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Kurzfassung

Das Minimale Supersymmetrische Standard Modell (MSSM) ist eine der anerkanntesten
Erweiterungen des Standard Modells (SM) der Elementarteilchen. Es wird eine Symme-
trie zwischen bosonischen und fermionischen Teilchen angenommen, und so zu jedem SM
Teilchen ein so genannter ”Superpartner” eingefithrt. Ausserdem werden vier zusatztliche
Higgs Teilchen bendétigt. Die fermionischen Partner der Higgs- und der Eichbosonen mis-
chen, und bilden Masseneigenzustande, die sogenannten Charginos und Neutralinos.

Wenn Supersymmetrie in der Form des MSSM in der Natur realisiert ist, sollten Superpart-
ner schon bald im Zuge zukiinftiger Beschleunigerexperimente (wie des LHC am CERN)
gefunden werden. Unter diesen neuen Teilchen wiirden sich auch Charginos und Neutralinos
befinden. Da diese, bis auf das leichteste Neutralino, instabil wéaren, missten auch deren
Zerfalle zu beobachten sein. Deshalb ist es wichtig, die Zerfallseigenschaften von Charginos
und Neutralinos zu untersuchen. Diese Arbeit beschéftigt sich somit mit der Berechnung von
Zerfallsbreiten und besonders von Zerfallsbreitenverhéltnissen fir alle Zweikorperzerfille von
Charginos und Neutralinos.

Um die Ergebnisse in der benétigten Genauigkeit zu erhalten, wird die Rechnung nicht auf
die niedrigste Ordnung Storungstheorie, den so genannten ”Treelevel” beschrankt, sondern
es werden die vollen Strahlungskorrekturen in Einschleifenapproximation berticksichtigt. Die
dafiir notwendige Berechnung von hunderten von Feynmandiagrammen erfolgt mit Hilfe
spezieller algebraischer Software.

Die Einbeziehung von Schleifenkorrekturen fiithrt zu bedeutenden Problemen: Die Integration
der Feynmanamplituden fithrt zu so genannten Ultraviolett-(UV) und Infrarotdivergenzen
(IR) fiir sehr groBe beziehungsweise verschwindende Teilchenimpulse. Die UV-Divergenzen
werden durch grundsatzliche Unterschiede zwischen den in der Lagrangedichte der Theorie
auftretenden, und den experimentell messbaren, realen Groflen, verursacht. Um die UV-
Divergenzen zu beseitigen, wird ein ” Renormierung” genanntes Verfahren bendtigt. Es wer-
den so genannte " Counterterme” eimgefiihrt, mit deren Hilfe sich die Divergenzen wegkiirzen
lassen. Zu allen Kopplungen auf Treelevel-Ordnung werden die notwendigen Counterterme
fiir Kopplungsparameter und Teilchenfelder berechnet und aufsummiert.
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Zur Beseitigung der IR-Divergenzen ist es notwenig, die Abstrahlung von Photonen und Glu-
onen durch elektrisch oder quantenchromodynamisch geladene Teilchen zu berticksichtigen.
Auf diese Weise heben sich die Divergenzen, die durch den Austausch virtueller, masseloser
Teilchen (Photonen und Gluonen) entstehen, auf. Diese Abstrahlungsprozesse werden all-
gemein fiir Zerfalle von Fermionen in ein Fermion sowie ein skalares oder Vektor-Teilchen
angegeben, und dann explizit fir die Neutralino- und Charginozerfalle verwendet.

Nach dem Aufsummieren der Schleifenkorrekturen, Counterterme und Abstrahlungsprozesse
konnen Ergebnisse wie Zerfallsbreiten und Zerfallsbreitenverhaltnisse prasentiert werden.
Die Wahl der dafiir verwendeten Eingangsparameter orientiert sich am sogenannten SPS1a’
Referenzpunkt, einem zum Zweck der besseren Vergleichbarkeit von Ergebnissen eingefiihrten
speziellen MSSM Parameterpunkt.

Aus den Ergebnissen wird ersichtlich, dass die Schleifenkorrekturen mit bis iiber zehn Prozent
signifikant zum Ergebnis der Zerfallsbreiten beitragen. Da allerdings die Korrekturen fiir
verschiedene Zerfallskanale oftmals gleiches Vorzeichen und Groflenordnung aufweisen, fallen
die relativen Korrekturen der Zerfallsbreitenverhaltnisse geringer aus.
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Abstract

The Minimal Supersymmetric Standard Model (MSSM) is one of the most accepted exten-
sions of the Standard Model (SM) of elementary particle physics. Assuming a symmetry
between bosonic and fermionic particles, it introduces so called ”superpartners” to all SM
particles and four additional Higgs states. The fermionic partners of Higgs bosons and gauge
bosons mix to form mass eigenstates, called charginos and neutralinos.

If supersymmetry is realized in nature in the way the MSSM suggests, superpartners should
be discovered in the near future at collider experiments like the Large Hadron Collider (LHC)
at CERN. Among these new particles, there would be also charginos and neutralinos. Since
despite the lightest neutralino all of them are assumed to be unstable, it should be possible to
observe them decay. Therefore it is important to study the decay characteristics of charginos
and neutralinos. So this thesis deals with calculation of decay widths and especially the
branching ratios of all possible two-body decays of charginos and neutralinos.

To obtain the required precision we take into account the full radiative corrections on one-
loop level. In addition to the so called "treelevel” the contributions of all one-loop graphs
are calculated. The necessary computation of hundreds of Feynman diagrams is done by
application of a special algebraic software.

Considering loop corrections leads to major problems: The integration of the Feynman-
amplitudes leads to so called ultraviolet (UV) and infrared (IR) divergencies for very large
and for vanishing particle momenta. The UV divergencies are caused by a fundamental dif-
ference between the parameters that occur in the Lagrange density that describes the theory
and their physical counterparts, measured in experiment. A procedure called ”renormaliza-
tion” is needed to remove the UV divergencies. So called ”counterterms” are introduced,
that cancel away the divergencies. The necessary counterterms to all tree-level couplings are
calculated and summed up with the the loop corrections to obtain a finite result.
Concerning the IR divergencies, it is necessary to take into account the radiation of photons
or gluons by electrically or quantumcromodynamically charged particles. That way the di-
vergencies, which origin from the exchange of virtual massless particles (photons or gluons)
are canceled. The radiation processes are presented in a general form for the decays of one
fermion into another fermion and a scalar or vector particle. Then the formulas are applied
to the neutralino and chargino decays.
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After summing up all treelevels, loop corrections, counterterms and photon or gluon radiation
graphs, results like decay widths and branching ratios are presented. For the parameters input
we choose the framework of the SPS1a’ reference point. It is a certain MSSM parameter point
that was introduced for better comparability.

The loop corrections contribute significantly to the results in the range of up to more than
ten percent. Since the corrections to different decay channels often show the same sign and
similar size, the corrections to the branching ratios are in general smaller.
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Chapter 1

Supersymmetry: Motivation and
successes

The Standard Model (SM) of elementary particle physics is a remarkably successful descrip-
tion of presently known phenomena. Nevertheless, it is for sure not the most general way
to describe nature. It has to be extended to describe physics at high energies properly, and
there are a number of theoretical and phenomenological issues that the SM fails to address
adequately. One of the most promising attempts to improve our understanding of elementary
particle physics is supersymmetry.

The main idea of supersymmetry is the concept of an underlying symmetry between bosons
and fermions that leads to superpartners for all SM particles. These superpartners have the
same quantum numbers and mass but a different spin. Since no superpartners have been
discovered yet, they seem to have a significant higher mass, which can be explained by
spontaneous breaking of supersymmetry.

The mathematical concepts that describes supersymmetry are a symmetry transformation,
that transforms a particle into its superpartner, and the corresponding algebra. Supersym-
metry is a symmetry between bosons and fermions. Using the Minimal Supersymmetric
Standard Model (MSSM), we only deal with a N = 1 supersymmetry, that means that there
is only one generator, and only one superpartner per particle. This generator (), and its
hermitian conjugate Q; = (Q,)* are fermionic operators with

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

The indices o, & = 1,2 are always the left- and right-handed spinor indices.
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Q. and @, satisfy an algebra of anticommuation and commuation relations:

{Qa,Qs} = 0 (1.2)
{Qa, Q33 = 2087, (1.3)
[Qappu] = 0 (14)

where o stands for the Pauli matrices and P, means the momentum generator of spacetime
translations. Since P, is the generator of the Poincaré transformation, the second relation
shows a connection between supersymmetry and general relativity.

Applied to particle physics, supersymmetry has long been considered one of the best-motivated
possibilities for new physics at the TeV scale. The main reasons that low energy supersym-
metry is taken very seriously are not only its elegance or its theoretical motivation, but its
successful explanations and predictions. Of course, these successes may just be remarkable
coincidences because there is as yet no direct experimental evidence for supersymmetry. Ei-
ther superpartners and a light Higgs boson must be discovered or demonstrated not to exist
at the Large Hadron Collider (LHC) at CERN. In the latter case low energy supersymmetry
would not describe nature. There are several open questions, that the SM fails to address
adequately [1]. To some of them supersymmetry may provide answers:

e Hierarchy problem:

From the phenomenologic point of view, the mass of the Higgs boson associated with
electroweak symmetry breaking must be in the range of O(100GeV'). However, radiative
corrections to the Higgs mass are quadratically dependent on the ultraviolet cutoff A,
since the masses of fundamental scalar fields are not protected by chiral or gauge
symmetries. The “natural” value of the Higgs mass is therefore of O(A) rather than
O(100 GeV). In other words, to achieve m ~ O(100 GeV) it is necessary to fine-tune
the scalar mass-squared parameter m? ~ A? of the fundamental ultraviolet theory to
a precision of m?/A?. If, for example, A = 10'® GeV and m = 100 GeV, the precision
of tuning must be 1072, This is considered to be unnatural.

Supersymmetry provides a solution to the hierarchy problem [2], as the Higgs mass
parameter is not renormalized as long as supersymmetry is unbroken. Supersymmetry
also mitigates the gauge hierarchy problem by breaking the electroweak symmetry
radiatively through logarithmic running.

e Electroweak symmetry breaking:

In the SM, electroweak symmetry breaking is parameterized by the Higgs boson h and
its potential V' (h). However, the parameters of the Higgs sector are not constrained by
any symmetry principles, and therefore the energy scale of the electroweak symmetry
breaking and the Higgs mass are not consequences of this potential.

With plausible boundary conditions at a high scale (certain couplings such as the
top quark Yukawa of O(1) and no bare Higgs mass parameter p in the superpoten-
tial), low energy supersymmetry can provide the explanation of the origin of elec-
troweak symmetry breaking [3, 4, 5, 6, 7]. The SM effective Higgs potential has the



form V = m2h? 4+ Ah*. First, supersymmetry requires that the quartic coupling \ is
a function of the U(1)y and SU(2) gauge couplings A = (¢'> + ¢?)/2. Second, the
m? parameter runs to negative values at the electroweak scale, driven by the large
top quark Yukawa coupling. Thus the “Mexican hat” potential with a minimum away
from h = 0 is derived rather than assumed. As it is typical for progress in physics,
this explanation is not from first principles, but it is an explanation in terms of the
next level of the effective theory which depends on the crucial assumption that the
complex SUSY-breaking mass parameters have values of order the electroweak scale.
Once superpartners are discovered, the question of supersymmetry breaking must be
answered in any case and it is a genuine success of the theory that whatever explains
supersymmetry breaking is also capable of resolving the crucial issue of SU(2) x U(1)
breaking.

Gauge coupling unifcation:

The idea that the gauge couplings undergo renormalization group evolution in such a
way that they meet at a point at a high scale lends credence to the picture of grand
unified theories (GUTSs) and certain string theories. However, precise measurements of
the low energy values of the gauge couplings demonstrated that the SM cannot describe
gauge coupling unification (see e.g. [8]) accurately enough.

In contrast to the SM, the MSSM allows for the unification of the gauge couplings, as
first pointed out in the context of GUT models by [9, 10, 11]. The extrapolation of the
low energy values of the gauge couplings using renormalization group equations and the
MSSM particle content shows that the gauge couplings unify at the scale Mg ~ 3 x 106
GeV [12, 13, 14, 15]. Gauge coupling unification and electroweak symmetry breaking
depend on essentially the same physics since each needs the soft masses and p to be of
order the electroweak scale.

Gauged supersymmetry additionally includes a coupling between gravity and matter,
the invariance of the lagrangian density under a local supersymmetry transformation
leads to a quantized form of Einstein’s general relativity. However, like all known
theories that include general relativity, supergravity is nonrenormalizable as a quantum
field theory.

Cosmological questions:

Several difficulties are encountered when trying to build cosmological models based
solely on the SM particle content. The SM does neither have a viable candidate for
the cold dark matter of the universe nor a viable inflaton. In addition, the SM gives
when trying to connect it with the gravitational sector, much too large a cosmological
constant.

In supersymmetic theories, the lightest superpartner (LSP) can be stable. This stable
superpartner provides a nice cold dark matter candidate [16, 17]. Simple estimates of
its relic density are of the right order of magnitude to provide the observed amount.
LSPs were noticed as good candidates before the need for nonbaryonic cold dark matter
was established.
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In addition to the theoretical benefits that come along with the introduction of supersym-
metry, there are also some theoretical indications for the realisation of supersymmetry in
nature. Although there is no direct experimental evidence, several correct predictions have
been made [1]:

Supersymmetry predicted in the early 1980s that the top quark would be heavy [18, 19],
because this was a necessary condition for the validity of the electroweak symmetry
breaking explanation.

Supersymmetric grand unified theories with a high fundamental scale accurately pre-
dicted the present experimental value of sin® fy before it was measured [10, 9, 20, 21].

Supersymmetry requires a light Higgs boson to exist [22, 23], consistent with current
precision measurements, which suggest M, < 200 GeV [24].

When LEP began to run in 1989 it was recognized that either LEP would discover
superpartners if they were very light or, because all supersymmetry effects at LEP are
loop effects and supersymmetry effects decouple as superpartners get heavier, there
would be no significant deviations from the SM discovered at LEP. That is, it is only
possible to have loop effects large enough to measure at LEP + SLC if superpartners
are light enough to observe directly. In nonsupersymmetric approaches with strong
interactions near the electroweak scale it was natural to expect significant deviations
from the Standard Model at LEP.



Chapter 2

The Minimal Supersymmetric
Standard Model

The Minimal Supersymmetric Standard Model (MSSM) is a simple and attractive extension of
the Standard Model (SM) of particle physics. It extends the particle content of the Standard
Model in two different ways. On the one hand, all particles get a superpartner, on the
other hand there is a larger Higgs sector with two complex Higgs doublets. This extension
is minimal since it only uses one set of SUSY-generators (so only the so called N = 1
supersymmetry is considered) and the additionally introduced particles and couplings are
only those needed for consistency.

The superpartners get the same names as their corresponding SM-particles, just with the
prefix ’s’ for spin = 0 superpartners and the suffix -ino’ for the spin = % superpartners. That
leads to names like sfermions on the one, and gauginos and higgsinos on the other hand.
Particles and superpartners together form so called supermultiplets, as shown in Tables 2.2
and 2.1.

The particle content of the SM, and so also the MSSM can be expressed in 3 sectors:

e Gauge fields

The spin—1 gauge bosons of the SM are responsible for the conservation of the local
SU3)e ® SU(2), ® U(1)y gauge symmetry, and introduce interactions between the
matter particles. Now in the MSSM, they are extended by spin—% superpartners. In
particular, the eight gluons of QCD, g;, get eight spin—% partners ¢ called gluinos,
the SU(2) gauge bosons W, get three winos W as partners and the U(1) gauge boson
B, gets a bino B. Since SU(2)1, x 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)r ® U(1)y quantum numbers.

SM gauge bosons and their superpartners form the so called gauge supermultiplet of
the MSSM, shown in Tab.2.1.
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Names spin 0 | spin 1/2 | SU3)c @ SU(2)L @ U(1)y
gluino, gluon g g (8,1, 0)
winos, W bosons | At X3 | W+ WO (1, 3,0)
bino, B boson by B° (1,1, 0)

Table 2.1: Gauge supermultiplets in the Minimal Supersymmetric Standard Model.

Names spin 0 spin 1/2 | SU3)e @ SU(2), @ U(1)y

(ar dp) | (ur dp) (3.2, 3)
squarks, quarks _ )
w} R (3,1, —3)
(x3 families) ~R B ’
d?% dr (37 1, %)
sleptons, leptons | (7 ér) (v er) 1, 2, -1)
(x3 families) €x €r (1,1, 2)
(Hy HY)|(Hy H)) (1,2, -1)

Higgs, higgsinos o
(HY Hy)| (HY Hy) (1,2, 1)

Table 2.2: Chiral supermultiplets in the Minimal Supersymmetric Standard Model.

Matter fields
The matter fermions of the SM contain three generations of leptons and quarks, i.e. for
each generation two SU(2), fermion doublets and three singlets for the right-handed

fermions,
L= ( ) ’ E éRa Q = (

The MSSM introduces a spin—0 bosonic superpartner to each SM matter particle, called
sleptons and squarks:

vy ur,

dr

o (2.1)

), D=dp, U=aug.

(2.2)



e Higgs sector
Different to the SM, the MSSM needs two complex Higgs doublets, which couple at
tree level to up and down type chiral fermions separately. This is required by su-
persymmetry itself as well as by the attempt to keep the theory anomaly free. Those
anomaly constraints require the the two Higgs doublets to have opposite Hypercharges.
Like all other particles, the spin-0 Higgs particles also obtain superpartners , the

spin— higgsinos .
H! H!
me(a ) me ()
N ]:]1 5 ]:]1
= () =) 2

Together with the matter particles and their superpartners, the Higgs and higgsino particles
form the Chiral supermultiplets in the MSSM, as shown in Tab.2.2.
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2.1 MSSM Lagrangian

The complete Lagrangian of the MSSM can be written as

T L s 1 y i~ -
Lsusy = —wpa" D,y — D ¢*D,¢ — §(W Tpinh; + W*ahiah;)
; 1 1 cYa = a
—W'W + 504(6"T°0)° = S Fi, P — iX'G" DA
—V2g((¢" T D)A* + X*(YT)) + Lot (2.4)

The first line shows the kinetic terms of fermions and scalars; the last term comes from the
superpotential W:

1. .. 1 ..
W = S MI6i; + 2y i, (2:5)
oW LW
Wi="2 W= 2.6
00i 00i00; (26)

MU is a symmetric mass matrix for the fermion fields, and 3%* is a Yukawa coupling of a
scalar ¢, with two fermions v;1);, which is totally symmetric under interchange of ¢, j, k.

In the second line of Eqn.2.4, the first two terms come from the scalar-potential, the third
term describes the self interaction of gauge-fields (7* denoting the generators of the gauge
group), the last is the kinetic term of gauginos.

The last row finally consists of additional couplings (between a scalar, fermion and a gaugino)
and the soft supersymmetry breaking lagrangian.

To understand the necessity for a SUSY—breaking term, one has to remember, that no super-
symmetric particles have been discovered yet. So they must have significantly higher masses
than the standard model particles. Like electroweak symmetry breaking, supersymmetry may
be broken spontantously. Although this mechanism of producing the symmetry breaking at
high energies is not totally understood yet, its possible to use theoretical conditions like
renormalizability to find a general representation of the possible supersymmetry breaking
terms in the lagrangian at low energies, given in Eqn.2.7:

Loty = —= (MyA*X* +c.c.) — (m2)§¢j*¢i

DO =

— (%b”¢l¢] + é&ijk¢i¢j¢k + C.C.) (27)

M), are the gaugino masses for each gauge group, (m?)’ and b” scalar (mass)? terms , and
a’* (scalar)? couplings.

A more detailed derivation of the lagrangian of the MSSM may be found in [28] and [29].
The problem of soft SUSY—breaking is discussed in [1].
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2.2 MSSM spectrum

2.2.1 Higgs sector

In the MSSM, two complex Higgs doublets (H;, Hy) with eight real scalar degrees of freedom
are needed for electroweak symmetry breaking.

_(H\ ([ H _(Hy\ ([ HY
Hl_(Hf)_(Hl =g )=

Three of these eight real scalar degrees of freedom become the longitudinal modes of the
massive vector bosons Z° and W#. By expanding the Higgs potential around its minimum,
on obtains five Higgs bosons, corresponding to the five degrees of freedom not required for
the gauge boson masses. The five Higgs bosons of the MSSM consist of three neutral Higgs
bosons h?, H°, A° and the two charged ones, H*.

The scalar Higgs potential in the MSSM is given by
Vo= (myy, + ) H P + (my, + )| Ho|* — miy (Hy Hy + H{HJ)

1 g°
+3(0° + ") ([H[* - !H2!2)2+5\H1TH2\2- (2.8)
m%[i and m?, are soft SUSY-breaking parameters, yu is the analogue to the SM Higgs mass
parameter. In contrast to the SM, where the Higgs self interaction is introduced by hand, in
the MSSM its determined by the gauge couplings ¢’ and g.

To obtain electroweak symmetry breaking, it is assumed that both Higgs doublets have
non-vanishing vacuum expectation values (VEV). Without loss of generality one can choose
(Hy) = 0 at the minimum of the potential, implying that also the VEV of the negatively
charged component of H; is vanishing, (H; ) = 0. So the VEVs of H; and H, can be written

= () = (). 29)

This leads to nonvanishing VEVs for the neutral Higgs boson fields, both charged Higgs
scalars remain unaffected. So only weak interaction, but not electromagnetism is broken,
which agrees with experiment.

A common parameterization for the two Higgs doublets is:

- ( 5 ) _ ( CACIE ) oy 210

H

e\ o )
(HS)‘(vﬁ(qﬁngg)/ﬂ)’ Yir, =+ (2.11)
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The minimum of the Higgs potential is obtained by solving the equations

ov ov
— = — =0. (2.12)
aHl (HY)=vp, aHQ (HY)=vp,
This leads to the two minimization conditions
1
(b, + [plP)or = —miyvs = 2(g" + ¢ (v —03), (2.13)
1
(i, + s = —mdyon 4 5067+ )0} — 0d). (214)
From experiment, the following relations are well known:
2 2 2
+
my = I @i+ed),  mh = S0+, (2.15)
2 _ 2 2 2m2z ~ 2
(% = (Ul + ’U2) = W ~ (174 GGV) . (216)
Now we can express both VEVs in terms of one single parameter
tanf = 23>0, 0<g<”. (2.17)
U1 2
Egs. (2.13) and (2.14) may now be written as
1
(m3y, + |u)?) = —miytanp — §m2z cos2[3, (2.18)
1
(m3, + |u>) = —mi,cot B+ §m2Z cos 2. (2.19)

Evaluating the second derivatives of the Higgs potential taken at its minimum leads to the
Higgs mass spectrum

2tiiges _ 1OV
i 2 OH,OH,

(2.20)

(H’(OL>:U7L '

At tree level, ij’HiggS can be split into independent 2 X 2 mass matrices. As a result of
separate diagonalization, we obtain finally the mass eigenstates, in terms of the original
gauge eigenstate fields, given by

o cosa  sina @Y

( h? ) B ( —sina cosa ) ( d)é) ) ’ (2.21)
G° _ —cosf3 sinf b%

( A° ) B ( sin 3 cos 3 ) ( Xé ) ’ (2.22)

G* - —cosf sinpf o
(Hi> - ( sin 3 cosﬁ)(gb;t)' (2.23)
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The Goldstone bosons G® and G* are absorbed by the longitudinal components of the vector
bosons Z° and W+ and so are responsible for the creation of their masses. The remaining
physical Higgs bosons spectrum consists of two neutral CP—even states (h°, H"), one neutral
CP-odd state A° and the two charged Higgs bosons H*.

The masses Higgs sector, as well as the mixing angle o, may described at tree level by two
independent parameters. Usually, one chooses m 40 and tan 3:

1
Mio o = 3 lmio +my F \/(mio +m%)? — 4m?,m% cos? 3| (2.24)
mye = mio+miy, (2.25)
2 2
tan2a = tanQﬂm’;O + m2Z , _r <a<0 (2.26)
Mo — My 2

Loop corrections have a great influence on Higgs masses and other paramters of the Higgs
sector. As an example, the mass of the lightest Higgs boson hy is even below m  on tree-level,
what would be already ruled out by the experiment. After taking into account higher order
corrections, my, is increased to a value still compatible with the experiment (e.g. myp, > mz).

2.2.2 Sfermion sector

The sfermion mixing can be described by the sfermion mass matrix in the left-right interac-
tion basis (f1, fz), transformed in the mass basis (fi, f2), f = £,b or 7 by a rotation matrix
R! ,

m?  apmy ~ m?2 0 ~
L T 1
M2 = ( / . = (RY) Of , | R, (2.27)

with

m]%L = M{Q L}+mf—i—mz cos 26(1" — ef sin® Oy ) | (2.28)

mJ%R = M{QUDE} +mf+mZ cos 23 e sin® Oy (2.29)
_ my (A% — pcot 3) ... for up-type sfermions

G = { ma(A; — ptan3) ... for down-type sfermions (2.30)

Mg, My, My, Mp and Mg are soft SUSY-breaking masses, Ay is the trilinear scalar coupling
parameter, p the higgsino mass parameter, § is the ratio of the VEVs of the two neutral
Higgs states (introduced in Subsection 2.2.1).

1 ;?L denotes the third component of the weak isospin of the fermion f, e the electric charge
in terms of the elementary charge ey, and 6y is the Weinberg angle.
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The 2 x 2 rotation matrix to that diagonalizes the mass matrix by the rotation angle 0; to

obtain the mass eigenstates is given by

Rf— COS@f sinef
o —sinff cosf; )’

Applying the rotation matrix sza to the interaction eigenstates f, (a = L, R), one receives

the mass eigenstates f; (i = 1,2) and vice versa:

(2.31)

ﬁ:(ﬁ):Rf.(fL):Rfafa (2.32)
f2 fr
o= () =y () =Rl (2.33)
fr f2
For the sfermion masses we use the convention
mfg > mfl . (2.34)
The mass eigenvalues and the mixing angle in terms of primary parameters are
mi = = <m2~ +m% F o\ f(m: —m2 )%+ 4a2m2) (2.35)
fi,2 - 2 fr Ir fL fR 0 ! ’
—arm
cosfl; = S (0<8p<m), (2.36)

Since we assume massles neutrinos to be sufficient good approximation, there is no mixing
among the sneutrinos, and the mass of the sneutrino 7, is given by

1
m; = M:? + 3 m3 cos 23 (2.37)

2.2.3 Neutralino sector

Due to electroweak symmetry breaking, higgsinos and gauginos mix with each other. The
mass eigenstates formed by the superpartners of the neutral gauge bosons (B, and Wj), and

of the neutral Higgs bosons (H? and HY) are called neutralinos.
Using the gauge-eigenstate (interaction-eigenstate) basis

W) = (—iB, —iW?, HY, HY), (2.38)
the neutralino mass terms occurring in the lagrangian are

L = —% ()" Y ¢° + hee.. (2.39)
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The neutralino mass matrix used in Eqn.2.39 is defined as

M1 0 —MmMzSw COSﬁ mzSw sinﬁ
v 0 M, mgcy cos B —mgcey sin 8 (2.40)
—myzSw cos 3 mycy cos 3 0 —
myzsSwsin 3 —mgew sin 8 — 1 0

The abbreviations sy and ¢y, are the short forms for the sine and the cosine of the Weinberg
angle. My and M, originate from the soft SUSY-breaking parts of the lagrangian, —u are
the supersymmetric higgsino mass terms. The remaining offdiagonal terms proportional to
my evolve from the Higgs-higgsino-gaugino couplings.

Since neutralinos are Majorana particles the mass matrix Y can be diagonalized using only
one single rotation matrix Z:

ZY 771 = diag(mge, mygg, msg, myo) Imgo] < [mgg| < [mg| < |mgol (2.41)

For the labeling, we use the conventional ascending order:

|m>z(f| < |m)~<3| < |mxg| < |m§<2| (2.42)

The physical neutralino mass states y? can be calculated by applying a unitary mixing matrix
7, which diagonalizes the mass matrix Y, on the interaction states:

X0 = Zid) (2.43)

Finally, the mass term Lagrangian gets can be written as
=
L= - D> mp xR (2.44)
i=1

Since the mass eigenstates x? are mixtures of gauginos and higgsinos, they combine ” gaugino-
like” and "higgsino-like” parts. In this context, an interesting limit can be found in the case
of

my L |pE£ M|, mz<|pt M. (2.45)

In this limit, the electroweak symmetry breaking only causes a small perturbation on the
neutralino mass matrix. So the mass eigenstates can be assumed approximately as

)2(1) ~ B
o o~ W
X3 o~ (Hy+H)/V2

W~ (B HY/VE. (2.46)
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So we have a "bino-like” ¥} and a ”wino-like” Y9, and ”higgsino-like” heavier neutralinos
X3 and xY. This case seems to be not so unlikely, since the ”bino-like” ¥! would be a ad-
equate candidate to describe dark matter. In addition, this particular limit fulfills minimal
supergravity boundaries.

2.2.4 Chargino sector

Similar to the neutral gauginos and higgsinos, also the electrically charged superpartners of
gauge bosons (W¥) and Higgs (H*) particles mix to form mass eigenstates. The resulting
physical particles are called charginos.

In Weyl representation, the chargino fields [30] can be written as

er = (_ZWJF7H2+) ¢7 = (_wa’Hf) : (247)

The corresponding mass term of the Lagrangian has the form

L— —% (¥, 97 - ()O( X(;T ) - ( wj ) +he., (2.48)

with the mass matrix

- M. V2myy sin 8
X = ( \/ﬁmw2cos 5 p ) . (2.49)

The mass matrix X can be diagonalized by two 2 x 2 matrices U and V:

M-+ 0

UXV~!= ( 661 - ) , ‘mif’ < |m)~<;:] (2.50)
X2

In Dirac representation, the relation between the mass eigenstates and the gauge eigenstates

is given by
vh o= Vi vy : (2.51)
' Uij¥;

The mass eigenvalues can be computed analytically:

1
m?{i = 3 M? 4 p? +2miy F \/(]\/[2 + u? +2m,)? — 4(m¥, sin 23 — uM)?| (2.52)
Like the neutralinos, the charginos decompose into one ”wino-like” and one ”higgsino-like”
state in the limit of large |u| and/or large My, Ms:

~+ . T/t
Xl ~~ W

& ~ H* (2.53)

L



Chapter 3

Renormalization

The progress of accelerators and detectors lead to a considerable improvement of the accuracy
of high energy physics experiments. Therefor, it is not longer sufficient to consider only the
lowest level of perturbation theory, the so called Born approximation or tree-level. To reach
an accuracy in calculation, that allows to compare the results with the precision experiments,
it is necessary to include higher orders. In the picture of Feynman diagrams that means to
add loop graphs to the tree-levels graphs. Unfortunately, this can not be done easily in a
naive, straight forward way. The loop diagrams, that represent the next to leading order of
perturbation theory introduce integrals of the form

dq
_ NI
/qQ—m2+ie (3.1)

These integrals are divergent for large momenta. The divergencies are caused by fundamen-
tal theoretical reasons. Integrating over the whole range from ¢ = 0 to ¢ = 0o means to
assume implicitly, that our models work for all energy and length scales. That is of course
rather implausible. The problem can also be viewed from another side. Just adding the loop
diagrams simply straight forward neglects the fact, that there is a difference between the pa-
rameters in a calculation of certain order, and the realistic, physical parameters, that result
of all possible processes in nature, up to infinite order.

The way out of this dilemma is called renormalization. The divergences are absorbed into the
relations between the physical parameters and the ”bare” parameters or the not renormalized
theory. Using the redefined Lagrangian, the results become finite again and our lack or
knowledge is shifted to the now diverging bare parameters.

In particular, we will use the so—called multiplicative renormalization. All bare parameters
and fields of the original Lagrangian are replaced by the corresponding renormalized ones,
which are obtained by the multiplication with renormalization constants:

go — Zyg = <1+%g)g, (3:2)

1
oo — ZY% = <1+§62¢)¢. (3.3)

15
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By expanding the renormalization constants Z, and Zdl)/ ? around the value 1, the original
Lagrangian can be split into a renormalized Lagrangian and a part containing the counter
terms 0g and 0Z, i.e.

L(go.¢0) = L(9,0)+3L(g,6,69,62) . (3.4)

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 (renormalization
conditions) depending on the chosen renormalization scheme. For our calculations, we use
the on-—shell renormalization scheme [31], that identifies the renormalized parameters with
observables.

Before the renormalization process itself can be done, it is necessary to find a way to remove
the infinities from the divergent integrals. This procedure is called regularization. Regular-
ization is of course not a physically motivated treatment like the following renormalization.
It just means to parameterize the divergent parts, so that it becomes possible to ”switch
the divergencies on and oftf” by changing one parameter. After the renormalization process
is done, the result should be a sum of several terms, which are together independent of this
parameter, and so finite, even if the single parts alone were not. For supersymmetric models,
appropriate regularization schemes are dimensional reduction (DRED), introduced by W.
Siegel [34], or constrained differential renormalization (CDR) [35], used by Thomas Hahn in
his FormCalc package [36].

Although all our calculations are done using the on-shell scheme, the input parameters for
the plots shown in Chapter 6 will be given in the SPA-convention [32], that uses the so called
DR-scheme [33]. In other renormalization schemes than the on-shell scheme, the renormalized
quantities are not defined by observables, but by just subtracting divergent terms. One may
define a divergence parameter

2
A =——vg+logdr, (3.5)
€

whereas 7 is the Euler constant (0.57721...). One may define a renormalization scheme
by the "mininal subtraction” of only the divergent terms including € or by subtracting the
whole divergence parameter, also including the constants —yz and log 4. In the DR-scheme
the whole divergence parameter is subtracted and dimensional reduction (DRED) is used
for regularization.

In the following we introduce the renormalization constants necessary to renormalize neu-
tralino and chargino decays at one-loop level. That includes as well renormalization of wave
functions, masses and mixing matrices and coupling constants. The generic forms of the used
selfengeries are listed in Appendix D, a listing of all contributions to the selfenergies can be
found in Appendix F.



3.1 Fermionic particles with mixing

3.1 Fermionic particles with mixing

The renormalized Lagrangian £ can be obtained by inserting renormalized fields ¢; and
mass paramters m; into the bare Lagrangian Ly:

L = QZj 5z‘j (ia—mz‘)%, (3'6)
Lo = ;06 (i P —mo;) o, (3.7)

The unrenormalized quantities in terms of the renormalized are given by

Vo; = (0 + 3025 PL+ 50211 Pr)iy (3.8)
Vo; = i(0u+ %6ZillﬂPL + %5Z£TPR) : (3.9)
mo; = m;+om;, (3.10)

with (5Z£ R meaning hermitian conjugated of (5Z£ H with regard to the spinor indices.

To ”pin down” and find the well defined form of the renormalization constants in the on-shell
scheme, we use the renormalized one particle irreducible (1PI) two—point—function

5 M = i (k)T (k) ()

W, (5 . .
Lij(k) = 055 (§ — my) + 1Li;(k)

The renormalized self-energy, that represents the contributions of loops and counterterms
can be decomposed as

(k) = kP, ﬂfj(k)+ ¥ Pg ﬂg}(k) 4+ ﬂ;er(k)pL + f[fj’R(k)PR . (3.11)

If we insert the counter—term Lagrangian

0L = i (KPLCL+ KPRCl — C5" Pr — C ™ Pr)y; (3.12)

into the bare Lagrangian Lo = £ + 0L, the coefficients C;; become

ch = 62k +6z5, (3.13)
CE = L(szB 4528, (3.14)
Cii"L = %(miaZz’?"‘mi(SZﬁT)ﬂL%(smi, (3.15)
CoM = Lm0 Zf 4+ my6ZL) + 6 6m. (3.16)
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Thus the renormalized self-energies can be written as

0E = nk+ (625 +625) (3.17)
R = nft+ 1028 +0z1", (3.18)
M55 = 10k — L(my6ZE +m; 628 — 6,5 6m,, (3.19)
057 = T5F — L(m, 028 +m;625T) — 6,5 6m,. (3.20)

The on-shell renormalization scheme requires that the renormalized mass parameter is the
real part of the propergators pole, and so is equal to the physical mass. It is further re-
quired that the propagators residue has the value 1.These assumptions lead to the on—shell
renormalization conditions

-Rely(k)ui(k) = wi(k). (3.21)

If we now apply the renormalization conditions in eq. (3.21), we get the counter terms for
the mass parameter and the wave—function corrections

om; = % Re [mi (Hﬁ(mz) + Hﬁ(mﬂ) + I (my) + HZ’R(mZ-)] . (3.22)
5Z5 = ﬁ Re[m? Hfj(mj) +m;m; Hg(mj) +m; HZ-’L +m; HZ’R] . (3.23)
62 = ~TUms) 4+ 5= [ (m) — 113 (m)|

—mi% T (k) + TUE(R)) -+ TS5 (k) + T ()| o (3.24)

The right-handed terms are obtained by interchanging IT1(5)% « T1(9).L.

When dealing with mixing fermions, one faces couplings containing mixing matrices. These
mixing matrices need to be renormalized too. In our case we need counterterms to the
chargino mixing matrices U;; and Vj;, and to the neutralino mixing matrix N;;. With no
experimental data available, a process and scale independent fixing is chosen.
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(928()° = 025 ) Ui

(%Y
=
<
I
= =
]

k=1
2
1 - -
Vi = 12 (075 92 ) Uiy (3.25)
k=1
1 4
ONyg = 72 (0Z5() = 02 ) Ny (3.26)
k=1

The anti-hermitian parts of the off-diagonal wave function corrections cancel the rotation.
That the counter-terms comply with the requirements concerning the cancelation of the UV-
divergences is shown in [37].Their gauge-independence within the Feynman-tHooft gauge is
shown in [38]. For more detailed information about the renormalization of the chargino and
neutralino mass matrices refer to [39] and [40].
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3.2 Scalar particles with mixing

Again, we change from the bare Lagrangian L, to the renormalized Lagrangian £

Ly = _¢é,i 5ij (aua“ + mgﬂ) Qbo,j , (3.27)
L = —¢76i; (0,0" +m7) ;. (3.28)

The unrenormalized fields ¢ ; and mass parameters my; in the bare Lagrangian are replaced
by the corresponding renormalized ones:

¢O,j = VvV ij ¢k = (5]k + %5Z]k>¢k + 0(522) s (329)
(mO,i)2 = m?+om?. (3.30)

Like for the fermions before, we use a renormalized two—point—function to fix the renormal-
ization constants.

k
Oj ——F»—— —>—— ¢ M =i Ty(k?) = i6; (kK> —m?) + ill; (k?)

The renormalized self-energy IT;;(k?) consists of the bare self-energy I1;;(k?) and counter—
terms:

The on-—shell renormalization conditions

ReT';(k?) N s Rel(k?) = 1, (3.32)
lead then to
om; = Rell(m3), (3.33)
2 o
0Zij = WRGHM(W?) P F ], (3.34)
67y = 07} = —Relly(m?). (3.35)

For the renormalization of couplings containing sfermions, we need to define the renormal-

ization constant of the rotation matrix sz] It is determined similar to the chargino and
neutralino rotation matrizes such as to cancel the anti—hermitian part of the sfermion wave—
function corrections,

> (87Zu(f) = 021l )) R, (3.36)

k=1

i
SRl =

=~ =
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Concerning the Higgs-sector, it is also necessary to renormalize the parameters o and (3
which occur in several couplings. Similar to the sfermion mixing, there exists a rotation
matrix

R = Rl-j(a):( (3.37)

cosa sin«
—sina  cosa ’
ij

that diagonalizes the Higgs mass matrix:

mie 0

M2(H®, n%) = (R)". ( ) R mpe < mgpe

0  mp,

If we define the renormalization constant of the rotation matrix Rgo such as to cancel the
anti—hermitian part of the Higgs wave—function corrections,

2
0 1 0 0 0
OR = > ;028 —0Zi7 )R (3.38)

k=1
we get for the counter term of «

1

1
Ssina = —<5ZH—5ZH):—
s 4 = 12 Q(mzo —mio)

Re (H{g(mi,o) Iy (mzo)) . (3.39)

For the other paramter, the mixing angle 3 we use the renormalization concept introduced in
[41] and [42]. Tt is fixed in that way, that the renormalized transition from A° to Z° vanishes
when p? = m4o:

ImIlj0z0(m%0) = 0 (3.40)
That leads to the counter term
dtan 8 1 9
= ImII ) 3.41
tan 3 my sin 23 mlLaoz0 (mi40) ( )

The mixing self-energy IT4070(m%,) can be visualized by the following diagram:

k
P — Zy M = —i kP Tz (k%) €;,(k)
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3.3 SM gauge sector

The MSSM does not introduce any further interactions between SM particles, and so no new
gauge bosons either. That means, that the renormalization procedure of the electroweak
gauge sector is the same for the MSSM as for the SM. More details may be found in [43]
and [44].

Once again, the free fields are expressed in terms of the renormalized ones and the renor-
malization constants 0.7:

Wi — (14 36Zw) W, (3.42)
1 1
(A“ ) - ( o o7 5612 > ) (A“ ) . (3.43)
Z, 30274 1450222 Zu

For the mass corrections of the massive gauge bosons Z° and W+ we get

2 2 2
my — My +omy,

my — my+ om3. (3.44)
The vector two—point—functions
k
b P Mab *V
Ve 1% M =iet(k) FW(I@) e (k)

can be decomposed into transverse and longitudinal parts

- . . k kV - k ku ~

Fm(k) = —igu (k2 — m%,[,) — Z(gw, — 22 )HQVY(k2) —1 22 IV (k%) (3.45)

“a . . Euko fra Kk o,

Fy?/(k) = G (k2 - mi)(sab - Z<g/w - 22 )HTb(kQ) - %HLb(k% ) (346)

containing the renormalized self-energies

Y, (k%) = WY (K + (K —miy) 02"V — omiy, (3.47)
44 (k%) = T (k*) + k20224, (3.48)
22 (k) = TZZ(K*) + (K> — m%) 0277 — 50m?%, (3.49)
24 (k) = 04 (K*) + k%6247 + L (K — m%) 6274, (3.50)
73 (k%) = TEL(K*) + 2k26 247 + L (K — m3) 6274 (3.51)



3.4 Electric charge

The renormalization conditions

Rel'® (k) " (k) = 0, lim #Refab(k)g(k) = —e'(k), (3.52)

2 2 224
k2=m?2 k2—m2 k2 —m

set the poles by using the physical pole masses and set the residua to on shell (k* = m2).
This determines to the renormalization constants (a,b = A, Z) as

029 = —Relli(m?), 02" = —Relly(m%),

Mm?) = -1

(m) - @ ( )}k2:m2
2

6Z% = — Rell¥(m;),  a#b, (3.53)
a b

omi = RellZZ(m3),  omd = Relll™(md), (3.54)

The mixing angle can be written in terms of the gauge boson masses cosfy = cy = %

[31], and so the corresponding counterterm also may be expressed by using the gauge bosonss
mass counterterms:

2 2 2 2 2 £ 2
ocyy _ Omyy  dmy Osyw _ Cw 0cy (3.55)
&, m? m2 s2. 52, ¢, '

W w z W w Cw

3.4 Electric charge

For the renormalization of the electric charge one needs a well know process to pin down the
value of the charge. Usually the electron—positron—photon vertex is used for that purpose. The
momentum of the photon is set to zero, all external particles are on-shell. This configuration
is also known as Thomson limit. In experiments, the value for the fine structure constant in
the Thomson limit o = €?/4m = 1/137.036 can be measured. The renormalization condition
in the Thomson limit is

a(p) T (p, p) u(p) = ieu(p)yu(p), (3.56)

2 —m?2
pT=mg

with the renormalized three-point function

. ) 1 e
Fef'y = ey, <1 4 _6 + _o70 — S_Wé'ZZ'Y + 5Ze> + eA'Iee =eYy- (357)
; e 2 2c !
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The term AZLeé represents the vertex-loop-diagrams, the contributions of the fermion self-
energies 0/°¢ cancel due to a Ward identity. The counter term for the electric charge in
eg = e + de is then given by

A
be _ —%52W wilszm ~ L)y v I (0

3.58
e cw 2 2 cw my (3.58)

As mentioned above, the presented renormalization procedure defines the electric charge in
the Thomson limit, which is a low energy limit. Recent Particle Physics experiments use
much higher energies in the range of hundreds of GeV. Taking into account loop effects, the
vacuum behaves similar to a polarizable dielectric medium. That means, that the value of
the electric charge is not longer independent of distance, and so the energy scale. Especially
the contribution of light hadrons in I1)7(0) lead to large theoretical uncertainties [44, 45].
This problem can be avoided by using as input an effective MS running coupling oz%(m%)
at the energy scale ) = my,

1

o (m2) = a ~ , (3.59)
MS 1 — Aot (my) — 127.7

where the contributions from light fermions are already absorbed [39, 40].
a still denotes the fine structure constant in the Thomson limit (o = 1/137.036) and
Aot (my) is an abbreviation for

) a (5 55
Aogis(my) = ;(3+27<1+ ))+Aalep(mz)+Aahad( 7). (3.60)

with the leptonic contributions Acye,(m%) ~ 0.031497687 and the hadronic contributions
Acl?) (m2) = 0.02769 % 0.00035 [46].

Finally, the counter term for the electric charge de is then given by
de 1 e Q?
_ f f
= = e 6[42 N, ef(A+log )+E E N, ef(A—i-log )
YR Q? @
+4 gl (A + log 3 + g A + log 3 — 22 A+log— ||,

X =1 HY iy

(3.61)

with ; = mz ¥V my < mz and 2, = my. Né is the colour factor, Né = 1,3 for (s)leptons
and (s)quarks, respectively. A denotes the UV divergence factor, A = 2/e — v + log 47, with
the Euler-Mascheroni constant y = lim (Y.}, 1 — logm) ~ 0.577216.



Chapter 4

Decays of Neutralinos and Charginos

One of the main goals of the new Large Hadron Collider (LHC) at CERN is to look for
supersymmetric particles. Assuming that supersymmetry is realized in the way the MSSM
suggests, it is most likely observed at LHC by gluino or squark production. Lighter squarks
and gluinos would decay into quark pairs and finally hadron jets, and the lightest neu-
tralino, which is assumed to be the stable lightest supersymmetric particle (LSP). The heav-
ier squarks and gluinos could decay again into quark pairs, but together with a chargino
or a heavier neutralino. At an electron-positron collider, like the projected Linear Collider,
charginos and neutralios could occur as decay products of squark and slepton pairs, addi-
tionally there could be directly produced chargino or neutralino pairs.

Both charginos as well as the heavier neutralinos are unstable and decay further into lighter
MSSM and SM model particles. So it is necessary to study chargino and neutralino decays
in order to understand the various decay signatures. In this context, the branching ratio
['/T ot (ratio between the width of a single decay channel and the total decay width) is a
relevant parameter.

To obtain a finite result for the decay widths on one-loop level, it is necessary not only to
add the loop corrections to the tree-level result, but also counterterms and Bremsstrahlung
contributions, in order to cope with UV and IR divergencies. So the total, finite decay width
is given by Eqn.4.1:

I'=Tee + Floop +Tler +1Tr (41)

Generic forms for I'ye, L'ip0p and I'cp are listed in the following in Eqn.4.2, 4.3, 4.5, 4.6, 4.7
and 4.8, 'y is derived Section 5 and Appendix B. The generic structures for the formfactors
A and IT are listed in Appendix C. The tree-level couplings for all decay channels are listed
in Tab.4.1, and defined in Appendix A. All vertex correction contributing graphs are listed
in Appendix E. All needed couplings, that are not yet listed in Tab.4.1 can be found in [47].

Using the same conventions for the generic structures as given in [48], index 72" stands for
the incoming neutralino or chargino, ”1” for the outgoing fermion and ”0” for the outgoing
vector or scalar particle.
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Xi — gr=Al gL =Aj Xi — tt; gr=Cf g =C;
Xi =W | gr=Bg  g=DBp | X' —b | gr=Dy 9= D
i =T | gr=AY =AY | X{—vit | gr=C" g =0C"
Xi =70 | gr=B"™ g =B | X}—>7% |gr=D gL=D/"
Xp = XIWH | gr=E  g=Ej | X\ = XiW | 9r=E g.=Ey
Xi — X}LZO Jr = E;;R gL = E;EL Xpe— X0 Z2° | gr=Ept gL =EjF
Xi =X HY | gr=K}, gr=K5, | X —XHy | 9r =K}, 91=Kj,
Xy = XH | gr=Kj" go=Kj" | X} = x7H |9r=K;* g.=K}

Table 4.1: Decay channels for chargino and neutralino decays and the corresponding treelevel
couplings. Note that b, b, ¢, ¢, 7, 7, v and U stand for all three generations of (s)quark and
(s)leptons.

Neutralinos and charginos may either decay into another fermion and scalar, or into a fermion
and a vector particle. The tree-level decay width for a decay of a fermion into a fermion and
a scalar is given in Eqn.4.2, for a decay of a fermion into a fermion and a vector particle in
Eqn.4.3. The form factors A and II in Egs. 4.5 — 4.8 are listed in Appendix A.

VA

Circe(f = f5) = g5 [(m} +m5 = m{)(grgk + 9191) + 2mama(grgr, + grgr)]  (4.2)
2
A * * * *
Ciree(f = [v) = o= [p(9r9R + 919%) + 6mama(grgr, + 91.9%)] (4.3)
32mm;
A = my+mi+mg—2mim] — 2mimg — 2mimg
A
po= 5 + 3(mj3 +mi —mp) (4.4)

0

Eqn.4.5 and Eqn.4.6 show the one-loop corrections to the decay width of a fermion into a
fermion and a scalar, and for a decay of a fermion into a fermion and a vector:

vV
Lioop(f — f5) = m

+ 2myma(Arg; + ALgh + grAL + 9LAR)]

[(mF +m3 —ma)(ALgy + Argh + 910} + grA}y)

(4.5)
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VA
Lioop(f — fv) = —===—=|p(Arg] + Argp + 9LA] + grA}R)
P 12873m3 [ L R L R
— 6mima(Aggr + ALyl + grA + gLAR)
Am * * * *
- Q—mé(HLgL +1rgy + gull} + grIlE)
0
)\mg

- Q—mg(HRg}i +1Lgp + grIT} + gr1TR)] (4.6)
0

The terms I'cr in Eqn.4.7 and Eqn.4.8 include the counterterms that are necessary for
cancellation of the UV divergent parts of the one-loop corrections. dgg and dg; therefore
include both coupling counterterms and wave function counterterms. Like the different tree-
level couplings gr and g, they are listed in Appendix A.

VA

Lor(f — fs) = —z53 [(m +m3 —mg) (89197 + 09rgR + 9rAL + 9rOgR)
12873ms;
+ 2mima(Sgrg; + 69195 + grOYS + 9109)] (4.7)
\/X * * * *
Lor(f — fv) = m [P (69r97 + 09rgr + gL\l + grdgR)
—  6mima(Sgrg; + 06995 + 9rO9L, + 9L09R)] (4.8)

For the calculations of Feynman amplitudes the algebraic software FeynArts [49] by T. Hahn
was used.



Chapter 5

Bremsstrahlung

Vertex functions and wave-function corrections with one single massless vector particle like
photon or gluon in the loop show divergent amplitudes. These so called infrared (IR) diver-
gencies originate from the zero mass or the photons or gluons, which leads for small momenta
to divergent integrals. To regularize them, one introduces a small photon (or gluon) mass
m., leading to the expression

0 1 1 1 m?
44 = ———(2—-log— 1
op? i7T2/ q(q2 — m%)[(q +p)2 —m?] mm? m2< 0g m2) ) (5.1)

which diverges for m., — 0.

The IR-divergencies can be cancelled by adding real Bremsstrahlungs processes, which con-
tain an additional radiated photon per charged particle. In the following we present the
expressions for the real Bremsstrahlungs diagrams for decays of one fermion into another
fermion and a scalar particle as well as into another fermion and a vector particle. More
detailed calculations for the processes (fermion — scalar, fermion) are done in appendix B.

5.1 Bremsstrahlung processes for decays (fermion —
scalar, fermion)

The decay width of the Bremsstrahlung processes is given by:

1 d*py d’py d’q
Fbrems — 2 4 54 o brems |2 D)
2 / (27)32E, / (27)32E, / (27r)32Eq( ™) 0 (po=pr=p2 @) M (5:2)

M2 = AT+ MEM + MM+ (MEMy + MIM,)
+ (MIM+ MIM,) + (MM + MIM) (5:3)
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Figure 5.1: Real Bremsstrahlung diagrams needed to cancel the IR-divergences in decays of
a fermion into another fermion and a scalar.

Performing the integrations leads to integrals of the following form, which are listed in [44]:

j1...0 1 d’py dpy dq
[rim _ L [P &G
Jim (mo, ma, ma) =2 | 2E, 2B, 2E, (Po —p1—1p2—q)

(£2pj,-q) .. (£2pj,.- @)
(£2pi, - q) - .. (£2p;, - q)

(5.4)

The final result for the decay width of the Bremsstrahlungsprocesses for the (fermion —
scalar, fermion) decays is

e? miy m2 1
[brems _ 2( g(gF o L*L(_ 2! g __2[__o>
Fosf 12873mq [Qz( (99" +97"g") g 122 5 127 gt

1
+ 8(g™g" + gL*gR)mom2< — 512 - m§[22))
+Q3 (Q(QR*QR + gL*gL)< —2miY Iy — Y1 +2mil, + I)

1
+ 8(QR*QL + gL*gR)m0m2< — 5]1 — m%]H))

m2Y m2 1
+Q;( 8(g™ 9" + g™ L)( — 2T — =My — = 3)
2 2 4
1
+ 8(g™g" + gL*gR)m0m2< - 510 - m?)foo))

+0Q1Q (Q(QR*QR + gL*gL)< —2XY T +Y(L+5L)+X(L—5L)+ WL+ [>

+ 4(gR*gL+gL*gR)m0m2<—2X[12+IQ+[1>)
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+QoQ2 (4(9R*9R +g"g") <m3]0 — Y2l +mil, =YL, — Y1 — %I)
+ 4(g™ gt + 9" g" 2( I — O—QYIOQ))

+QOQ1( (g gt + gt gt ( I+W(ly— L)+ X1 — Y([O—l—YIl)—QWY[Ol)
+ 4(g™g" + g 9" (

Io— 1 — 2W[01>)] : (5.5)

with the abbreviations

X = (mg—mi—mj)
Y = (mj—m:+m3)
W = (mg+mi—m3). (5.6)

In the case of photon emission, @)y, ()1, ()2 mean the electric charge of the particles with the
index 0, 1 or 2.

For the calculation of the gluon emission in processes with outgoing quarks or squarks, the
decay width has to be changed to

4 o
brems brems
UFoig — 5 T (5.7)

with

QO - 07 Ql - 17 QQ — 1. (58)
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5.2 Bremsstrahlung processes for decays (fermion —
vector, fermion)

() /
T

(b) //4
R \“\?M \

Figure 5.2: Real Bremsstrahlung diagrams needed to cancel the IR-divergences in decays of
a fermion into another fermion and a vector particle.

Fbrems — [tree (_g) 4mg _QQ (m2_m2_m2)]2
foof T S foef k(m2, m2, m2) 0%2 1 0 2/40

2 2 Il I
+ Q5 ((m%foo +I) - (147812 0 —)

2m? /Gy  GY
2 2. 711
+ms\ I I
2( (2L + I,) — (1 M)l__
+Q2((m2 09 + I3) + o? )G O
2 ) 02
+m, 1 1
2 27 7. — mg 2 911
+Q1<(m1 n+h) 2m? Gy G{

[2
Q0 ((mg R — 3 + 2_1)

Gy
IO
—Q1Q2 ((m% —mg +mj) Iy + 20—1)} (5.9)
1
with
_ m2 —m3)?
G; :—<2m§—m3—m§ (mg ; 2) ) (5.10)
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5.3 Bremsstrahlung integrals for processes with an out-
going massless particle

For processes with an outgoing massless particle, some of the Bremsstrahlungs integrals
listed in [44] are not defined when my = 0, and need to be modified. In our case, this is
necessary for the process Y* — lv, where the my = m,, = 0. We show the treatment of Iy,
for 11, and Iy, it works in the same manner. The results for all needed integrals are listed in
B.8.

As one can easily see, the original version of Iy (Eqn. 5.11) is not defined when msy = 0.

1
4my My MM 2 5

Ipy = ! [Fo In <#) — Kk —(m] —m3)In <%) —mp ln(ﬁo)] . (5.11)

2

2 2 2 2 2
mg—mj —my—K my—mi+m; — K

= = 5.12
ﬁO 2m1m2 ’ ﬁl 2m0m2 ) ( )
3 mg + m% — m% — K

2 2m0m1 ’
K = \/(mg —m} —m3)2 —4mim3.

The first step is now to expand (3, 31 and (5 into power series in mgy around mo = 0. That
leads to the results shown in Eqn. 5.13.

2m2 + 2m?
Bo — 72;’”1% L+ 0(my) (5.13)
moms 2
—— 40
b — > p— + O(ms3)

B2 — ﬂ%—0(77’02)
mo

Inserting these versions of 3y, 31 and (5, and doing some simplifications, one gets for Iy:

1 mo My o (M2 —m3
o = L [ (- ) e ()
00 T [mo n . (mg ml)(mo—i-ml)( +1n g
+ m?l ( g ) (5.14)
m?ln (——% .
! mimy —m3

The form of Iy, in Eqn. 5.14 is independent of my, and so well defined at ms = 0.



Chapter 6

Numerical Results

Beyond tree-level, the parameters of the MSSM Lagrangian are not defined uniquely, but
dependent on the chosen renormalization scheme. Several benchmark scenarios were intro-
duced [50], taking in account constraints form collider experiments and from cosmology. To
establish a common standard for MSSM input parameters, the SPA project [51] was founded.
In order to make results comparable, the CP and R-parity conserving reference point SPS1a’
was introduced [52]. It is based on the the supersymmetry parameter convention SPA [32]:

- The masses of the SUSY particles and the Higgs bosons are defined as pole masses.

- Al SUSY Lagrangian parameters, mass parameters and couplings, including tan 3, are
given in the DR-scheme at the scale ) = 1TeV.

- Gaugino/higgsino and scalar mass matrices, rotation matrices and the corresponding
angles are defined in the DR-scheme at Q, except for the Higgs system in which the
mixing matrix is defined in the on-shell scheme, the momentum scale chosen as the
light Higgs mass.

- The Standard Model input parameters of the gauge sector are chosen as Gg, a, My
and a™¥(My). All lepton masses are defined on-shell. The t quark mass is defined on-
shell; the b, ¢ quark masses are introduced in MS at the scale of the masses themselves
while taken at a renormalization scale of 2 GeV for the light u, d, s quarks.

Our numerical analysis concentrates on the SPS1a’ scenario. For that reason, the input is
stated in terms of the SPA-convention [32]. The SPS1a’ reference point was originally defined
using the following mSUGRA parameters:

My = 250GeV sign(p) = +1
My = 70GeV tanB(M) = 10 (6.1)
Ay = —300GeV
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Parameter | SM input H Parameter ‘ SM input

Me 5.110 - 104 mbere 172.7

my, 0.1057 my(mp) 4.2

my 1.777 my 91.1876
my(Q) 3-1073 Gr 1.1664 - 1075
mq(Q) 7-1073 1/a 137.036
ms(Q) 0.12 Aal®) 0.02769
me(me) 1.2 aMS(my) 0.119

Table 6.1: Numerical values of the SM input to SPSla’. Masses are given in GeV, for the
leptons and the ¢ quark the pole masses, for the lighter quarks the MS masses either at the
mass scale itself, for ¢, b, or, for u, d, s, at the scale () =2 GeV.

In Eqn. 6.1, M/, stands for the universal gaugino mass, M, is the scalar mass and Ay is
the trilinear coupling (Yukawa couplings are factored out.). All these parameters are defined
at the GUT scale Mgur. The values of the SM input parameters are listed in Table 6.1.
The MSSM Lagrangian parameters are generated by extrapolating the above mSUGRA
parameters down to the M = 1 TeV scale, using W. Porod’s SPheno[53].

In the original SPS1a’ scenario the values for M;, M, and m; are M; = 103.3 GeV, My =
193.2 GeV and myz = 571.7 GeV. Since we also study the dependence of the decay widths
on the variation of M;, we do not use the fixed SPSla’ values for AM; and mg, but the
GUT-relations stated in Tab. 6.3.

Our calculations are done in the on-shell renormalization scheme, so a conversion of the DR
input parameters has to be done before they can be used in the calculations themselves.
First, the DR-scheme [33] input parameters are transformed to the ons-shell renormalization
scheme. This is done by subtracting finite shifts:

POS —p _ 5,p05. (6.2)

Thereafter, the thus obtained on-shell parameters are used to calculate the SUSY pole-
masses. The procedure is described in detail in [54], [55] and [56].

In our case the MSSM spectrum first is generated by SPheno by W. Porod [53]. SPheno
stands for S(upersymmetric) Pheno(menology) and is a program that accurately calculates
the supersymmetric particle spectrum within a high scale theory. The program solves the
renormalization group equations numerically to two-loop order. The complete one-loop for-
mulas for the masses are used which are supplemented by two—loop contributions in case of
the neutral Higgs bosons and the u parameter. The spectrum can be used to calculate decay
modes of supersymmetric particles.

After receiving the spectrum from SPheno, UV-finite shifts are subtracted from the parame-
ters to obtain them in the on-shell scheme. The parameter in- and output is done in the SUSY
Les Houches Accord [57] convention, using the program package of the SLHA library [58]. It
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provides a universal interface for exchanging input SUSY parameters, spectrum output and
decay information. The data is exchanged by using ASCII files and that way independent of
the program structure or even the programming language.

The Higgs masses h° and H° need higher order corrections and are taken directly from the
SPheno output, since SPheno already provides appropriate higher order corrections to them.
We use the SPS1a’ reference point as starting point for the variation of the parameters Mj,
p and tan 3. For M; and mz GUT relations are applied.

Input parameter in SPA convention

Calculation of SUSY spectrum by SPheno

Subtraction of finite shifts, DR — on-shell

< Calculation of decay widths in the on-shell scheme =

Figure 6.1: Flow diagram of the parameter preparation.

For several parameter points the results of our calculations have been compared with the
Fortran code SDecay [59] and the results for the decay modes provided by SPheno. Since
neither SDecay nor SPeno include all one loop corrections, we do not obtain exactly the
same results, but all differences are within a small range.

The complete set of input parameter is stated in Section 6.1 in Tab.6.2, Tab.6.3, Tab.6.4.
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6.1 Input parameters, according the SPA convention

In Tab.6.2, Tab.6.3 and Tab.6.4 we list the input parameters in SPA convention. They were
calculated with SPheno [53] at the SPSla’ reference point. All quantities that have the
dimension of a mass are given in terms of GeV.

ot [ 1.27931406 x 102 || my 4.2

g5 | 1.166390 x 10~ || m, | 1.721 x 102
a, 1.19 x 10~ m, 1.777

Q 1000 my | 91.1876

Table 6.2: SM paramters.

The electromagnetic and QCD coupling constants are given at the scale of my, the bottom
mass at the scale of my: a, = a.(myz), as = as(my), my = my(my).

7 3.94765922 x 107
Mﬁo 1.35309038 x 10°
tan (3 10

D
M, 3 tan? Oy M,
M, 1.93200073 x 102
m; | (as(mg)/a) sin® Oy Moy

Table 6.3: p, My,, tan 3, My, GUT relations for M; and my at () = 1000GeV.

For M, and mj we do not define a fixed value but apply the GUT relations stated in Tab.6.3.

M; | 1.81018376 x 10* || M; | 1.81011681 x 10> || M; | 1.79129071 x 107
Mg | 1.15664489 x 10° || My | 1.15643250 x 10* || My, | 1.09539440 x 10
Mg, | 525703063 x 102 Mg, | 525700791 x 102 Mg, | 471323565 x 102
My | 5.07130306 x 10* || My, | 5.07128154 x 10 Mg, | 3.87951664 x 102
Mp, | 5.04946104 x 10 | Mp, | 5.04943480 x 107 Mp, | 5.00520898 x 102
A, | —4.48231728 x 10% | A, | —4.48218095 x 10? || A, | —4.44376264 x 10?
A, | =7.99645520 x 102 | A. | —7.99640894 x 10? | A, | —5.70310180 x 102
A; | —1.02419650 x 102 A, | —1.02419194 x 102 A, | —9.43132676 x 102
Table 6.4: Soft SUSY-breaking masses and Trilinear scalar coupling parameters at ) =

1000GeV.
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6.2 On-shell masses

In Tables 6.5, 6.6, 6.7, 6.5, 6.6 and 6.7 we list the on-shell masses of SUSY particles used for
the calculations at different values of My and p at @ = 1 TeV. All masses are given in GeV.

The other parameters are as in Table 6.3.

Table 6.5: On-shell masses of h®, H°, A’ and H* at M, = 100 GeV, M, = 300 GeV and

M, =600 GeV.

Table 6.6: On-shell masses of sleptons and squarks at M, = 100 GeV, M, = 300 GeV and

M = 600 GeV.

M, =100 | My = 300 | My = 600
h° 111.17 110.80 110.27
H° 431.79 414.50 416.08
AV 430.29 414.52 405.66
H* 437.92 422.380 413.63

My =100 My = 300 My = 600
78 169.34 176.13 186.09
vy 169.33 176.12 186.08
7 167.12 173.94 184.01
€1 || 124.61 | 187.15 | 125.92 | 193.32 | 128.54 | 202.43
fliz || 124.534 | 187.18 | 125.85 | 193.34 | 128.48 | 202.45
Ti2 || 105.71 | 192.70 | 107.96 | 198.24 | 112.08 | 206.53
U || 923.73 | 540.59 | 560.06 | 578.38 | 464.63 | 492.20
Ci2 || 923.76 | 540.55 | 560.09 | 578.34 | 464.65 | 492.18
t1o | 346.88 | 566.53 | 385.78 | 602.38 | 240.76 | 508.68
CZLQ 523.56 | 546.39 | 559.85 | 583.80 | 464.14 | 498.58
512 || 523.56 | 546.39 | 559.85 | 583.80 | 464.14 | 498.58
5172 483.02 | 521.09 | 522.16 | 557.77 | 421.00 | 462.21
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Table 6.7: On-shell masses of neutralinos, charginos and gluinos at My = 100 GeV, My = 300

M, =100 | My =300 | M, = 600
XE 95.92 274.40 378.46
X5 41049 427.75 611.09
3% 44.95 136.08 269.71
X 96.13 275.03 385.29
X 399.55 397.77 397.44
X9 || 408.36 427.84 611.18
my || 397.14 1015.00 | 1989.52

GeV and M, = 600 GeV.

Table 6.8: On-shell masses of h°, H?, A° and H* at p = 100 GeV, p = 500 GeV and

(=100 | =500 ]| = 1000
RO || 111.06 | 111.09 | 111.41
H° | 380.72 | 439.01 | 516.33
A% | 380.22 | 437.67 | 514.07
o+ | 38871 | 445.11 | 519.78

= 1000 GeV.
=100 =500 1= 1000
U, 172.57 172.23 172.03
vy, 172.57 172.22 172.02
U, 170.34 169.93 169.10
€12 || 125.13 | 190.09 | 125.08 | 189.76 | 125.08 | 189.56
fli2 | 125.10 | 190.09 | 124.99 | 189.80 | 124.80 | 189.72
Ti2 || 117.44 | 188.96 | 100.50 | 198.15 | 52.61 | 214.38
Uyz || 548.90 | 566.06 | 548.89 | 566.07 | 548.86 | 565.95
G2 || 548.93 | 566.03 | 548.92 | 566.03 | 548.89 | 565.90
t12 || 369.64 | 585.49 | 371.70 | 594.74 | 357.07 | 597.50
02172 548.71 | 571.61 | 548.71 | 571.61 | 548.70 | 571.47
S12 || 548.71 | 571.61 | 548.71 | 571.61 | 548.70 | 571.47
5172 508.49 | 544.14 | 509.61 | 547.47 | 503.32 | 550.33

Table 6.9: On-shell masses of sleptons

= 1000 GeV.

and squarks at pu = 100

GeV, p = 500 GeV and
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=100 | =500 | = 1000
X 79.00 | 188.49 | 194.83
XF | 234.74 | 511.63 | 994.15
W | 54.56 88.34 89.16
X5 || 110.07 | 188.61 194.85
X3 | 114.27 | 500.60 | 990.01
|l 234.79 | 510.52 | 993.18

683.59 | 683.72 683.88

Table 6.10: On-shell masses of neutralinos, charginos and gluinos at = 100 GeV, u = 500
GeV and p = 1000 GeV.
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6.3 Neutralino Decays

In the following subsections we show the dependence of the decay widths and the branching
ratios of the neutralinos Y9, X3 and x5 on the variation of the mass parameters My, p and
the mixing angle tan 3. Besides M, i and tan (3 the other input parameters are defined at
the SPS1a’ point, explicitly given in Tab.6.2, Tab.6.3 and Tab.6.4. For several parameter
configurations, the SUSY on-shell masses are given in Tables 6.5, 6.6, 6.7, 6.5, 6.6 and 6.7.

6.3.1 Variation of M,

Fig. 6.2 shows the total tree-level decay width of the neutralinos X9}, X3 and x5, depending
on M,. The rapid change of the slope of the X3 and 9 lines between M, = 615 GeV and
M, = 620 GeV is caused by the appearance of decays into quarks and squarks, mainly the
channels X9, — tt.

100 200 300 400 500 600
MQ [GGV]

Figure 6.2: The dependence of the total tree-level decay width of Y, ¥ and Yy on M.
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Fig. 6.3 shows the relative one-loop level corrections to the total decay widths of ¥}, X3 and
X9, dependent on M,. The peak of the y9-line at My = 475 GeV is caused by the appearance
of several Y — ¢q channels (see also Fig. 6.7).

The peak of the xJ corrections at M, = 360 GeV is due to the closing of the channel
X3 — YEWT (see also Fig. 6.8).

The strong peaks of the x$ and x9 corrections between My = 615 GeV and M, = 620 GeV
are due to the appearance of the channels )Zg,Q — tt, that already caused the dents in Figure
6.2.

1—‘1 loop/Ftree

-0.025¢
-0.05¢
-0.075¢

0 100 200 300 400 500 600
M2 [GGV]

Figure 6.3: The dependence of the relative one-loop level corrections to the total decay width
of 1, X§ and 3 on M.

Fig. 6.4 compares the parts of relative electroweak and QCD corrections to the total decay
width of X3, X3 and x9.

The cause of the peak at M, = 475 GeV are again the channels Y} — ¢¢. In Fig. 6.5 again
occurs a kink at M, = 360 GeV, corresponding to the channel Y5 — y*W*. In Fig. 6.5 and
Fig. 6.6 one can clearly see that the corrections are mostly electroweak, since the channel
X2 — qq and Y5 — ¢q are kinematically not allowed for the major part of the plotted region.
The strong peaks of the QCD corrections in Fig. 6.5 and Fig. 6.6 correspond to the opening
of the quark-squark channels.
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Figure 6.4: The dependence of the electroweak and the corrections to the total decay

width of the Y% on M.
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Figure 6.5: The dependence of the electroweak and the corrections to the total decay
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Figure 6.6: The dependence of the electroweak and the QQCD corrections to the total decay
width of the 9 on M.
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Fig. 6.7, Fig. 6.8 and Fig. 6.9 show the branching ratios of the several decay channels of \{,
X3 and X3. The legend explaining the used colors is stated in Tab. 6.11. Solid lines represent
the one-loop corrected, dashed lines the tree level branching ratios.

In Fig. 6.7 at My = 475 GeV one can clearly observe the reasons for peaks in Fig. 6.3 and
Fig. 6.4. At My, = 450 GeV the channels Y§ — ¥{2° and x5 — x52° almost vanish, while
the channel Y9 — y32° is emerging.

In Fig. 6.8, the vanishing of the channel ¥y — YW at M, = 360 GeV corresponds to the
peak of the electroweak correction in Fig. 6.5.
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Figure 6.7: The dependence of the branching ratios of x$ on Mj.

dark blue | ¥° — v
light blue e/ dark green | y° — x°Z°
violet Y — xrTwt
red X' — x°H° yellow X' — gg

Table 6.11: Colors used in Figures 6.7, 6.8, 6.9, 6.14, 6.15, 6.16, 6.19, 6.20, 6.21.
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Figure 6.8: The dependence of the branching ratios of X3 on M.
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6.3.2 Variation of u

Fig. 6.10 shows the total tree-level decay width and Fig. 6.11 the relative one-loop level
corrections to the total decay widths of X9, X3 and x5, dependent on .

Fig. 6.12 and Fig. 6.13 again compare the parts of relative electroweak and QCD corrections
to the total decay width of Y9, ¥ and x5.

Like for the plots showing the M; dependence, the kinks and peaks may be explained by the
appearing of new decay channels. Fig. 6.11 shows relative corrections. Therefor, and since
the corrections of the new evolving channels are first oft the same magnitude as the tree-
level, the peaks in Fig. 6.11 are especially prominent. The evolution of the several groups
of channels can be observed in Fig. 6.14, Fig. 6.15 and Fig. 6.16, which show the branching
ratios of the decay channels of X}, Y3 and x3. The legend explaining the colors used again is
stated in Tab. 6.11, solid lines represent the one-loop corrected, dashed lines the tree level
branching ratios.

Ftree [GGV]
(6)]

0 200 400 600 800 1000
p [GeV]

Figure 6.10: The dependence of the total tree-level decay width of Y}, X3 and \9 on pu.

In Fig. 6.10, Fig. 6.11 and Fig. 6.12, the kinks and peaks of the y{-line at u = 530 GeV
correspond to the appearance of the Y9 — ¢G channels. The peak of the Y9 in Fig. 6.11 and
the peak of the electroweak correction in Fig. 6.12 at u = 665 GeV are caused by the opening
of the channel Y° — y*H*.
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For the y3-decays, the kinks in Fig. 6.10, Fig. 6.11 and Fig. 6.13 at u = 550 GeV are due
to the appearance of the majority of the Y3 — ¢G channels, at u = 780 GeV additionally
the channel Y — tf, appears. The peaks in Fig. 6.11 and Fig. 6.13 between px = 110 GeV
and 1 = 220 GeV are due to the channels Y3 — I, Y3 — x°Z°, X3 — v, X3 — X°H° and
X3 — YEWT. The peaks at u = 670 GeV are caused by the channel Y3 — Y*H™.

In Fig. 6.13 and Fig. 6.14 one can observe the correlation between the QCD corrections on
the one hand and the channels X — ¢¢ on the other hand. Concerning the Y5 decays, there
are no X' — ¢g channels kinematically allowed. Therefor all corrections are electroweak.
Since X} and X3 are dominated by their Higgs components at large p, the X° — gg-channels
are dominated by the channels including a ¢. The other squark and lepton channels are
negligible. As shown in [60], if all channels are kinematically allowed, 50% of the Y9 and x93
decays will be into a t and ¢.

Beginning at g = 820 GeV the loop induced channel Y° — ¢g gives a small but observable
contribution.
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Figure 6.11: The dependence of the one-loop level corrections to the total decay width of !,
X3 and \9 on p.

In Fig. 6.16, there is almost no difference visible between the branching ratios on tree-level,
and the One-Loop corrected branching ratios. This is due to the fact, that the corrections
to all channels are of very similar size and the same sign.

The same effect may be seen also in Fig. 6.20, Fig. 6.21, Fig. 6.32 and Fig. 6.37.
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Figure 6.12: The dependence of the electroweak and the corrections to the total decay
width of the 9 on p.
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Figure 6.13: The dependence of the clectroweak and the corrections to the total decay
width of the 9 on p.
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Figure 6.14: The dependence of the branching ratios of X on pu.

1 )
E 0.8
3
—~
~
—~
éﬁ 0.6
-
=
o
%0 0.4
=
o
&
g 0.2

0 200 400 600 800 1000
1 [GeV,

Figure 6.15: The dependence of the branching ratios of X3 on .
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Branching Ratios T'/T a1
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Figure 6.16: The dependence of the branching ratios of X3 on p.
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6.3.3 Variation of tanj

As visible in Fig. 6.17, Fig. 6.19 and Fig. 6.20, the decay widths of x§ and X3 seem to be rather
independent of a variation of tan 3. Since there are no decays into quarks and squarks, all
loop corrections are electroweak. Among the decays of the Y9 particle, the channels x° — v,
° — II, and up to tan 3 = 2.1 the channel Y° — y*H* are dominating.
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Figure 6.17: The dependence of the total tree-level decay width of !, X3 and Y3 on tan 3.
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Figure 6.18: The dependence of the one-loop level corrections to the total decay width of \!,
X3 and \Y on tan 3.
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Figure 6.19: The dependence of the branching ratios of x$ on tan f.
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Figure 6.20: The dependence of the branching ratios of Y3 on tan 3.
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6.4 Chargino Decays

In the following subsections we discuss the dependence of the decay widths and the branching
ratios of the charginos Y3 and YT on the variation of the mass parameters M, u and the
mixing angle tan (3. Like in the previous section dealing with the neutralino decays, the input
parameters are defined at the SPS1a’ point, explicitly given in Tab.6.2, Tab.6.3 and Tab.6.4.

6.4.1 Variation of M,

Fig. 6.22 shows the total tree-level decay width of the charginos )ZQi and )Zli, dependent on
the variation of M. Fig. 6.23 shows the relative one-loop level corrections to the total decay
widths. In Fig. 6.24 and Fig. 6.26 we compare the relative electroweak and QCD corrections
to the total decay width of Y3 and Y;. Fig. 6.25 and Fig. 6.27 finally show the branching
ratios of Y3 and Yi.
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Figure 6.22: The dependence of the total tree-level decay width of i and Y on M.
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As already discussed about the neutralinos, in Fig. 6.23, Fig. 6.24 and Fig. 6.25 most of the
kinks and peaks can be explained by the opening or closing of different decay channels.

At My = 515 GeV several channels of the type )ZQi — Qo are opening, at My = 560 GeV
X3 — bt; shows a minimum.

The kink of the ¥ line at M, = 465 GeV is caused by the opening of the channel ¥i — bty,
also well visible in Fig. 6.27.
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Figure 6.23: The dependence of the one-loop level corrections to the total decay width of Y3
and Y7 on M.

Table 6.12 shows the legend to the colors used in Fig. 6.25 and Fig. 6.27. Solid lines stand
again for the one-loop corrected, dashed lines for the tree level branching ratios.

Table 6.12: Colors used for Figures 6.25, 6.27, 6.31, 6.32, 6.36, 6.37.

dark blue Xt — v
light blue | v* — vl | dark green | y* — {°2°
violet Xt — XYW
red Xt — xtH° yellow Xt — xty
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Figure 6.24: The dependence of the electroweak and the corrections to the total decay

width of the Y3 on M.
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Figure 6.25: The dependence of the branching ratios of Y3 on M.
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Figure 6.26: The dependence of the clectroweak and the corrections to the total decay

width of the X on M,.
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Figure 6.27: The dependence of the branching ratios of Yi on M.
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6.4.2 Variation of u

The following figures show the dependence of tree-level decay widths, relative One-Loop
corrections and branching rations on the variation of u.

The kinks and peaks visible in Fig. 6.28, Fig. 6.29, Fig. 6.30 and Fig. 6.31 correspond to
the appearance of the channels Yi — bf; at g = 350 GeV, xi — thy at = 680 GeV,
i — X{Hp and ¥§ — {F Ao at p =650 GeV and Y& — tby at u = 680 GeV.
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Figure 6.28: The dependence of the total tree-level decay width of )Zzi and YT on p.

In Figure 6.29, the kink of the YT line at u = 265 GeV is due to the appearance channel
)Zli — XYW, the kink at g = 295 GeV due to the opening of the channels )Zli — .

Since there are no decays of Y into quarks and sqarks kinematically allowed, there only
exist electroweak one-loop corrections to the Y decays, without any QCD contributions.
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Figure 6.29: The dependence of the one-loop level corrections to the total decay width of Y3
and Y7 on p.
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Figure 6.30: The dependence of the electroweak and the corrections to the total decay
width of the X3 on .
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Figure 6.31: The dependence of the branching ratios of Y3 on p.
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Figure 6.32: The dependence of the branching ratios of ¥~ on p.
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6.4.3 Variation of tan

Similar to the neutralino decays, the dependence of the branching ratios of Y3 on tanf is
rather small, shown in Fig 6.36. On the other hand, the branching ratios of Yi (see Fig.
6.37) are of the same shape as the branching ratios of Y9 (see Fig. 6.21).

Again there are no decays of ¥F to quarks and squarks kinematically allowed, so there are
only electroweak corrections.

Ftree [GQV]
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Figure 6.33: The dependence of the total tree-level decay width of i and Yi on tan 3.
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Figure 6.34: The dependence of the one-loop level corrections to the total decay width of Y3
and {7 on tan 3.
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Figure 6.35: The dependence of the electroweak and the corrections to the total decay

width of the X3 on tan .
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Figure 6.36: The dependence of the branching ratios of Y3 on tan 3.
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Figure 6.37: The dependence of the branching ratios of Y on tan 3.



Appendix A

Tree-level Couplings and

Counterterms

Following we list the treelevel couplings and the corresponding counterterms. The mixing
matrices U;;, Vij, N;; and R;; are defined in Chapter 2. The complex conjugated of 67 is
denoted by 6Z¢. Generic forms of all counterterms may be found in Chapter 3.

Tab.A.1 can be used to find the generic forms of the counterterms in Chapter 3 by the

equation reference numbers.

Counterterm Equation || Counterterm | Equation
om( fermion) 3.22 5le; 3.36
S5ZER(fermion) | 3.23 SR 3.36
5 Z"(fermion) 3.24 dtan 3 3.41
oUi;, 0V 3.25 37 (vector) 3.53
ON; 3.26 dm(vector) 3.54
dm(scalar) 3.33 dcos Oy 3.55
0Z;;(scalar) 3.34 Osin Oy 3.55
0Z;i(scalar) 3.35 oe 3.61

Table A.1: References of the generic forms of the counterterms.
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=0 (A.27)
st =0 (A.28)
DF = L[— " NuRT + (N + tan 0w dN, )R] (A.29)
ls NG T cos 3 134059 12 wolVi1 .
’ m.,
5Dl§ = % |: — m&ngst + (5N[2 + tan9W5N11)R :|
w
mr T T
+ % [ - leS&RSQ + (ng -+ tan ewN11)5RSJ
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DL

ls

6Dk

L[_ my N R (6m _5mw_5cosﬁ_6singw)
V2 myycos (3 8 m, myy cos 3 sin Oy
osin Oy dcos Oy -
— — tan Oy N, T
+ sin Oy, 27 cos Ow anrw ll)RSJ
my oe
% |: — mNBRSQ + (NlQ -+ tan OWNH)R;T] o
g S| m
% Z 55215(5(0) [ - WNMRS + (Ny2 + tan QWNkl)R;ﬂ
k=1
4
1 ~ mr T %
% Z 5(52@5(7) |: — WNBRZQ (ng + tan QWNll)Ril :|
k=1
1 m;
iﬂazL(T)c[ legRs2 + (Npz + tan Oy N ) RZ; ]
w
(A.30)
g mr * DT* * DT*
ﬁ[ mNISRsl 2tan HWN“RSQ} (A31)
q mr * T*
E[— W(SNBR 2tan0W5Nl1R82]
g ms * Tk * Tk
E [ - lei’)éRsl — 2tan QWNZI(SRSQ]
N i[ m, N RT*(ém B dmyw B dcos 3 B 5sin9w)
2 mycos 3 B mw cos 3 sin Oy
dcos 3 . o
-2 cos tan Oy N}, R3]
9 mr Tk * Tk de
%[— WNBRSI 2tan9WNl1R82};
4
g 1 ~ mr * T*
+ EZa(;Z]Z(XO)[— meSR QtanQWNklRSQ}
k=1
g 1 m,
=N 67 (F)[ - ———=NjiR — 2tan Oy N}, Ry
\/iiﬂ 9 (7')[ Ty ©08 3 13 anbw iNp 12]
g 1 mr Tk * Tk
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1
By = g(Ukle1*2+ﬁUk2Nig) (A.33)
1
0By = 9(UiadNp + —5UiadNp)
1
+ 90U Ny + —=0UkaNj3)

V2
de  Osinf
+ g(Un N + U Ni) (- — w

2

1 1 .
+ gzaaz ( )(Uklelg %Uk?NB)

sin ew

1 ~ i 1 .
9 Z §5Z5(XO)C(UK‘1N& + ﬁUmNB)
=1

+ g=0Z(WHC (U Ny + Upa Ny (A.34)

1

—=NuVi: A.35

NG 14Vi) ( )
1

5EkLl - 9(6N12Vk*1 - E(SNMVI:Q)

1

V2

1 de  Osin Oy,

NGRS

\/5 14Vk2)(6

+ gz 5Z]Lk )([NiaViy —

Ek:Ll = g(Nl2V]:1_

+ g(NlQ(SV]:l - Nl45Vk*2)

oWV - sin Oy,

1 *
ENMVJ-Q)

1
—N; Vi
\/5 4 k2)

1 *
ENMVIQ) (A.36)

+ 92 525 lQVkl
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0R
Elk

SEE

0L
Elk:

SEpF

g
2cos Oy (N Nea 55Nk3)

° (6N} Nia — ONj5Ny3)

~ 2c0s Oy
m (NZZ(SNk‘Zl - N;E’)(;Nk:?))
J y « de  Osinfy  dcos 3
———(N}Nps — N5Np3) (— — B
2cos Oy (N3 Nea 55 Nis) ( P on )

4
g 1y *
2cos Oy Zl §5Zil (X°) (N, Nia — Nj3Nys)

4

g 1 e *

2cos Oy Z - §5ZJ’1€(X ) (NjiNjs — Nj5Nj3)
j:

g 1 0r /e )
—0Z(Z") (N} Nia — NN,
2cos Oy 2 (Z°) (N Nis 55 Nks)

g . .
NuN;, — Nigh,
2cos Oy ( 145V k4 13 k:3)

L9 (6NN — ONi3N;is)

2cos Oy
QCozGW (NM(;N’:‘l - Nl35N1:3)
- oe  osinfy  dcosf
2cos By (Nua Vi i) ( e  sinfy cos 3 )

4
g 1 e * *
2cos Oy ; 9 il (X") ( 4Ny 3 k3)

4
g 1 * *
307 NiuNjy — Nigh;
2COS(9W;2 k() (Nia N 13N)

g 1 0 . )
2cos Oy 562(2 )(Nl4Nk4 — N13Nk3)

(A.37)

(A.38)

(A.39)

(A.40)
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Eff = _COS 5 (Uil 2U;QU — 5, sin® Oy (A.41)
6E}§R — COSO (5U* U + l(gU;}Uﬂ — 65 sin” Oy
~ cos 9W (U* 0Un 2 UJ*25U — d;jsin? QW)
a 0050 (U* U+ QUJ*QU 0y sin QW) (5: islgl:;/ a 6;?;5 )

1
Z 562,@(;2*)0(%;“1 Ui + 5UiUsz = 0 sin? Oyy)

cos Oy —

2
Z %52;} )(U Un+ = U Uip — 0y sin? QW)

cos Oy 272

g 0 * * 2

— COSQW—(;Z(Z )(Uleil + 2Uj2U 5ij Sin Qw) (A42)

Eft = - 0 (VaVis + v;gv;g — &;jsin® Oyy) (A.43)
os Uw
5E;2L — _COS QW ((ﬂ/jl‘/;{ + 6‘62‘/;5 — 6ij Sin2 ew)

g * * .

T st (VindVii + 5‘625‘62 — 0y sin” O )

. de  dsinfw  dcosf
"~ cos 9W (V]l‘/’l+ VJQVZQ 0ij Sin 9W>( e sin Oy B cos 3

)

2
1 R/ ~+\C % 1 " . 9
cos ew ; §5Zk](X+> (Vkl‘/;l + §Vk2Vi2 - 5kj Sin QW)

2
1 _ .1 . ‘
cos Oy 4 Z §5Z{§(X+)(VJ1VM + 5‘/}'2‘/12 — 0y sin” )

g
cos Oy 2

—(SZ(ZO) (‘/}1‘/;{ + V}Q‘/Z; — (SZ] sin2 ew) (A44)
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(—cos aVjoU;r + sinaVjUss) (A.45)

Sl e

|:(—COS Oé(ﬂ/j2Ui1 + sin Oé(“/leig) + (—COS OZ‘/jQ(SUZ‘l + sin Oé‘/jl(;Uig)

) Jsin
(—cos aV;2Un +sin04Vj1Ui2)(z€ _ oW

)

sin QW

(=dcos aVjpUs + ésin aVj1Use)

2
1 - .

Z iéZTfj(XJF)C(—cos ad VUit + sin aVy,1Uss)

n=1

2
1
562@()}*)(—005 adVjoUpy + sin ad V1 Ups)
n=1
1
§5Z(h0, ho)(—cos adV;oUsy + sin dV1U)
1
aéz(ho,Ho)(SiIl 066‘/]‘2UZ‘1 ~+ cos O[(S‘/}lUZ‘Q) (A46)
i(sin Oé‘/}QUil -+ cos OéV}'lUig) (A47)

V2
9 [(sin adVjoUi + cos adVj1Usz) + (sin alVj96Usy + cos aV;10Us)

V2
) Jsin
(sin aVjoU;1 + cos &leUig)(f _ oW

)

sin QW

(0sin aVjoUsy + dcos aVjUss)

2
1 . .

Z §5Z£j (X (sin aV,oUsy 4 cos aVi 1 Usy)

n=1

2
1
> 552}3(>z+)(sm aVipUp1 + cos aVj Uys)
n=1

1

§5Z(h0, Hy)(—cos aVjoUiy + sinaVjUss)

1

552(1{0, Ho)(SiIl Oé‘/ngil -+ cos OéV}'lUig) (A48)

%(sin BUVj1 + cos BU; Via) (A.49)
% (SiIl 56(]12‘/]1 + cos ﬁéUﬂ‘/jg) + (Sirl ﬁUﬂ(ﬂ/jl -+ cos ﬁUd(ﬂ/;g)

de  odsinf
(Sil’l ﬂUjQ‘/jl -+ cos BUﬂ‘/]Q)(—e — S W

e sin Oy
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0
Klkl

0Ky

+ ((SSil’l ﬂUjQ‘/jl + dcos ﬂUzl)

2
1 5 .
+ Z §5Zﬁj(x+)c(sm BUio V1 + cos U1 Vo)
n=1

2
1 - .
2 GIZE ) sin BV +cos (U Vo)
n=1

1
+ 562(140, Ao)(SiIl ﬁUiQ‘/jl -+ cos ﬁUd‘/jg)

1
+ §5Z(G0, Ap)(—cos BUVj1 + sinﬁUﬂVjQ)

2 2
7onM Mz 0Z(Zy, Ap)(—cos BU;2Vj1 + sin ﬁUuVﬁ)] (A.50)
z

—sin o
—9< 5 [Ni3Niz + NisNig — tan Oy (NigNiy + Nig Nyt )|

—COs &

|:Nl4Nk2 + Nk4N12 — tan QW(NMNM + Nkz4Nl1):|> (A51)

—sin «
—g< 2 [(5N13Nk2 + 5Nk3Nl2 — tan ew((SngNkl + 5Nk3Nl1):|

—COS «v

[5N14Nk2 + O NkaNiz — tan Oy (6 Nia Ngy + 5Nk4N11)]

—sin «

[Ni36 Ny + NizdNiz — tan Oy (Ni36 Ny + Nisd Ny ) |

—CoS (v
5 [Nl45Nk2 + NikadNpp — tan Oy (Nigd Ny + Nk45Nll):|
—sin «
( 5 [NisNi2 + NisNig — tan Oy (Nis Nyt + NigNi) |
—cos « de
5 [Nl4Nk2 + NiaNip — tan Oy (Ny Ny + Nk4N11)D(z)
—dsin «
5 [NisNi2 + NigNiz — tan Oy (N Nyt + NigNi) |
—dcos o
5 [NiuNy2 + NiaNig — tan Oy (NiyNiy + NigNip )|
—sin o« -, —dsin Oy, —dcos Oy,
N3N, NisNp) — (———) tan Oy (N3N, N3N,
5 [( Sin Oy )(NizNi2 + NiaNia) — ( 05 Oup ) tan Oy (N3 Ne1 + Nis 11)}
—cos « -, —osin Oy —dcos Oy
Ny N, NigalNpp) — (————) tan Oy (Ny NV, NiaV,
5 [ Sin Oy )(NiuNga + NpaNp2) — ( c0s O ) tan Oy (NiuNgy + Nia ll)}

4 .
1 . —sin «
Z §5Z]~L1(XO)C( 5 [NjsNi2 + NigNjz — tan Oy (N3 Nyt + NisNj1)]
=1
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—Cos
—5

- N;sNy2 4+ NiaNjz — tan by (NjaNi1 + NiaNjp)])

1 .
1 . —sin «

E §5ZiLk(XO)C( 2 [NisNiz + NisNiz — tan Oy (NisNiy + NisNiy )]

i=1

—cos a
2 [NiuNiz 4+ NigNpp — tan Oy (NiuNiy + NigNip)))
—sin «
67 (ho, ho) ( [NisNi2 + NisNig — tan Oy (NisNig + NigNip )|
—cos o
5 [NiuNy2 + NiaNig — tan 0y (NiyNiy + NiaNip )] )
cos a
67 (ho, Ho)( [NisNi2 + NigNiz — tan Oy (NisNig + NisNi) |
—sin «

[NiuNi2 + NiaNig — tan Oy (Nia Ny + NipaNi) | )) (A.52)

cos a
—9< 5 [NigNg2 + NisNiz — tan Oy (NisNig + NigNiy )|

—sin o
5 [NiaNy2 + NyaNig — tan Oy (Nyy Ny + Nk4Nll)}) (A.53)
COs &
— ( [(5N13Nk2 + 5Nk3ng — tan Qw(5N13Nk1 + 5Nk3Nl1)]
—sin o
5 [5N14Nk2 + ONpaNig — tan Oy (O Ny Ny + 5Nk4N11)]
CoSs &

[Ni36 Ny2 + NisdNig — tan Oy (N30 Niy + NigdNyp )]

—sin o

[Nl45Nk2 + NikadNpp — tan Oy (Nigd Ny + Nk45Nl1):|

Cos v
( 5 [NisNi2 + NisNig — tan Oy (Nis Nyt + NigNi) |
—sin de
5 [NiaNga + NiaNip — tan Oy (NiaNyg + Nk4Nll)D(;)
dcos v
[NisNi2 + NisNig — tan Oy (Nis Nyt + NigNi) |
—dsin «
5 [N14Nk2 + NiaNip — tan Oy (Ny Ny + Nk4Nll)]

cos o -, —osin Oy —ocos Oy,

5 [( Sndy )(NizNi2 + NisNiz) — ( cos Oy ) tan Oy (Nis Nyt + NisNit) |
—sin « , —dsin 6 —dcos
5 [( -~ HWW)(NMNIQ + NipalNig) — (THWW) tan Oy (NiaNit + Nk4Nl1)]
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4
1 - Ccos &
> 5csszl(XO)C(T [Nj3Ni2 + NiaNjs — tan Oy (Njs Nyt + NigNj1)]
j=1

—sin «

[NjsNi2 + NieaNjz — tan Oy (Nja Nyt + NiaNjp)])

4
1 . Cos
E §5Zi(XO)C( 5 [NisNiz + NisNip — tan Oy (NigNiy + NigNpy )|
i=1

—sin «

2

[NiuNiz 4+ NiaNpp — tan 0y (NuNj + NiaNi)])

COS «v

6Z(Ho, Ho)(
—sin «
2

[NisNi2 + NisNiz — tan Oy (Nis Nyt + NigNi) |

[N14Nk2 + NikaNip — tan Oy (Ny Ny + Nk4Nll)])

—sin «

5Z(h0,H0)(
—CoS «
2

[NisNi2 + NisNig — tan Oy (Nis Nyt + NigNi) |

[Nl4Nk2 + Nk4N12 — tan QW(NMNM + Nk4Nl1)})) (A54)

. /sin
—Z9< 2ﬂ [ NisNiz + NisNig — tan Oy (NigNiy + Nig Nyt )|

—cos 3
2

[NiuNi2 + NiaNig — tan Oy (NiaNyy + Nk4N11)D (A.55)

. /Sin
_zg< Qﬁ [5N13Nk2 + 0 N3 Nig — tan Oy (IN;3 Ny + 5Nk3Nl1)}

—cos 3
2

+ [6N1uNy2 + 6NaNi2 — tan Oy (INuNiy + 6NkaNi)|

sin 3

[Ni30 Nk + Nizd N2 — tan Oy (N30 Ny + Nizd Ny )]

—cos (3
2

[Nl45Nk2 + NikadNpp — tan Oy (Nigd Ny + Nk45Nll)}

sin
( 25 [NisNi2 + NigNig — tan Oy (Nis Nyt + NigNi) |

—Cos de
t— B [NiuNi2 + NeaNig — tan Oy (NiuNig + Nk4Nz1)D(?)

dsin
5 p [NisNi2 + NizNig — tan Oy (NigNig + NigNiy )|

—dcos 3
+ 2

[NiaNy2 + NpaNig — tan Oy (NiyNig + NigaNpy )|

—dcos Oy

sin —dsin 6
25[ W)(NISNkQ + NisNiz) — (

sin Oy cos O ) tan Oy (Niz N1 + Nig Nyt )|
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2

—cosﬁ[ —osin Oy —dcos Oy

NN, NiaNip) — (————) tan Oy (NiyNi1 + Nia N
sin Oy )(NiaNk2 + NiaNig) — ( cos Oy ) tan Oy (NaNp1 + Ny 11)]

4 .
1 . sin 3
Z 5(52][2()(0)0(7 [NjgNkQ + ngNjg — tan QW(Njg,Nkl + Nk3Nj1)}
j=1

—cos (3
+—5 I

N;

4Nk2 + NigaNjo — tan Oy (NjyNiy + Nk4Nj1)])

2

4 .
1 . sin

E §5Z¢LIC(XO)C( B [szsNz'z + NigNiz — tan Oy (NisNiy + NiSNll)}

i=1

—cos 3
2

+

67 (Ao, Ao (

—cos (3
2

[N

57(Go, Ao) (

—sin (3
* 2

2 2
mAO_m

My
—sin 8
* 2

252(Zo, Ao) (

[NuuNiz + NigNpp — tan Oy (NiuNiy + NigNi)))

sin
B [NisNi2 + NisNig — tan Oy (Nig Nyt + NigNip) |
4Ni2 + NipaNig — tan Oy (NiuNyg + NieaNip)|)

—cos 3

[NisNi2 + NisNig — tan Oy (Nig Nyt + NigNi) |

[Nl4Nk2 + NiaNiz — tan Oy ( Ny Ny + Nk4Nl1):|)

—cos 3

[NisNi2 + NisNig — tan Oy (Nig Nyt + NigNi) |

[NiuNy2 + NiaNig — tan Oy (NiuNy1 + NiaNip) | )) (A.56)
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jl

SK [t

jl

SK L

gl

1
ﬁ(Nl2 + Nji tan by ) Vo) (A.57)

— gcosB(V]l(SNM + —

— geos B(Vji Nuu +

(5Nl2 + (SN“ tan OW)V )

\/_
1
gcosﬁ((SleNM + E(ng + Nj; tan HW)(SV]-Q)
1 de  Osinf dcos
geos B(Vji Ny + E(ng + Ny tan Oy ) Vjo )(; ~ OV?/V + cosﬁﬁ)
1
gcosﬁz —07; Vit Ny + —= (N2 + Nyp tan Oy ) Vig )

V2

1
%(ng + Nkl tan QW)V72>

((5ng + Nll tan GW)V )

gcos 3 Z 562,5()20)0(1/}1Nk4 +

1
geos =02y (H)(ViiNu + —

2 V2

1
gSiIl ﬁ§5221(H+)(‘/}1N14 + E(CSNQ + Nll tan Qw)‘/ﬁ)

1
SZ(WH*) (VN + ﬁ((SNlQ + Ny tan by )Vje)  (A.58)

. M+ — My
gsin 3

1 * * *

%(Nm + N} tan Oy ) V) (A.59)
1 * * *

\/5(51\52 + 6N tan Oy ) V)

1 * * *

1 de

— (N, 4+ N tan ) (—

\/Q( 12 T 4V tan W)V;2)( . )

gsmﬂz (5ZL ) (Vi N, +

gsmﬁ( TN+

— gsin B(V; 10N}, +
gsin B(6V; Nj; +
gsmﬁ( Vii=Npjy +

1 * * *
E(Nm + N tan QW)VZ‘Q)
: L/ ~0\C * ATk 1 * * *
gsin § Z §5Zkl(X ) (ViiNeg + E(Nm + Ny tan ) V)

k=1
1 * * *
1 1
gcos B§5Z21(H+) (V* N+ \/E(NZ*Q + N} tan HW)VJ*Q)

mpg+ —Mmw * 1 * * *
HTWcSZ(WHﬂ(V Nj, + \/E(NZQJrNU tan Oy )V3) (A.60)

gsin ﬁa(Sle(HJr) (leNM +

gcos 3
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Calculations for Bremsstrahlung

B.1 Matrixelements

M,

My,

u(pe2)(—1 Q2€)7“€Z(Q)

PPy +d+ m22) i(g"Pr + g" Pr)u(po)

_ (p2 +q)* — mj
S g6 0) (o + o+ ma) 9P+ g Prul) (B.1)
_ Qe 4

Wy -q (p0) (9™ P + g™ PL)(h + ¢ + ma)y" e (@)t (p2)

—ZQ e _ * * v
2r g BP0 (9™ Pt g7 PN Wy + 4+ ma)r 'y e ()7 ulpe)

—1 Q26 _
U
2ps - q

(o) (9™ P+ 9" Pr)(Py + ¢ + m2)v" e (q)u(p2) (B.2)

)
(p1 +q)? —mi

u(p2)(—i Qre)(2p1 + q)" €, (q) i (9"Pr + g"Pr)u(po)

ine
2p1-q

_ZQ € * * v =
1) g™ P+ 0" P01+ 0 T )

—1 Qe _ . . ,
o .lq u(po)y (9™ Pr + g™ PL)(2p1 + q)" e ()7 u(p2)

—1 Qle _
U
2p1-q

u(p1)(2p1 + q)"€,(q) (9" Pr + " Pr)u(po) (B.3)

(o) (g™ Pr + " Pr)(2p1 + q)" €, (q)u(p2) (B.4)

0a) (6" Pr-+ 9P A i Qo o)l
—i Qoe _

20 - 4 w(p2) (9" Pr + 9" PL)(#y — 4 + mo)y"e;, (q)u(po) (B.5)
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B.2

(

MM, =

2,2
26

(2]92 : Q)2

iQoe

= ul(po)v"Teu(@) @) — 4" + mo) (9™ Pr + g™ Pr)u’ (ps)

2po - q
iQoe

= u(po)Y° V7 (@)Y’ By — d + mo)V° (9™ Pr + g™ Pr)y u(ps)

2po - q
iQoe

= w(po)y" e (@) By — 4 +mo) (9™ P + g" Pr)u(ps)

2po - q

2,2
26

(2p2-q)

@(p2)7"€, () By + f + m2) (9" Pr + g™ Pr)u(po)

)_ TT(MlMa) = TT[ - gul/@o + mO)(gR*PL + gL*PR)(¢2 + ¢ +ma)y”

By + M)V By + 4 + m2) (9" Pr + 9" PL)]

Y

2

= 8(g™g" +9L*9L)<m2 (—=+pi-qa—po-q

2

+ 8(g™g" + gL*gR)mo%( —p2-q— m%)

9 Y

= 8(g™ g™+ gL*gL)(% (=5 —p-a)+po-ap-g

+ 8(g™ 9" + gL*gR)mo%( —p2-q— m%)

5¢? 1 I’p1 d’py &q
(2]72 : q>2 2 2E1 2E2 2Eq

Y 2 1
-

2 2 4

= (8(gR*gR +9"9") < -

1
+ 8(9R*9L + gL*gR)mom2< — 5]2 — m%Im))

3 a(po)(gR*PL + gL*PR)(¢2 + ﬂ + mg)’y'jey(q)u(pg)

o oo 5o 0 (Po—p1—p2— Q)TT(M;Ma)

Jg)

(B.6)

(B.7)

)+po-qp2-q)

(B.8)

(B.9)
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33

B.3 bxb

MM,

Qie? . . )
2p1 -0 a(po) (g™ P, + g% Pr)(2p1 + ¢)"eu (q)u(ps)

i(p2)(2p1 + 0)"€.(q) (9" Pr + 9" Pr)u(po) (B.10)

2.2 !
(ﬁ) Tr(MMy) - = Tr[ = gu Wy + mo) (g™ Pr + g™ Pr)(2p1 + q)”

(By +ma2)(2p1 + )" (9" Pr + 9" PL)]

= 8(g™g" + gL*gL)< —po-pa(mi + pi - q))

+ 8(9™g" + gL*gR)momz< —p1oq— m?)

* * Y
= 8(g™g" + 4" gL)(( -5+ q)(mi + m ~q)>
+ 8(gR*gL + gL*gR)mom2< —p1-q— m?) (B.11)

Q262 -1 1 d3p d3p d3q
(W 72 2E11 2E22 2F, 64 (po = pr = p2 — Q) Tr(M{M)
q

_ (Q(gR*gR + gL*gL)< — YT — Y1, + 2m20, + 1)

1
+ 8(gR*gL + gL*gR)mom2< — 511 - m%[n)) (B.12)
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B4 c¢cxc
MIM, = % u(po)v e (q) (9™ P+ 9" Pr)(#y — ¢ + mo)u(p2)

ﬂ(P2)(¢o —q+ mo)(gRPR + gLPL)’YMGZ(Q)U(pO) (B.13)

(i) CTHMIMY) = Tr] = o + mo)r* (o — &+ mo) (97 Py + g Pr)

(—2]90 - q)?
(¥, + ms) (9" Pr + QLPL)(J% —q+ mO)Vu}

* * Y
= 8(g™g"+g" gL)(W%(—§+p1'q+ p2-q)+po-qp2-q)

+ 8(gR*gL +gL*gR)m0m2 <p0 q— mg)
Rx R Lx L 2 Y
= 8(¢™9" +97g )(mo(—§+po-q)+po-qp2-q)
+ 8(g"™g" + 9" g™ )momy (po q— m%) (B.14)

0e 1 d°py &PPps d°q .
—om .2 — | s 5o 55 0 — =0 — )T .
((—2po : q)Q) 72 | 2F, 2F, 2E, (Po = p1 = p2 = Q)T (McMe)

m2Y m2 1
= (8(9R*gR + gL*gL)< — g Ioo — 7010 - 113)

1
+ 8(9™g" + gL*gR)mom2< — 5l - m?ﬂoo)) (B.15)



B5axb

B.5 axb
Q1Q2€2 _ Rx Lx v
MIM, = 202 0) w(po)(g™ Pr + 97" Pr)(Py + ¢ + m2)v" e (q)u(p2)
u(p2)(2p1 + q)"€,(q) (9" Pr + " Pr)u(po) (B.16)
Q1Q2€2 _ Rx Lx* v
MMa = o S e ) 0™ Pt g Pr)(2p1 + )" ()u(pe)
u(p2)v e (q) By + 4 + m2) (9" Pr + 9" Pr)u(po) (B.17)
THMUM,) = e T = g+ o) g™ Py + 0 P+ + o)
By + ma2)(2p1 + q)* (9" Pr + g"PL)) (B.18)
TrMM,) = = BLE G mo) (™ P+ g Pr) (21 + 0)

(2p1 - q)(2p2 - q)
By + M)V By + 4 +m2) (9" Pr+ g"P)]  (B.19)

((2]916'2(1]?(22; -q) ) _ (TT(Mle) + TT(MI)Ma)) _

4(9R*gR+gL*gL)<—XY+Yp1-q+Yp2-q+Xp1-q+Wp2-q—Xp2-q+2p1-qp2-q)

+(g™ g™ + gL*gR)momz< —X+p1-q+pe- q) (B.20)

Q1Que’ T [Py dipy b, f f
((2]91 -q)(2ps - q)) 2 2—E12—E22—Eq (o —p1 —p2—q) (TT(MaMb> + Tr(/\/lb/\/la))

= (2(gR*gR + gL*gL)< — 22XV +Y (I + L)+ X(L,— L)+ WI + J)

+4(gR*gL + gL*gR)mOm2< —2X1s 4+ IHh + Il)) (B.21)
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B.6 axc
QoQ2¢” _ R L v
MM, = (290 -9)2p2 -0 u(po)(g™" Pr + 97" Pr)(#y + ¢ + ma)v" e, (q)u(p2)
W(p2) (9" Pr + 9" PL)(#y — 4 + mo)v"€; (q)ulpo)  (B.22)
QOQ262 — Rx Lx v
MM, = (200 -0) 22 - ) u(po)(g™ Pr+ g7 Pr)(2p1 + ¢)" € (q)u(p2)
u(p2)y"€,(q) (B + 4 + m2) (9" Pr + g" Pr)u(po) (B.23)
v _ Qo@ae” T ) (R L+ e
Tr(MiM.) (—2p0 - 9)(2p2 - q) Tr[ = g (o + mo) (g™ Pr + g™ Pr)(Py + ¢ + ma)y
By + m2) (9" Pr+ g"PL)(Po — d + mo)7"] (B.24)
r T — Q0Q262 rl — m v _ m Rx L
T (McMa> (—2p0 ) q)(2p2 ] q) T [ gw(ﬁo + 0)7 @0 ﬂ‘i‘ 0)(9 Pr+g PR)
By + M)V By + 4 + ma2) (9" Pr + 9" PL)] (B.25)
QoQ2e? ! v v _
( e q)) (Tr(MIM,) + Tr(MIM,)
8(gR*gR+gL*gL)<m3p2 L q— Y; —m3po-q+Ypo-q—Ypa-q+2po-qpo- q)
+8(9"™g" + g"* g™ )moms (po q—paq— Y) (B.26)

QoQae” )1 1 / Py d’py Pq
= | 57 95 57 0 (b0 — pr = p2 — @) (Tr(MIM.) + Tr(MIM,
((—QPO'Q)(2p2-q) 72 | 2E, 2E, 2E, (Po = p1 = p2 = @) (T ( )+ Tr( )

1
_ (4(gR*gR + glrgh) (mgfo Y2t mily — Y — Yy — 51)

+4(gR*gL 4 gL*gR)m0m2< —_ [2 — [O — QYI(]Q)) (B27)
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B.7 bxc
Q0Q1€2 Rx Lx v

MMe = 5o S W)™ P+ 9" Pr) (291 + )", (q)u(p2)

u(p2) (9" Pr + 9" Pr) (o — 4 + mo)¥"€;,(q)u(po) (B.28)
Q@€ _ M Rx Lx
MM, = 20 @01 0) u(po)veu(a) (o — 4 +mo) (9™ P + g~ Pr)u(ps)
u(p2)(2p1 + @)"€,(q) (9™ Pr + 9" Pr)u(po) (B.29)
TT(MTM ) _ Q0Q162 T’I“[—g (,’{5 +m0)(gR*PL —i—gL*PR)(Qpl +q)u
b (—2po - q)(2p1 - q) Ao
By +m2) (9" Pr + 9" Pr)(#y — 4 + mo)y"]  (B.30)
Tr(MIM,) = QoQ1 e TT[ — G (Bo + M) By — d+m0) (g7 P + g Pp)
¢ (—2po - q)(2p1 - q) HATo 0

(B +m2) (201 + 9)* (9" Pr + 9" Pr)] (B.31)

((—QpOQ.Of)I(;; : q)) _ (Tr(MIM.) + Tr(MIMy)) =

X Y
8(g™ 9" + gL*gL)< — (5 —p0-q)p0-q— (5 —pl-q)p0-q

Y Y W 1%
+(5 —pl-q)pl-q— 2(5 —pl- q)(; —p2-q) + (7 —p2~q)p-q>
+8(g"™g" + g"*g") m0m2< g —2po-p1— q) (B.32)

QoQse? )1 &Ppy dpy dq t
o 57 57 0 (o —p1 = P2 — ) (Tr(MM.) + Tr(MIM
((—2170 -q)(2p1 - q) 2F, 2E, 2F, (Po — p1 — 2 — @) (Tr(MyM) l b))

(2(9 g™+ gL*gL)< — I+ W(ly—1)+ XL =Yy + Y1) — 2WY101)

+4(g"™g" + QL*QR)m0m2< —Iy— I - 2W101)) (B.33)
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B.8 Bremsstrahlung integrals for processes with an out-

o

IOl

going neutrino

2 2 2
mg+mj —m; — K

pyp— (B.34)
%mg< —2m21n(Bs) — /{) (B.35)
%mg< —2m3 In(Bs) — K,) (B.36)

1 2 m(% 2 m(Q)
T amim? [mom ( —ht Hg) il <mg - mg)

—(mo — my)(mo +my) < —l4n <%>>]

1 Am?
Lo (20 o (T Y g (T g (s
4mg my mp My Mo (mg — m¥)

1
— | = mi(2m§ +m3) In(3) — — (mg + 5m7)
4mg
= [E (mg 4+ m3) + 2mim] ln(ﬂg)} (B.38)
4m3 L2
X = (wh—m)
Vo= ()

W = (mj+m?)
(B.39)



Appendix C

Generic Vertex Structures

All the following form factors are calculated in the SUSY invariant Dimensional Reduction
regularisation scheme (DR) [33]. As the vector boson propagators are taken in the ¢ = 1
gauge, mg+ = my+ and mgo = myo. According to the on-shell relations, p*> = mZ, k¥ = m?
and k3 = m3. For the calculation of the loop integrals, we use the formalism of Passarino-
Veltman-Integrals [61],[48] (" B-, C-functions”). The matrix elements, conventions for mo-
menta and masses are given in [48]:

?

My—po = (4m)?

a(kp) [y A — kSHR’L]PRLu(ng)eZ(—p) (C.1)

Mf_>fs - ﬁﬂ(k‘l)[ARPR + ALPL]u(kQ) (CQ)

p mo = mw

The occurring C-functions are defined in [48]
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APPENDIX C. GENERIC VERTEX STRUCTURES

Ci,ik = Ci,ik (mf,mﬁ,mi,MS,Mf,Mg) (0-3)

Note, that in the following subsections the form factors A and II are not written as functions
of my, mgy and msy, because these are always the same: m; = Mmgo, My = My and my = Mg+

We only provide AT and II#, since A* and II* can be easily obtained by exchanging right-
and lefthanded couplings (9§ 5 = 9§19, 9612 = 9601.2)-

C.1 Generic structure 1

[0]: iy (gt Pr + g Pr)
Li(gRPr + gFPy)

¢i(9§PR+92LPL)

Generic graph I: f — fov, sff loop

AF(F)

I (f)

with

(sbof ot (200 ~ Bul M2 02 ) + (afHEENER — g gtaf M Co +

(96'91°h5 ™ — gg g3t hi ™ )ymiCy — (g§ gt hy™ — gé%géhfL)mzCQ) (C.4)

5 (gOLgthLRCl + gRgRRERC, +

9691 95m1(Ciy + Ci2) + g5 91 g3ma(Coz + 012)) (C.5)

(Mo, My, Mo, gt 98, 91, 91, 957, g5) (C.6)

= glmi+gfM;  i=1,2 k=1, R (C.7)



C.2 Generic structure 11

91

C.2 GGeneric structure 11

my
M,
0 | @ . 290(2(] + kl + kg)“
|
g | M :i(gfsz‘FngL)
ma ~ |
M\\ | 12]: (g Pr + g5 Pr)
2 \./\/\/\/\,

Generic graph II: f — fv, fss loop

A?[(f) = 2 Coogogfgf

5 (f) = —2g [mlgfgf(gl + C11 + C12) + magiigs (Co + Cas + Cha)

—Mogi'g5'(Co + Ch + 02)]

f = (M07M17M27g07g{%7g{/7g2Rag2L)

(C.8)

(C.9)

(C.10)
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C.3 Generic structure 111

[0]: iy (gt Pr + g Pr)
L iy (gf Pr + g Pr)

[2]: iv* (gt Pr + g5 Pr)

Generic graph III: f — fv, vf f loop

T
AR = ~2{oftaltof [2Co0 — Bo(md, M2, M) +
9691ty My MoCo — & gt g3mima(Co + C +C2)} (C.11)

75, (f) = 4{ [90°95 (g1'm1 — gy Ma) + gg'g1 (95ma2 — g5 M2)](Co + C1 + Cs)

gé%gfbgfml(Cl + Cll + 012) + gégngng(Cg + CQQ -+ 012)} (012)

= (Mo, My, Mz, g5, 95, 91"+ 91+ 92 92) (C.13)
r = 0 (because of the application of the DR regularisation scheme [33](C.14)



C.4 Generic structure IV

C.4 GGeneric structure IV

@ S 1gog"”
3 iy (gftPr + gt Pr)

3i(9§PR+92LPL)

Generic graph IV: f — fv, fus loop

AL (F) = 90(9ig5MoCo + g1 g5miCi — g1 gsmaCy) (C.15)
H?V(f) = 2909%9501 (C-16)
f - (M07M17M279079F7QIL795795) (C]'?)

C.5 Generic structure V

[0]: igog™
3 i(gFPR+g%PL>

L iy (g Pr + gk Pr)

Generic graph V: f — fv, fsv loop
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M) = go(gi g5 MoCo — gitgsmiCr + g1 gyma Co)
IE(f) = 2909198 Oy

f = (M07M17M27907gfugfvgfug§)

C.6 Generic structure VI

[0]: igoTHe
2 iy (91 Pr + 91 Pr)

L iy,(gF Pr + gy Pp)

Generic graph VI: f — fv, fov loop

P = —(2ky — ko + @)P9" + (k1 + ko + 29)"g"" + (k1 — 2ks — q)" g™

AV (f) = go{gﬁgf [QBO(mg, M3, M3) — 1+ 4Ch + 2M§ Co
(3mf + 2m§ — Qm?))Cl + (Qm% + 3m§ — ng)Cg}
+3(g1 g5ma + g1 g5 ma) MoCo + 3g1 gy mam(Cy + 02)}

g, (f) = —290{391LQ§M0(01 + ) — giig3my (Co — 2Cy; — 2C),)

—gr gyma(Cy — 20y — 2012)}

(M07 M17 M27 90, gﬁ? gf? gé:i? gg)
r = 0(for the DR regularisation scheme [33])

(C.18)
(C.19)

(C.20)

(C.21)

(C.22)



C.7 Generic structure VII 95

C.7 Generic structure VII

[0]: i(ggPr + gt Pr)
[1]:i(gliPr + gt Py)
[2]: (g8 Pr + g5 Pp)
Generic graph VII: Scalar-fermion-fermion loop
AN L) = 909 (91" ma + g M) + g5'g7 (9me + 95" M) [ma Cy

+190°95 (grma + gt My) + g5 g1 (g5'ma + g5 Ma) | maCo
+g0t [t g5mams + gitgs My M, + gL gimi My + gf gima M) Cy
LgRaE [ Bo(m2, M2, M2) + M2C,]

+90'91 92
f - (M07M17M2ugé%agévgﬁ7gfug§7g£) (027)

(C.26)
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C.8 Generic structure VIII

ma
M,
" I @iigo
|
- | M [1]:i(gfPg + gL Pr)
e Se ! R L
AN :2(92PR+92PL)
2 \.\\\\
[0] Mo

Generic graph VIII: Fermion-scalar-scalar loop

A () = go(—9i' 95 MoCo + g1 g5miCr + g1 g5maCo) (C.28)

f = (M07M17M279079F791L7g§792L) (029)

C.9 Generic structure IX

@ii(gé%PR-FgépL)
L iyt (gRPr + gF Pp)

[2]: iy (g5 PR + g5 Pr)

Generic graph IX: Vector-fermion-fermion loop

AN () = 29591 95" [Bo(m3, Mg, M7) + Bo(ma, M{, M3) + (M} + M3 — mg)Co)



C.10 Generic structure X 97
—2g¢ [g7 95 Mims + g1t g5'my My — 2g1 95" My M| Cyy
—ng'“gfml(gg]\/[g + gé%Ml)Cl — nggQng(géMl + gé%MQ)CQ (C.30)
f = (M07M17M27gézag(§agfbagfag§7 g%) (031)
C.10 Generic structure X
[0]: igo(p + q + ka)*
L i7" (gt Pr + g¥ Pr)
L i(gi Pr + gy Pr)
Generic graph X: Fermion-vector-scalar loop
AR(f) = 90{2(01 + Ca) gy gymi — g5 [(2C0 + Ca)gi My + (Cy 4 Co) gi'ma | mo
+g5° [COMO(%LMO + gi'my) + Ci(—2gymg + gim} — QFMoml)}
+gL9f Bo(md, M3, M3) | (C.32)
f = (M07M17M27907gﬁugfvgé%ug§) (033)
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C.11 Generic structure XI

[0]:igo(p + q + k1)*
L i(gRPr + gEPy)

ii’Y”(QQRPRﬂLgQLPL)

Generic graph XI: Fermion-scalar-vector loop

A%(f) = go{ — Cogltgsms + g5 | — Cogi' Mo + Cag{' Mo + (Cy + 2C2) gy'ma | my
+95 [ = 2(Cy + Co)gf'm? + (2C) + C1)g Myma + gf(2Com — CoMy)]
— 198 Bo(mi, M7, M) | (C.34)

f = (M07M17M27g07g{%7gfag§7g2L> (035)



C.12 Generic structure XII 99
C.12 Generic structure XII
[0]: igog”
iy (gfPr + g Pr)
2] iy (g Pr + gk Py)
Generic graph XII: Fermion-vector-vector loop
A% (f) = —290(2Cog1 g5 Mo + Crgiigsma + Cagy gyms) (C.36)
f = (M07M17MQ?QOagfagfagé%agg) (C37)



Appendix D

Generic Selfenergies (SE)

D.1 Fermion SE: Fermion-Scalar-Loop

M,
//\\ :i(g{%PR+ngL)
% .
k N 2] i(giPr + g5 Pr)
My
R I g SR I g
" = W9192(30+31), I~ :Wg1g230

By = By(my, M}, M)
Bl = Bl(mQ,Mlz,M22>

D.2 Fermion SE: Fermion-Vector-Loop

M,
i, (9P Pr + gF Py)
T 1 1%,(95' Pr + 95 Pr)
My
1 1
" = ——g1'9s(Bo + Bi), 9% = ————gfgl B,

(27)? ()

100

(D.3)



D.3 Vector SE: Fermion-Fermion-Loop 101

By = By(mg, M, M2)
By = Bl(m27M127M22) (D4)

D.3 Vector SE: Fermion-Fermion-Loop

217, (g PR + g Py)

ii’Yp(QQRPRﬂLgQLPL)

1

Iy = - @) {Bo [(ngZ + grgR) (M} + M3 — my) — 2grg; My M, — 2g}‘szM1M2]

b (0007 + 9n) [~ B+ A8 + 408} (05

1
(47)?

+ (9L9L + 9rIR) [ — 46 By — 530] } (D.6)

{530 [(ng}i + grgR) (M7 + My — my) — 2grgs My My — 2g%gr, My My

By = By(mg, M7, M2)
Boo(m27M127M22> (D7)

=
I
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D.4 Vector SE: Scalar-Scalar-Loop

A
LS [1): i 24 + 4
’\;\4\ y g y
h M, [2]:ig1(2q + k)
—_—
k+q
1 2 2
My = — WQIQQBOO, Boo = Boo(me, M7, M)

D.5 Vector SE: Vector-Vector-Loop

- igy T
: ngFaﬁ'y

P = —(2ky — ko + @) g™ + (k1 + ko +29)"g"" + (k1 — 2ky — q)"g"*

1
ly = — nggz(loBoo +5k*By + 2k° By + 2M7 By + 2A,)

Boo = Boo(k*, M}, M3)
By = Bo(k* M?, M})
B, = B (kK M}, M3)
Ay = Ag(M})

(D.8)

(D.9)

(D.10)

(D.11)



D.6 Vector SE: Vector-Scalar-Loop

D.6 Vector SE: Vector-Scalar-Loop

M,y
High gy
B Ne_~ [2]:ig*7 g
M,
1
Iy = WQL%BOa By = By(k*, M7, M3)

D.7 Vector SE: Ghost-Ghost-Loop

A
1] M1 [1]:igi(k + q)"
AN® e~
_— . .
poo M ig2q”
—_—
k+q
1
Iy = ——=359192Boo ; Byy = Boo(k*, M7, M3)
(47)
D.8 Vector SE: Scalar-Loop
AN
| | .5 0y
N y @ - 1907
Ve e Ve o e e Vg
—
K [0]
My — Ay = Ag(M2)
T 4 )290 05 o = AolMy

(D.12)

(D.13)

(D.14)
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D.9 Vector SE: Vector-Loop

(0] dgo(7q® — ey — i)

Ao Ao(M?) (D.15)

= WQOAO )

D.10 Scalar SE: Fermion-Fermion-Loop

:i(gfsz‘Fg%pL)

ii(gngﬂngLPL)

1
M= = os{ = (ofal + ol [Ao(MD) + Ag(MF) + Bo(ME + M5 — 12)]

— 2M My (gi'g5 + gfgé)Bo} (D.16)

BO = Bo(mQ,Mlz,Mg) (Dl?)



D.11 Scalar SE: Fermion-Fermion-Loop 105

D.11 Scalar SE: Fermion-Fermion-Loop

M,
/ - \ D1
? N7 D12
M,
1
= - (9192Bo) , By = By(ma, M}, M3) (D.18)

(47)?

D.12 Scalar SE: Scalar-Loop

/ \
N 0l i
P
IT = —(4—;)290140, Ay = AO(M(?) (D.19)
D.13 Scalar SE: Vector-Loop
@ 19" go
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4

= wgoz‘lo, Ay = AO(M(?) (D.20)

D.14 Scalar SE: Vector-Scalar-Loop

M, Hig1(2k +q)"
e 2 1192(2k + q)

1

= (4@2{ — 9192[240(M2) — Ag(M2) + (2k2 + 2M2 — M2)B,] } (D.21)

By = By(my, MZ, M3) (D.22)

D.15 Scalar/Vector SE: Fermion-Fermion-Loop

[1]:i(gRPg + g-Py)

[2]: iy, (g5 Pr + 9§ Pp)

1

Il = L {(9?95 + 9195 ) MaBo + [(91795 + g1 95)Ms + (g1 g5 + gfgﬁ)Ml}Bl} (D.23)

BO - BO(k27 M227 M12)

By = By(k*, M3, M?) (D.24)



D.16 Scalar/Vector SE: Scalar-Scalar-Loop

107

D.16 Scalar/Vector SE: Scalar-Scalar-Loop

ERE

7 N M, (2] g2 (2q + k)”

1
II= _WQIQQ(BO +2B)

BO = BO(k/Q?MQQ?MlQ)
Bl - Bl(k27M227M12)

D.17 Scalar/VectorSE: Vector-Scalar-Loop

M,
Ligi(2q + k)¥
b Ne_~ 2] ig:(2k + )"
M,

1
II = WQIQQ(QBO + B)

BO = Bo(k27M127M22)
Bl = Bl(kzquvMQQ)

(D.25)

(D.26)

(D.27)

(D.28)



Appendix E

Vertex-Contributions

For the listing of the contributing vertex-corrections an the selfenergies we use the abbrevi-
ations

¢O = (h07HoaA07GO)7 ¢+ = (H+7G+>7
[ = (Ugadgvygalg)a f= (dgadgvﬁgalg)‘ (El)

Since not all particles couple to each other, the number of possible diagrams is restricted by
the existence of the particular couplings.

E.1 Y™ — YW+

W W W

SFFy : FS1Sy: VF|Fy:

oOxF R0, o TXO%T, Fff

W W W

FSV : FVS: FViVy:
X0t 20, xT oWt £TyeT, ROWte, xt 20+ LPwtz0, gtz0wt

108
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~+
Xi
0 0 0
SF,Fy : Z FS1Sy: Z VFFy: Z
O xT, o TXOX0, FfF xT 060, XCot ot fFF yxtxt, 2%t w00

FSV FVS: FViVy:
)2+¢0Z0, >~(0¢+W+ )2+Z0¢0, )ZOW+¢+ )ZOW+W+

SF,Fy : FS1S5: VFFy:

O T, FE

FViVy:

)20 wtw+
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~+
Xi
+ +
FS183 : ¢ VF Fy: ¢
oOxF R0, o TXO%T, Fff ot el, xt et fFF Z0%+ %0, wtxOxt

+ +
FSV : ¢ FVS: ¢

Xt z0, xTeOWwT XTvet, XOW g0, xT 20T Lwrz0, gt z0wT

SFFy : ¢0 FS1Sy: ¢O VF|Fy: ¢0

eOxtxT, o TXOR0, Ff

0 0
FSV ¢ FVS: ¢

xT¢2% o Twt xt20%, RPwT et



E6 xt — ff’

111

E6 " — ff

e
s,

~+ \\ |
Xi N
ST e- e __
/ / /
SF Fy : f FS1Ss : f VFFy: f
O, ot FERO, 75100, e, Pt yxt s, 2%t s, wrO s

ff'g

FSV : f, FVS: f/

£, £72°, £ xTf, xT 206, ROwtf

+ + +
SF,Fy : W FS1S5: W VFFy: W
oO%0x T, o TR0, Frf x0¢%¢T, xT ot el FFF z9%0%F, wxtx0
~+ ~+ ~+
X1 Xi X1

>0 S0
Xi Xi
1%
+ + +
FSV : W FVS: W FViVa W

Ty, kTt 20, 06wt XTWTel, X0 2%+ Lz0w, gtwtz0
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Appendix F

Selfenergy-Contributions

F.1 Selfenergies for x*, X", f = (u,,d,, vy, €,)
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F.2 Selfenergies for f = (i, dy, 7y, €,)
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F.2 Selfenergies for f = (ty, dg, vy, €,)
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F.3 Selfenergies for ¢' = (b, H°, A, GY)
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F.4 Selfenergies for o™ = (H*,G™)
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F.4 Selfenergies for ¢ = (H", G")
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F.5 Selfenergies for 7
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F.6 Selfenergies for W+
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F.6 Selfenergies for W™
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F.7 Mixed Selfenergies for A, G, Z°. H* G+, W+
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