions mentioned in eq. (2.4). Firstly,
the Yukawa potential VY can be obtained by replacing two superfields in the superpo-
tential by the corresponding fermionic fields and the remaining superfield by its scalar
representative,

VY = εij

[
heH

i
1L

jEc + hdH
i
1Q

jDc + huH
j
2Q

iU c − µH̃ i
1H̃

j
2

]
+ εij

[
heH̃

i
1L

jẼc + hdH̃
i
1Q

jD̃c + huH̃
j
2Q

iŨ c
]

+ εij

[
heH̃

i
1L̃

jEc + hdH̃
i
1Q̃

jDc + huH̃
j
2Q̃

iU c
]

+ h.c. (2.6)

The F–term potential VF originates from using the equations of motion for the auxiliary
fields Fi,

VF =
∑
i

F ∗iFi =
∑
i

∣∣∣∣δW (ϕ)

δϕi

∣∣∣∣2 (2.7)

where the sum is taken over all scalar components ϕi of the superfields.

• Gauge Symmetry
Apart from the usual SM–like gauge interactions, the MSSM also has terms that are
related to gauge symmetry although they contain neither gauge bosons nor gauginos.
These terms have their origin in eliminating the auxiliary fields Da, therefore they are
called D–terms. The corresponding D–term potential is given by

VD =
1

2

∑
DaDa , (2.8)



2.2 MSSM spectrum 7

with

Da = gaϕ∗
i (T

a)jiϕj , (2.9)

where ϕi are the scalar components of the superfields and T a denoting the generators
of the gauge group satisfying [T a, T b] = ifabcT c.

In fact, there exists one additional kind of interaction allowed by gauge invariance
involving the gaugino fields. The corresponding potential VG̃ψψ̃ is given by

VG̃ψψ̃ = i
√

2gaϕkλ̄
a(T a)klψ̄l + h.c. , (2.10)

where (ϕ, ψ) are the spin–0 and spin spin–1
2

components of the chiral superfield, re-
spectively, and λa denoting the gaugino field.

The last term in the full Lagrangian of the MSSM, Lsoft, involves the soft SUSY–breaking
terms and can be explicitly written as

−Lsoft = m2
H1
|H1|2 + m2

H2
|H2|2 −m2

12(H1H2 + H†
1H

†
2) +

1

2
mg̃ g̃

ag̃a +
1

2
M W̃ iW̃ i

+
1

2
M ′ B̃B̃ + M2

Q̃
|q̃L|2 + M2

Ũ
|ũcR|2 + M2

D̃
|d̃cR|2 + M2

L̃
| l̃L|2 + M2

Ẽ
|ẽcR|2

+εij

(
heAeH

i
1L̃
jẼc + hdAdH

i
1Q̃

jD̃c + huAuH
j
2Q̃

iŨ c + h.c.
)
, (2.11)

where we have introduced the SUSY–breaking mass parameters m2
H1

, m2
H2

, m2
12, mg̃, M , M ′,

M2
Q̃

, M2
Ũ
, M2

D̃
, M2

L̃
, M2

Ẽ
as well as the trilinear scalar couplings Ae, Au, Ad.

2.2 MSSM spectrum

2.2.1 Higgs sector

In the MSSM, two complex Higgs doublets or eight real scalar degrees of freedom (DOF)
are required to describe electroweak symmetry breaking, i.e. the Higgs scalars acquire non-
vanishing vacuum expectation values (VEVs). From these eight real scalar DOF three are
massless and become the longitudinal modes of the massive vector bosons Z0 and W±. The
masses of the remaining five DOF, representing the three neutral Higgs bosons h0, H0, A0

and the two charged ones, H±, can be obtained by expanding the Higgs potential around its
minimum, up to second order in the fields. The scalar Higgs potential in the MSSM is given
by

V = m2
1|H1|2 + m2

2|H2|2 −m2
12(H1H2 + H†

1H
†
2)

+
1

8
(g2 + g′2)(|H1|2 − |H2|2)2 +

g2

2
|H†

1H2|2 , (2.12)

with m2
i = m2

Hi
+|µ|2, where m2

Hi
and m2

12 are soft SUSY–breaking parameters. The quadratic
terms ∝ |µ|2 originate from F–terms, and the terms involving four scalar Higgs fields are
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derived from the D–term potential. Note that in contrast to the SM, where the strength
of the Higgs self–interaction is an unknown free parameter, the quartic interactions in the
MSSM are completely determined by the gauge couplings gi.
As a next step, electroweak symmetry should be broken down to electromagnetism SU(2)L⊗
U(1)Y → U(1)EM , when the Higgs fields

H1 =

(
H1

1

H2
1

)
=

(
H0

1

H−
1

)
, H2 =

(
H1

2

H2
2

)
=

(
H+

2

H0
2

)
,

get nonvanishing VEVs. Having the freedom to make SU(2)L gauge transformations, we can
rotate away a possible VEV of one component of the scalar fields. Without loss of generality
we can choose 〈H+

2 〉 = 0 at the minimum of the potential, implying that also the VEV
of the negatively charged component of H1 is vanishing, 〈H−

1 〉 = 0. Since both charged
components of the Higgs scalars remain unaffected, electromagnetism is not spontaneously
broken, in agreement with experiment. Therefore, only the neutral Higgs boson fields acquire
a nonvanishing VEV, i.e.

〈H1〉 =

(
v1
0

)
, 〈H2〉 =

(
0
v2

)
. (2.13)

In order to determine the minimum of the Higgs potential V , we can take m2
12 in the term

∝ H1H2 to be real and positive, since this is the only piece which depends on the phases
of the Higgs fields; any possible phase in m2

12 can be absorbed into the phases of H1 and
H2. Thus the product H0

1H
0
2 also has to be real and positive, and, concerning their opposite

weak hypercharge, both phases can be made zero by a U(1)Y gauge transformation. As a
consequence, CP invariance cannot be broken spontaneously in the MSSM, which means
that the eigenstates of the Higgs boson are also eigenstates of CP.
For the two Higgs doublets we choose the following common parameterization:

H1 ≡
(

H0
1

H−
1

)
=

(
v1 + (φ01 + iχ01)/

√
2

φ−
1

)
, YH1 = −1 (2.14)

H2 ≡
(

H+
2

H0
2

)
=

(
φ+2

v2 + (φ02 + iχ02)/
√

2

)
, YH2 = +1 (2.15)

The minimum of the Higgs potential can now be obtained easily by solving the equations

∂V

∂H0
1

∣∣∣∣
〈H0

n〉=vn

=
∂V

∂H0
2

∣∣∣∣
〈H0

n〉=vn

= 0 , (2.16)

resulting in the two minimization conditions

m2
1v1 = −m2

12v2 −
1

4
(g2 + g′2)(v21 − v22) , (2.17)

m2
2v2 = −m2

12v1 +
1

4
(g2 + g′2)(v21 − v22) . (2.18)

Since one combination of the VEVs,

m2
Z =

g2 + g′2

2
(v21 + v22) , m2

W =
g2

2
(v21 + v22) , (2.19)
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and hence

v2 ≡ (v21 + v22) =
2m2

Z

g2 + g′2
≈ (174 GeV)2 , (2.20)

is very well known from experiment, we can express both VEVs in terms of one single
parameter,

tan β ≡ v2
v1
≥ 0 , 0 ≤ β ≤ π

2
. (2.21)

Eqs. (2.17) and (2.18) may now be written as

m2
1 = −m2

12 tan β − 1

2
m2
Z cos 2β , (2.22)

m2
2 = −m2

12 cot β +
1

2
m2
Z cos 2β . (2.23)

Therefore, the Higgs sector at tree level only depends on two free parameters.
The Higgs mass spectrum is obtained by evaluating the second derivatives of the Higgs
potential, taken at its minimum,

M2,Higgs
ij =

1

2

∂2V

∂Hi∂Hj

∣∣∣∣
〈H0

n〉=vn

. (2.24)

At tree level, M2,Higgs
ij splits into four independent 2×2 mass matrices which can be separately

diagonalized. In terms of the original gauge eigenstate fields, the mass eigenstates are given
by (

H0

h0

)
=

(
cosα sinα

− sinα cosα

)(
φ01
φ02

)
, (2.25)(

G0

A0

)
=

( − cos β sin β
sin β cos β

)(
χ01
χ02

)
, (2.26)(

G±

H±

)
=

( − cos β sin β
sin β cos β

)(
φ±
1

φ±
2

)
. (2.27)

The Goldstone bosons G0 and G± are ‘eaten’ by the longitudinal components of the massive
vector bosons Z0 and W±, respectively. The five remaining physical Higgs bosons form two
CP–even states (h0, H0), one CP–odd state A0 and the two charged Higgs bosons H±. As
already mentioned above, the two free parameters in the Higgs sector are conventionally
chosen to be the mass of the pseudo–scalar Higgs boson A0 and the ratio of the two VEVs,

mA0 , and tanβ . (2.28)

The remaining parameters such as the masses and the mixing angle α can be expressed using
these free parameters as

m2
h0,H0 =

1

2

[
m2
A0 + m2

Z ∓
√

(m2
A0 + m2

Z)2 − 4m2
A0m2

Z cos2 β

]
, (2.29)

m2
H± = m2

A0 + m2
W , (2.30)

tan 2α = tan 2β
m2
A0 + m2

Z

m2
A0 −m2

Z

, −π
2
≤ α ≤ 0 . (2.31)
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2.2.2 Sfermion sector

The sfermion mixing is described by the sfermion mass matrix in the left–right basis (f̃L, f̃R),
and in the mass basis (f̃1, f̃2), f̃ = t̃, b̃ or τ̃ ,

M 2
f̃

=

(
m 2
f̃L

af mf

af mf m 2
f̃R

)
=
(
Rf̃
)†( m 2

f̃1
0

0 m 2
f̃2

)
Rf̃ , (2.32)

where Rf̃iα is a 2× 2 rotation matrix with rotation angle θf̃ ,

Rf̃ij =

(
cos θf̃ sin θf̃

− sin θf̃ cos θf̃

)
, (2.33)

which relates the mass eigenstates f̃i, i = 1, 2, (mf̃1
< mf̃2

) to the gauge eigenstates f̃α,

α = L,R, by f̃i = Rf̃iαf̃α and

m 2
f̃L

= M2
{Q̃, L̃} + (I3Lf −ef sin2θW ) cos 2β m 2

Z + m2
f , (2.34)

m 2
f̃R

= M2
{Ũ, D̃, Ẽ} + ef sin2θW cos 2β m 2

Z + m2
f , (2.35)

af = Af − µ (tanβ)−2I
3L
f . (2.36)

MQ̃, ML̃, MŨ , MD̃ and MẼ are soft SUSY–breaking masses, Af is the trilinear scalar coupling

parameter, µ the higgsino mass parameter, I3Lf denotes the third component of the weak
isospin of the fermion f , ef the electric charge in terms of the elementary charge e0, and θW
is the Weinberg angle.
The mass eigenvalues and the mixing angle in terms of primary parameters are

m2
f̃1,2

=
1

2

(
m2
f̃L

+ m2
f̃R
∓
√

(m2
f̃L
−m2

f̃R
)2 + 4a2fm

2
f

)
, (2.37)

cos θf̃ =
−af mf√

(m2
f̃L
−m2

f̃1
)2 + a2fm

2
f

(0 ≤ θf̃ < π) , (2.38)

and the trilinear breaking parameter Af can be written as

mfAf =
1

2
(m2

f̃1
−m2

f̃2
) sin 2θf̃ + mf µ (tanβ)−2I

3L
f . (2.39)

The mass of the sneutrino ν̃τ is given by

m2
ν̃τ

= M2
L̃

+
1

2
m2
Z cos 2β . (2.40)

2.2.3 Chargino and Neutralino sector

The fermionic superpartners of the gauge bosons, the gauginos, and the superpartners of the
Higgs bosons, the higgsinos, mix to form mass eigenstates called charginos and neutralinos.
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The charginos are therefore the superpartners of the gauge bosons W± and the charged
Higgs bosons H±. In Weyl representation, the chargino fields [12]

ψ+ = (−iW̃+, H̃+
2 ) ψ− = (−iW̃−, H̃−

1 ) , (2.41)

enter in the mass term of the Lagrangian in the following form:

L = −1

2

(
ψ+, ψ−) · ( 0 XT

X 0

)
·
(

ψ+

ψ−

)
+ h.c. , (2.42)

with

X =

(
M

√
2mW sin β√

2mW cosβ µ

)
. (2.43)

Since we work in the CP–conserving MSSM, the mass matrix X can be diagonalized by two
real 2× 2 matrices U and V according to

UXV −1 =

(
mχ̃±1

0

0 mχ̃±2

)
, |mχ̃±1

| ≤ |mχ̃±2
| . (2.44)

In Dirac representation, the mass eigenstates are related to the gauge eigenstates by

χ̃+i ≡
(

Vij ψ
+
j

Uij ψ̄
−
j

)
. (2.45)

As these matrices are only of rank 2, the mass eigenvalues can be given analytically:

m2
χ̃±1,2

=
1

2

[
M2 + µ2 + 2m2

W ∓
√

(M2 + µ2 + 2m2
W )2 − 4(m2

W sin 2β − µM)2
]

(2.46)

The superpartners of the neutral gauge bosons, B̃µ and W̃ 3
µ , and of the neutral Higgs bosons,

H̃0
1 and H̃0

2 , mix to form four neutral mass eigenstates called neutralinos. In the interaction
base one can combine the four Weyl states as

ψ0
j = (−iB̃,−iW̃ 3, H̃0

1 , H̃
0
2) . (2.47)

In terms of the vector ψ0 the neutralino mass terms in the Lagrangian are

L = −1

2

(
ψ0
)T

Y ψ0 + h.c. , (2.48)

where we used the neutralino mass matrix defined as

Y =


M ′ 0 −mZsW cosβ mZsW sin β
0 M mZcW cosβ −mZcW sin β

−mZsW cosβ mZcW cosβ 0 −µ
mZsW sin β −mZcW sin β −µ 0

 . (2.49)
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We use the short forms sW and cW for the sine and the cosine of the Weinberg angle.
Due to the Majorana nature of the neutralinos, the matrix can be diagonalized using only
one single rotation matrix,

ZY Z−1 = diag(mχ̃0
1
, mχ̃0

2
, mχ̃0

3
, mχ̃0

4
), |mχ̃0

1
| ≤ |mχ̃0

2
| ≤ |mχ̃0

3
| ≤ |mχ̃0

4
| , (2.50)

where we again assume the mixing matrix to be real and allow the eigenvalues to be negative.
The 4–component Majorana spinors for the neutralino fields can be constructed as

χ̃0i ≡ Zijψ̃
0
j , (2.51)

with the corresponding mass term Lagrangian

L = −1

2

4∑
i=1

mχ̃0
i

¯̃χ0i χ̃
0
i . (2.52)



Chapter 3

Renormalization

Nowadays, experiments at particle accelerators have reached such a high precision that mod-
els in elementary particle physics can be studied at the quantum level. Therefore, theoretical
predictions of observables performed in the Born approximation are not sufficient anymore
and have to be improved by the inclusion of higher order corrections in perturbation theory.
Practically this means that one is confronted with the calculation of a large number of Feyn-
man diagrams with loops illustrating integrals over indefinite momenta. In general, these
integrals are divergent for large momenta and therefore have to be treated in a proper way.
In order to give such expressions a physical meaning, the divergences have to be absorbed
into the fields and parameters of the Lagrangian — this redefinition, which can be achieved
in various ways, is called renormalization procedure.
In this thesis, we will make use of the so–called multiplicative renormalization. In this scheme
all bare parameters and fields entering in the original Lagrangian are replaced by their cor-
responding renormalized ones, which are obtained by the multiplication with appropriate
renormalization constants:

g0 → Zg g =
(
1 +

δg

g

)
g , (3.1)

φ0 → Z
1/2
φ φ =

(
1 +

1

2
δZφ

)
φ . (3.2)

Expanding the renormalization constants Zg and Z
1/2
φ around the value 1, the original La-

grangian splits into a renormalized Lagrangian and a part containing the counter terms δg
and δZφ, i.e.

L(g0, φ0) = L(g, φ)+ δL(g, φ, δg, δZφ) . (3.3)

In order to absorb the divergences mentioned above and to give the parameters a well–defined
meaning, these counter terms have to fulfill several requirements depending on the chosen
renormalization scheme.
In this thesis, we use the on–shell renormalization scheme [13] as far as is possible in the
decay processes considered. In this scheme the finite parts of the renormalization constants
are determined e.g. by the condition that the propagator of each particle is exactly at its
physical mass. The main advantage of this on–shell approach is that it identifies the renor-
malized parameters with observable and, therefore, scale–independent quantities. However,

13
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we will see that applying this scheme will lead to unacceptable results in certain decay chan-
nels which makes an improvement necessary.
In the following we will review some results from the renormalization of the Standard Model
and discuss the renormalization of two–point–functions, one of the main ingredients when
performing radiative correction within the on–shell scheme. Furthermore, we give all renor-
malization conditions of the parameters needed for the explicit calculation.

3.1 SM gauge sector

The gauge sector of the Standard Model is not affected by its minimal extension, the MSSM.
Thus, the treatment of the electroweak gauge sector is identical to the renormalization proce-
dure in the SM, which is discussed in detail in [14, 15]. For the gauge fields the renormalization
constants are given by

W±
µ → (

1 + 1
2
δZW

)
W±
µ , (3.4)(

Aµ
Zµ

)
→

(
1 + 1

2
δZAA

1
2
δZAZ

1
2
δZZA 1 + 1

2
δZZZ

)(
Aµ
Zµ

)
. (3.5)

Since the photon stays massless also after renormalization, only the weak gauge bosons Z0

and W± receive mass corrections, i.e.

m2
W → m2

W + δm2
W , m2

Z → m2
Z + δm2

Z . (3.6)

Decomposing the vector two–point–functions and the associated self–energies into their
transverse and longitudinal parts,

ΓWµν(k) = −igµν
(
k2 −m2

W

)− i
(
gµν − kµkν

k2

)
ΠWT (k2)− i

kµkν
k2

ΠWL (k2) , (3.7)

Γabµν(k) = −igµν
(
k2 −m2

a

)
δab − i

(
gµν − kµkν

k2

)
ΠabT (k2)− i

kµkν
k2

ΠabL (k2) , (3.8)

with a, b = {A,Z}, the corresponding renormalized self–energies in

k

V aµ V bν M = i εµ(k) Γ̂abµν(k) ε∗ν(k)

can be written as

Π̂W (k2) = ΠW (k2) +
(
k2 −m2

W

)
δZW − δm2

W , (3.9)

Π̂ab(k2) = Πab(k2) + 1
2

(
k2 −m2

a

)
δZab + 1

2

(
k2 −m2

b

)
δZba − δabδm

2
a , (3.10)

valid for both the transverse and longitudinal parts with m2
A = δm2

A = 0. Applying the
on–shell renormalization conditions to Γ̂abµν(k),

Re Γ̂abµν(k) εν(k)
∣∣∣
k2=m2

a

= 0, lim
k2→m2

a

1

k2 −m2
a

Re Γ̂abµν(k) εν(k) = − εµ(k) , (3.11)
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which means that the poles of the propagators are determined by the physical (pole) masses
and the residua are set to 1 on shell (k2 = m2

a), the counter terms are given by

δZaa = −Re Π̇aaT (m2
a) , δZW = − Re Π̇WT (m2

W ) , (3.12)

δZab =
2

m2
a −m2

b

Re ΠabT (m2
b) , a �= b , (3.13)

δm2
Z = Re ΠZZT (m2

Z) , δm2
W = Re ΠWWT (m2

W ) , (3.14)

with Π̇(m2) = ∂
∂k2

Π(k2)
∣∣
k2=m2 .

Since the weak mixing angle is a derived quantity in the on–shell scheme, determined by the
condition mW = mZ cW (cW ≡ cos θW ) [13], its renormalization constant can be expressed
in terms of the mass counter terms of the weak gauge bosons,

δc2W
c2W

=
δm2

W

m2
W

− δm2
Z

m2
Z

,
δs2W
s2W

= − c2W
s2W

δc2W
c2W

. (3.15)

3.2 Electric charge

For the renormalization of the electric charge one only has to renormalize one single vertex,
for which usually the electron–positron–photon vertex is taken. In requiring for the renor-
malized elementary charge to describe the electromagnetic coupling in the Thomson limit,
i.e. for on–shell external particles and vanishing photon momentum,

ū(p) Γ̂eeγµ (p, p) u(p)
∣∣∣
p2=m2

e

= ie ū(p)γµu(p), (3.16)

the counter term for the electric charge in e0 = e + δe is given by

δe

e
= −1

2
δZAA +

sW
cW

1

2
δZZA =

1

2
Π̇AAT (0) +

sW
cW

ΠAZT (0)

m2
Z

. (3.17)

However, the scale of high energy processes lies in the range of hundreds of GeV and thus
far away from the Thomson limit. In addition, contributions of light hadrons in Π̇AAT (0) lead
to large theoretical uncertainties [16, 15]. To avoid this problem, we use as input an effective
MS running coupling at Q = mZ , where the contributions from light fermions are already
absorbed [17, 18],

αeff
MS

(m2
Z) =

α

1−∆αeff
MS

(m2
Z)
� 1

127.7
. (3.18)

Here, α is the fine structure constant given in the Thomson limit, α = 1/137.036, and

∆αeff
MS

(m2
Z) =

α

π

(
5

3
+

55

27

(
1 +

α

π

))
+ ∆αlep(m

2
Z) + ∆α

(5)
had(m

2
Z) , (3.19)
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where ∆αlep(m
2
Z) � 0.031497687 are the leptonic and ∆α

(5)
had(m

2
Z) = 0.02769 ± 0.00035 are

the hadronic contributions [19]. The counter term for the electric charge δe is then given by

δe

e
=

1

(4π)2
e2

6

[
4
∑
f

Nf
C e

2
f

(
∆ + log

Q2

x2f

)
+
∑
f̃

2∑
m=1

Nf
C e

2
f

(
∆ + log

Q2

m2
f̃m

)

+4
2∑
k=1

(
∆ + log

Q2

m2
χ̃+

k

)
+

2∑
k=1

(
∆ + log

Q2

m2
H+

k

)
− 22

(
∆ + log

Q2

m2
W

)]
,

(3.20)

with xf = mZ ∀ mf < mZ and xt = mt. N
f
C is the colour factor, Nf

C = 1, 3 for (s)leptons
and (s)quarks, respectively. ∆ denotes the UV divergence factor, ∆ = 2/ε− γ + log 4π, with
γ being the Euler–Mascheroni constant γ = lim

m→∞
(∑m

k=1
1
k
− logm

) ∼ 0.577216.

3.3 Renormalization of two–point functions

Before we will turn to the renormalization of the remaining parameters and fields of the
MSSM which we will need in our calculations, i.e. the ones of the Higgs and sfermion sector,
we will have a short look on the subject of renormalizing two–point functions, as they are
the basic building blocks for calculating higher order corrections.

3.3.1 Scalar particles with mixing

According to multiplicative renormalization, the unrenormalized fields φ0,i and mass param-
eters m0,i in the bare Lagrangian

L0 = −φ∗
0,i δij

(
∂µ∂

µ + m2
0,i

)
φ0,j (3.21)

are replaced by the corresponding renormalized ones, i.e.

L = −φ∗
i δij
(
∂µ∂

µ + m2
i

)
φj , (3.22)

φ0,j =
√
Zjk φk =

(
δjk + 1

2
δZjk

)
φk +O(δZ2) , (3.23)

(m0,i)
2 = m2

i + δm2
i . (3.24)

For the full renormalized two–point–function

k

φj φi M = i Γ̂ij(k
2) = iδij(k

2−m2
i ) + iΠ̂ij(k

2)

we demand the on–shell renormalization conditions

Re Γ̂ij(k
2)
∣∣∣
k2=m2

j

= 0 , lim
k2→m2

i

1

k2 −m2
i

ReΓ̂ii(k
2) = 1 . (3.25)
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Inserting the renormalized self–energy Π̂ij(k
2) = Πij(k

2) + Π
(c)
ij (k2) with the self–energy

counter–term

Π
(c)
ij (k2) = −δij δm2

i + 1
2

(
k2 −m2

i

)
δZij + 1

2

(
k2 −m2

j

)
δZ∗

ji (3.26)

into eq. (3.25) leads to

δm2
i = Re Πii(m

2
i ) , (3.27)

δZij =
2

m2
i −m2

j

Re Πij(m
2
j) i �= j , (3.28)

δZii = δZ∗
ii = −Re Π̇ii(m

2
i ) . (3.29)

3.3.2 Fermionic particles with mixing

Like in the previous chapter we have the same structure for the physical as well as for the
bare Lagrangian:

L = ψ̄j δij (i �∂ −mi)ψi , (3.30)

L0 = ψ̄0,j δij (i �∂ −m0,i)ψ0,i . (3.31)

The relation between the unrenormalized and the renormalized quantities is given by attach-
ing multiplicative renormalization constants to the unrenormalized fermion fields ψ0,i and
the mass parameter m0,i, i.e.

ψ0,j =
(
δjk + 1

2
δZLjkPL + 1

2
δZRjkPR

)
ψk , (3.32)

ψ̄0,i = ψ̄l
(
δil +

1
2
δZRil

†
PL + 1

2
δZLil

†
PR
)
, (3.33)

m0,i = mi + δmi , (3.34)

where the ‘dagger’ † in δZL,Ril
†

indicates hermitian conjugation with regard to the spinor
indices. For the renormalized one particle irreducible (1PI) two–point–function

k

ψj ψi

M = i ūi(k)Γ̂ij(k)uj(k)

Γ̂ij(k) = δij( �k −mi) + Π̂ij(k)

with the renormalized self–energy

Π̂ij(k) = �k PL Π̂Lij(k)+ �k PR Π̂Rij(k) + Π̂S,Lij (k)PL + Π̂S,Rij (k)PR (3.35)

we require the on–shell renormalization conditions

Re Γ̂ij(k) uj(k)
∣∣∣
k2=m2

j

= 0 , lim
k2→m2

i

1

�k −mi

Re Γ̂ii(k)ui(k) = ui(k) . (3.36)

Inserting the counter–term Lagrangian

δL = ψ̄i
( �kPLCLij + �kPRCRij − CS,Lij PL − CS,Rij PR

)
ψj , (3.37)
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into L0 = L+ δL,

k

ψj ψi

M = i
( �kPLCLij + �kPRCRij
− CS,Lij PL − CS,Rij PR

)
,

we get for the coefficients C ···
ij

CLij = 1
2

(
δZLij + δZLji

†)
, (3.38)

CRij = 1
2

(
δZRij + δZRji

†)
, (3.39)

CS,Lij = 1
2

(
mi δZ

L
ij + mj δZ

R
ji

†)
+ δij δmi , (3.40)

CS,Rij = 1
2

(
mi δZ

R
ij + mj δZ

L
ji

†)
+ δij δmi . (3.41)

Thus the renormalized self–energies can be written as

Π̂Lij = ΠLij + 1
2

(
δZLij + δZLji

†)
, (3.42)

Π̂Rij = ΠRij + 1
2

(
δZRij + δZRji

†)
, (3.43)

Π̂S,Lij = ΠS,Lij − 1
2

(
mi δZ

L
ij + mj δZ

R
ji

†)− δij δmi , (3.44)

Π̂S,Rij = ΠS,Rij − 1
2

(
mi δZ

R
ij + mj δZ

L
ji

†)− δij δmi . (3.45)

Taking the renormalization conditions in eq. (3.36) into account, we obtain the counter terms
for the mass parameter and the wave–function corrections

δmi =
1

2
Re
[
mi

(
ΠLii(mi) + ΠRii(mi)

)
+ ΠS,Lii (mi) + ΠS,Rii (mi)

]
. (3.46)

δZLij =
2

m2
i −m2

j

Re
[
m2
j ΠLij(mj) + mimj ΠRij(mj) + mi Π

S,L
ij + mj ΠS,Rij

]
, (3.47)

δZLii = −ΠLii(mi) +
1

2mi

[
ΠS,Lii (mi)−ΠS,Rii (mi)

]
−mi

∂

∂k2

[
mi

(
ΠLii(k) + ΠRii(k)

)
+ ΠS,Lii (k) + ΠS,Rii (k)

]∣∣∣∣
k2=m2

i

, (3.48)

and the corresponding right–handed terms, δZ
(S),R
ij = δZ

(S),L
ij (L↔ R).

3.4 Sfermion sector

According to the results of section 3.3, where we have derived the mass corrections and the
wave–function renormalization constants in terms of self–energies, these counter terms are
given in the sfermion sector by

δm2
f̃i

= Re Πf̃ii(m
2
f̃i

) (3.49)
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and

δZ f̃ii = − Re Π̇f̃ii(m
2
f̃i

) , i = (1, 2) , (3.50)

δZ f̃ij =
2

m2
f̃i
−m2

f̃j

Re Πf̃ij(m
2
f̃j

) , i �= j . (3.51)

In order to renormalize the parameters entering in the sfermion mass matrix M 2
f̃

(see

eq. (2.32)), we have to look at its counter term δM 2
f̃
,

δM 2
f̃

=
(
δRf̃
)†(m 2

f̃1
0

0 m 2
f̃2

)
Rf̃ +

(
Rf̃
)†( δm 2

f̃1
0

0 δm 2
f̃2

)
Rf̃ +

(
Rf̃
)†(m 2

f̃1
0

0 m 2
f̃2

)
δRf̃ .

(3.52)

with

δRf̃ = −
(

sin θf̃ − cos θf̃
cos θf̃ sin θf̃

)
δθf̃ . (3.53)

The renormalization constant of the rotation matrix Rf̃ij is determined such as to cancel the
anti–hermitian part of the sfermion wave–function corrections,

δRf̃ij =
2∑
k=1

1

4

(
δZ f̃ik − δZ f̃ki

)
Rf̃kj . (3.54)

Therefore, the counter term for the sfermion mixing angle θf̃ is given by [22, 23]

δθf̃ =
1

4

(
δZ f̃12 − δZ f̃21

)
=

1

2
(
m2
f̃1
−m2

f̃2

) Re
(

Πf̃12(m
2
f̃2

) + Πf̃21(m
2
f̃1

)
)
, (3.55)

and thus

δ
(M 2

f̃

)
ij

=
1

2

2∑
k,l=1

(
Rf̃ik
)†

Re
[
Πf̃kl(m

2
f̃l

) + Πf̃lk(m
2
f̃k

)
]
Rf̃lj . (3.56)

The counter terms of the remaining free parameters of the sfermion mass matrix are deter-
mined, if possible, through their tree–level relations in order to absorb all corrections from
other parameters in the considered matrix element [24, 25]. In this way we get the counter
terms for the trilinear couplings (see eq. (2.39))

δAf = −
(
Af − µ (tanβ)−2I

3L
f

)δmf

mf
+

(
δµ

µ
− 2I3Lf

δ tan β

tan β

)
µ (tanβ)−2I

3L
f +

δm2
LR

mf

(3.57)
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with δm2
LR = 1

2
(δm2

f̃1
−δm2

f̃2
) sin 2θf̃ + (m2

f̃1
−m2

f̃2
) cos 2θf̃ δθf̃ as well as the renormalization

constants for the soft SUSY–breaking masses MŨ ,D̃,Ẽ

δM2
Ũ ,D̃,Ẽ

(f̃) = δm2
f̃1

sin2 θf̃ + δm2
f̃2

cos2 θf̃ + (m2
f̃1
−m2

f̃2
) sin 2θf̃ δθf̃ − 2mf δmf

−δm2
Z cos 2β efs

2
W + 2m2

Z sin 2β δβ efs
2
W −m2

Z cos 2β efδs
2
W .

(3.58)

However, in the on–shell scheme, there is a subtlety concerning the soft SUSY–breaking
parameters in the 11–element of Mf̃ , i.e. MQ̃ and ML̃, where we additionally have to include

UV–finite shifts [24, 25]. At the DR scale the soft SUSY–breaking parameters MQ̃,L̃ enter
both in the up– and down–sfermion sector. At one–loop level, however, MQ̃,L̃ obtain different

shifts in the up– and down–sfermion sector. In this work, we define M2
Q̃,L̃

≡ M2
Q̃,L̃

(d̃) =

m2
f̃1

cos2 θf̃ + m2
f̃2

sin2 θf̃ −m2
f −m2

Z cos 2β(I3Lf −efs2W ) to be the on–shell parameter in the

down–sfermion sector (d̃ = b̃, τ̃), therefore we get

M2
Q̃,L̃

(ũ) = M2
Q̃,L̃

(d̃) + δM2
Q̃,L̃

(d̃)− δM2
Q̃,L̃

(ũ) (3.59)

with

δM2
Q̃,L̃

(f̃) = δm2
f̃1

cos2 θf̃ + δm2
f̃2

sin2 θf̃ − (m2
f̃1
−m2

f̃2
) sin 2θf̃ δθf̃ − 2mf δmf

−δm2
Z cos 2β (I3Lf − efs

2
W ) + 2m2

Z sin 2β δβ (I3Lf − efs
2
W )

+m2
Z cos 2β efδs

2
W . (3.60)

3.5 Higgs sector

The renormalization of the Higgs mixing angle α is treated in a similar way as the sfermion
mixing angle θf̃ . Consider the mass matrix of the CP–even Higgs bosons h0 and H0 (cf.
section 2.2.1),

M2(H0, h0) =

(
sin2 β m2

A0 + cos2 β m2
Z − sin β cosβ(m2

A0 + m2
Z)

− sin β cosβ(m2
A0 + m2

Z) cos2 β m2
A0 + sin2 β m2

Z

)

=
(
RH

0)T ·( m2
H0 0

0 m2
h0

)
· RH0

, mh0 < mH0 (3.61)

with the rotation matrix

RH
0

ij ≡ Rij(α) =

(
cosα sinα

− sinα cosα

)
ij

. (3.62)

Analogously to the case of the sfermion mixing angle, the renormalization constant of the
rotation matrix RH

0

ij is determined such as to cancel the anti–hermitian part of the Higgs
wave–function corrections,

δRH
0

ij =

2∑
k=1

1

4

(
δZH

0

ki − δZH
0

ik

)
RH

0

kj , (3.63)



3.5 Higgs sector 21

which leads to the counter term

δα =
1

4

(
δZH21 − δZH12

)
=

1

2
(
m2
H0−m2

h0

) Re
(
ΠH12(m

2
H0) + ΠH21(m

2
h0)
)
. (3.64)

Note that the indices the wave–function renormalization constants δZH
0

ij are interchanged
due to the conventional nomenclature labelling the light Higgs boson by an index 1 and the
heavy one by an index 2.

As stated in section 2.2.1, the parameter tanβ plays a central role in the MSSM. Due to
its close connection to spontaneous symmetry breaking, it enters in almost all sectors of the
MSSM and, as a consequence, has a major effect on most MSSM observables. Though not
directly connected to measurable quantities, the applied renormalization scheme determines
its physical meaning and its relation to observables. In fact, several renormalization schemes
for tan β suffer from specific disadvantages, leading either to gauge dependences or numerical
instabilities [26]. However, in this thesis we apply the renormalization of tanβ proposed by
[20, 21]. The mixing angle β is fixed by the condition that the renormalized A0–Z0 transition
vanishes at p2 = m2

A0 , i.e.

ImΠ̂A0Z0(m2
A0) = 0 , (3.65)

which gives the counter term

δ tan β

tanβ
=

1

mZ sin 2β
ImΠA0Z0(m2

A0). (3.66)

k

A
0 Z

0

� M = �i k��AZ(k
2) ���(k)

Figure 3.1: A0Z0 mixing self–energy relevant for the renormalization of tanβ.



Chapter 4

Higgs decays into sfermions in the
MSSM

4.1 Introduction

The search for a Higgs boson is the primary goal of all present and future high energy
experiments at the TEVATRON, LHC or an e+e− Linear Collider. Whereas the Stan-
dard Model (SM) predicts just one Higgs boson, with the present lower bound of its mass
mH ≥ 114.4 GeV (at 95% confidence level) [27], extensions of the SM allow for more Higgs
bosons. In particular, the Minimal Supersymmetric Standard Model (MSSM) contains five
physical Higgs bosons: two neutral CP–even (h0 and H0), one neutral CP–odd (A0), and two
charged ones (H±) [28, 29]. The existence of a charged Higgs boson or a CP–odd neutral one
would give clear evidence for physics beyond the SM. For a discovery precise predictions for
their decay modes and branching ratios are necessary. In case supersymmetric (SUSY) parti-
cles are not too heavy, the Higgs bosons can also decay into SUSY particles (neutralinos χ̃0i ,
charginos χ̃±

k , sfermions f̃m), H0, A0 → χ̃0i χ̃
0
j (i, j = 1. . . 4), H0, A0 → χ̃+k χ̃

−
l (k, l = 1, 2),

H0, A0 → f̃m
¯̃fn (m,n = 1, 2), H± → χ̃±

k χ̃
0
i , H

± → f̃m
¯̃f ′
n. At tree level, these decays

were studied in [30, 31]. In particular, the branching ratios for the decays into sfermions,

H0, A0 → f̃m
¯̃fn , can be sizeable depending on the parameter space [32, 33]. The SUSY–QCD

corrections to the decays into sfermions have also been calculated [34, 35].

In this thesis, we study in detail the decays of Higgs bosons into two sfermions, {h0, H0, A0} →
f̃i

¯̃fj and H+ → t̃i
¯̃bj as well as the crossed channels f̃2 → f̃1H

0
k . In particular, the third gen-

eration sfermions t̃i, b̃i, and τ̃i are interesting because one expects them to be lighter than
the other sfermions due to their large Yukawa couplings and left–right mixings. Since A0

only couples to f̃L–f̃R (left–right states of f̃), and due to the CP nature of A0, A0 → f̃i
¯̃fi

vanishes. (This is valid also beyond tree level for real parameters in the MSSM.) We will
calculate the full electroweak one–loop corrections in the on–shell scheme. Owing to the fact
that almost all parameters of the MSSM have to be renormalized in this process and hence
a large number of graphs has to be computed, the calculation is very complex. Despite this
complexity, we have performed the calculation in an analytic way.

22
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4.2 Tree level

First, we review the tree–level results [32]. For the neutral Higgs fields we use the notation
H0
k = {h0, H0, A0, G0}, t/t̃ stands for an up–type (s)fermion and b/b̃ for a down–type one.

Following [28, 29] the Higgs–Sfermion–Sfermion couplings for neutral Higgs bosons, Gf̃ijk,
can be written as

Gf̃ijk ≡ G
(
H0
k f̃

∗
i f̃j
)

=
[
Rf̃Gf̃LR,k(R

f̃)T
]
ij
. (4.1)

The 3rd generation left–right couplings Gf̃LR,k for up– and down–type sfermions are given by

Gt̃LR,1 =

(
−√2htmtcα + gZmZ(I3Lt −ets2W )sα+β − ht√

2
(At cα + µsα)

− ht√
2
(At cα + µsα) −√2htmtcα + gZmZets

2
W sα+β

)
,

(4.2)

Gb̃LR,1 =

( √
2hbmbsα + gZmZ(I3Lb −ebs2W )sα+β

hb√
2
(Ab sα + µcα)

hb√
2
(Ab sα + µcα)

√
2hbmbsα + gZmZebs

2
W sα+β

)
, (4.3)

Gf̃LR,2 = Gf̃LR,1 with α→ α− π/2 , (4.4)

Gt̃LR,3 = −
√

2ht

 0 − i
2

(
At cβ + µ sβ

)
i
2

(
At cβ + µ sβ

)
0

 , (4.5)

Gb̃LR,3 = −
√

2hb

 0 − i
2

(
Ab sβ + µ cβ

)
i
2

(
Ab sβ + µ cβ

)
0

 , (4.6)

where we have used the abbreviations sx ≡ sin x, cx ≡ cosx and sW ≡ sin θW . α denotes the
mixing angle of the {h0, H0}–system, and ht and hb are the Yukawa couplings

ht =
g mt√

2mW sin β
, hb =

gmb√
2mW cosβ

. (4.7)

The couplings of the charged Higgs boson to two sfermions are given by

Gt̃b̃ij1 ≡ G
(
H+t̃∗i b̃j) = Gb̃t̃ji1 =

[
Rt̃Gt̃b̃LR,1(R

b̃)T
]
ij
, (4.8)

Gt̃b̃LR,1 =

(
hbmb sin β + htmt cosβ − gmW√

2
sin 2β hb(Ab sin β + µ cosβ)

ht(At cosβ + µ sinβ) htmb cosβ + hbmt sin β

)
, (4.9)

Gb̃t̃LR,1 =

(
hbmb sin β + htmt cosβ − gmW√

2
sin 2β ht(At cosβ + µ sinβ)

hb(Ab sin β + µ cosβ) htmb cosβ + hbmt sin β

)
. (4.10)

Starting with the tree–level interaction Lagrangian for the three neutral Higgs bosons,

L = Gf̃ijkH
0
k f̃

∗
i f̃j , (k = 1, 2, 3) , (4.11)
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the Feynman amplitude is simply given by

Mtree = iGf̃ijk . (4.12)

The tree–level decay width for the process H0
k(p) → f̃i(k1) +

¯̃
fj(k2) then becomes

Γtree(H0
k → f̃i

¯̃
fj) =

NC
2mH0

k

∫
d3k1
(2π)3

1

2E1

∫
d3k2
(2π)3

1

2E2
(2π)4δ4(p−k1−k2)|Gf̃ijk|2

=
NC κ(m2

H0
k
, m2

f̃i
, m2

f̃j
)

16πm3
H0

k

|Gf̃ijk|2 (4.13)

with the totally symmetric Källen function κ(x, y, z) =
√

(x− y − z)2 − 4yz and the colour

factor Nf
C = 3 for squarks and Nf

C = 1 for sleptons, respectively.
Analogously, the decay width for the charged Higgs boson H+ is given by

Γtree(H+ → t̃i
¯̃bj) =

NC κ(m2
H+ , m2

t̃i
, m2

b̃j
)

16πm3
H+

|Gt̃b̃ij1|2 . (4.14)

H0
k iG

~f
ijk

~fi

~fj

H+ iG
~t~b
ij1

~ti

~bj

Figure 4.1: Tree level diagrams for H0
k → f̃i

¯̃
fj and H+ → t̃i

¯̃
bj .

4.3 One–loop Corrections

Following the recipe of multiplicative renormalization, we replace the bare parameters and
fields in the Lagrangian by the corresponding renormalized ones, i.e. we attach renormaliza-
tion constants to each coupling and field. In case of the Higgs–Sfermion–Sfermion interaction
Lagrangian

L0 =
(
Gf̃ijk
)0(

H0
k

)0
f̃ 0∗i f̃ 0j +

(
Gt̃b̃ij1
)0(

H+
)0
t̃0∗i b̃

0
j (4.15)
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the relations between the unrenormalized (bare) and renormalized (physical) fields and cou-
plings are(

Gf̃ijk
)0

= Gf̃ijk + δG
f̃(c)
ijk ,

(
Gt̃b̃ij1
)0

= Gt̃b̃ij1 + δG
t̃b̃(c)
ij1 , (4.16)(

H0
k

)0
=
(
δkl +

1

2
δZH

0

kl

)
H0
l ,

(
H+
)0

=
(
δ1l +

1

2
δZH

+

1l

)
H+
l , (4.17)

f̃ 0∗i =
(
δii′ +

1

2
δZ f̃ii′

)
f̃ ∗
i′ , t̃0∗i =

(
δii′ +

1

2
δZ t̃ii′

)
t̃∗i′ , (4.18)

f̃ 0j =
(
δjj′ +

1

2
δZ f̃jj′

)
f̃j′ , b̃0j =

(
δjj′ +

1

2
δZ b̃jj′

)
b̃j′ , (4.19)

where we have used the notation H+
l = {H+, G+} for the charged Higgs and Goldstone

boson, respectively. Note that due to the CP properties of the neutral Higgs bosons, the
CP–even Higgs bosons (h0 and H0) don’t mix with the CP–odd ones (A0 and G0), i.e.
δZH

0

kl = 0 for k = (1, 2) and l = (3, 4). The bare Lagrangian L0 can then be written as a
sum of the renormalized Lagrangian Lren plus its counter terms δL,

L0 = Lren + δL , (4.20)

Lren = Gf̃ijkH
0
k f̃

∗
i f̃j + Gt̃b̃ij1H

+t̃∗i b̃j , (4.21)

δL = −δGf̃(v)ijk H
0
k f̃

∗
i f̃j − δG

t̃b̃(v)
ij1 H+t̃∗i b̃j , (4.22)

which leads to the one–loop corrected (renormalized) couplings Gf̃ ,renijk and Gt̃b̃,renij1 :

Gf̃ ,renijk = Gf̃ijk + ∆Gf̃ijk = Gf̃ijk + δG
f̃(v)
ijk + δG

f̃(w)
ijk + δG

f̃(c)
ijk , (4.23)

Gt̃b̃,renij1 = Gt̃b̃ij1 + ∆Gt̃b̃ij1 = Gt̃b̃ij1 + δG
t̃b̃(v)
ij1 + δG

t̃b̃(w)
ij1 + δG

t̃b̃(c)
ij1 . (4.24)

δG
f̃(v)
ijk , δG

f̃(w)
ijk and δG

f̃(c)
ijk and the corresponding terms for the couplings to the charged

Higgs boson stand for the vertex corrections, the wave–function corrections and the coupling
counter–term corrections, respectively. The full one–loop corrected decay widths for the
neutral as well as the charged Higgs boson decays are then given by

Γ(H0
k → f̃i

¯̃
fj) =

NC κ(m2
H0

k
, m2

f̃i
, m2

f̃j
)

16πm3
H0

k

[
|Gf̃ijk|2 + 2Re

(
Gf̃ijk ·∆Gf̃ijk

)]
, (4.25)

Γ(H+ → t̃i
¯̃bj) =

NC κ(m2
H+ , m2

t̃i
, m2

b̃j
)

16πm3
H+

[
|Gt̃b̃ij1|2 + 2Re

(
Gt̃b̃ij1 ·∆Gt̃b̃ij1

)]
. (4.26)

Due to the lengthy formulae, we give the explicit form of the vertex corrections, δG
f̃(v)
ijk and

δG
t̃b̃(v)
ij1 , in Appendix C.1.

For the CP–even Higgs bosons the wave–function corrections δG
f̃(w)
ijk can be written as

δG
f̃(w)
ijk =

1

2

[
δZ f̃i′iG

f̃
i′jk + δZ f̃j′j G

f̃
ij′k + δZH

0

lk Gf̃ijl

]
, (4.27)
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with the implicit summations i′, j′, l = (1, 2). The wave–function renormalization constants
are determined by imposing the on–shell renormalization conditions (see chapter 3),

δZ f̃ii = −Re Π̇f̃ii(m
2
f̃i

) , i = (1, 2) , (4.28)

δZ f̃ij =
2

m2
f̃i
−m2

f̃j

Re Πf̃ij(m
2
f̃j

) , i, j = (1, 2), i �= j, f̃ �= ν̃e,µ,τ , (4.29)

δZH
0

kk = −Re Π̇H
0

kk (m2
h0

k
) , k = 1, 2 , (4.30)

δZH
0

kl =
2

m2
h0

k
−m2

h0
l

Re ΠH
0

kl (m2
h0

l
) , k, l = (1, 2), k �= l . (4.31)

The explicit forms of the off–diagonal Higgs boson and sfermion self–energies, ΠH
0

kl and Πf̃ij ,

as well as the derivatives of the diagonal ones, Π̇H
0

kk and Π̇f̃ii, are given in Appendix B.

Due to its CP–nature, the Higgs boson A0 cannot only mix with its associated partner in
the mass matrix, the neutral Goldstone boson G0, but also with the weak vector boson Z0.
Therefore, we split the wave–function corrections into the diagonal ones,

δG
f̃(w,diag)
123 =

1

2
Re
[
δZ f̃11 + δZ f̃22 + δZH

0

33

]
Gf̃123 , (4.32)

δG
f̃(w)
123 = δG

f̃(w,diag)
123 + δG

f̃(w,AZ+AG)
123 , (4.33)

and combine the amplitudes coming from A0–G0 and A0–Z0 mixing in the following conve-
nient way. First we show that the sum of the parts coming from the propagators of Z0 and
G0 outside the loops is independent of the gauge parameter ξ = ξZ . In a general Rξ–gauge

~f1

~f2

A0
Z0

k1

k2

p

~f1

~f2

A0
G0p

Figure 4.2: A0–Z0 contribution and A0–G0 wave–function correction

the amplitudes of the two graphs of Fig. 4.2 are given by

MZ =
(
− ipµΠAZ(p2)

) i

p2−m2
Z

(
−gµν + (1−ξ) pµpν

p2−ξm2
Z

)(
− igZ z

f̃
12

)
(k1+k2)

ν , (4.34)

MG =
(
iΠAG(p2)

) i

p2−ξm2
Z

iGf̃124 . (4.35)
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Contracting the Lorentz indices in MZ ,

pµ
(
−gµν + (1−ξ) pµpν

p2−ξm2
Z

)
(k1+k2)

ν = −
(

1− (1− ξ)p2

p2 − ξm2
Z

)(
m2
f̃1
−m2

f̃2

)
, (4.36)

and eliminating ΠAG in favor of ΠAZ by using the Slavnov–Taylor identity [20]

p2ΠAZ(p2) + imZΠAG(p2) = 0 , (4.37)

we find the sum MZ +MG

MZ+G =
i

p2−m2
Z

ΠAZ(p2) gZ z
f̃
12

(
m2
f̃1
−m2

f̃2

)(
1− (1− ξ)p2

p2 − ξm2
Z

)

+
p2

p2 − ξm2
Z

ΠAZ(p2)

mZ
Gf̃124 . (4.38)

Finally we use the identity

gZ z
f̃
ij

(
m2
f̃i
−m2

f̃j

)
= imZ G

f̃
ij4 (4.39)

to obtain the result

δG
f̃(w,AZ+AG)
123 = −iMZ+G(p2 → m2

A0) = − iΠAZ(m2
A0)G

f̃
124

mZ

(
p2 −m2

Z) (p2 − ξm2
Z)
×

[
−m2

Z

((
p2 − ξm2

Z

)− (1− ξ)p2
)

+ p2
(
p2 −m2

Z

)]
= − i

mZ

ΠAZ(m2
A0)G

f̃
124 . (4.40)

The gauge dependence of the propagators of the Z0 and G0 in Fig. 4.2 is completely removed.
However, there still remain gauge dependences from vector particles and Goldstone bosons
in the loops of ΠAZ which cancel against their counter parts in the vertex, wave–function
and counter–term corrections.
In a similar manner we can sum up the amplitudes stemming from H+–G+ and H+–W+

mixing. Using the Slavnov–Taylor identity

p2ΠHW (p2)−mWΠHG(p2) = 0 (4.41)

(where H and G now certainly denote the charged Higgs and Goldstone bosons) as well as
the relation between the W+t̃∗i b̃j and G+t̃∗i b̃j couplings,

g√
2
Rt̃i1R

b̃
j1

(
m2
t̃i
−m2

b̃j

)
= mW Gt̃b̃ij2 , (4.42)

the wave–function corrections for the charged Higgs boson decays can be written as

δG
t̃b̃(w)
ij1 =

1

2

[
δZ t̃i′iG

t̃b̃
i′jk + δZ b̃j′jG

t̃b̃
ij′k + δZH

+

11 Gt̃b̃ij1

]
+ δG

t̃b̃(w,HW+HG)
ij1 (4.43)
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with

δG
t̃b̃(w,HW+HG)
ij1 = − 1

mW
ΠHW (m2

H+)Gt̃b̃ij2 . (4.44)

The coupling counter–term corrections originate from the shifting of the parameters in the
Lagrangian. In the case of the CP–even Higgs bosons, h0 and H0, they can be expressed as
(k = 1, 2)

δG
f̃(c)
ijk =

[
δRf̃ ·Gf̃LR,k · (Rf̃)T + Rf̃ · δGf̃LR,k · (Rf̃ )T + Rf̃ ·Gf̃LR,k · (δRf̃)T

]
ij
.(4.45)

As we have fixed the counter terms for the sfermion and Higgs mixing angle by means of
eqs. (3.55) and (3.64),

δθf̃ =
1

4

(
δZ f̃12 − δZ f̃21

)
, δα =

1

4

(
δZH

0

21 − δZH
0

12

)
, (4.46)

we can write the coupling counter–term corrections as

δG
f̃(c)
ijk = −(εi′iGf̃i′jk + εj′j G

f̃
ij′k

)
δθf̃ + εlkG

f̃
ijl δα +

[
Rf̃ · δ̂Gf̃LR,k · (Rf̃ )T

]
ij
, (4.47)

where we have introduced the antisymmetric symbol εij with ε12 = 1. The derivative δ̂ in
eq. (4.47) indicates that the variation is taken with respect to all parameters except the
mixing angle α. Using the relations

δGf̃ij1
δα

= −Gf̃ij2 ,
δGf̃ij2
δα

= Gf̃ij1 , (4.48)

we can ‘absorb’ the counter terms for the mixing angles of the outer particles, δα and δθf̃ ,

into the wave–function corrections δG
f̃(w)
ijk yielding the symmetric wave–function corrections

in

δG
f̃(w+c)
ijk = δG

f̃(w, symm.)
ijk +

[
Rf̃ · δ̂Gf̃LR,k · (Rf̃ )T

]
ij
, (4.49)

given by

δG
f̃(w, symm.)
ijk =

1

4

(
δZ f̃ii′ + δZ f̃i′i

)
Gf̃i′jk +

1

4

(
δZ f̃jj′ + δZ f̃j′j

)
Gf̃ij′k +

1

4

(
δZHkl + δZHlk

)
Gf̃ijl .

(4.50)

Note that in this symmetrized form momentum–independent contributions from four–scalar
couplings and tadpole shifts cancel out.
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The explicit forms of the counter terms δ̂Gf̃LR,k for k = 1, 2 are given by

(
δ̂Gf̃LR,1

)
11

= −
√

2hf mf cα

(
δhf
hf

+
δmf

mf

)
− gZmZ ef δs

2
W sα+β

+gZmZ(I3Lf −efs2W )sα+β

(
δgZ
gZ

+
δmZ

mZ
+

δβ

tα+β

)
, (4.51)

(
δ̂Gf̃LR,1

)
12

=
δhf
hf

(
Gf̃LR,1

)
12
− hf√

2
(δAf cα + δµ sα) , (4.52)

(
δ̂Gf̃LR,1

)
22

= −
√

2hf mf cα

(
δhf
hf

+
δmf

mf

)

+gZmZ ef s
2
W sα+β

(
δgZ
gZ

+
δmZ

mZ

+
δs2W
s2W

+
δβ

tα+β

)
(4.53)

for the sfermion couplings to the Higgs boson h0 and

(
δ̂Gf̃LR,2

)
11

= −
√

2hf mf sα

(
δhf
hf

+
δmf

mf

)
+ gZmZ ef δs

2
W cα+β

−gZ mZ(I3Lf −efs2W )cα+β

(
δgZ
gZ

+
δmZ

mZ
− tα+β δβ

)
, (4.54)

(
δ̂Gf̃LR,2

)
12

=
δhf
hf

(
Gf̃LR,2

)
12
− hf√

2
(δAf sα − δµ cα) , (4.55)

(
δ̂Gf̃LR,2

)
22

= −
√

2hf mf sα

(
δhf
hf

+
δmf

mf

)

−gZ mZ ef s
2
W cα+β

(
δgZ
gZ

+
δmZ

mZ
+
δs2W
s2W

− tα+β δβ

)
(4.56)

for the couplings to H0.
The higgsino mass parameter µ is fixed in the chargino sector, µ ≡ X22, where µ enters in
the chargino mass matrix X [24, 25],

X =

(
M

√
2mW sin β√

2mW cosβ µ

)
→ δµ = (δX)22 . (4.57)

With the definition of the Yukawa couplings, eq. (4.7), the counter term δhf can be further
decomposed into

δhf
hf

=
δg

g
+

δmf

mf
− δmW

mW
+

{− cos2 β
sin2 β

}
δ tan β

tan β
(4.58)

for
�

up
down

�
–type sfermions. The explicit forms of these counter terms and the corresponding

self–energies are given in Appendix B.
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The CP–odd Higgs boson A0 only couples off–diagonally to the sfermions through terms
proportional to Yukawa couplings. Therefore, the counter–term corrections simply read

δG
f̃(c)
123 =

δhf
hf

Gf̃123 +
i√
2
hf δ

(
Af

{
cos β
sin β

}
+ µ

{
sin β
cosβ

})
. (4.59)

Analogously to the decays of the CP–even Higgs bosons, the sum of the wave–function and
counter–term corrections of the charged Higgs boson can be expressed as

δG
t̃b̃(w+c)
ij1 = δG

t̃b̃(w, symm.)
ij1 +

[
Rt̃ · δ̂Gt̃b̃LR,1 · (Rb̃)T

]
ij

+ δG
t̃b̃(w,HW+HG)
ij1 (4.60)

with the symmetrized wave–function corrections

δG
t̃b̃(w, symm.)
ij1 =

1

4

(
δZ t̃ii′ + δZ t̃i′i

)
Gt̃b̃i′j1 +

1

4

(
δZ b̃jj′ + δZ b̃j′j

)
Gt̃b̃ij′1 +

1

2
δZH

+

11 Gt̃b̃ij1 . (4.61)

The single elements of the matrix corresponding to the variation with respect to the cou-
plings, δ̂Gt̃b̃LR,1, are given explicitly as follows (cf. eq. (4.9)):

(
δ̂Gt̃b̃LR,1

)
11

= hbmbsβ

(
δhb
hb

+
δmb

mb
+
δsβ
sβ

)
+ htmtcβ

(
δht
ht

+
δmt

mt
+
δcβ
cβ

)

−gmW√
2

sin 2β

(
δg

g
+
δmW

mW
+ cos 2β

δ tanβ

tanβ

)
(4.62)

(
δ̂Gt̃b̃LR,1

)
12

=
δhb
hb

(
Gt̃b̃LR,1

)
12

+ hb
(
δAbsβ + Abδsβ + δµ cβ + µ δcβ

)
(4.63)

(
δ̂Gt̃b̃LR,1

)
21

=
δht
ht

(
Gt̃b̃LR,1

)
21

+ ht
(
δAtcβ + Atδcβ + δµ sβ + µ δsβ

)
(4.64)

(
δ̂Gt̃b̃LR,1

)
22

= htmbcβ

(
δht
ht

+
δmb

mb

+
δcβ
cβ

)
+ hbmtsβ

(
δhb
hb

+
δmt

mt

+
δsβ
sβ

)
(4.65)

4.4 Infrared divergences

Analyzing the virtual corrections in more detail, i.e. the vertex and wave–function corrections
with one single photon in the loop, one finds that the corresponding amplitudes are divergent.
These infrared divergences (IR) originate from massless photons which, for small momenta,
lead to divergent integrals. In order to regularize the divergent expressions, we introduce a
small photon mass λ in e.g.

∂

∂p2
1

iπ2

∫
ddq

1

(q2 − λ2)[(q + p)2 −m2]

∣∣∣∣
p2=m2

= − 1

2m2

(
2− log

m2

λ2

)
, (4.66)

which diverges for λ → 0. Following a theorem of Bloch and Nordsieck [36], the IR–
divergences can be cancelled by the inclusion of real Bremsstrahlung processes which contain
one additional single photon in the final state. In the case of the decay of the charged Higgs
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Figure 4.3: Real Bremsstrahlung diagrams relevant to cancel the IR–divergences in H+(p) →
t̃i(k1) +

¯̃
bj(−k2).

boson, this means that the real photon emission process H+(p) → t̃i(k1) +
¯̃
bj(−k2) + γ(k3)

has to be calculated. The Feynman amplitudes of the diagrams in Fig. 4.3 are given by

Ma = iGt̃b̃ij1
(− ie0(2p− k3)µ

) i

(p− k3)2 −m2
H

ε∗µ(k3) = iGt̃b̃ij1(−e0)
(
− p · ε∗
−p · k3

)
,

Mb = iGt̃b̃ij1
(− ie0et(2k1 + k3)µ

) i

(k1 + k3)2 −m2
i

ε∗µ(k3) = iGt̃b̃ij1(−e0)
(
− et

k1 · ε∗
k1 · k3

)
,

Mc = iGt̃b̃ij1
(− ie0eb(2k2 − k3)µ

) i

(k2 − k3)2 −m2
j

ε∗µ(k3) = iGt̃b̃ij1(−e0)
(
− eb

k2 · ε∗
−k2 · k3

)
,

which leads to the decay width

Γreal =
NC

2mH+

∫
d3k1

(2π)32E1

∫
d3k2

(2π)32E2

∫
d3k3

(2π)32E3
(2π)4δ4(p−k1+k2−k3)|Mhard|2

=
NC

16π3mH+

|Gt̃b̃ij1|2(−e20)
[

1

π2

∫
d3k1
2E1

∫
d3k2
2E2

∫
d3k3
2E3

δ4(p−k1+k2−k3)

×
(

m2
H

(−2p · k3)2 + e2t
m2
i

(2k1 · k3)2 + e2b
m2
j

(−2k2 · k3)2 − eteb
(−2k1 · k2)

(2k1 · k3)(−2k2 · k3)

− et
(−2p · k1)

(−2p · k3)(2k1 · k3) + eb
(2p · k2)

(−2p · k3)(−2k2 · k3)
)]

. (4.67)

Using the phase–space integrals In and Imn in the convention of [15],

Ii1...in =
1

π2

∫
d3k1
2E1

d3k2
2E2

d3k3
2E3

δ4(p− k1 + k2 − k3)
1

(±2ki1 · k3) . . . (±2kin · k3)
, (4.68)
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where the plus signs belong to the momenta of the outgoing particles k1 and k3 and the minus
signs to the momenta p and k2, the real Bremsstrahlung decay width can be expressed as

Γ(H+ → t̃i
¯̃bjγ) =

NC
16π3mH+

|Gt̃b̃ij1|2(−e0)2
[
m2
H+I00 + e2tm

2
i I11 + e2bm

2
jI22

− eteb

(
(m2

H+ −m2
i −m2

j)I12 − I2 − I1

)
− et

(
(m2

j −m2
H+ −m2

i )I01 − I1 − I0

)
+ eb

(
(m2

i −m2
H+ −m2

j )I02 − I2 − I0

)]
.

(4.69)

Analogously, the real Bremsstrahlung contributions to the neutral Higgs boson decays are

Γ(H0
k → f̃i

¯̃fjγ) =
NC

16π3mH0
k

|Gf̃ijk|2(−e0ef )2
(
m2
i I11 + m2

jI22 − I2 − I1

+ (m2
H0

k
−m2

i −m2
j )I12

)
. (4.70)

The corrected (UV– and IR–convergent) decay widths for the physical value λ = 0 are then
given by

Γcorr(H0
k → f̃i

¯̃
fj) ≡ Γ(H0

k → f̃i
¯̃
fj) + Γ(H0

k → f̃i
¯̃
fjγ) , (4.71)

Γcorr(H+ → t̃i
¯̃bj) ≡ Γ(H+ → t̃i

¯̃bj) + Γ(H+ → t̃i
¯̃bjγ) . (4.72)

4.5 Improvement of One–loop Corrections

Having collected all pieces which are necessary for a reliable calculation of the decay widths,
i.e. the vertex, wave–function and counter–term corrections to make the result UV–convergent
as well as the real Bremsstrahlung processes to cancel the IR divergences, we could perform
a numerical analysis which shows the contributions of the higher–order corrections. However,
in the case of bottom squarks and tau sleptons, especially for large tanβ the corrections to
the decay widths can be very large in the on–shell renormalization scheme. If the corrections
are negative, the one–loop corrected width can even become negative and therefore unphysi-
cal. Hence the perturbation expansion around the on–shell tree level is no longer reliable. It
has been shown in [37, 38] that, in the case of the decays into bottom squarks, the source of
these large corrections are mainly the counter terms for mb and the trilinear coupling Ab, in
particular the SUSY–QCD corrections. However, despite the absence of strong interactions
for the decay into tau sleptons, the corrections become extremely large. This problem can
be solved by defining an appropriate tree level in terms of DR running values for mf and
Af . The expansion around this new tree level then no longer suffers from bad convergence.
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Correction to mb

First we review the improvement of the perturbation expansion by using DR running bottom
quark masses, following [38, 39, 40].
If the Yukawa coupling hb is given at tree level in terms of the pole mass mb, the one–loop
corrections become very large due to gluon and gluino exchange contributions to the counter
term δmb. The large counter term caused by the gluon loop is absorbed by using SM two–
loop RGEs in the MS scheme [38, 39, 40]. Thus we obtain the SM running bottom quark
mass m̂b(Q)SM:

m̂b(Q)MS
SM =

(
m̂b(Q)MS

SM

m̂b(mb)
MS
SM

)
m̂b(mb)

MS
SM (4.73)

The ratio
(
m̂b(Q)MS

SM/m̂b(mb)
MS
SM

)
can be expressed as

m̂b(Q)MS
SM

m̂b(mb)MS
SM

=



c5(α
(2)
s (Q)/π)

c5(α
(2)
s (mb)/π)

(mb < Q ≤ mt) ,

c6(α
(2)
s (Q)/π)

c6(α
(2)
s (mt)/π)

c5(α
(2)
s (mt)/π)

c5(α
(2)
s (mb)/π)

(Q > mt) ,

where we have used the functions

c5(x) =

(
23

6
x

) 12
23

(1 + 1.175x) (mb < Q ≤ mt) ,

c6(x) =

(
7

2
x

) 4
7

(1 + 1.398x) (Q > mt) ,

and the two–loop RGEs for αs [40],

α(2)
s (Q) =

12π

(33− 2nf) ln Q2

Λ2
nf

1− 6(153− 19nf)

(33− 2nf)2

ln ln Q2

Λ2
nf

ln Q2

Λ2
nf

 , (4.74)

with nf = 5 or 6 for mb < Q ≤ mt or Q > mt, respectively. For the SM DR running bottom
quark mass at the scale Q = mb we use the MS equation

m̂b(mb)
MS
SM = mb

1 +
4

3

α
(2)
s (mb)

π
+ Kq

(
α
(2)
s (mb)

π

)2
−1

, (4.75)

with Kq = 12.4 and then convert to DR using one–loop running αs(Q):

m̂b(Q)SM =

(
m̂b(Q)MS

SM

m̂b(mb)MS
SM

)
m̂b(mb)

MS
SM − αs(Q)

3π
mb (4.76)
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In the MSSM, for large tanβ the counter term to mb can be very large due to the gluino–
mediated graph [37, 41, 42]. Here we absorb the gluino contribution as well as the sizeable
contributions from neutralino and chargino loops and the remaining electroweak self–energies
into the Higgs–sfermion–sfermion tree–level coupling. In such a way we obtain the full DR
running bottom quark mass

m̂b(Q)MSSM = m̂b(Q)SM + δmb(Q) . (4.77)

The explicit form of the electroweak contribution to the counter term δmb(Q) is given in
Appendix B.9.

Correction to Ab;�

The second source of a very large correction (in the on–shell scheme) are the counter terms
for the trilinear coupling Ab,τ (see eq. (2.39)),

δAb,τ =
δm2

LR

mb,τ
− m2

LR

mb,τ

δmb,τ

mb,τ
+ δµ tanβ + µ δtanβ . (4.78)

Again, the big bottom mass correction δmb contributes to δAb, but also the counter term
of the left–right mixing elements of the sfermion mass matrix, δm2

LR, gives a very large
correction for higher values of tanβ. In particular, in the case of the decay into staus, this
is the main source for the bad convergence of the tree–level expansion. As in the case of the
large correction to mb, we redefine the Higgs–sfermion–sfermion tree–level coupling in terms
of DR running Âb,τ (mA0). Because of the fact that the counter terms δAb,τ (for large tanβ)

can become several orders of magnitude larger than the on–shell Ab,τ we use Âb,τ (mA0) as
input [38]. In order to be consistent we have to perform an iteration procedure to get all the
correct running and on–shell masses, mixing angles and other parameters. This procedure is
described below.

4.6 Method of improvement

In this section we will explain in detail how we can improve the perturbation calculation
for the sbottom and stau case by using DR running values for mb and Ab,τ in the Higgs–

sfermion–sfermion tree–level couplings. Since we take DR running values for Âb and Âτ as
input and all other parameters on–shell we will have to pay attention to the sbottom and
stau sector in order to get consistently all needed running and on–shell masses, mixing angles
and other parameters. Here we adopt the procedure developed in [38] and also extend it to
the electroweak case.

Stop sector:
We start our calculation in the stop sector. Because all input parameters in the stop sector are
on–shell we obtain the on–shell masses mt̃1 , mt̃2 and the stop mixing angle θt̃ by diagonalizing
the stop mass matrix in the t̃L–t̃R basis, see chapter 4.2. The running stop masses m̂t̃i and

the mixing angle θ̂t̃ are calculated at the scale Q = Qt̃ =
√
mt̃1mt̃2 by adding the appropriate



4.6 Method of improvement 35

counter terms to the on–shell values in

m̂2
t̃i
(Qt̃) = m2

t̃i
+ δm2

t̃i
, (4.79)

δm2
t̃i

= Re Πt̃ii(m
2
t̃i
) , (4.80)

θ̂t̃(Qt̃) = θt̃ + δθt̃ . (4.81)

The electroweak parts of the sfermion self–energies Πf̃ii(m
2
f̃i

) are given in Appendix B.4 and

the SUSY–QCD contributions, ΠSUSY−QCD
ii (m2

f̃i
) are given in eqs. (25)–(27) in [34]. Here

and in the following all running parameters X̂(Q) are related to their on–shell values X
by X̂(Q) = X + δX, with δX being the full one–loop counter term — also including the
SUSY–QCD parts. According to eq. (3.55) we fix the sfermion mixing angle by

δθf̃ =
1

4

(
δZ f̃12 − δZ f̃21

)
=

1

2
(
m2
f̃1
−m2

f̃2

) Re
(

Πf̃12(m
2
f̃2

) + Πf̃21(m
2
f̃1

)
)
. (4.82)

For DR running m̂t we use the formulae from section 4.5 with the obvious substitutions
mb → mt and Kq = 10.9 for the top–case. Next we evaluate the running parameters M̂Q̃(Q)

and M̂Ũ (Q) by inserting the running values m̂2
t̃i
(Q), θ̂t̃(Q), m̂t(Q)MSSM, m̂Z(Q) = mZ + δmZ ,

β̂(Q) = β + δβ and θ̂W = θW − 1
sin θW

(
δmW

mW
− δmZ

mZ

)
into the equations

M2
Q̃

= m2
t̃1

cos2 θt̃ + m2
t̃2

sin2 θt̃ −m2
t −m2

Z cos 2β
(
I3Lt −et sin2 θW

)
, (4.83)

M2
Ũ

= m2
t̃1

sin2 θt̃ + m2
t̃2

cos2 θt̃ −m2
t −m2

Z cos 2β et sin
2 θW . (4.84)

For the running value of At we use

Ât = (m̂2
t̃1
− m̂2

t̃2
)

sin 2θ̂t̃
m̂t

+ µ̂ cot β̂ , (4.85)

where we have taken running µ̂(Q) = µ + (δX)22 (cf. eq. (4.57)).

Sbottom sector:
In the sbottom sector we have given all parameters on–shell except the parameter for the tri-
linear coupling, Âb(Q), which is running. First we calculate m̂b(Qb̃)MSSM from eq. (4.77) at the
scale Qb̃ =

√
mb̃1

mb̃2
. From the stop sector we already know the running values of MQ̃, tanβ

and µ. Then we diagonalize the sbottom mass matrix using m̂b(Qb̃)MSSM, M̂Q̃, tan β̂, µ̂ and

on–shell MD̃, which is near its running value M̂D̃, to obtain the starting values for m̂b̃i

and θ̂b̃. The on–shell sbottom masses mb̃i
and the mixing angle θb̃ are calculated from their

running values by subtracting the appropriate counter terms, i.e. m2
b̃i

= m̂2
b̃i

(Q) − δm2
b̃i

,

θb̃ = θ̂b̃(Q)− δθb̃. Now we can compute the running value for MD̃. Using the relation

M2
D̃

= m2
b̃1

sin2 θb̃ + m2
b̃2

cos2 θb̃ −m2
b −m2

Z cos 2β eb sin2 θW (4.86)
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we get M̂D̃ = (M2
D̃

+ δM2
D̃

)1/2 ≈ MD̃ + δM2
D̃
/(2MD̃) with

δM2
D̃

= δm2
b̃1

sin2 θb̃ + δm2
b̃2

cos2 θb̃ +
(
m2
b̃1
−m2

b̃2

)
sin 2θb̃ δθb̃ − 2mb δmb

−δm2
Z cos 2β eb sin2 θW + 2m2

Z sin 2β δβ eb sin2 θW

−m2
Z cos 2β eb δsin

2 θW (4.87)

and δmb = m̂b(Qb̃)MSSM−mb. Because the parameters involved in these calculations are very

entangled, e.g. M̂D̃ depends on the δmb̃i
which themselves depend on MD̃, we have to per-

form an iteration procedure.

Iteration procedure:
Here we will describe in detail the procedure how we obtain all necessary on–shell and running
parameters. For convenience, we shortly denote all masses, parameters, couplings etc. for a
certain n ≥ 1 in the iteration by X̂ (n). As starting values X̂ (0) we take on–shell masses and
parameters (except Âb which is running) and the couplings derived from these quantities.

The only exceptions are the standard model running fermion masses m̂
(0)
f = m̂f (Q)SM. m̂f

shortly stands for the full DR running fermion masses, m̂f (Q)MSSM.
The single steps of the iteration procedure are the following:

1. The running stop masses and the stop mixing angle are calculated as explained

above by m̂
2 (n)

t̃i
= m2

t̃i
+ δm

2 (n)

t̃i

(X̂ (n−1)) and θ̂
(n)

t̃
= θt̃ + δθ

(n)

t̃

(X̂ (n−1)).
2. m̂

(n)
t = m̂t,SM + δm

(n)
t

(X̂ (n−1))
3. m̂

(n)
Z = mZ + δm

(n)
Z

(X̂ (n−1)) and

sin2 θ̂
(n)
W = sin2 θW + δsin2 θW

(n) with δsin2 θW
(n)

= − cos2 θW

(
δmW

mW

− δmZ

mZ

)(X̂ (n−1))
4. The running value of tanβ, tan β̂(n) = tanβ + δ tanβ(n),

with δ tanβ(n) =
1

mZ sin 2β
ImΠA0Z0

(X̂ (n−1)) tanβ [21].

5. µ̂(n) = µ + δµ(n) with δµ(n) = δX22

(X̂ (n−1)).
6. The soft SUSY–breaking masses M̂

(n)

Q̃,Ũ
are calculated from m̂

(n)

t̃i
, θ̂

(n)

t̃
, m̂t(Qt̃)

(n), m̂
(n)
Z ,

sin2 θ̂
(n)
W and tan β̂(n).

7. We compute the running Ât by using running values in eq. (4.85):

Â
(n)
t =

(
m̂

2 (n)

t̃1
−m

2 (n)

t̃2

) sin 2θ̂
(n)

t̃

m̂
(n)
t

+ µ̂(n) cot β̂(n)
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8. In the sbottom sector we obtain δm
(n)
b from the running values already calculated

in steps 1.–7., like m̂
(n)

b̃i
, θ̂

(n)

b̃
or m̂

(n)
f , and the remaining masses, couplings etc. from

X̂ (n−1).

9. m̂
(n)
b = m̂b,SM + δm

(n)
b .

10. We receive the running sbottom masses, m̂
(n)

b̃i
, and the mixing angle, θ̂

(n)

b̃
, by solving

the mass eigenvalue problem with the running values of M̂
(n)

Q̃
, M̂

(n−1)
D̃

, m̂
(n)
b , Âb, µ̂

(n)

and tan β̂(n).

11. The on–shell sbottom masses m
2 (n)

b̃i
= m̂

2 (n)

b̃i
− δm

2 (n)

b̃i
(Q

(n)

b̃
) at the scale Q

(n)

b̃
=√

m̂
(n)

b̃1
m̂

(n)

b̃2
, and θ

(n)

b̃
= θ̂

(n)

b̃
− δθ

(n)

b̃
.

12. δM
2 (n)

D̃
= δm

2 (n)

b̃1
sin2 θb̃ + δm

2 (n)

b̃2
cos2 θb̃ +

(
m2
b̃1
−m2

b̃2

)
sin 2θb̃ δθ

(n)

b̃
− 2mb

(
m̂

(n)
b −mb

)
− δm

2 (n)
Z cos 2β eb sin2 θW + 2m2

Z sin 2β δβ(n) eb sin2 θW

−m2
Z cos 2β eb δsin

2 θW
(n).

(Remember that the values without a hat (ˆ) are on–shell ones!)

13. M̂
(n)

D̃
= MD̃ +

1

2

δM
2 (n)

D̃

MD̃

.

14. In the sneutrino sector we calculate the running sneutrino mass

m̂
2 (n)
ν̃τ

= m2
ν̃τ

+ δm
2 (n)
ν̃τ

(X̂ (n−1)) and M̂
2 (n)

L̃
= m̂

2 (n)
ν̃τ

− 1
2
m̂

(n)
Z cos 2β̂(n), see also eq (4.83).

15. In the stau sector the values for running m̂
(n)
τ , m̂

(n)
τ̃i

etc. are calculated like in the steps

8–13 in the sbottom sector with the evident substitution b̃→ τ̃ for the corresponding
parameters and MQ̃ →ML̃,MD̃ →MẼ .

16. All couplings are recalculated with the new running parameters → X̂ n.

The iteration starts with n = 1 and ends, when certain parameters are calculated precisely

enough for a given accuracy, i.e.
∣∣∣1− x̂(n)

x̂(n−1)

∣∣∣ < ε for x̂ = {m̂b, M̂D̃, m̂τ , M̂Ẽ}. For ε we choose

ε = 10−8. We have checked the consistency of this procedure by computing the on–shell MD̃

and running MQ̃ from the sbottom sector by using

M2
D̃

= m2
b̃1

sin2 θb̃ + m2
b̃2

cos2 θb̃ −m2
b −m2

Z cos 2β eb sin2 θW , (4.88)

M̂2
Q̃

= m̂2
b̃1

cos2 θ̂b̃ + m̂2
b̃2

sin2 θ̂b̃ − m̂2
b − m̂2

Z cos 2β̂
(
I3Lb −eb sin2 θ̂W

)
, (4.89)

which are equal (up to higher–order corrections) to the on–shell input MD̃ and running MQ̃

from the stop sector.
For easier reading the single steps of the iteration procedure of the stop and sbottom sector
are depicted in the flowchart in Fig. 4.4.
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Figure 4.4: Simplified flowchart for the iteration procedure. For details see section 4.6.
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4.7 Numerical results

In the following numerical examples, we take for the standard model parameters mZ =
91.1875 GeV, mW = 80.45 GeV, sin2 θW = 1−m2

W/m
2
Z , α(mZ) = 1/127.7, mt = 178 GeV,

mb = 4.7 GeV, mτ = 1.777 GeV and {mu, md, me, mc, ms, mµ} = {5.38, 5.38, 0.511, 1500,
150, 106} MeV for 1st and 2nd generation fermions. M ′ is fixed by the gaugino unifica-

tion relation M ′ =
5

3
tan2 θWM , therefore the gluino mass is related to M by mg̃ =

(αs(mg̃)/α) sin2 θWM . In order to reduce the number of parameters in the input param-
eter set, we assume MQ̃ ≡ MQ̃3

= 10
9
MŨ3

= 10
11
MD̃3

= ML̃3
= MẼ3

= MQ̃1,2
= MŨ1,2

=
MD̃1,2

= ML̃1,2
= MẼ1,2

for the first, second and third generation soft SUSY–breaking masses

as well as A ≡ At = Ab = Aτ for all (s)fermion generations, if not stated otherwise.

4.7.1 Decay processes into the light Higgs boson

Fig. 4.5 shows the tree–level, the full electroweak and the full one–loop corrected (electroweak
and SUSY–QCD) decay width of t̃2 → t̃1h

0 as a function of the lighter stop mass, mt̃1 ,
where MQ̃3

is varied from 300 to 700 GeV. To get a larger mass splitting for the top squarks,
we relax the conditions for 3rd generation squarks and take MŨ3

= 500 GeV. All other
SUSY–breaking masses are fixed at 300 GeV. For the remaining input parameters we choose
{mA0 , µ,M,A} = {120, 1000, 250,−800} GeV and tan β = 20. At mt̃1 = 203 GeV and

mt̃1 = 429 GeV one can identify two pseudo–thresholds originating from t̃2 → b̃2H
+ and

t̃2 → b̃1H
+ in the wave–function correction, respectively.
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Figure 4.5: Tree–level (dotted line), full electroweak corrected decay width (dashed line) and
full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of t̃2 → t̃1h

0 as a
function of mt̃1 .

In Fig. 4.6 the radiative corrections to the decay width of t̃2 → t̃1h
0 as a function of tanβ are

quite constant in the considered region of the parameter space and make the perturbation
expansion reliable also for large tanβ. The dotted, dashed and solid lines correspond to the
tree–level, full electroweak corrected and full one–loop corrected decay widths, respectively.
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Whereas the SUSY–QCD corrections reduce the decay width up to −10%, the electroweak
corrections stay well below 3%. At tanβ ≈ 20.5 one can see a pseudo–threshold t̃2 →
χ̃03t entering in the sfermion wave–function corrections. As input parameters we take the
values {mA0, µ, A,M,MQ̃} = {120, 450,−300, 300, 250} GeV as well as MŨ3

= 600 GeV for
kinematical reasons.
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Figure 4.6: Tree–level (dotted line), full electroweak corrected decay width (dashed line) and
full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of t̃2 → t̃1h

0 as a
function of tan β.

In Fig. 4.7 we show two kinds of perturbation expansion for Γ(b̃2 → b̃1h
0) with {mA0, µ,

A,M,MQ̃} = {200, 550, 450, 200, 300} GeV and MD̃3
= 600 GeV: First we show the tree–

level width, given in terms of on–shell input parameters (dotted line). The dashed and dash–
dot–dotted lines correspond to the on–shell electroweak and SUSY–QCD corrected one–loop
widths, respectively. For both corrections one can clearly see the invalidity of the on–shell
perturbation expansion, which leads to an improper high decay width. The second way of
perturbation expansion is given by the dash–dotted and the solid line which correspond to
the improved tree–level and improved full one–loop decay width, respectively. Here we take
the same input parameters as in the first case but with running A = 450 GeV. It is clearly
seen that one needs the improvement as described in section 4.5 and 4.6.

4.7.2 Decays of the CP–even heavy Higgs boson

In Fig. 4.8 we show the tree level and the corrected widths to H0 → t̃1t̃1 for tan β = 30 and
{MQ̃, A,M, µ} = {250, 300, 120, 300} GeV as a function of the mass of the CP–odd Higgs
boson, mA0 . As can be seen for larger values of mA0 , the radiative corrections decrease
and make the electroweak corrections comparable to the SUSY–QCD ones. Due to top
and bottom squark loops in the Higgs wave–function corrections, two pseudo–thresholds
H0 → b̃2b̃2, H

0 → t̃2t̃2 appear at mA0 ≈ 671 and mA0 ≈ 745 GeV, respectively.
In Fig. 4.9 the dependence of the decay width Γ(H0 → t̃1t̃1) as a function of tan β is given.
In the considered region the electroweak corrections have different sign compared to the
SUSY–QCD ones and, for larger values of tanβ, are the dominant contributions. Again,
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Figure 4.7: Two kinds of perturbation expansion: the dotted line corresponds to the on–
shell tree–level width, the dashed and dash–dot–dotted lines correspond to electroweak and
SUSY–QCD corrected on–shell one–loop width, respectively. The dash–dotted line corre-
sponds to the improved tree–level, and the solid line to the (full) improved one–loop width.
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Figure 4.8: Tree–level (dotted line), full electroweak corrected decay width (dashed line) and
full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of H0 → t̃1t̃1 as a
function of mA0 .

sbottom loops entering in the Higgs wave–function corrections cause a pseudo–threshold
H0 → b̃2b̃2 for tan β ≈ 25.6. As input parameters we have chosen {mA0 , µ, A,M,MQ̃} =
{800., 500, 550, 120, 300} GeV.
As in the case of Γ(b̃2 → b̃1h

0), we show two kinds of perturbation expansion for Γ(H0 → b̃1b̃1)
in Fig. 4.10. Owing to the extremely large counter–term corrections δmb and δAb in the
on–shell scheme, the perturbation expansion around the on–shell tree level leads to unac-
ceptably big corrections even for lower values of tan β and, moreover, to improper negative
decay widths. The dotted, dashed and dash–dot–dotted lines, which correspond to the on–
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Figure 4.9: Tree–level (dotted line), full electroweak corrected decay width (dashed line) and
full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of H0 → t̃1t̃1 as a
function of tan β.

shell tree–level, electroweak and SUSY–QCD corrected widths, respectively, show this first
expansion using the input parameters {mA0, µ, A,M,MQ̃} = {800,−300, 300, 120, 300}GeV.
The second perturbation expansion, where these large counter–term corrections are absorbed
into the tree level, is given by the dash–dotted and the solid line which correspond to the
improved tree–level and improved full one–loop decay width, respectively. The input param-
eters are the same as above, but with DR running A = 300 GeV. The corrections are now
relatively small indicating that the (improved) tree level is already a good approximation
for the full one–loop corrected decay width.

4.7.3 Decays of the CP–odd neutral Higgs boson

In Fig. 4.11 we show the tree–level and the corrected widths to A0 → t̃1t̃2 for tanβ = 15 and
{mA0 , A,M,MQ̃} = {700,−500, 120, 300} GeV as a function of the higgsino mass parameter
µ. The electroweak corrections are about 10–15% an thus comparable to the SUSY–QCD
ones. At µ ≈ −242 GeV one can identify the pseudo–threshold t̃2 → χ̃04 t coming from the
sfermion wave–function corrections.

Fig. 4.12 shows the tree–level, the full electroweak and the full one–loop corrected decay
width of A0 → t̃1t̃2 as a function of the lighter stop mass, mt̃1 , where MQ̃ is varied from 140
to 410 GeV. As input parameters we choose {mA0, µ, A,M} = {900, 250, 300, 120} GeV and
tan β = 7. Again, in a large region of the parameter space the electroweak corrections are
comparable to the SUSY–QCD ones. The pseudo–threshold at mt̃1 ≈ 306 GeV originates
from t̃2 → t χ̃03 in the wave–function correction.

Fig. 4.13 displays the decay widths of the crossed channel t̃2 → t̃1A
0 as a function of At.

As can be seen, the electroweak corrections are as large as the SUSY–QCD ones in the
considered region. The values of the input parameters are tanβ = 35, {mA0 , µ,M,MQ̃} =
{150, 240, 300, 300, } GeV, and Af = 700 GeV for all trilinear couplings except At. With the
relations for the SUSY–breaking masses given at the top of this section but with MŨ3

=



4.7 Numerical results 43

5 10 15 20 25 30 35
�2

�1

0

1

2

tan β

Γ
(H

0
→

b̃ 1
b̃ 1

)
[G

eV
]

Figure 4.10: Two kinds of perturbation expansion: the dotted line corresponds to the on–
shell tree–level width, the dashed and dash–dot–dotted lines correspond to electroweak and
SUSY–QCD corrected on–shell one–loop width, respectively. The dash–dotted line corre-
sponds to the improved tree–level, and the solid line to the (full) improved one–loop width.
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Figure 4.11: Tree–level (dotted line), full electroweak corrected decay width (dashed line)
and full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of A0 → t̃1t̃2
as a function of µ.

500 GeV we provide a quite acceptable mass splitting in the stop sector.
In Fig. 4.14 we show the decay width Γ(A0 → b̃1b̃2) as a function of the trilinear couplings A
for {mA0 , µ,M,MQ̃} = {800,−300, 300, 300} GeV and a large value for tanβ, tanβ = 30. As
can be seen, the on–shell expansion dramatically suffers from bad convergence; the dotted
line corresponds to the on–shell tree–level width, the dashed line to the electroweak and the
dash–dot–dotted line to the SUSY–QCD one–loop width. After a redefinition of the tree
level in terms of DR running mb and Ab, the corrections lie in an acceptable range.
Fig. 4.15 shows the behaviour of the decay width Γ(b̃2 → b̃1A

0) for large tanβ for two kinds of
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Figure 4.12: Tree–level (dotted line), full electroweak corrected decay width (dashed line)
and full one–loop (electroweak and SUSY–QCD) corrected width (solid line) of A0 → t̃1t̃2
as a function of mt̃1 .
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Figure 4.13: At–dependence of the tree–level (dotted line), full electroweak corrected (dashed
line) and full one–loop corrected (solid line) decay widths of t̃2 → t̃1A

0.

perturbation expansion. The dotted and dash–dot–dotted lines correspond to the tree–level
and full one–loop decay widths in the pure on–shell scheme. For large tan β one can clearly
see the invalidity of the perturbation series, leading to a negative decay width. In the second
case we show the expansion around the tree–level decay width, given in terms of DR running
Ab and mb. The dash–dotted line corresponds to the improved tree–level and the solid one
to the one–loop decay width. Up to tanβ ∼ 35 the corrections stay relatively small which
indicates that already the (improved) tree level is a good approximation for Γ(b̃2 → b̃1A

0). As
input parameters we take the values {mA0 , µ, A,M,MQ̃} = {150,−220, 500, 200, 300} GeV
as well as MD̃3

= 500 GeV for kinematical reasons.

In Fig. 4.16 the A0 decay into two staus is given as a function of tanβ. Despite the absence
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Figure 4.14: Full one–loop corrections to A0 → b̃1b̃2 for two kinds of perturbation expan-
sion depending on the trilinear couplings A. The dotted, dashed and dash–dot–dotted lines
correspond to the on–shell tree–level, electroweak and SUSY–QCD corrected decay widths,
respectively. The dash–dotted line corresponds to the improved tree–level, and the solid line
to the improved one–loop corrected width.

5 10 15 20 25 30 35

0

1

2

tan β

Γ
(b̃

2
→

b̃ 1
A
0
)

[G
eV

]

Figure 4.15: tanβ–dependence of Γ(b̃2 → b̃1A
0) for two kinds of perturbation expansion.

The dotted and dash–dot–dotted lines corresponds to on–shell tree–level and full one–loop
width, respectively, the dash–dotted line corresponds to improved tree–level and the solid
line shows the full improved one–loop width.

of SUSY–QCD corrections the perturbation expansion around the on–shell tree level (dotted
line) leads to an improper negative decay width (dashed line) coming from large O(h2b) cor-
rections. As input parameters we take {mA0, µ, A,M,MQ̃} = {800, 400,−500, 120, 300}GeV.
The dash–dotted line corresponds to the improved tree–level and the solid line shows the im-
proved one–loop width for the same input parameters as above and running A = −500 GeV.
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Figure 4.16: On–shell tree–level (dotted line) and full electroweak on–shell corrected decay
width (dashed line) of A0 → τ̃1τ̃2 as a function of tanβ. The dash–dotted and solid lines
correspond to improved tree–level and full improved one–loop decay widths, respectively.

4.7.4 Decays of the charged Higgs boson

Finally, we show two plots of the decay widths of the charged Higgs boson H+ into a top and
a bottom squark. Again, we show two kinds of perturbation expansion for Γ(H+ → t̃1b̃1) in
Fig. 4.17, showing the invalidity of the on–shell scheme for large values of tanβ as well as the
expansion around the improved tree level. The dotted, dashed and dash–dot–dotted lines,
which correspond to the on–shell tree–level, electroweak and SUSY–QCD corrected widths,
respectively, show this first expansion using the input parameters {mA0, µ, A,M,MQ̃} =
{800,−260, 150, 120, 300} GeV and Ab = −700 GeV. The second perturbation expansion is
given by the dash–dotted and the solid line which correspond to the improved tree–level and
improved full one–loop decay width, respectively.
In Fig. 4.18 we show the decay width Γ(H+ → t̃1b̃2) as a function of the trilinear couplings A
for {mA0 , µ,M,MQ̃} = {800, 250, 300, 300} GeV and tanβ = 20. As in the case of the decay
of CP–odd Higgs boson A0, see Fig. 4.14, the on–shell expansion dramatically suffers from
bad convergence; the dotted line corresponds to the on–shell tree–level width, the dashed
line to the electroweak and the dash–dot–dotted line to the SUSY–QCD one–loop width.
After a redefinition of the tree level in terms of DR running mb and Ab, the corrections are
visibly smaller.
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Figure 4.17: Two kinds of perturbation expansion: the dotted line corresponds to the on–
shell tree–level width, the dashed and dash–dot–dotted lines correspond to electroweak and
SUSY–QCD corrected on–shell one–loop width, respectively. The dash–dotted line corre-
sponds to the improved tree–level, and the solid line to the (full) improved one–loop width.
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Figure 4.18: Full one–loop corrections to H+ → t̃1b̃2 for two kinds of perturbation expan-
sion depending on the trilinear couplings A. The dotted, dashed and dash–dot–dotted lines
correspond to the on–shell tree–level, electroweak and SUSY–QCD corrected decay widths,
respectively. The dash–dotted line corresponds to the improved tree–level, and the solid line
to the improved one–loop corrected width.



Appendix A

Electroweak Interactions in the
MSSM

In this chapter we give all couplings which are necessary for the calculation of electroweak
corrections to Higgs decay processes into sfermions. For the whole set of Feynman rules and
a complete list of all terms of the MSSM Lagrangian we refer to [43].

A.1 Higgs–Sfermion–Sfermion couplings

For the neutral and charged Higgs fields we use the notation H0
k = {h0, H0, A0, G0}, H+

k =
{H+, G+, H−, G−} and H−

k ≡ (H+
k )∗ = {H−, G−, H+, G+}. t/t̃ stands for an up–type

(s)fermion and b/b̃ for a down–type one. Following [28, 29] the Higgs–sfermion–sfermion

couplings for neutral Higgs bosons, Gf̃ijk, can be written as

Gf̃ijk ≡ G
(
H0
k f̃

∗
i f̃j
)

=
[
Rf̃Gf̃LR,k(R

f̃)T
]
ij
. (A.1)

The 3rd generation left–right couplings Gf̃LR,k for up– and down–type sfermions are given by

Gt̃LR,1 =

(
−√2htmtcα + gZmZ(I3Lt −ets2W )sα+β − ht√

2
(At cα + µsα)

− ht√
2
(At cα + µsα) −√2htmtcα + gZmZets

2
W sα+β

)
,

(A.2)

Gb̃LR,1 =

( √
2hbmbsα + gZmZ(I3Lb −ebs2W )sα+β

hb√
2
(Ab sα + µcα)

hb√
2
(Ab sα + µcα)

√
2hbmbsα + gZmZebs

2
W sα+β

)
, (A.3)

Gf̃LR,2 = Gf̃LR,1 with α→ α− π/2 , (A.4)

Gt̃LR,3 = −
√

2ht

 0 − i
2

(
At cβ + µ sβ

)
i
2

(
At cβ + µ sβ

)
0

 , (A.5)

Gb̃LR,3 = −
√

2hb

 0 − i
2

(
Ab sβ + µ cβ

)
i
2

(
Ab sβ + µ cβ

)
0

 , (A.6)

48
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Gf̃LR,4 = Gf̃LR,3 with β → β − π/2 , (A.7)

where we have used the abbreviations sx ≡ sin x, cx ≡ cosx and sW ≡ sin θW . α denotes the
mixing angle of the {h0, H0}–system, and ht and hb are the Yukawa couplings

ht =
g mt√

2mW sin β
, hb =

gmb√
2mW cosβ

. (A.8)

The couplings of charged Higgs bosons to two sfermions are given by (l = 1, 2)

Gf̃ f̃
′

ijl ≡ G
(
H±
l f̃

∗
i f̃

′
j

)
= Gf̃

′f̃
jil =

(
Rf̃ Gf̃ f̃

′
LR,l

(
Rf̃

′
)T)

ij

, (A.9)

Gt̃b̃LR,1 =

(
hbmb sin β + htmt cos β − gmW√

2
sin 2β hb(Ab sin β + µ cosβ)

ht(At cosβ + µ sin β) htmb cos β + hbmt sin β

)
, (A.10)

Gb̃t̃LR,1 =

(
hbmb sin β + htmt cos β − gmW√

2
sin 2β ht(At cosβ + µ sin β)

hb(Ab sin β + µ cosβ) htmb cos β + hbmt sin β

)
, (A.11)

Gf̃ f̃
′

LR,2 = Gf̃ f̃
′

LR,1 with β → β − π

2
. (A.12)

f ′ denotes the isospin partner of the fermion f , i.e. t′ = b, b̃′i = t̃i etc. Note that only the
angle β explicitly given in the matrices above has to be substituted; the dependence of β in
the Yukawa couplings has to remain the same.
The Feynman rules for the Higgs–sfermion–sfermion couplings are (for k = 1, . . . , 4; l = 1, 2)

~fj

~fi

H0

k i G
~f
ijk

~bj

~ti

H
+

l i G
~t~b
ijl

A.2 Higgs–Fermion–Fermion couplings

For the Higgs–fermion–fermion couplings the interaction Lagrangian reads

L =

2∑
k=1

sfk H
0
k f̄ f +

4∑
k=3

sfk H
0
k f̄γ

5f +

2∑
l=1

[
H+
l t̄
(
yblPR+ytlPL

)
b + h.c.

]
(A.13)
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with the couplings

st1 = − g mt cosα
2mW sinβ

= − ht√
2

cosα, sb1 = g mb sinα
2mW cos β

= hb√
2

sinα ,

st2 = − g mt sinα
2mW sinβ

= − ht√
2

sinα, sb2 = − g mb cosα
2mW cos β

= − hb√
2

cosα ,

st3 = igmt cot β
2mW

= i ht√
2

cosβ, sb3 = igmb tan β
2mW

= i hb√
2

sin β ,

st4 = ig mt

2mW
= i ht√

2
sin β, sb4 = − ig mb

2mW
= − i hb√

2
cosβ ,

yt1 = gmt cot β√
2mW

= ht cosβ, yb1 = gmb tanβ√
2mW

= hb sin β ,

yt2 = g mt√
2mW

= ht sin β, yb2 = − g mb√
2mW

= − hb cosβ .

(A.14)
The Feynman rules for the couplings to the Higgs bosons are

f

f

H0
k

isfk . . .h0, H0

iaf1γ
5 . . .A0, G0

b

t

H+
l i

(
yblPR + ytlPL

)

A.3 Higgs–Gaugino–Gaugino couplings

The interaction Lagrangian for Higgs bosons and gauginos is given by

L = −g
2

2∑
k=1

H0
k

¯̃χ
0
lF

0
lmk χ̃

0
m − i

g

2

4∑
k=3

H0
k

¯̃χ
0
l F

0
lmkγ5 χ̃

0
m

−g
2∑
k=1

H0
k

¯̃χ
+
i

(
F+
ijkPR + F+

jikPL
)
χ̃+j + ig

4∑
k=3

H0
k

¯̃χ
+
i

(
F+
ijkPR + F+

jikPL
)
χ̃+j

−g
2∑
k=1

[
H+
k

¯̃χ
+
i

(
FRilkPR + FLilkPL

)
χ̃0l + h.c.

]
. (A.15)

with

F 0
lmk =

ek
2

[
Zl3Zm2 + Zm3Zl2 − tan θW (Zl3Zm1 + Zm3Zl1)

]
+
dk
2

[
Zl4Zm2 + Zm4Zl2 − tan θW (Zl4Zm1 + Zm4Zl1)

]
= F 0

mlk , (A.16)

F+
ijk =

1√
2

(ekVi1Uj2 − dkVi2Uj1) , (A.17)
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and

FRilk = dk+2

[
Vi1Zl4 +

1√
2
(Zl2 + Zl1 tan θW )Vi2

]
,

FLilk = −ek+2
[
Ui1Zl3 − 1√

2
(Zl2 + Zl1 tan θW )Ui2

]
. (A.18)

U, V and Z are rotation matrices which diagonalize the chargino and neutralino mass ma-
trices (see chapter 2.2.3), and dk and ek take the values

dk = {− cosα,− sinα, cosβ, sin β} , ek = {− sinα, cosα,− sinβ, cosβ} .

~�+j

~�+i

H0
k

�ig
�
F+

ijkPR + F+

jikPL

�
. . .h0; H0

�g
�
F+

ijkPR + F+

jikPL

�
. . .A0; G0

~�0

m

~�0

l

H0

k

�igF 0

lmk . . .h0; H0

�gF 0

lmk
(PR � PL) . . .A0; G0

~�0

l

~�+i

H+

k �ig
�
FR

ilk
PR + FL

ilk
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A.4 Vector boson–Fermion–Fermion couplings

The Lagrangian describing interactions of vector bosons to fermions in the MSSM is given
by

L = −e ef Aµf̄γµf − gZZ
0
µ f̄γ

µ(CfLPL + CfRPR)f

− g√
2

(
W+
µ f̄↑γ

µPLf↓ + W−
µ f̄↓γ

µPLf↑
)
, (A.19)
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where CfL and CfR are defined as CfL = I3Lf − efs
2
W and CfR = −efs2W . Here and in the

following the arrows ↑ and ↓ attached at (s)fermions denote up– and down–type (s)fermions,
respectively.

f ; fl

f ; fl

A�; Z
0

�;W
�
�

�ie ef
� . . .A�

�igZ
�(C
f
LPL + C

f
RPR) . . .Z0

�

�i
g
p
2

�PL . . .W�

�

A.5 Vector boson–Gaugino–Gaugino couplings

The interaction of a vector boson with two gauginos is described by the Lagrangian

L = g ¯̃χ+j γ
µ
(
OLijPL + ORijPR

)
χ̃0i W

+
µ + g ¯̃χ0i

(
OLijPL + ORijPR

)
χ̃+j W

−
µ

−eAµ ¯̃χ+i γ
µχ̃+i + gZZ

0
µ

¯̃χ+i γ
µ
(
O

′L
ij PL + O

′R
ij PR

)
χ̃+j

+
gZ
2
Z0
µ

¯̃χ0i γ
µ
(
O

′′L
ij PL + O

′′R
ij PR

)
χ̃0j , (A.20)

with the 4× 2 coupling matrices for the W±–chargino–neutralino vertex

OLij = Zi2Vj1 − 1√
2
Zi4Vj2 , ORij = Zi2Uj1 + 1√

2
Zi3Uj2 , (A.21)

and the symmetric 2× 2 and 4× 4 coupling matrices

O
′L
ij = −Vi1Vj1 − 1

2
Vi2Vj2 + δijs

2
W , (A.22)

O
′R
ij = −Ui1Uj1 − 1

2
Ui2Uj2 + δijs

2
W , (A.23)

O
′′L
ij = −1

2
Zi3Zj3 + 1

2
Zi4Zj4 = −O

′′R
ij . (A.24)

Zij , Uij , Vij are the neutralino and chargino mixing matrices, respectively.
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A.6 Four–Scalar couplings (F– and D–terms)

In this section we will derive all couplings involving four scalar particles in the MSSM. These
interactions have two different sources originating from ‘F–term’ and ‘D–term’ contributions,
which build up the complete scalar potential V = VF + VD discussed in the following.

A.6.1 F–term potential

We start with the superpotential

W = ht t̃
∗
Rt̃LH

0
2 + hb b̃

∗
Rb̃LH

0
1 + hτ τ̃

∗
Rτ̃LH

0
1 − ht t̃

∗
Rb̃LH

1
2 − hb b̃

∗
R t̃LH

2
1 − hτ τ̃

∗
Rν̃τH

2
1

from which we can derive the F–term interaction potential VF = −Lint = F †
i Fi with Fi = ∂W

∂Ai
,

where Ai denotes all scalar (super)fields numbered by the index i, Ai = {t̃L, b̃L, ν̃τ , τ̃L, t̃∗R, b̃∗R,
τ̃ ∗R, H

0
1 , H

0
2 , H

2
1 , H

1
2}.

The potential VF then reads

VF =
(
ht t̃RH

0
2
∗−hb b̃RH2

1
∗)(

ht t̃
∗
RH

0
2−hb b̃∗RH2

1

)
+
(
hb b̃RH

0
1
∗−ht t̃RH1

2
∗)(

hb b̃
∗
RH

0
1−ht t̃∗RH1

2

)
+ h2t

(
t̃∗LH

0
2
∗ − b̃∗LH

1
2
∗)(

t̃LH
0
2 − b̃LH

1
2

)
+ h2b

(
b̃∗LH

0
1
∗ − t̃∗LH

2
1
∗)(

b̃LH
0
1 − t̃LH

2
1

)
+ h2τ τ̃RH

2
1
∗
τ̃ ∗RH

2
1 + h2τ τ̃RH

0
1
∗
τ̃ ∗RH

0
1 + h2τ

(
τ̃ ∗LH

0
1
∗ − ν̃∗τH

2
1
∗)(

τ̃LH
0
1 − ν̃τH

2
1

)
+
(
hbb̃Rb̃

∗
L + hτ τ̃Rτ̃

∗
L

)(
hbb̃

∗
Rb̃L + hτ τ̃

∗
Rτ̃L
)

+ h2t
(
t̃Rt̃

∗
L

)(
t̃∗Rt̃L

)
+
(
hbb̃Rt̃

∗
L + hτ τ̃Rν̃

∗
τ

)(
hbb̃

∗
Rt̃L + hτ τ̃

∗
Rν̃τ
)

+ h2t
(
t̃Rb̃

∗
L

)(
t̃∗Rb̃L

)
= h2t

∣∣H0
2

∣∣2 (t̃∗Rt̃R + t̃∗Lt̃L
)

+ h2b
∣∣H0

1

∣∣2 (b̃∗Rb̃R + b̃∗Lb̃L
)

+ h2τ
∣∣H0

1

∣∣2 (τ̃ ∗Rτ̃R + τ̃ ∗Lτ̃L
)
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+ h2t
∣∣H1

2

∣∣2 (t̃∗Rt̃R + b̃∗Lb̃L
)

+ h2b
∣∣H2

1

∣∣2 (b̃∗Rb̃R + t̃∗Lt̃L
)

+ h2τ
∣∣H2

1

∣∣2 (τ̃ ∗Rτ̃R + ν̃∗τ ν̃τ
)

− h2t
(
t̃∗Lb̃LH

0
2
∗
H1

2 + b̃∗Lt̃LH
1
2
∗
H0

2
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(
b̃∗Lt̃LH

0
1
∗
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1
∗
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1

)
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(
τ̃ ∗Lν̃τH

0
1
∗
H2
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1
∗
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1

)
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(
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2
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∗
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0
2
∗
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1
2
∗
H0
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0
1
∗
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2

)
+ h2t

((
t̃∗Rt̃L

)(
t̃∗Lt̃R

)
+
(
t̃∗Rb̃L

)(
b̃∗Lt̃R

))
+ h2b

((
b̃∗Rb̃L

)(
b̃∗Lb̃R

)
+
(
b̃∗Rt̃L

)(
t̃∗Lb̃R

))
+ h2τ

(
τ̃ ∗Rτ̃Lτ̃

∗
Lτ̃R + τ̃ ∗Rν̃τ ν̃

∗
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)
+ hbhτ

(
b̃∗Rb̃Lτ̃

∗
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∗
Rτ̃L + t̃∗Lb̃Rτ̃

∗
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∗
τ τ̃R

)
(A.25)

with the couplings of the neutral Higgs bosons and sfermions in the first line, those of the
charged Higgs bosons in the second, the couplings of a neutral Higgs boson with a charged
one and two sfermions and the four–sfermion couplings. Note that in the detailed calculation
of the Feynman rules for the four–sfermion couplings we have to take care about the colour
flow, see section A.6.5.

Transforming the interaction fields into the mass eigenstate fields,

H0
1 = v1 + 1√

2
[cosαH0 − sinαh0 + i (− cosβ G0 + sin β A0)] ,

H2
1 = − cosβ G− + sin β H− ,

H1
2 = sin β G+ + cosβ H+ ,

H0
2 = v2 + 1√

2
[sinαH0 + cosα h0 + i (sin β G0 + cosβ A0)] ,

(A.26)

f̃L = Rf̃i1f̃i = cos θf̃ f̃1 − sin θf̃ f̃2 ,

f̃R = Rf̃i2f̃i = sin θf̃ f̃1 + cos θf̃ f̃2 ,
(A.27)

we simplify our notations as follows:∣∣H0
1

∣∣2 =
1

2

[
sin2α (h0)2 − sin 2αh0H0 + cos2α (H0)2 + sin2β (A0)2 − sin 2β A0G0

+ cos2β (G0)2
]

=
1

2
H0
k c

b̃
klH

0
l , (A.28)

∣∣H0
2

∣∣2 =
1

2

[
cos2α (h0)2 + sin 2αh0H0 + sin2α (H0)2 + cos2β (A0)2 + sin 2β A0G0

+ sin2β (G0)2
]

=
1

2
H0
k c

t̃
klH

0
l , (A.29)
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∣∣H2
1

∣∣2 = sin2β H+H− − 1

2
sin 2β H+G− − 1

2
sin 2β H−G+ + cos2βG+G− =

1

2
H+
k db̃klH

−
l ,

(A.30)∣∣H1
2

∣∣2 = cos2β H+H− +
1

2
sin 2β H+G− +

1

2
sin 2β H−G+ + sin2βG+G− =

1

2
H+
k dt̃klH

−
l ,

(A.31)

with H0
k = {h0, H0, A0, G0}, H+

k = {H+, G+, H−, G−}, H−
k ≡ (H+

k )† = {H−, G−, H+, G+}
and

cb̃kl =


sin2α −1

2
sin 2α 0 0

−1
2

sin 2α cos2α 0 0
0 0 sin2β −1

2
sin 2β

0 0 −1
2

sin 2β cos2β

 , (A.32)

ct̃kl =


cos2α 1

2
sin 2α 0 0

1
2

sin 2α sin2α 0 0
0 0 cos2β 1

2
sin 2β

0 0 1
2

sin 2β sin2β

 , (A.33)

db̃kl =
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2
sin 2β 0 0

−1
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sin 2β cos2β 0 0
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2
sin 2β

0 0 −1
2

sin 2β cos2β

 , (A.34)

dt̃kl =


cos2β 1

2
sin 2β 0 0

1
2

sin 2β sin2β 0 0
0 0 cos2β 1

2
sin 2β

0 0 1
2

sin 2β sin2β

 . (A.35)

A.6.2 D–term potential

The D–term potential reads

VD =
1

2

(
D′D′ +

3∑
i=1

DiDi +
8∑
a=1

DaDa

)
(A.36)

with D′ = g′A∗
i
Yi

2
δijAj, D

i = gA∗
k
σi

kl

2
Al and Da = gsA

∗
i

λa
ij

2
Aj being the terms according to

U(1)–hypercharge, SU(2)–weak isospin and SU(3)–strong interaction. The matrices σikl and
λaij are the well–known Pauli and Gell–Mann matrices. Ai stands for the scalar (super)fields,

Ai = {Q̃, L̃, Ũ , D̃, Ẽ, H1, H2},

Q̃ =

(
t̃L
b̃L

)
, L̃ =

(
ν̃τ
τ̃L

)
, Ũ = t̃∗R , D̃ = b̃∗R , Ẽ = τ̃ ∗R ,
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H1 =

(
H1

1

H2
1

)
=

(
H0

1

H2
1

)
, H2 =

(
H1

2

H2
2

)
=

(
H1

2

H0
2

)
.

The U(1)–hypercharge term reads with

Y

2
= Q− I3 → YH1 = −1, YH2 = 1 (A.37)

D′ =
g′

2

[∑
f

(
Yf̃L

f̃ ∗
Lf̃L − Yf̃R

f̃ ∗
Rf̃R

)
− ∣∣H0

1

∣∣2 +
∣∣H0

2

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2] . (A.38)

Inserting the Pauli matrices

σ1 =

(
0 1
1 0

)
, σ2 =

(
0 −i
i 0

)
, σ3 =

(
1 0
0 −1

)
, (A.39)

we get for the electroweak parts

D1 =
g

2

(
t̃∗Lb̃L + b̃∗Lt̃L + ν̃∗τ τ̃L + τ̃ ∗Lν̃τ + H0∗

1 H2
1 + H2∗

1 H0
1 + H1∗

2 H0
2 + H0∗

2 H1
2

)
,

D2 = −ig
2

(
t̃∗Lb̃L − b̃∗Lt̃L + ν̃∗τ τ̃L − τ̃ ∗Lν̃τ + H0∗

1 H2
1 −H2∗

1 H0
1 + H1∗

2 H0
2 −H0∗

2 H1
2

)
,

D3 =
g

2

(
t̃∗Lt̃L − b̃∗Lb̃L + ν̃∗τ ν̃τ − τ̃ ∗Lτ̃L +

∣∣H0
1

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2 − ∣∣H0
2

∣∣2)
= g

∑
f

I3Lf f̃ ∗
Lf̃L +

∑
i=1,2

(
I3Hi

1

∣∣H i
1

∣∣2 + I3Hi
2

∣∣H i
2

∣∣2) .

(The meaning of I3
Hi

j
should be clear.)

When we take the square of the single terms we have to take care about the colours of the
sfermion fields. The result is

D′D′ =
g′2

4

{[∑
f

(
Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))]2

+

[
− ∣∣H0

1

∣∣2 +
∣∣H0

2

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2]2

+ 2
∑
f

(
Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))(−∣∣H0

1

∣∣2 +
∣∣H0

2

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2)} ,
(A.40)

D1D1 + D2D2 = g2
[((

t̃∗Lb̃L
)

+ ν̃∗τ τ̃L
)((

b̃∗Lt̃L
)

+ τ̃ ∗Lν̃τ
)

+
∣∣H0

1

∣∣2 ∣∣H2
1

∣∣2 +
∣∣H0

2

∣∣2 ∣∣H1
2

∣∣2
+ H0∗

1 H2
1H

0∗
2 H1

2 + H1∗
2 H0

2H
2∗
1 H0

1 +
((
t̃∗Lb̃L

)
+ ν̃∗τ τ̃L

) (
H2∗

1 H0
1 + H0∗

2 H1
2

)
+
((
b̃∗Lt̃L

)
+ τ̃ ∗Lν̃τ

) (
H0∗

1 H2
1 + H1∗

2 H0
2

) ]
, (A.41)
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D3D3 =
g2

4

{∑
f

(
f̃ ∗
Lf̃L
) [(

f̃ ∗
Lf̃L
)− (f̃ ′∗

L f̃
′
L

)
+
( ˆ̃f ∗
L

ˆ̃fL
)− ( ˆ̃f ′∗

L
ˆ̃f ′
L

)]

+

[∣∣H0
1

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2 − ∣∣H0
2

∣∣2]2
+ 4
∑
f

I3Lf
(
f̃ ∗
Lf̃L
) (∣∣H0

1

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2 − ∣∣H0
2

∣∣2)} , (A.42)

where we have used
(
I3Lf
)2

= 1
4

and I3Lf I3Lf ′ = −1
4
. Now we are able to calculate the Feynman

rules, beginning with the easiest ones, those of two sfermions and two neutral Higgs bosons.

A.6.3 Higgs–Higgs–Sfermion–Sfermion

H0
k
H0

l
f̃if̃j couplings

The interesting part in the F–term potential for this coupling is (see eq. (A.25))

VF ⊃ h2t
∣∣H0

2

∣∣2 (t̃∗Rt̃R + t̃∗Lt̃L
)

+ h2b
∣∣H0

1

∣∣2 (b̃∗Rb̃R + b̃∗Lb̃L
)

+ h2τ
∣∣H0

1

∣∣2 (τ̃ ∗Rτ̃R + τ̃ ∗Lτ̃L
)

=
h2t
2
H0
k c
t̃
klH

0
l

(
t̃∗Rt̃R + t̃∗Lt̃L

)
+
h2b
2
H0
k c
b̃
klH

0
l

(
b̃∗Rb̃R + b̃∗Lb̃L

)
+

h2τ
2
H0
k c

b̃
klH

0
l

(
τ̃ ∗Rτ̃R + τ̃ ∗Lτ̃L

)
=
∑
f

h2f
2
H0
k c

f̃
klH

0
l

(
f̃ ∗
Rf̃R + f̃ ∗

Lf̃L

)
=
∑
f

h2f
2
H0
k c
f̃
klH

0
l δij f̃

∗
i f̃j , (A.43)

where in the last step we have transformed the sfermion interaction fields to the mass eigen-

state fields (see eq. (A.27)) and made use of the relation Rf̃i1R
f̃
j1 + Rf̃i2R

f̃
j2 = δij .

From the D–term potential we need the terms ∝ H0
kH

0
l f̃if̃j of

VD ⊃ 1

2

(
D′D′ + D3D3

) ∼ −g
′2

4

∑
f

(
Yf̃L

f̃ ∗
Lf̃L − Yf̃R

f̃ ∗
Rf̃R

)(∣∣H0
1

∣∣2 − ∣∣H0
2

∣∣2)

+
g2

2

∑
f

I3Lf
(
f̃ ∗
Lf̃L
) (∣∣H0

1

∣∣2 − ∣∣H0
2

∣∣2) .

Using the abbreviations defined in eqs. (A.28) – (A.35), we get

VD ⊃ g2

4

∑
f

[(
I3Lf + (I3Lf − ef ) t

2
W

)
f̃ ∗
Lf̃L + ef t

2
W f̃

∗
Rf̃R

]
H0
k

(
cb̃kl − ct̃kl

)
H0
l

=
g2

4c2W

∑
f

[
(I3Lf − efs

2
W )Rf̃i1R

f̃
j1 + efs

2
WR

f̃
i2R

f̃
j2

]
H0
k

(
cb̃kl − ct̃kl

)
H0
l f̃

∗
i f̃j
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=
∑
f

g2

2
H0
k

(
cb̃kl − ct̃kl

)
H0
l e

f̃
ij f̃

∗
i f̃j . (A.44)

with

ef̃ij =
1

2c2W

[
(I3Lf − efs

2
W )Rf̃i1R

f̃
j1 + efs

2
WR

f̃
i2R

f̃
j2

]
. (A.45)

Therefore the Feynman rule for this coupling becomes

H0
l

H0
k

f̃j

f̃i

− i
[
h2f c

f̃
kl δij + g2

(
cb̃kl − ct̃kl

)
ef̃ij

]
.

H+
k H+

l f̃if̃j couplings

For the couplings of the charged Higgs bosons and two sfermions we start with the interaction
potential

VF ⊃ h2t
∣∣H1

2

∣∣2 (t̃∗Rt̃R + b̃∗Lb̃L
)

+ h2b
∣∣H2

1

∣∣2 (b̃∗Rb̃R + t̃∗Lt̃L
)

+ h2τ
∣∣H2

1

∣∣2 (τ̃ ∗Rτ̃R + ν̃∗τ ν̃τ
)

=
h2t
2
H+
k dt̃klH

−
l

(
t̃∗Rt̃R + b̃∗Lb̃L

)
+
h2b
2
H+
k db̃klH

−
l

(
b̃∗Rb̃R + t̃∗Lt̃L

)
+

h2τ
2
H+
k db̃klH

−
l

(
τ̃ ∗Rτ̃R + ν̃∗τ ν̃τ

)
=
∑
f

h2f
2
H+
k df̃klH

−
l

(
f̃ ∗
Rf̃R + f̃

′∗
L f̃

′
L

)
.

To get the Feynman rule for this coupling we have to calculate the first (nontrivial) term of
the S–matrix;

S
(1)
fi = −i

∑
f

h2f
2

∫
d4x 〈f | df̃mn :H+

mH
−
n

(
f̃ ∗
Rf̃R + f̃

′∗
L f̃

′
L

)
: |i〉 (A.46)

with
| i 〉 = a†

H+
k

a†
H−

l

| 0 〉 and 〈 f | = 〈 0 | ai bj
for two incoming Higgs bosons (H+

k and H−
l ) and two outgoing sfermions (sfermion f̃i and

anti–sfermion f̃j).
Contracting the sfermions gives (here we use a short notation neglecting all space coordinates
and momenta, pi belongs to the particle with index i)

S
(1)
fi = −i

∑
f

h2f
2
df̃mn

∫
d4x 〈 0| ai bj :H+

mH
−
n

(
Rf̃i′2R

f̃
j′2 f̃

∗
i′ f̃j′ + Rf̃

′
i′1R

f̃ ′
j′1 f̃

′∗
i′ f̃

′
j′

)
: a†

H+
k

a†
H−

l

| 0 〉
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= −i
∑
f

h2f
2
df̃mn

(
Rf̃i2R

f̃
j2 + Rf̃

′
i1R

f̃ ′
j1

)∫
d4x ei(pi−pj) 〈 0| :H+

mH
−
n : a†

H+
k

a†
H−

l

| 0 〉

where we have used

〈 0 |ai(pi)f̃ ∗
i′(x)| 0〉 = ai(pi) f̃

∗
i′(x) = δii′ e

ipix (A.47)

〈 0 |bj(pj)f̃j′(x)| 0〉 = bj(pj) f̃j′(x) = δjj′ e
−ipjx (A.48)

In the contractions of the Higgs fields we have to take care of the Higgs creation and an-
nihilation operators e.g. a†H+ which can create a Higgs boson H+ and therefore gives two
contributions from H+

1 and H−
3 :

H+
k (x) aH+

k′
(pk′) = δkk′ e

ipkx (A.49)

H−
k (x) aH+

k′
(pk′) =


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


kk′

eipkx (A.50)

〈 0| :H+
mH

−
n : a†

H+
k

a†
H−

l

| 0 〉 = H+
mH

−
n a

†
H+

k

a†
H−

l

+ H+
mH

−
n a

†
H+

k

a†
H−

l

∝ δmk δnl + (δn1 δk3 + δn2 δk4 + δn3 δk1 + δn4 δk2)

× (δm1 δl3 + δm2 δl4 + δm3 δl1 + δm4 δl2)

= δmk δnl +


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


nk


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


ml

(A.51)

For the Feynman amplitude M we finally get

M = −i
∑
f

h2f
2

(
Rf̃i2R

f̃
j2+Rf̃

′
i1R

f̃ ′
j1

)df̃kl +


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


nk

df̃mn


0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0


ml


= −i

∑
f

h2f

(
Rf̃i2R

f̃
j2 + Rf̃

′
i1R

f̃ ′
j1

)
df̃kl .

The D–terms read with eqs. (A.40), (A.42) and (A.28)–(A.35)

VD ⊃ −g
′2

4

∑
f

(
Yf̃L

f̃ ∗
Lαf̃Lα − Yf̃R

f̃ ∗
Rαf̃Rα

)(∣∣H2
1

∣∣2 − ∣∣H1
2

∣∣2)



60 Electroweak Interactions in the MSSM

− g2

2

∑
f

I3Lf
(
f̃ ∗
Lf̃L
) (∣∣H2

1

∣∣2 − ∣∣H1
2

∣∣2)

=
g2

4c2W

∑
f

[(− I3Lf cos 2θW − efs
2
W

)
Rf̃i1R

f̃
j1 + efs

2
WR

f̃
i2R

f̃
j2

]
H+
k

(
db̃kl − dt̃kl

)
H−
l f̃ ∗

i f̃j

≡ g2

2

∑
f

H+
k

(
db̃kl − dt̃kl

)
H−
l f

f̃
ij f̃

∗
i f̃j . (A.52)

with

f f̃ij =
1

2c2W

[(− I3Lf cos 2θW − efs
2
W

)
Rf̃i1R

f̃
j1 + efs

2
WR

f̃
i2R

f̃
j2

]
(A.53)

Analogously to the previous calculation we get for the Feynman amplitude

M = −i
∑
f

g2f f̃ij
(
db̃kl − dt̃kl

)
. (A.54)

In the Feynman rule we have to take into consideration that only the terms ∝ Rf̃ij are valid

for a coupling with sfermions and not the terms ∝ Rf̃
′
ij !

H+
k

H−
l

f̃j

f̃i

−i
[
h2f ′ d

f̃ ′
kl R

f̃
i1R

f̃
j1 + h2f d

f̃
klR

f̃
i2R

f̃
j2 + g2f f̃ij

(
db̃kl − dt̃kl

)]

H0
k
H+

l f̃if̃
0

j
couplings

The terms of the superpotential VF which are necessary for calculating these couplings can
be picked out of eq. (A.25):

VF ⊃ − h2t
(
t̃∗Lb̃LH

0
2
∗
H1

2 + b̃∗Lt̃LH
1
2
∗
H0

2

)− h2b
(
b̃∗Lt̃LH

0
1
∗
H2

1 + t̃∗Lb̃LH
2
1
∗
H0

1

)
− h2τ

(
τ̃ ∗Lν̃τH

0
1
∗
H2

1 + ν̃∗τ τ̃LH
2
1
∗
H0

1

)
− hthb

(
t̃∗Rb̃RH

2
1
∗
H0

2 + b̃∗Rt̃RH
0
2
∗
H2

1 + b̃∗Rt̃RH
1
2
∗
H0

1 + t̃∗Rb̃RH
0
1
∗
H1

2

)
(A.55)

Accordingly to the abbreviations before we introduce a few more coupling matrices for better
reading:

H0
2
∗
H1

2 =
1√
2

[
cosαh0 + sinαH0 − i

(
cosβ A0 + sin β G0

)] [
cosβ H+ + sin β G+

]
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=
1√
2

(
h0, H0, A0, G0

)
cosα cosβ cosα sin β 0 0
sinα cosβ sinα sin β 0 0
−i cos2 β − i

2
sin 2β 0 0

− i
2

sin 2β −i sin2 β 0 0




H+

G+

H−

G−


=

1√
2
H0
k c

t̃,0+
kl H+

l (A.56)

H1
2
∗
H0

2 =
(
H0

2
∗
H1

2

)∗
=

1√
2

(
H0
k c
t̃,0+
kl H+

l

)∗
(A.57)

H0
1
∗
H2

1 =
1√
2

[− sinαh0 + cosαH0 − i
(
sin β A0 − cos β G0

)] [
sin β H− − cos β G−]

=
1√
2

(
h0, H0, A0, G0

)
0 0 − sinα sin β sinα cos β
0 0 cosα sin β − cosα cosβ
0 0 −i sin2 β i

2
sin 2β

0 0 i
2

sin 2β −i cos2 β




H+

G+

H−

G−


=

1√
2
H0
k c
b̃,0+
kl H+

l (A.58)

H2
1
∗
H0

1 =
(
H0

1
∗
H2

1

)∗
=

1√
2

(
H0
k c

b̃,0+
kl H+

l

)∗
(A.59)

H0
1
∗
H1

2 =
1√
2

[− sinαh0 + cosαH0 − i
(
sin β A0 − cosβ G0

)] [
cos β H+ + sin β G+

]

=
1√
2

(
h0, H0, A0, G0

)
− sinα cos β − sinα sin β 0 0
cosα cosβ cosα sin β 0 0
− i

2
sin 2β −i sin2 β 0 0

i cos2 β i
2

sin 2β 0 0




H+

G+

H−

G−


=

1√
2
H0
k c
t̃b̃,0+
kl H+

l (A.60)

H1
2
∗
H0

1 =
(
H0

1
∗
H1

2

)∗
=

1√
2

(
H0
k c

t̃b̃,0+
kl H+

l

)∗
(A.61)

H0
2
∗
H2

1 =
1√
2

[
cosα h0 + sinαH0 − i

(
cos β A0 + sin β G0

)] [
sin β H− − cosβ G−]

=
1√
2

(
h0, H0, A0, G0

)
0 0 cosα sin β − cosα cos β
0 0 sinα sin β − sinα cosβ
0 0 − i

2
sin 2β i cos2 β

0 0 −i sin2 β i
2

sin 2β




H+

G+

H−

G−


=

1√
2
H0
k c
b̃t̃,0+
kl H+

l (A.62)

H2
1
∗
H0

2 =
(
H0

2
∗
H2

1

)∗
=

1√
2

(
H0
k c

b̃t̃,0+
kl H+

l

)∗
(A.63)

After inserting this into eq. (A.55) we get
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VF ⊃ − 1√
2

∑
f

(
h2f f̃

∗
Lf̃

′
LH

0
k c
f̃ ,0+
kl H+

l + hthb f̃
∗
Rf̃

′
RH

0
k c

f̃ f̃ ′,0+
kl H+

l

)
+ h.c. (A.64)

Rotating the sfermion fields into the mass eigenstate fields (see eq. (A.27)) gives

VF ⊃ − 1√
2

∑
f

(
h2f R

f̃
i1R

f̃ ′
j1 c

f̃ ,0+
kl + hfhf ′ R

f̃
i2R

f̃ ′
j2 c

f̃ f̃ ′,0+
kl

)
H0
kH

+
l f̃

∗
i f̃

′
j

− 1√
2

∑
f

(
h2f R

f̃
i1R

f̃ ′
j1 (H0

kc
f̃ ′,0+
kl H+

l )∗ + hfhf ′ R
f̃
i2R

f̃ ′
j2 (H0

kc
f̃ ′f̃ ,0+
kl H+

l )∗
)
f̃if̃

′∗
j

and with(
cf̃

′,0+
kl H+

l

)∗
=
(
cf̃

′,0+
kl

)∗
H−
l =

(
cf̃

′,0+
kl

)∗( 0 1
1 0

)
4x4

(
0 1
1 0

)
4x4︸ ︷︷ ︸

14x4

H−
l =

(
cf̃

′,0+
kl′

)∗
H+
l

(look at the index l′ which is l′ = 3, 4 for l = 1, 2 and vice versa !) we arrive at

VF ⊃ − 1√
2

∑
f

[
Rf̃i1R

f̃ ′
j1

(
h2fc

f̃ ,0+
kl +h2f ′

(
cf̃

′,0+
kl′
)∗)

+ Rf̃i2R
f̃ ′
j2 hfhf ′

(
cf̃ f̃

′,0+
kl +

(
cf̃

′f̃ ,0+
kl′

)∗)]
×H0

k H
+
l f̃

∗
i f̃

′
j (A.65)

Now the Feynman rules take the form

H0
k

H+
l

f̃ ′
j

f̃i

i√
2

[
Rf̃i1R

f̃ ′
j1

(
h2f c

f̃ ,0+
kl +h2f ′

(
cf̃

′,0+
kl′
)∗)

+ Rf̃i2 R
f̃ ′
j2 hfhf ′

(
cf̃ f̃

′,0+
kl +

(
cf̃

′f̃ ,0+
kl′

)∗)]

Be careful which Higgs boson you should take in a particular graph! As an illustrative
example we give the result for a coupling which we will need in the main part of this work:

H0

H−

t̃j

b̃i

i√
2

[
Rb̃i1R

t̃
j1 (h2b cosα sin β + h2t sinα cosβ)

+ Rb̃i2R
t̃
j2 hthb (sinα sin β + cosα cosβ)

]
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Here we have to take the negative charged Higgs boson H− (the H+ would not be allowed
due to charge conservation).

Setting k = 2 and l = 3 leaves

i√
2

[
Rb̃i1R

t̃
j1

(
h2bc

b̃,0+
23 +h2t c

t̃,0+
23′

)
+ Rb̃i2R

t̃
j2 hthb

(
cb̃t̃,0+23 +ct̃b̃,0+23′

)]
=

i√
2

[
Rb̃i1R

t̃
j1

(
h2b cosα sin β+h2t sinα cosβ

)
+ Rb̃i2R

t̃
j2 hthb(sinα sin β+cosα cos β)

]
.

The D–term potential terms coming from the off–diagonal Pauli matrices σ1kl and σ2kl are
given by

VD ⊃ 1

2

(
D1D1 + D2D2

)
⊃
((
t̃∗Lb̃L

)
+ ν̃∗τ τ̃L

) (
H2∗

1 H0
1 + H0∗

2 H1
2

)
+
((
b̃∗Lt̃L

)
+ τ̃ ∗Lν̃τ

) (
H0∗

1 H2
1 + H1∗

2 H0
2

)
=
((
t̃∗Lb̃L

)
+ ν̃∗τ τ̃L

) g2

2
√

2

[(
H0
k c

b̃,0+
kl H+

l

)∗
+ H0

k c
t̃,0+
kl H+

l

]
+
((
b̃∗Lt̃L

)
+ τ̃ ∗Lν̃τ

) g2

2
√

2

[
H0
k c
b̃,0+
kl H+

l +
(
H0
k c
t̃,0+
kl H+

l

)∗]
=

g2

2
√

2

[((
t̃∗Lb̃L

)
+ ν̃∗τ τ̃L

)(
H0
k

(
cb̃,0+kl′

)∗
H+
l + H0

k c
t̃,0+
kl H+

l

)
+
((
b̃∗Lt̃L

)
+ τ̃ ∗Lν̃τ

)(
H0
k c

b̃,0+
kl H+

l + H0
k

(
ct̃,0+kl′

)∗
H+
l

)]
=

g2

2
√

2

∑
f

Rf̃i1R
f̃ ′
j1

(
cf̃ ,0+kl +

(
cf̃

′,0+
kl′
)∗)

H0
kH

+
l f̃

∗
i f̃

′
j , (A.66)

which results in the Feynman rules

H0
k

H+
l

f̃ ′
j

f̃i

− i√
2

g2

2
Rf̃i1R

f̃ ′
j1

(
cf̃ ,0+kl +

(
cf̃

′,0+
kl′

)∗)
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A.6.4 Higgs–Higgs–Higgs–Higgs

The 4–Higgs couplings are only coming from the D–terms, and therefore we have (see
eqs. (A.40)–(A.42))

VD ⊃ g′2

8

[∣∣H0
1

∣∣2 − ∣∣H0
2

∣∣2 +
∣∣H2

1

∣∣2 − ∣∣H1
2

∣∣2]2 +
g2

8

[∣∣H0
1

∣∣2 − ∣∣H0
2

∣∣2 − ∣∣H2
1

∣∣2 +
∣∣H1

2

∣∣2]2
+

g2

2

[∣∣H0
1

∣∣2 ∣∣H2
1

∣∣2 +
∣∣H0

2

∣∣2 ∣∣H1
2

∣∣2 + H0∗
1 H2

1H
0∗
2 H1

2 + H1∗
2 H0

2H
2∗
1 H0

1

]
, (A.67)

or in a more compact way

VD ⊃ 1

8
(g2 + g′2)

(
H i∗

1 H
i
1 −H i∗

2 H
i
2

)2
+
g2

2

∣∣H i∗
1 H

i
2

∣∣2 . (A.68)

H0
k
H0

l
H0

m
H0

n
couplings

The 4–neutral Higgs couplings are obtained from the following term of the D–term potential,

VD ⊃ 1

8
(g2 + g′2)

(∣∣H0
1

∣∣2 − ∣∣H0
2

∣∣2)2 , (A.69)

which can be expressed in components,

VD ⊃ g2

32c2W

[(
(h0)2 − (H0)2

)
cos 2α +

(
(A0)2 − (G0)2

)
cos 2β + 2

(
h0H0 sin 2α

+ A0G0 sin 2β
)]2

, (A.70)

as well as in index notation (see eqs.(A.28), (A.29), (A.32) and (A.33)),

VD ⊃ g2

32c2W

∑
k,l,m,n

H0
kH

0
l H

0
mH

0
n

(
cb̃klc

b̃
mn + ct̃klc

t̃
mn − cb̃klc

t̃
mn − ct̃klc

b̃
mn

)
. (A.71)

To get a special coupling out of the potential we either can sum over all indices an then pick
out the single terms which belong to the required coupling or we symmetrize the coupling
matrices cb̃ and ct̃ in eq. (A.71), fix the indices belonging to the Higgs fields H0

k and take
a combinatorial factor for multiple counting into consideration. Here we choose the second
possibility:

VD ⊃ g2

32c2W
H0
kH

0
l H

0
mH

0
n

(
cb̃(klc

b̃
mn) + ct̃(klc

t̃
mn) − cb̃(klc

t̃
mn) − ct̃(klc

b̃
mn)

)
× CF (A.72)

(no sum over indices, this is respected in the combinatorial factor!) Here the brackets around
the indices denote symmetrization and CF stands for a combinatorial factor, which is given
for a general coupling (h0)a(H0)b(A0)c(G0)d with a + b + c + d = 4 by

CF =

(
4
a

)
·
(

4−a
b

)
·
(

4−a−b
c

)
·
(

4−a−b−c
d

)
=

4!

a! b! c! d!
(A.73)



A.6 Four–Scalar couplings (F– and D–terms) 65

In the Feynman rule we have to take the symmetry factor (SF) of the diagram into account
(n! for n equal neutral particles):

H0
l

H0
k

H0
n

H0
m

− i
g2

32c2W

(
cb̃(klc

b̃
mn) + ct̃(klc

t̃
mn) − cb̃(klc

t̃
mn) − ct̃(klc

b̃
mn)

)
× CF× SF

As an example we take the coupling h0H0(A0)2. For the indices we choose k = 1, l = 2 and
m = n = 3. The combinatorial factor then is given by

CF =

(
4
1

)
·
(

3
1

)
·
(

2
2

)
·
(

0
0

)
= 4 · 3 · 1 · 1 = 12 ,

so the interaction Lagrangian reads with (note that the matrices cb̃ and ct̃ are symmetric)(
cb̃(12c

b̃
33) + ct̃(12c

t̃
33) − cb̃(12c

t̃
33) − ct̃(12c

b̃
33)

)
=

1

3

[(
cb̃12c

b̃
33 + cb̃13c

b̃
23 + cb̃13c

b̃
23

)
−
(
cb̃12c

t̃
33 + cb̃13c

t̃
23 + cb̃13c

t̃
23

)
+ b̃↔ t̃

]
=

1

3
sin 2α cos 2β ,

and therefore

L = − g2

8c2W
sin 2α cos 2β h0H0(A0)2 . (A.74)

H0

h0

A0

A0

− i
g2

4c2W
sin 2α cos 2β

H+
k H�

l H+
mH�

n couplings

Like in the case of 4–neutral Higgs boson couplings we get the 4–charged Higgs couplings
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from the D–term potential

VD ⊃ 1

8
(g2 + g′2)

(∣∣H2
1

∣∣2 − ∣∣H1
2

∣∣2)2
=

g2

8c2W

[
H−
(

sin 2βG+ + cos 2βH+
)

+ G−
(
− cos 2βG+ + sin 2βH+

)]2
.(A.75)

In index notation this reads with the abbreviations defined in eqs. (A.28) –(A.35)

VD ⊃ g2

32c2W

∑
k,l,m,n

H+
k H

−
l H

+
mH

−
n

(
db̃kld

b̃
mn + dt̃kld

t̃
mn − db̃kld

t̃
mn − dt̃kld

b̃
mn

)
. (A.76)

To be able to pick out the various couplings out of eq. (A.76) in the same way as we did in
the case of the neutral Higgs bosons we first must express all fields in one single base, H+

k

or H−
k :

VD ⊃ g2

32c2W

∑
k,l,m,n

H+
k H

+
l H

+
mH

+
n

(
db̃kld

b̃
mn + dt̃kld

t̃
mn − db̃kld

t̃
mn − dt̃kld

b̃
mn

)
rot

, (A.77)

with

(
df̃kl d

f̃
mn

)
rot

=
(
df̃kl
)
rot

(
df̃mn
)
rot

=

4∑
l′,n′=1

df̃kl′

(
0 12x2

12x2 0

)
l′l
df̃mn′

(
0 12x2

12x2 0

)
n′n

.

Now we can symmetrize the rotated coupling matrices as before if we want to fix the indices
in the Higgs fields. The combinatorial factor CF stays the same but we don’t have to take a
symmetry factor in the Feynman rule because of charged particles:

H+
l

H+
k

H+
n

H+
m

− i
g2

32c2W

(
db̃kld

b̃
mn + dt̃kld

t̃
mn − db̃kld

t̃
mn − dt̃kld

b̃
mn

)
rot, symm

× CF

A.6.5 Sfermion–Sfermion–Sfermion–Sfermion

As we already mentioned before, we have to take care about the colour indices in this term
of the superpotential,

W ⊃ ht t̃
∗
Rt̃LH

0
2 + hb b̃

∗
Rb̃LH

0
1 + hτ τ̃

∗
Rτ̃LH

0
1 − ht t̃

∗
Rb̃LH

1
2 − hb b̃

∗
Rt̃LH

2
1 − hτ τ̃

∗
Rν̃τH

2
1 ,

(A.78)
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which leads to the F–term potential

VF ⊃ h2t
(
t̃∗Rt̃L

)(
t̃∗Lt̃R

)
+ h2b

(
b̃∗Rb̃L

)(
b̃∗Lb̃R

)
+ h2τ

(
τ̃ ∗Rτ̃L

)(
τ̃ ∗Lτ̃R

)
+ h2t

(
t̃∗Rb̃L

)(
b̃∗Lt̃R

)
+ h2b

(
b̃∗Rt̃L

)(
t̃∗Lb̃R

)
+ h2τ

(
τ̃ ∗Rν̃τ

)(
ν̃∗τ τ̃R

)
+ hbhτ

(
b̃∗Rb̃Lτ̃

∗
Lτ̃R + b̃∗Lb̃Rτ̃

∗
Rτ̃L + t̃∗Lb̃Rτ̃

∗
Rν̃τ + b̃∗R t̃Lν̃

∗
τ τ̃R

)
=
∑
f

[
h2f

((
f̃ ∗
Rf̃L
)(
f̃ ∗
Lf̃R
)

+
(
f̃ ∗
Rf̃

′
L

)(
f̃ ′∗
L f̃R

))
+ hfhf̂

(
f̃ ∗
Rf̃L

ˆ̃
f ∗
L

ˆ̃
fR + f̃ ∗

Rf̃
′
L

ˆ̃
f ′∗
L

ˆ̃
fR

)]
.

(A.79)

f̃if̃jf̃kf̃l couplings

With the initial and final states for the first term,

|i〉 = a†lδ(p1)b
†
kγ(p2)|0〉 ,

〈f | = 〈0|aiα(k1)bjβ(k2) ,
we get for the S–matrix element

S
(1)
fi = i

∫
d4x 〈f | :Lint(x) : |i〉 = −ih2f Rf̃m1Rf̃n1Rf̃p2Rf̃q2

×
∫

d4x 〈0|aiα(k1)bjβ(k2) :
(
f̃ ∗
mγ′ f̃nβ′ f̃

∗
pα′ f̃qδ′

)
(x) : a†lδ(p1)b

†
kγ(p2)|0〉 δα′β′δγ′δ′

(A.80)

In order to evaluate the vacuum expectation value we make use of Wick’s theorem in taking
all possible contractions:

S
(1)
fi = −ih2f Rf̃m1Rf̃n1Rf̃p2Rf̃q2 (2π)4δ4(p1+p2−k1−k2) δα′β′δγ′δ′

×(δimδαγ′ δjnδββ′ δqlδδ′δ δpkδα′γ + δimδαγ′ δjqδβδ′ δnlδβ′δ δpkδα′γ

+ δipδαα′ δjnδββ′ δqlδδ′δ δmkδγ′γ + δipδαα′ δjqδβδ′ δmkδγ′γ δnlδβ′δ
)

(A.81)

In the last equation we have used the notation

δαβγδ,α′β′γ′δ′ ≡ δαα′ δββ′ δγγ′ δδδ′ , → δαβγδ,α′β′α′β′ = δαγ δβδ (A.82)

and

Rf̃ijkl ≡ Rf̃i1R
f̃
j1R

f̃
k2R

f̃
l2 . (A.83)

The corresponding D–term potential is given by (see eqs. (A.40) and (A.42))

VD ⊃ g′2

8

∑
f

(
Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))(

Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))
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+
g2

8

∑
f

(
f̃ ∗
Lf̃L
)(
f̃ ∗
Lf̃L
)
. (A.84)

Rotating the sfermion fields into their mass eigenstates, f̃L = Rf̃i1f̃i, f̃R = Rf̃i2f̃i, the D–term
potential for four sfermions reads

VD ⊃ g2

8

∑
f̃

[
Rf̃L

ijkl + t2WY
2
f̃L
Rf̃L

ijkl + t2WY
2
f̃R
Rf̃R

ijkl − t2WYf̃L
Yf̃R

(
Rf̃ijkl + Rf̃klij

)] (
f̃ ∗
i f̃j
)(
f̃ ∗
k f̃l
)

≡
∑
f̃

C f̃ f̃ijkl
(
f̃ ∗
i f̃j
)(
f̃ ∗
k f̃l
)
, (A.85)

where we have used the relation g′ = g tan θW as well as the abbreviations

Rf̃L

ijkl = Rf̃i1R
f̃
j1R

f̃
k1R

f̃
l1 , Rf̃R

ijkl = Rf̃i2R
f̃
j2R

f̃
k2R

f̃
l2 . (A.86)

Like in the calculation of the Yukawa coupling terms in the previous section we get for the
Feynman amplitude

M = −i
[(
C f̃ f̃ijkl + C f̃ f̃klij

)
δαβδγδ +

(
C f̃ f̃ilkj + C f̃ f̃kjil

)
δαδδβγ

]
. (A.87)

Both, F– and D–terms, result in the Feynman rule

f̃lδ

f̃kγ

f̃jβ

f̃iα

− i h2f

[(
Rf̃ijkl + Rf̃klij

)
δαδδβγ +

(
Rf̃ilkj + Rf̃kjil

)
δαβδγδ

]
−i
[(
C f̃ f̃ijkl + C f̃ f̃klij

)
δαβδγδ +

(
C f̃ f̃ilkj + C f̃ f̃kjil

)
δαδδβγ

]

f̃if̃jf̃
0

k
f̃ 0

l
couplings

For the second term of eq. (A.79) we take the initial and final states

|i〉 = a
′†
lδ(p1)b

′†
kγ(p2)|0〉 ,

〈f | = 〈0|aiα(k1)bjβ(k2) ,
which leads with

Rf̃
′f̃D

ijkl ≡ Rf̃
′
i1R

f̃ ′
j1R

f̃
k2R

f̃
l2 , R

f̃ f̃ ′D
ijkl ≡ Rf̃i1R

f̃
j1R

f̃ ′
k2R

f̃ ′
l2 (A.88)

to the Feynman amplitude

M = − i
(
h2f R

f̃ ′f̃D

klij + h2f ′R
f̃ f̃ ′D
ijkl

)
δαδδβγ . (A.89)
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For the D–term potential we get with the eqs. (A.40) – (A.42)

VD ⊃ g2

4

∑
f

((
f̃ ∗
Lf̃

′
L

)(
f̃ ′∗
L f̃L
)− 1

2

(
f̃ ∗
Lf̃L
)(
f̃ ′∗
L f̃

′
L

))

+
g′2

8

∑
f

(
Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))(

Yf̃ ′L

(
f̃ ′∗
L f̃

′
L

)− Yf̃ ′R

(
f̃ ′∗
R f̃

′
R

))
(A.90)

and with a little bit of cosmetics we have

VD ⊃ g2

8

∑
f

{[(
t2W
(
Yf̃L

Yf̃ ′L

)− 1
)
R
f̃ f̃ ′L
ijkl + t2W

(
Yf̃R

Yf̃ ′R

)
R
f̃ f̃ ′R
ijkl − t2W

(
Yf̃L

Yf̃ ′R

)
R
f̃ f̃ ′D
ijkl

− t2W
(
Yf̃R

Yf̃ ′L

)
Rf̃

′f̃D

klij

]
δαβδγδ + 2R

f̃ f̃ ′L
ijkl δαδδβγ

}
f̃ ∗
iαf̃jβ f̃

′∗
kγ f̃

′
lδ

≡
∑
f

C f̃ f̃
′

ijkl,αβγδ f̃
∗
iαf̃jβ f̃

′∗
kγ f̃

′
lδ . (A.91)

The Yukawa and electroweak contributions to the Feynman rule are then given by

f̃ ′
lδ

f̃ ′
kγ

f̃jβ

f̃iα

− i
(
h2f R

f̃ ′f̃D

klij + h2f ′R
f̃ f̃ ′D
ijkl

)
δαδδβγ − i

(
C f̃ f̃

′
ijkl,αβγδ + C f̃

′f̃
klij,γδαβ

)

f̃if̃j
ˆ̃
fk

ˆ̃
fl couplings

The Feynman rule for couplings with two sfermions and two ’family partner’ sfermions can
be obtained from eqs. (A.40), (A.42) and (A.79):

VF+D ⊃
∑
f

[
hfhf̂

(
f̃ ∗
Rf̃L
)( ˆ̃
f ∗
L

ˆ̃
fR
)

+
g2

8

(
f̃ ∗
Lf̃L
)( ˆ̃
f ∗
L

ˆ̃
fL
)

+
g′2

8

(
Yf̃L

(
f̃ ∗
Lf̃L
)− Yf̃R

(
f̃ ∗
Rf̃R
))(

Y ˆ̃fL

( ˆ̃
f ∗
L

ˆ̃
fL
)− Y ˆ̃fR

( ˆ̃
f ∗
R

ˆ̃
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≡
∑
f

[
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couplings

For the coupling with two sfermions f̃i and two family partner sfermions with different

isospin, ˆ̃f ′
i , we get with eqs. (A.40) and (A.42)
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Finally, eqs. (A.41) and (A.79) give the Feynman rule for the mixed four–sfermion coupling,
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with
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A.7 Vector boson–Sfermion–Sfermion couplings

The interaction Lagrangian of a vector boson and two sfermions is given by

L = −i e ef Aµ f̃ ∗
i

↔
∂µ f̃j − i gZ z

f̃
ij Z

0
µ f̃

∗
i

↔
∂µ f̃j +

(
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f̃↓
j1f̃

∗
↑i

↔
∂µ f̃↓j + h.c.

)
,

(A.96)

with the abbreviations

zf̃ij = CfLR
f̃
i1R

f̃
j1 + CfRR

f̃
i2R

f̃
j2 (A.97)

and gZ = g/ cos θW , CfL = I3Lf − efs
2
W and CfR = −efs2W .
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A.8 Gaugino–Fermion–Sfermion couplings

The interaction Lagrangian of the chargino–sfermion–fermion couplings is given by

L = f̄↑
(
l
f̃↓
ij PR + k

f̃↓
ij PL

)
χ̃+j f̃↓i + f̄↓

(
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(
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f̃↓
ij PR

)
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↓i + ¯̃χ+cj

(
l
f̃↑
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f̃↑
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)
f↓ f̃ ∗

↑i (A.98)

with the coupling matrices

l
f̃↑
ij = −gVj1Rf̃↑i1 + hf↑Vj2R
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For the neutralino–sfermion–fermion couplings the Lagrangian reads

L = f̄
(
af̃ikPR + bf̃ikPL

)
χ̃0k f̃i + ¯̃χ0k

(
af̃ikPL + bf̃ikPR

)
f f̃ ∗

i (A.100)
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with the coupling matrices

af̃ik = hfZkxR
f̃
i2 + gf fLkR

f̃
i1 , bf̃ik = hfZkxR

f̃
i1 + gf fRkR

f̃
i2 (A.101)

and

f fLk =
√

2
(
(ef − I3Lf ) tan θWZk1 + I3Lf Zk2

)
, f fRk = −

√
2ef tan θWZk1 . (A.102)

x takes the values {3, 4} for {down, up}–type case, respectively.
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A.9 Higgs–Vector boson–Vector boson couplings

The interaction Lagrangian describing the couplings of one Higgs boson to two gauge bosons
in the MSSM is given by

L =
gZmZ

2

[
cos(α− β)H0Z0

µ Z
0µ − sin(α− β)h0Z0

µ Z
0µ
]

+gmW

[
cos(α− β)H0W+

µ W
−µ − sin(α− β)h0W+

µ W
−µ]

−gZmW s
2
W G−W+

µ Z0µ + gsWmW G−W+
µ A

µ + h.c. (A.103)

With the usual form of rotation matrices, used throughout this paper,

Rkl(φ) ≡
(

cosφ sinφ
− sinφ cosφ

)
kl

, (A.104)

the Feynman rules can then be written as
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Appendix B

Self–energies and counter terms

Here we give the explicit form of the self–energies needed for the computation of the one–loop

decay widths {h0, H0, A0} → f̃i
¯̃
fj and H+ → t̃i

¯̃
bj .

B.1 Diagonal Wave–function corrections— derivatives

of Higgs boson self–energies

The conventional on–shell renormalization conditions for the diagonal wave–function renor-
malization constants are given in terms of the derivatives of the corresponding self–energies
(see chapter 3),

δZH
0

kk = − Re Π̇H
0

kk (m2
H0

k
) , (B.1)

where the dot in Π̇...(k
2) denotes the derivative with respect to k2. In the following we list the

single contributions of the Higgs wave–function corrections. The derivatives of the CP–even
Higgs bosons h0 and H0 depicted in Fig. B.1 are given as follows:
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]
(m2

h0
k
, m2

χ̃+
m
, m2

χ̃+
n
) (B.5)

Π̇H
0,H

kk =
1

(4π)2
1

2

(gZmZ

4

)2 [ 2∑
m,n=1

[(2+δkmδmn)!]
2
(

cos 2α Ã(k)
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Figure B.1: Diagonal self–energies of CP–even Higgs bosons h0 and H0
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The derivatives of the CP–odd Higgs boson A0 depicted in Fig. B.2 are given as follows:
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Figure B.2: Diagonal self–energies of the CP–odd Higgs boson A0
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Ḃ0 + 2B0

]
(m2

A0 , m2
H+ , m2

W ) (B.15)

The diagrams in Fig. B.3 show the diagonal charged Higgs boson self–energies entering in
the wave–function corrections. In this section, we will denote up– and down–type (s)fermions
by f↑/f̃↑ and f↓/f̃↓, respectively.
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Figure B.3: Self–energy diagrams of the charged Higgs boson H+ relevant for the calculation
of diagonal wave–function corrections.
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B.2 Off–diagonal Wave–functions corrections— Mixing

of CP–even Higgs bosons

According to chapter 3, the off–diagonal wave–function renormalization constants of the
external sfermions are given by
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The single contributions are as follows.
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Figure B.4: Diagrams showing the off–diagonal mixing of the CP–even Higgs bosons h0 and
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B.3 Diagonal Wave–function corrections— derivatives

of sfermion self–energies

According to chapter 3, the diagonal wave–function renormalization constants of the external
sfermions are determined by the derivatives of the sfermion self–energies,

δZ f̃ii = − Re Π̇f̃ii(m
2
f̃i

) , (B.30)

where the dot in Π̇...(k
2) denotes the derivative with respect to k2. The single contributions

are listed below.
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) Ḃ0 − B0

)
+ 4mχ̃0

k
mf a

f̃
ikb

f̃
ik Ḃ0
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B.4 Sfermion self–energies

For the fixing of the sfermion mixing angle θf̃ we need the off–diagonal elements of the

sfermion self–energies, Πf̃ij = Πf̃ij(m
2
f̃j

). In the following, Y fL/R denotes the weak hypercharge,
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f − ef ). The short forms for various products of sfermion rotation matrices
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The contributions from first and second generation sfermions, F̃m, are given by
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where the sub–/superscript F̃ denotes values belonging to first and second generation scalar
fermions with same isospin as f̃ (e.g. F̃1 = {ũ1, c̃1} for the stop case, . . . ), F̃ ′ sfermions with
different isospin etc.
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B.5 A0Z0–mixing

The scalar–vector mixing self–energy, ΠAZ(k2), is defined by the two–point function

k

A
0 Z

0

� M = �i k��AZ(k
2) ���(k)

ΠfAZ = − i

(4π)2
mZ sin 2β

∑
f

Nf
C I

3L
f h2f B0(m

2
A0 , m2

f , m
2
f) (B.47)

Πχ̃
0

AZ =
i

(4π)2
2 g gZ

4∑
k,l=1

F 0
kl3O

′′L
lk

[
mχ̃0

l
B0 + (mχ̃0

l
−mχ̃0

k
)B1

]
(m2

A0 , m2
χ̃0

l
, m2

χ̃0
k
) (B.48)

Πχ̃
+

AZ =
i

(4π)2
2 g gZ

2∑
k,l=1

[(
F+
kl3O

′L
lk − F+

lk3O
′R
lk

)
mχ̃+

l
(B0 + B1)

+
(
F+
kl3O

′R
lk − F+

lk3O
′L
lk

)
mχ̃+

k
B1

]
(m2

A0 , m2
χ̃+

l
, m2

χ̃+
k
) (B.49)

Πf̃AZ = − 1

(4π)2
2 gZ

∑
f

Nf
C z

f̃
21G

f̃
123

(
B0 + 2B1

)
(m2

A0 , m2
f̃1
, m2

f̃2
) (B.50)

ΠHAZ =
i

(4π)2
g2ZmZ

4

2∑
k=1

4∑
l=3

Ak,l−2Rk,l−2(β−α)
(
B0 + 2B1

)
(m2

A0 , m2
H0

l
, m2

H0
k
) (B.51)

ΠZAZ =
i

(4π)2
g2ZmZ

4
sin(2α−2β)

2∑
k=1

(−1)k
(
B0 − B1

)
(m2

A0 , m2
H0

k
, m2

Z) (B.52)

B.6 H+W+–mixing

The scalar–vector mixing self–energy, ΠHW (k2), is defined by the two–point function
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B.7 W+ self–energies

For the calculation of the mass counter term of a gauge boson V (V = W±, Z0), δm2
V =

Re ΠTV V (m2
V ), we need the transverse part of the vector self–energy ΠTV V (k2) from

k

V� V� M = �i ��(k)
�
g���T

V V (k
2) + k�k� �B

V V (k
2)
�
���(k) :

(B.58)
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Here, f↑ and f↓ denote up– and down–type (s)fermions of all three generations, respectively.(
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=
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B.8 Z0 self–energies

Accordingly to eq. (B.58) the mass counter–term contributions to the Z0 boson are as follows:
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B.9 Fermion self–energies

In our notation, the fermion self–energy Π(k) is defined through the relation

k

f f M = i �u(k) �(k) u(k)

with

Π(k) = �k PL ΠL(k)+ �k PR ΠR(k) + ΠSL(k)PL + ΠSR(k)PR . (B.76)

Thus the mass counter term for quarks and leptons is given by (see also section 3.3.2)

δmf =
1

2
Re
[
mf

(
ΠL(mf ) + ΠR(mf)

)
+ ΠSL(mf ) + ΠSR(mf )

]
. (B.77)
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Note that for quarks and leptons (contrary to charginos), the left– and right–handed scalar
parts of Π(k) are equal, ΠSL(k) = ΠSR(k). The single contributions to δmf are as follows:
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B.10 Chargino self–energies

Since the higgsino mass parameter µ is fixed in the chargino sector, the counter term δµ
reads [24, 25]

δµ = δX22 =
1

2

2∑
k,l=1

Uk2Vl2

(
ΠLlkmχ̃+

k
+ ΠRklmχ̃+

l
+ ΠSLkl + ΠSRlk

)
, (B.85)

with the chargino self–energies Πkl = Πkl(m
2
χ̃+

l

). U and V are two real 2×2 matrices which

diagonalize the chargino mass matrix,

U X V T = MD =

(
mχ̃+

1
0

0 mχ̃+
2

)
.

The single left– and right–handed parts of Πkl can be found by comparing the coefficients
accordingly to eq. (B.76).
fermion-sfermion contribution:
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Higgs/gaugino contribution:
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Appendix C

Vertex corrections

In the following sections we give the explicit formulae of the electroweak contributions to the

vertex corrections of the decays {h0, H0, A0} → f̃i
¯̃
fj and H+ → t̃i

¯̃
bj . For the SUSY–QCD

contributions we refer to [34].

C.1 h0
kf̃i

¯̃fj vertex

The vertex corrections to h0k → f̃i
¯̃
fj which are depicted in Fig. C.1 are given as follows:

δG
f̃(v)
ijk = δG

f̃(v,Hf̃ f̃)
ijk + δG

f̃(v,f̃HH)
ijk + δG
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ijk + δG

f̃(v,V V )
ijk + δG

f̃(v,hHmix)
ijk + δG

f̃(v,f̃mix)
ijk (C.1)

The single contributions correspond to the diagrams with three scalar particles
(
δG
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and δG
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ijk

)
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)
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)
and two scalar or two vector particles

(
δG

f̃(v,SS)
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)
in the loop. The vertex corrections due to the mixing of the outer particles,

i.e. the Higgs and sfermion mixing terms δG
f̃(v,hHmix)
ijk and δG

f̃(v,f̃mix)
ijk will be combined with

the counter terms of the Higgs and sfermion mixing angles, δα and δθf̃ , see .

The vertex corrections from the exchange of one Higgs and two sfermions are
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(C.2)

with the standard two–point function C0 [44] for which we follow the conventions of [15].
The graph with two Higgs particles and one sfermion in the loop leads to
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mn − 2 sin 2α B̃(k)
mn

)
×

Gf̃ilmGf̃ljnC0

(
m2
f̃i
, m2

h0
k
, m2

f̃j
, m2

f̃l
, m2

h0
m
, m2

h0
n

)
+

1

(4π)2
gZmZ

2

4∑
m,n=3

2∑
l=1

sin[α + β − π

2
(k − 1)] C̃m−2,n−2 ×

Gf̃ilmGf̃ljnC0

(
m2
f̃i
, m2

h0
k
, m2

f̃j
, m2

f̃l
, m2

H0
m
, m2

H0
n

)
− 1

(4π)2

2∑
m,n=1

2∑
l=1

[
(−1)mn

g mW

2
(1−δm2δn2)(1+δmn)Ã
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Ã′(k)
mn = Ã(k)

mn(β → −β)

B̃(k)
mn =

(
(k − 1) sin(α + β) sin[α + β − π

2
(k − 1)]

sin[α + β − π
2
(k − 1)] (k − 2) cos(α + β)

)
,

C̃mn =

(
cos 2β sin 2β
sin 2β − cos 2β

)
. (C.4)

For the gaugino exchange contributions we get

δG
f̃(v,χ̃ff)
ijk =

1

(4π)2

4∑
l=1

F
(
m2
f̃i
, m2

h0
k
, m2

f̃j
, mχ̃0

l
, mf , mf ; s

f
k , s

f
k , b

f̃
il, a

f̃
il, a

f̃
jl, b

f̃
jl

)

+
1

(4π)2

2∑
l=1

F
(
m2
f̃i
, m2

h0
k
, m2

f̃j
, mχ̃+

l
, mf ′ , mf ′; s

f ′
k ,−sf

′
k , k

f̃
il, l

f̃
il, l

f̃
jl, k

f̃
jl

)
, (C.5)

δG
f̃(v,fχ̃χ̃)
ijk =

1

(4π)2

4∑
l,m=1

F
(
m2
f̃i
, m2

h0
k
, m2

f̃j
, mf , mχ̃0

m
, mχ̃0

l
;−gF 0

lmk,−gF 0
lmk, b

f̃
im, a

f̃
im, a

f̃
jl, b

f̃
jl

)

+
1

(4π)2

2∑
l,m=1

F
(
m2
f̃i
, m2

h0
k
, m2

f̃j
, mf ′ , mχ̃+

m
, mχ̃+

l
;−gF̃+

mlk,−gF̃+
lmk, k

f̃
im, l

f̃
im, l

f̃
jl, k

f̃
jl

)
,
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(C.6)

where F (. . .) shortly stands for

F
(
m2

1, m
2
0, m

2
2,M0,M1,M2; g

R
0 , g

L
0 , g

R
1 , g

L
1 , g

R
2 , g

L
2

)
= (h1M1+h2M2)B0(m

2
0,M

2
1 ,M

2
2 )

+ (h0M0+h1M1)B0(m
2
1,M

2
0 ,M

2
1 ) + (h0M0+h2M2)B0(m

2
2,M

2
0 ,M

2
2 )

+
[
2
(
gR0 g

R
1 g

R
2 +gL0 g

L
1 g

L
2

)
M0M1M2 + h0M0

(
M2

1 +M2
2−m2

0

)
+ h1M1

(
M2

0 +M2
2−m2

2

)
+ h2M2

(
M2

0 +M2
1−m2

1

) ]
C0(m

2
1, m

2
0, m

2
2,M

2
0 ,M

2
1 ,M

2
2 ) (C.7)

with the abbreviations h0 =
(
gL0 g

R
1 g

R
2 + gR0 g

L
1 g

L
2

)
, h1 =

(
gL0 g

L
1 g

R
2 + gR0 g

R
1 g

L
2

)
and h2 =

(
gR0 g

L
1 g

R
2

+gL0 g
R
1 g

L
2

)
. For up–type sfermions F̃+

lmk = F+
lmk and for down–type sfermions the chargino

indices are interchanged, F̃+
lmk = F+

mlk .
We split the irreducible vertex graphs with one vector particle in the loop into the single
contributions of the photon, the Z–boson and the W–boson,

δG
f̃(v,V SS)
ijk = δG

f̃(v,γSS)
ijk + δG

f̃(v,ZSS)
ijk + δG

f̃(v,WSS)
ijk . (C.8)

In order to regularize the infrared divergences we introduce a photon mass λ. Thus we have

δG
f̃(v,γSS)
ijk =

1

(4π)2
(e0ef)

2Gf̃ijk V
(
m2
f̃i
, m2

h0
k
, m2

f̃j
, λ2, m2

f̃i
, m2

f̃j

)
, (C.9)

δG
f̃(v,ZSS)
ijk =

1

(4π)2
g2Z

2∑
m,n=1

Gf̃mnk z
f̃
im zf̃nj V

(
m2
f̃i
, m2

h0
k
, m2

f̃j
, m2

Z , m
2
f̃m
, m2

f̃n

)

+
i

(4π)2
g2Z
2

4∑
l=3

2∑
m=1

Gf̃mjl z
f̃
imRl−2,k(α−β) V

(
m2
h0

k
, m2

f̃j
, m2

f̃i
, m2

Z , m
2
H0

l
, m2

f̃m

)
− i

(4π)2
g2Z
2

4∑
l=3

2∑
m=1

Gf̃iml z
f̃
mj Rl−2,k(α−β) V

(
m2
f̃j
, m2

f̃i
, m2

h0
k
, m2

Z , m
2
f̃m
, m2

H0
l

)
,

(C.10)

δG
f̃(v,WSS)
ijk =

1

(4π)2
g2

2

2∑
m,n=1

Gf̃
′
mnk R

f̃
i1R

f̃
j1R

f̃ ′
m1R

f̃ ′
n1 V

(
m2
f̃i
, m2

h0
k
, m2

f̃j
, m2

W , m
2
f̃ ′m
, m2

f̃ ′n

)
− I3Lf

(4π)2
g2√

2

2∑
m,l=1

Gf̃ f̃
′

jmlR
f̃
i1R

f̃ ′
m1Rl,k(α−β) V

(
m2
h0

k
, m2

f̃j
, m2

f̃i
, m2

W , m
2
H+

l
, m2

f̃ ′m

)

− I3Lf
(4π)2

g2√
2

2∑
m,l=1

Gf̃ f̃
′

imlR
f̃ ′
m1R

f̃
j1Rl,k(α−β) V

(
m2
f̃j
, m2

f̃i
, m2

h0
k
, m2

W , m
2
f̃ ′m
, m2

H+
l

)
,

(C.11)

where we have used the vector vertex function

V
(
m2

1, m
2
0, m

2
2,M

2
0 ,M

2
1 ,M

2
2

)
= −B0

(
m2

0,M
2
1 ,M

2
2

)
+B0

(
m2

1,M
2
0 ,M

2
1

)
+B0

(
m2

2,M
2
0 ,M

2
2

)
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+
(−2m2

0+m2
1+m2

2−M2
0 +M2

1 +M2
2

)
C0

(
m2

1, m
2
0, m

2
2,M

2
0 ,M

2
1 ,M

2
2

)
(C.12)

and the rotation matrix Rkl,

Rkl(φ) ≡
(

cosφ sinφ
− sinφ cosφ

)
kl

. (C.13)

The Z0–sfermion–sfermion couplings zf̃ij can be found in Appendix A.7.
The vertex corrections coming from loops with two vector bosons and one sfermion are given
by

δG
f̃(v,V V S)
ijk = δG

f̃(v,ZZf̃)
ijk + δG

f̃(v,WWf̃ ′)
ijk (C.14)

with

δG
f̃(v,ZZf̃)
ijk = − 1

(4π)2
g3ZmZ

2
R2k(α−β)

2∑
m=1

[
4B0

(
m2
h0

k
, m2

Z , m
2
Z

)
−B0

(
m2
f̃i
, m2

f̃m
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Z

)
− B0

(
m2
f̃j
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f̃m
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Z

)
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h0

k
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f̃i
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f̃j
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×
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m2
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h0
k
, m2

f̃j
, m2

f̃m
, m2

Z , m
2
Z

)]
zf̃im zf̃mj (C.15)

and

δG
f̃(v,WWf̃ ′)
ijk = − 1

(4π)2
g3mW

4
R2k(α−β)

2∑
m=1

[
4B0

(
m2
h0

k
, m2

W , m
2
W

)
−B0

(
m2
f̃i
, m2

f̃ ′m
, m2

W

)
− B0

(
m2
f̃j
, m2

f̃ ′m
, m2

W

)
−
(
m2
h0

k
−2m2

f̃i
−2m2

f̃j
−4m2

f̃ ′m
+2m2

W
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×

C0

(
m2
f̃i
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h0
k
, m2
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f̃ ′m
, m2
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2
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Rf̃i1R

f̃
j1

(
Rf̃

′
m1

)2
. (C.16)

We split the irreducible vertex graphs with two scalar particles into the contributions from
two Higgs bosons, two sfermions and the corrections stemming from Higgs–sfermion loops,
i.e.

δG
f̃(v,SS)
ijk = δG

f̃(v,HH)
ijk + δG

f̃(v,f̃ f̃)
ijk + δG

f̃(v,f̃ ′f̃ ′)
ijk + δG

f̃(v,
ˆ̃
f
ˆ̃
f)

ijk + δG
f̃(v,

ˆ̃
f ′ ˆ̃f ′)

ijk

+δG
f̃(v,F̃ F̃ )
ijk + δG

f̃(v,F̃ ′F̃ ′)
ijk + δG

f̃(v, ˆ̃F ˆ̃F )
ijk + δG

f̃(v, ˆ̃F ′ ˆ̃F ′)
ijk + δG

f̃(v,Hf̃)
ijk (C.17)

with

δG
f̃(v,HH)
ijk = − 1

(4π)2
gZmZ

8

2∑
m,n=1

(2+δkmδmn)!
(
cos 2α Ã(k)

mn − 2 sin 2α B̃(k)
mn

)
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h2fc
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mnδij + g2(cb̃mn − ct̃mn)e

f̃
ij

)
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(
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h0

k
, m2
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m
, m2

h0
n

)
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+
1

(4π)2
gZmZ
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2
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(C.18)

δG
f̃(v,f̃ f̃)
ijk = − h2f

(4π)2

2∑
m,n=1

Gf̃nmk

[
Rf̃ijmn+Rf̃mnij+Nf

C

(
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, m2

f̃n

)
, (C.19)

δG
f̃(v,f̃ ′ f̃ ′)
ijk = − 1

(4π)2
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k
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, m2

f̃ ′n

)
, (C.20)
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, (C.21)

and

δG
f̃(v,

ˆ̃
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ijk = − N f̂
C

(4π)2
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4
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−t2WY fL Y f̂
′

R R
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ijmn − t2WY
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L Y fRR
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k
, m2

ˆ̃
f ′m
, m2

ˆ̃
f ′n

)
.

(C.22)

For various products of sfermion rotation matrices we have introduced the short forms

Rf̃L

ijkl = Rf̃i1R
f̃
j1R

f̃
k1R

f̃
l1 , Rf̃ijkl = Rf̃i1R

f̃
j1R

f̃
k2R

f̃
l2 ,

Rf̃R

ijkl = Rf̃i2R
f̃
j2R

f̃
k2R

f̃
l2 , Rf̃

ˆ̃
fF

ijkl = Rf̃i1R
f̃
j2R

ˆ̃
f
k1R

ˆ̃
f
l2 .

(C.23)

Note that the contributions from eqs. (C.21, C.22) originate from the mixing of 2 squarks
and 2 sleptons, where f̂ denotes the ’family partner‘ of the fermion f with the same isospin
and from the same generation, i.e. t̂ = ντ or ˆ̃τi = b̃i.
The contributions due to the exchange of sfermions from the other two generations, F̃m, are
given by

δG
f̃(v,F̃ F̃ )
ijk = δG

f̃(v, ˆ̃f ˆ̃f)
ijk (f̂ → F ) , δG

f̃(v, ˆ̃F ˆ̃F )
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f̃(v,F̃ ′F̃ ′)
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f̃(v,
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f ′ ˆ̃f ′)

ijk (f̂ ′ → F ′) , δG
f̃(v, ˆ̃F ′ ˆ̃F ′)
ijk = δG

f̃(v,
ˆ̃
f ′ ˆ̃f ′)

ijk (f̂ ′ → F̂ ′) ,
(C.24)

where the sub–/superscript F̃ denotes values belonging to first and second generation scalar
fermions with same isospin as f̃ (e.g. F̃1 = {ũ1, c̃1} for the stop case, . . . ), F̃ ′ sfermions with
different isospin etc.
The diagrams with one Higgs boson and one sfermion in the loop lead to

δG
f̃(v,Hf̃)
ijk = − 1

(4π)2

2∑
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Gf̃iml
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h2f c
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l
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)
+ i↔ j , (C.25)

with hf↑ = {ht, 0} and hf↓ = {hb, hτ} for the decay into {squarks, sleptons}, respectively.
i↔ j stands for both terms before with i and j interchanged. The Higgs–sfermion coupling

matrices cf̃kl and ef̃ij can be found in Appendix A.6.
Finally, for the vertex graphs with two vector bosons we obtain
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ijk =
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. (C.26)
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Figure C.1: Vertex and photon emission diagrams relevant to the calculation of the virtual

electroweak corrections to the decay width h0k → f̃i
¯̃
fj.
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C.2 A0f̃1
¯̃f2 vertex

Like in the previous section the single contributions to the vertex corrections to A0 → f̃1
¯̃f2

(see Fig. C.2),

δG
f̃(v)
123 = δG

f̃(v,Hf̃ f̃)
123 + δG

f̃(v,f̃HH)
123 + δG

f̃(v,χ̃ff)
123 + δG

f̃(v,fχ̃χ̃)
123

+ δG
f̃(v,V )
123 + δG

f̃(v,f̃ f̃)
123 + δG

f̃(v,Hf̃)
123 + δG

f̃(v,AZ)
123 + δG

f̃(v,AG)
123 , (C.27)

correspond to the diagrams with three scalar particles
(
δG

f̃(v,Hf̃ f̃)
123 and δG

f̃(v,HHf̃)
123

)
, three

fermions
(
δG

f̃(v,χ̃ff)
123 and δG

f̃(v,fχ̃χ̃)
123

)
, one vector particle

(
δG

f̃(v,V )
123

)
or two scalar particles(

δG
f̃(v,f̃ f̃)
123 and δG

f̃(v,Hf̃)
123

)
in the loop. δG

f̃(v,AZmix)
123 denotes the correction due to the mixing

of A0 and Z0 and δG
f̃(v,AG)
123 is the Higgs mixing transition A0–G0.

As shown in [45] we can sum up the A0Z0 and A0G0 transition amplitudes which leads to

δG
f̃(v,AZ)
123 + δG

f̃(v,AG)
123 = − i

mZ
ΠAZ(m2

A0)G
f̃
124 . (C.28)

The explicit form of the A0–Z0 self–energy, ΠAZ(m2
A0), is given in app. B.5. The vertex

corrections from the exchange of three scalar particles, i.e. one Higgs/two sfermions and two
Higgs-bosons/one sfermion are given by

δG
f̃(v,Hf̃ f̃)
123 = − 1

(4π)2

2∑
m,n=1

4∑
k=1

Gf̃mn3G
f̃
imkG

f̃
njk C0

(
m2
f̃i
, m2

A0 , m2
f̃j
, m2

H0
k
, m2

f̃m
, m2

f̃n

)

− 1

(4π)2

2∑
m,n=1

2∑
k=1

Gf̃
′
mn3G

f̃ f̃ ′
imkG

f̃ f̃ ′
jnk C0

(
m2
f̃i
, m2

A0 , m2
f̃j
, m2

H+
k
, m2

f̃ ′m
, m2

f̃ ′n

)
, (C.29)

δG
f̃(v,f̃HH)
123 = − 1

(4π)2
gZmZ

2

2∑
m=1

(
2∑
k=1

4∑
l=3

Gf̃imkG
f̃
mjlAk,l−2 +

4∑
k=3

2∑
l=1

Gf̃imkG
f̃
mjlAl,k−2

)
×

C0

(
m2
f̃i
, m2

A0, m2
f̃j
, m2

f̃m
, m2

H0
k
, m2

H0
l

)
− i

(4π)2
I3Lf gmW

2∑
m=1

(
Gf̃ f̃

′
im1G

f̃ f̃ ′
jm2C0

(
m2
f̃i
, m2

A0, m2
f̃j
, m2

f̃ ′m
, m2

H+ , m2
G+

)
−Gf̃ f̃

′
im2G

f̃ f̃ ′
jm1C0

(
m2
f̃i
, m2

A0 , m2
f̃j
, m2

f̃ ′m
, m2

G+ , m2
H+

))
,

(C.30)

with the abbreviation

Akl =

( − cos 2β sin(α + β) − sin 2β sin(α + β)

cos 2β cos(α + β) sin 2β cos(α + β)

)
.
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With the generic fermion vertex function F (m2
1, m

2
0, m

2
2,M0,M1,M2; g

R
0 , g

L
0 , g

R
1 , g

L
1 , g

R
2 , g

L
2 )

defined in eq. (C.7) the gaugino loop contributions can be written as

δG
f̃(v,χ̃ff)
123 =

1

(4π)2

4∑
k=1

F
(
m2
f̃i
, m2

A0 , m2
f̃j
, mχ̃0

k
, mf , mf ; s

f
3 ,−sf3 , bf̃ik, af̃ik, af̃jk, bf̃jk

)

+
1

(4π)2

2∑
k=1

F
(
m2
f̃i
, m2

A0 , m2
f̃j
, mχ̃+

k
, mf ′ , mf ′ ; s

f ′
3 ,−sf

′
3 , k

f̃
ik, l

f̃
ik, l

f̃
jk, k

f̃
jk

)
,

δG
f̃(v,fχ̃χ̃)
123 =

1

(4π)2

4∑
k,l=1

F
(
m2
f̃i
, m2

A0 , m2
f̃j
, mf , mχ̃0

k
, mχ̃0

l
; igF 0

lk3,−igF 0
lk3, b

f̃
ik, a

f̃
ik, a

f̃
jl, b

f̃
jl

)

+
1

(4π)2

2∑
k,l=1

F
(
m2
f̃i
, m2

A0 , m2
f̃j
, mf ′, mχ̃+

k
, mχ̃+

l
; igF̃+

kl3,−igF̃+
lk3, k

f̃
ik, l

f̃
ik, l

f̃
jl, k

f̃
jl

)
,

(C.31)

with F̃+
kl3 = F+

kl3 for up–type sfermions and F̃+
kl3 = F+

lk3 for down–type sfermions.
The vertex graphs with one vector and two scalar particles in the loop,

δG
f̃(v,V )
123 = δG

f̃(v,γ)
123 + δG

f̃(v,Z)
123 + δG

f̃(v,W )
123 , (C.32)

are given by

δG
f̃(v,γ)
123 =

1

(4π)2
(e0ef)

2Gf̃123 V
(
m2
f̃i
, m2

A0 , m2
f̃j
, λ2, m2

f̃i
, m2

f̃j

)
,

δG
f̃(v,Z)
123 =

1

(4π)2
g2Z

2∑
m,n=1

Gf̃mn3 z
f̃
im zf̃nj V

(
m2
f̃i
, m2

A0 , m2
f̃j
, m2

Z , m
2
f̃m
, m2

f̃n

)

− i

(4π)2
g2Z
2

2∑
k,m=1

Gf̃mjk z
f̃
imR1k(α−β) V

(
m2
A0 , m2

f̃j
, m2

f̃i
, m2

Z , m
2
H0

k
, m2

f̃m

)

+
i

(4π)2
g2Z
2

2∑
k,m=1

Gf̃imk z
f̃
mj R1k(α−β) V

(
m2
f̃j
, m2

f̃i
, m2

A0, m2
Z , m

2
f̃m
, m2

H0
k

)
,

δG
f̃(v,W )
123 =

1

(4π)2
g2

2

2∑
m,n=1

Gf̃
′
mn3R

f̃
i1R

f̃
j1R

f̃ ′
m1R

f̃ ′
n1 V

(
m2
f̃i
, m2

A0, m2
f̃j
, m2

W , m
2
f̃ ′m
, m2

f̃ ′n

)
+

i

(4π)2
g2

2
√

2

2∑
m=1

Gf̃ f̃
′

jm1R
f̃
i1R

f̃ ′
m1 V

(
m2
A0, m2

f̃j
, m2

f̃i
, m2

W , m
2
H+ , m2

f̃ ′m

)
− i

(4π)2
g2

2
√

2

2∑
m=1

Gf̃ f̃
′

im1R
f̃ ′
m1R

f̃
j1V
(
m2
f̃j
, m2

f̃i
, m2

A0 , m2
W , m

2
f̃ ′m
, m2

H+

)
, (C.33)

the vector vertex function V (m2
1, m

2
0, m

2
2,M

2
0 ,M

2
1 ,M

2
2 ) can be looked up in eq. (C.12).
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For the vertex graphs with two scalar particles in the loop we obtain

δG
f̃(v,f̃ f̃)
123 = − 1

(4π)2
h2f

2∑
m,n=1

Gf̃nm3

[
Rf̃ijmn+Rf̃mnij+Nf

C

(
Rf̃inmj+Rf̃mjin

)]
B0

(
m2
A0 , m2

f̃m
, m2

f̃n

)

− 1

(4π)2
g2Z

2∑
m,n=1

Gf̃nm3

{[(1

4
− (2I3Lf −ef )efs2W

)
Rf̃L
ijmn + e2fs

2
WR

f̃R
ijmn

]
(Nf

C + 1)

+ (I3Lf −ef)efs2W
[
Nf
C

(
Rf̃ijmn+Rf̃mnij

)
+Rf̃inmj+Rf̃mjin

]}

× B0

(
m2
A0 , m2

f̃m
, m2

f̃n

)
− 1

(4π)2
N f̂
C hfhf̂

2∑
m,n=1

G
ˆ̃
f
nm3

(
Rf̃

ˆ̃
fF
ijnm + Rf̃

ˆ̃
fF
jimn

)
B0

(
m2
A0 , m2

ˆ̃fm
, m2

ˆ̃fn

)
, (C.34)

δG
f̃(v,Hf̃)
123 = − 1

(4π)2

4∑
k=3

2∑
m=1

Gf̃imk

(
h2f c

f̃
3k δmj + g2

(
cb̃3k − ct̃3k

)
ef̃mj

)
B0

(
m2
A0 , m2

H0
k
, m2

f̃m

)
+

i

(4π)2

√
2 I3Lf

2∑
k,m=1

Gf̃ f̃
′

imk

[{
(h2f↑−g2/2) cos2 β − (h2f↓−g2/2) sin2 β

(h2f + h2f ′ − g2) sinβ cosβ

}
k

Rf̃
′
m1R

f̃
j1

+hfhf ′ δk2R
f̃ ′
m2R

f̃
j2

]
B0

(
m2
A0 , m2

H+
k
, m2

f̃ ′m

)
− i↔ j . (C.35)

The abbreviations used in the equations above are the same as in the case of h0k → f̃i
¯̃fj, see

section C.1.
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Figure C.2: Vertex and photon emission diagrams relevant to the calculation of the virtual

electroweak corrections to the decay width A0 → f̃1
¯̃
f2.
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C.3 H+t̃i
¯̃bj vertex

Using the definitions for various generic vertex functions and products of couplings from the
previous chapters we get for the vertex corrections,

δG
t̃b̃(v)
ij1 = δG

t̃b̃(v,Hf̃ f̃ ′)
ij1 + δG

t̃b̃(v,HHf̃)
ij1 + δG

t̃b̃(v,χ̃ff)
ij1 + δG

f̃(v,fχ̃χ̃)
ijk + δG

t̃b̃(v,γSS)
ij1

+ δG
t̃b̃(v,ZSS)
ij1 + δG

t̃b̃(v,WSS)
ij1 + δG

t̃b̃(v,HH)
ij1 + δG

t̃b̃(v,f̃ f̃ ′)
ij1 + δG

t̃b̃(v,F̃ F̃ ′)
ij1

+ δG
t̃b̃(v,Hf̃)
ij1 (C.36)

The single contributions are given as follows:

δG
t̃b̃(v,Hf̃ f̃ ′)
ij1 = − 1

(4π)2

2∑
m,n=1

4∑
k=1

Gt̃b̃mn1G
t̃
imkG

b̃
njk C0

(
m2
t̃i
, m2

H+ , m2
b̃j
, m2

H0
k
, m2

t̃m
, m2

b̃n

)
(C.37)

δG
t̃b̃(v,HHf̃ )
ij1 = − 1

(4π)2
1

2

2∑
k,l,m=1

[
(−1)lg mW (1 + δ1l)Ã

′(1)
lk + gZmZR2k(α+β)C̃1l

]
×

Gt̃imkG
t̃b̃
mjlC0

(
m2
t̃i
, m2

H+ , m2
b̃j
, m2

t̃m
, m2

h0
k
, m2

H+
l

)
+

1

(4π)2
igmW

2

2∑
m=1

Gt̃im3G
t̃b̃
mj2C0

(
m2
t̃i
, m2

H+ , m2
b̃j
, m2

t̃m
, m2

A0 , m2
W

)
− 1

(4π)2
1

2

2∑
k,l,m=1

[
(−1)lg mW (1 + δ1l)Ã

′(1)
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]
×

Gb̃mjkG
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imlC0

(
m2
t̃i
, m2

H+ , m2
b̃j
, m2

b̃m
, m2

H+
l
, m2

h0
k

)
+

1

(4π)2
igmW

2

2∑
m=1

Gb̃mj3G
t̃b̃
im2C0

(
m2
t̃i
, m2

H+ , m2
b̃j
, m2

b̃m
, m2

W , m
2
A0

)
(C.38)

δG
t̃b̃(v,χ̃ff)
ij1 =

1

(4π)2

4∑
k=1

F
(
m2
t̃i
, m2

H+ , m2
b̃j
, mχ̃0

k
, mt, mb; y

b
1, y

t
1, b

t̃
ik, a

t̃
ik, a

b̃
jk, b

b̃
jk

)
(C.39)

δG
f̃(v,fχ̃χ̃)
ijk =

− 1

(4π)2

4∑
k=1

2∑
l=1

F
(
m2
t̃i
, m2

H+ , m2
b̃j
, mt, mχ̃0

k
, mχ̃+

l
;−gFRlk1,−gFLlk1, bt̃ik, at̃ik, lb̃jl, kb̃jl

)
− 1

(4π)2

4∑
k=1

2∑
l=1

F
(
m2
t̃i
, m2

H+ , m2
b̃j
, mb, mχ̃+

l
, mχ̃0

k
;−gFRlk1,−gFLlk1, kt̃il, lt̃il, ab̃jk, bb̃jk

)
(C.40)

δG
t̃b̃(v,γSS)
ij1 =

1

(4π)2
e20etebG

t̃b̃
ij1 V

(
m2
t̃i
, m2

H+ , m2
b̃j
, λ2, m2

t̃i
, m2

b̃j

)
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+
1

(4π)2
e20etG

t̃b̃
ij1 V

(
m2
H+ , m2

b̃j
, m2

t̃i
, λ2, m2

H+ , m2
t̃i
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− 1

(4π)2
e20ebG

t̃b̃
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(
m2
b̃j
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t̃i
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b̃j
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)
(C.41)

δG
t̃b̃(v,ZSS)
ij1 =

1

(4π)2
g2Z
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m,n=1

Gt̃b̃mn1 z
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im zb̃nj V
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m2
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b̃j
, m2

Z , m
2
t̃m
, m2

b̃n
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+
1

(4π)2
g2Z

(1

2
− s2W
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m=1

Gt̃b̃mj1 z
t̃
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(
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b̃j
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t̃i
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H+ , m2
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− 1

(4π)2
g2Z

(1

2
− s2W
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m=1
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b̃
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m2
b̃j
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t̃i
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Z , m

2
b̃m
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)
(C.42)

δG
t̃b̃(v,WSS)
ij1 =

1

(4π)2
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2
√

2
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(C.43)

with wk = {cos(α− β), sin(α− β),−i}k.

δG
t̃b̃(v,HH)
ij1 = − 1

(4π)2
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g2

2
)ct̃,0+kl + (h2b −
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(C.44)
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(C.45)
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δG
t̃b̃(v,F̃ F̃ ′)
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ũ
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ũ
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Figure C.3: Vertex diagrams relevant to the calculation of the virtual electroweak corrections

to the decay width H+ → t̃i
¯̃
bj . In the fourth row, f̃↑ and f̃↓ denote up– and down–type

sfermions of all three generations, respectively.
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