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Zusammenfassung

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

Falls das MSSM an der TeV Skala realisiert ist, haben Squarks und Gluinos hohe Pro-
duktionsraten an Hadronkollider wie dem LHC. Da diese Teilchen umgehend nach der Pro-
duktion wieder zerfallen, und die Unsicherheiten in in Verbindung mit den dazugehorigen
Zerfallsbreiten auf niedrigster Ordnung betrachtlich sind, ist es essentiell Korrekturen in
nachst hoherer Ordnung zu berechnen. Daher untersuchen wir im ersten Teil dieser Arbeit
QCD und elektroschwache Ein-Schleifen-Korrekturen zu den Squark Zerfallen nach Quark-
Gluino, Quark-Neutralino und Quark-Chargino fiir Squarks aller drei Generationen. Auf-
grund der groflen Yukawa-Kopplungen der Quarks der dritten Generation miissen Mischun-
gen fiir deren Superpartner beriicksichtigt werden. Des Weiteren konnen die Massenun-
terschiede der Squark Masseneigenzustande betrachtlich sein. Daher sind fiir die Squarks
der dritten Generation zusatzlich zu den obengenannten Zerfallen noch die Zerfélle in
Squark—W /Z-Fichboson und Squark—Higgs-Boson kinematisch erlaubt. Fiir den Fall, dass
die Gluinos schwerer sind als die Squarks, werden die Gluino Zerfille nach Quark und
Squark berechnet.

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






Abstract

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

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

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

Introduction

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

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

Supersymmetry (SUSY) is a theory which relates bosons with fermions. The minimal
supersymmetric extension of the SM (MSSM) [I3[I4] postulates scalar partners to the SM
fermions — the sfermions — and fermionic partners to the SM gauge and Higgs bosons — the
gauginos and higgsinos. If SUSY was an exact symmetry, SUSY partners would have the
same masses as their SM partner particles and would have been detected by now. Since
no SUSY particle has been observed so far, SUSY has to be broken at lower energies in
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order to allow for heavier SUSY particles. If the masses of the SUSY particles are at the
TeV scale, the hierarchy problem is solved owing to the existing particles of different spin
statistics of SUSY particles and the SM gauge couplings unify at high energies due to
the enlarged particle spectrum. In order to circumvent problems with proton decay, an
additional discrete symmetry called R-parity [15] is introduced. Besides avoiding terms
yielding fast proton decay, it renders the lightest SUSY particle (LSP) stable, which in
large regions of parameter space is a viable dark matter candidate. Finally, gravity can
potentially be included by promoting SUSY to a local symmetry.

Up to now, there are no direct hints of SUSY particles. The absence of direct evidence
at high-energy particle accelerators such as LEP and the Large Hadron Collider (LHC)
gives lower bounds on their masses [16]. On the other hand, indirect hints from precision
observables such as the mass of the W boson My, the anomalous magnetic moment of
the muon (g — 2), or B-physics observables at low energies provide a powerful tool for
testing the MSSM (or other models) with empirical data [I7]. However, with the LHC still
acquiring data and eventually moving to higher energies, it will be possible to detect or
exclude supersymmetric particles at higher mass scales which is one of the main goals of
the LHC. If SUSY is realized at the TeV scale, production of superpartners of quarks and
gluons — squarks and gluinos — is among the most important production channels of SUSY
particles. Since, in general, squarks and gluinos have very short life-times, it is important
to have precise knowledge about their decays. Studying these decays will be important
in order to determine the couplings and parameters associated with these particles. Since
the predictions for decays are significantly affected by QCD and electroweak higher-order
effects, the computation of next-to-leading order (NLO) contributions is necessary. Hence,
in the first part of this thesis, we give precise calculations including all electroweak and
QCD NLO contributions to decay widths of squark and gluino two-body decays. In order to
study these decays and the associated NLO contributions, the general results are evaluated
numerically in specific benchmark scenarios.

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

The outline of this thesis is as follows:

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

e Relevant physical observables are then introduced in Chapter Bl The definitions
of decay widths and branching ratios at the tree-level and at NLO in perturbation



theory are given.

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

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

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

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

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

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

Finally, in Chapter [[0] we summarize our work. In the appendices, we provide needed
analytical formulas for bremsstrahlung integrals. We also list detailed expressions
appearing in the counterterm Lagrangians in Chapters [0l and [ and the Feynman
rules relevant for the computed processes. Finally, more details are given on obtaining
low-energy input parameters for the numerical evaluations.
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Chapter 2

Theoretical framework

In this chapter, the Standard Model of elementary particle physics (SM) and its supersym-
metric extension, the Minimal Supersymmetric Standard Model (MSSM), are introduced.
In Section 21l the SM Lagrangian and its particle spectrum are discussed and in the last
part, the most prominent shortcomings of the SM are pointed out.

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

2.1 The Standard Model of particle physics

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

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

SU(3)c¢ is the gauge group of strong interactions also known as quantum chromodynam-
ics (QCD) with the Gell-Mann matrices 7% (a = 1,...,8) as generators. Electromagnetic
and weak interactions are incorporated into the unified group SU(2);, x Uy with the re-
spective generators I’ (i = 1,2,3) and Y. The different generators fulfill the commutation
relations

[T, T"] = if*Te, [I', 7] = ig* ", [V, Y] =0. (2.1)

The electric charge @ is connected to the third component of the weak isospin (7?) and
hyperweak charge (V') through the Gell-Mann—Nishijima relation, which, after electroweak



2. Theoretical framework

1st generation

2nd generation

3rd generation

I

[3

Y

Q

u c t ) ) /3 2/3
quarks
d b 1 _1 1 _1
. s ), . /2 /2 /3 /3
UR CR tr 0 0 4/3 2/
dR SR bR 0 0 —2/3 - 1/3
Ve Vi VT 1/ 1/ 1/3 2/3
leptons
1 _1 1 _1
c ), . T ), /2 /2 /3 /3

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

symmetry breaking, will turn out to be

Y
3

Q — -[ + 5-
The charges and transformation properties of the fermions under the gauge groups
define their interactions with the associated forces or rather gauge bosons. Quarks carry
“color” charge and are arranged in SU(3)¢ triplets, whereas the color-neutral leptons are
SU(3)¢ singlets. In order to correctly describe parity violation of the weak interaction,
left-handed fermions are arranged in SU(2), doublets whereas right-handed fermions are

SU(2), singlets. The complete list of matter fields can be found in Tab. 211
A'local SU(3)e x SU(2), x U(1)y transformation can be written as the exponentiation

of the generators

(2.2)

U(z) = e 002 @I 40203 +0101(2)Y)

(2.3)

with the space-time dependent parameters 0s(z), 05(z) and 6, (x). Fermions then transform
under this function as
U U = U(z)0. (2.4)

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

o Y
DH = aﬂ + igsTaGZ + ZQQIZWZ + 19153/1 (25)

with the local spin-1 gauge fields for the strong (Gf), weak (W) and hyperweak (B,)
interaction. They are defined to transform as

Ay = A =U(x) (A, +i0,)U (), (2.6)
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where A, stands for any of the three gauge fields. With these ingredients the kinetic terms
for fermions and gauge fields can be written down,

Efermion - qleQL + l}lplL + UJ}rleuR + d};de + eJ]r%lDeI% (27&)
1 a pv ya 1 @ pv 7 1 v
Lgange = =3 GG, = g WHEW, = 7 BY B, (2.7b)

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

wa - a,uGg - al/GZ - gsfachZGlc,, (28&)
W, = 0.W, — 9,W; — g2c’* GI. G, (2.8b)
By, = 0,B, — 0,B,. (2.8¢)

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

A
V(H)=—p*H'H + Z(HTH)?, A >0 (2.9)

the Higgs field acquires a non-vanishing vacuum state which spontaneously brakes the
SU((2), x U(1)y symmetry down to U(1)ern. The minimum is obtained for |[(H)]* =
242 /X = v/2, with the vacuum expectation value (vev) v. In the unitarity gauge, the
Higgs ground state is given by (H”) = (0,v/v/2). Furthermore, Yukawa couplings between
the fermion fields and the scalar Higgs field are introduced. This yields the Lagrangian

Ltiggs = (D, H)' (D"H) — V(H)

3
= 3 v ai o+ yilal el 4 i (2.10)
ij=1

where the charge conjugation of the Higgs field is defined as H® = ioc? H*.
The Higgs field can be expanded around its ground state (H)

_ ¢" (x) SN — (ah

HO) = (i hm i ). T @=@@L
The field h(x) then describes the physical Higgs boson, ¢*(z) and x(z), the would-be
Goldstone bosons of the broken SU(2), x U(1)y, turn out to be unphysical degrees of
freedom, which will disappear from the physical spectrum in order to render the W+
and Z bosons massive. Choosing an appropriate gauge (unitarity gauge) this would-be

Goldstone bosons disappear and only h(z) remains.
Inserting the expansion (2.11]) into the Lagrangian (ZI0)), the SU(2), xU(1)y symmetry
is broken down to U(1)e, whose generator @ is given by (Z2]). The emerging mass matrix
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for the gauge fields W[L and B, has to be diagonalized leading to the physical gauge fields
Wi, Z, and A, which are linear combinations of W/ and B,,

1

Wy = 7% (W, £W2), (2.12a)
Z,\ [ cos by —sinfy w3
< A, ) - ( sinfy,  cos Oy > < B, )’ (2.12b)

The weak mixing angle 6y, is given by
92 g1
Va3 Vi + 93

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

v v
MW:%a My = 5\/9%#93‘ (2.14)

The photon stays massless, since it is the gauge boson connected to the unbroken symmetry
U(1)em- Its gauge coupling, the electrical charge e, is related to the couplings ¢; and g
via e = g192/+/ g7 + g3. Since the masses of the gauge bosons are known, the vev is fixed
to v & 246 GeV. Moreover, the physical Higgs field h(x) acquires a mass term

cw = cos by = Sw = sinfy = (2.13)

My, = V2u = % (2.15)
which is determined by the quadratic coupling p. Hence, the Higgs-boson mass is a free
parameter in the SM and remains the only parameter of the SM which has not been
measured yet.

Fermion masses are generated by the Yukawa couplings in (2.I0). After insertion of the
ground state (H) complex-valued mass matrices Mi]; =1/ ﬁygv for the fermions emerge.
They can be diagonalized by a bi-unitary transformation. The resulting mass eigenstates
for the fermionic fields and their masses are

3 3
=D UK R=2 U (@16
k=1 k=1
e — i Uhlyf (Uf,B)T = Y\ (2.16b)
fi \/§ = ik Jkm mi - \/5 70 .

where UZ.J,;’L and Uij;’R are the unitarity matrices for the left- and right-handed fields f; =
u;, d;, e;. Considering interactions between fermions and gauge bosons, these unitar-
ity matrices enter when expressing the gauge eigenstates by the mass eigenstates (2.16D)).
However, in interactions with neutral gauge bosons, these matrices drop out due to their
unitarity. Hence, there are no flavor-changing neutral currents (FCNC) at tree-level. Since
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the W* boson connects up- and down-type fermions, products of up- and down-type ma-
trices emerge. The Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix,

VCKM = Uu’L (Ud’L)T (217)

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

2.1.1 Shortcomings

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

Despite of its experimental success, there are theoretical and experimental considera-
tions, which consolidates the assumption that there is a more fundamental theory at higher
energies. Furthermore, the SM does not account for all fundamental phenomena. The most
prominent being its lacking of describing gravitational interactions, which become impor-
tant at energies reaching the Planck scale Apjana ~ 10'® GeV. If the SM was valid up to
this scale, it would have to describe gravitational interactions.

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

In addition, there are also theoretical considerations which motivate extensions at
higher energies. If the SM was valid up to high energy scales, i.e. the Planck scale
Apianck ~ 10 GeV, the smallness of the weak scale compared to the Planck scale would
have to be explained. This is addressed as the hierarchy problem. This hierarchy ex-
presses itself when considering the Higgs-boson mass and its radiative corrections. From
electroweak symmetry breaking, one expects the Higgs-boson mass to be of the order of
the weak scale. However, it gets corrections due to Higgs self-couplings and couplings to
heavy fermions and gauge bosons. The dominant contributions are
3A2

8W‘;§ (M} + 2M7, + M3 — 4mj) (2.18)

IThe largest deviation is measured for the anomalous magnetic moment of the muon gu — 2. Its
measurement differs over three standard deviations from high-precision computations [T9].

AM? =
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where integrals over the loop-momenta are cut at the scale A.,; where new physics enters.
If the SM is valid up to high scales such as the GUT scale Aqyt ~ 10* GeV or the Planck
scale Apjanak ~ 10 GeV the corrections would be up to 30 orders of magnitude larger
than the expected Higgs-boson mass, i.e. AM?/M? ~ 10%°. The Higgs-boson mass would
suffer under an unnaturally severe fine-tuning. Therefore this is known as the fine-tuning
or naturalness problem.

2.2 Supersymmetry and the MSSM

In this section, supersymmetry (SUSY) is introduced and motivated relying on [2223].
The formal derivations of supersymmetric Lagrangians are kept to a minimum. Detailed
elaborations can be found in [22] on which our discussion is based. More space will be
given to the Minimal Supersymmetric Standard Model (MSSM) and its renormalization.

2.2.1 Motivation

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

{Qa.Qp} = {@A,@B} =0, (2.19a)
{Qa, Qp} =2(0") 4Ly, (2.19D)

QP =(@" P =0, (2.19¢)
(M, Q4] = —(0,)5Q5, (2.19d)

My, Q"] = —(ow)gé‘@B, (2.19)

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

the generators of the Poincaré group. ()4 and @A represent the SUSY generators and their
conjugate. When acting on a particle, it changes its spin by 1/2, i.e. bosons are transformed
into fermions and vice versa. In general, /N independent SUSY generators can be assumed.
However, in four-dimensional field theory, N > 1 SUSY theories do not allow for chiral
fermions. Therefore, in this thesis — and for most phenomenological studies — the case
N =1 is considered, where only one SUSY generator is present. In N = 1 supersymmetric
models, each SM spin-1/2 particle is accompanied by a spin-0 SUSY partner and vice versa.
They are arranged in chiral superfields. The spin-1 vector-bosons get a spin-1/2 partner
and are arranged in vector superfields. By construction, the superpartners have the same
couplings to gauge bosons and the same masses as their SM partners. The equivalence of
the masses will be canceled by the soft SUSY-breaking terms which are introduced when
constructing the Minimal Supersymmetric Standard Model (MSSM).
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In Subsection Z.I.T] a selection of the most important drawbacks of the SM has been dis-
cussed. They can all be addressed by supersymmetric models. Concerning the naturalness
or fine-tuning problem emerging from the hierarchy problem, supersymmetry provides a
very elegant solution. For each diagram contributing to the Higgs-boson mass corrections
(Z18) diagrams containing the supersymmetric partner particles are present. In exact
SUSY these contributions from SM particles and their SUSY partners exactly cancel due
to different spin statistics. In the phenomenological relevant models with softly broken
SUSY, the Higgs-boson mass corrections are proportional to the squared-mass differences
between SM and SUSY partners and only grow logarithmically with the cutoff scale,

2
AME = (m? —m?) log (Awt). (2.20)

42 s me

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

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

A further nice feature of SUSY models with a particle spectrum at the TeV scale is
that they alter the renormalization group equations for the gauge couplings in such a way,
that the three couplings meet at one point, i.e. at the grand unification (GUT) scale
Agur ~ 10'6 GeV and allow for unification of the electroweak and strong forces.

2.2.2 From SUSY to the MSSM
Theoretical concepts of SUSY

At this point, the construction of N = 1 supersymmetric theories is sketched. An elegant
way is to adapt the superfield formalism introduced in [25]. In superspace, four-dimensional
space-time is extended by two anti-commuting, spinor-like Grassmann variables 4 and 6 i
Acting on this superspace, superfields ®(z, 6, ) can be defined consisting of irreducible rep-
resentations, the chiral and vector superfields. Chiral superfields contain a spin-0 complex
scalar and a spin-1/2 Weyl spinor field, whereas vector superfields describe spin-1/2 Weyl
spinor and spin-1 vector fields. In addition to these physical fields, each superfield contains
an additional auxiliary field, such that there are the same number of bosonic and fermionic
degrees of freedom in both super-multiplets. They are are denoted as F-term for chiral and
D-term for vector superfields. These auxiliary fields have no dynamical degrees of freedoms
and can be eliminated using their equations of motion. Under SUSY transformations they
transform as total derivatives and hence lead to a SUSY invariant action when surface
terms are discarded.

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

1 1
where the mass terms m;; and couplings f;j, are symmetric in their indices. In order not
to spoil supersymmetry, only the F-term of the superpotential is taken to construct the
interaction Lagrangian

Ling = W+, (2.22)

where “hc” denotes the hermitian conjugate.

For the kinetic terms, the product of a chiral superfield with its complex-conjugate
is taken, which is a vector superfield. Thus, supersymmetry invariance requires that
the Lagrangian only contains the D-term of this product. In order to maintain gauge-
invariance, gauge transformations for chiral superfields ® — e=*292*()T and vector super-
fields €29V — e=129AT¢20V ¢i20A qre peeded. T is the generator of a SU(N) gauge group
obeying [T, T%) = i f®T¢ and A(z) is a chiral superfield specifying the local gauge trans-
formation. Thus, the kinetic term can be written as

Lin = [@Te*V 0] . (2.23)

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

1— —A 1— —A
Wa=—D DDAV and Wy = —D D e 2V D eV (2.24)
for abelian and non-abelian gauge groups, respectively. Here
Dy =0/00" — wgBEBaﬂ and D, = —8/8§A + iﬁBagAau (2.25)

are the supersymmetric covariant derivatives, where crffl 5 denote the Pauli matrices and

0/004 the derivative with respect to the Grassmann number #4. Hence, the supersym-
metric field strength is given by

Tr (WAW4) +he| . (2.26)

Loange = FQQ .

Since W4 is a chiral field, the F-term of the above expression has to be taken, such that
SUSY is conserved.

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

L= Lp+Lp, (2.27a)

1
Lr = Lin + Lgange = | (W +he) + 1 67 (Tr(WAWa) + he) |, (2.27b)
F

,CD = /Ckin = [(I)TGQ‘(]V(I)]D . (227(3)
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The F-term contains the superpotential and the kinetic terms for the vector superfields,
whereas the kinetic terms for the chiral superfields are collected in the D-term of the
Lagrangian.

Field content of the MSSM

The MSSM is a N = 1 supersymmetric extension of the SM based on the theoretical frame-
work presented in the previous subsection. It is minimal in the sense, that it introduces
the least number of particles, such that the theory is invariant under the SM gauge groups
SU(3)c x SU(2)r x U(1)y and only has one SUSY generator @ 4.

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

R-parity

A general superpotential for the MSSM would contain terms which violate baryon (B) and
lepton number (L). Such terms are severely constrained, since B- and L-violating processes
have not been seen experimentally. The most prominent constraint is given by the non-
observation of proton decay. Therefore, in the MSSM a further symmetry — R-parity [15]
— is added, which eliminates these possible B- and L-violating terms in the superpotential
and soft-breaking terms.
R-parity is a multiplicatively conserved quantum number, which is assigned to each
particle,
Pp = (_1)3(BfL)+2s’ (2.28)

where s denotes the particle’s spin. Accordingly, SM and Higgs particles obtain an positive
R-parity Pgr = +1 and their supersymmetric partners carry Pr = —1. R-parity conserva-
tion then implies that all vertices in the theory contain an even number of supersymmetric
(Pr = —1) particles. This has important phenomenological consequences. First, the LSP
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Name Label Bosonic field Fermionic field (SU(3)¢, SU(2).,U(1)y)
Q o= (ag,dr) qp=(ug,dp) (3,2, t1/3)
(s)quarks U wy, UL = uf (3,1, —4/3)
3 D dy dp = df, (3,1, +2/3)
ERE
=5 L lp, = (g, € lp, = (vp,e —1
© § (s)leptons B L= (1,80) L= (v en) (1, )
- E &, e, = e% (1,1,+2)
Higgs(ino) ) o
Hd hd_ (hgﬂh ) hd = <h27 h;) (1727 1)
5 % gluon/gluino G g® J° (8,1,0)
Joji= , -
§ g W (ino) w w wr (1,3,0)
= -
” B(ino) B Bi Bi (1,1,0)

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

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

SUSY-breaking and the softly broken MSSM

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

1 . s
Lot =— 5 <MlBB MWW + M §°G° + hc)

— (fLZR a% q~j7L . hu — (Z;(,R afj (L"L . hd — é;‘k,R (ij l~j,L : hd + hC>

— Gl (MZ)ij @i — T (MZ,)ij tiy.r — di g (MgR)ij d;r

— 10 (M )il — & p (M2 )i €5

—m} Rl hy —mi hihg— (bhy - hg+he), (2.29)

where a = 1,...,8 denotes the color, i = 1,2, 3 the generation indices, and a - b = €9a’b’.
The first line in (229) contains the gaugino mass terms, the second line the trilinear Higgs—
sfermion—sfermion interactions, the third and fourth line the sfermion and slepton mass
terms, and the fifth line the Higgs mass terms and bilinear couplings. The gaugino mass
terms M 23 and the bilinear Higgs interaction term b are in general complex numbers,
whereas the Higgs mass parameters my, , have real values. Sfermion mass- and trilinear
coupling-parameters are 3 x 3 Hermitian matrices in generation space. It is common to
express the trilinear couplings in terms of the Yukawa couplings,

ay-’d’e = yzzd’e(Au’dﬁ)kj. (230)

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

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

(MF)ij = 0 Mp,  (Ap)y = 05 Ay, (2.31)
This reduces the total number of parameters of the MSSM to 49. In the following chapters
we will refer to the MSSM as the MSSM within the MF'V scenario real parameters.
The Lagrangian of the MSSM

The supersymmetric Lagrangian of the MSSM consists of F-; D- and the soft-breaking—-
terms ([2.29),
EMSSM - ED + EF + Esoft - Ekin + £gauge + ﬁint + Esofta (232)
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where the D-term provides for the kinetic terms of the chiral superfields (Ly,) and the
F-term contains the gauge- (Lgauge) and interaction-Lagrange densities (Liy). In terms of
the superfields in Tab. and the supersymmetric field strength tensors (2.24]) they are

given by

Liin = [QT€2(913+92W+93G)Q LT 2@ B a0 4 Dl 201 B+a:G)

+ Lie2(@1B+a2W) + ET€291BE

+ HieotBteeWipy H;EeQ(ng*g?W)Hd] 7 (2.33a)
D
171 1
Lomge = 1 [ETI“ [(We)A(Wea)a] + h (W) (W) ]
1
b (W) (W) a] + hc] i (2.33b)
1

L = [pHy - Hy—y}5U; Q- Hy —yl; D; Q- Hy — y; By Ly - Hy+he] ., (2.33¢)

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

2.2.3 The particle spectrum of the MSSM
The Higgs sector

The Higgs sector of the MSSM contains two complex scalar SU(2)-doublet fields h, and
hq with hypercharge Y = —1 and Y = 1, respectively. Contrary to the SM, the Higgs
potential of the MSSM Vj emerges naturally from the F-, D- and the soft breaking terms.
It depends on the SUSY-breaking parameters my,,, ms,, b, the higgsino mass parameter
1, and the gauge couplings g; and gs:

Vi = (mp, + |ul?) hiha + (m3, + |p)?) hihy, — b (eah3hl + he)

@+ 9

M

2
(nhha~ thu)2 + 2[R, (2.34)
where €15 = —€y; = —1 and €17 = €99 = 0. Unlike in the Higgs potential of the SM (2.34]),
the quartic couplings of the Higgs fields are given by the gauge couplings g; and g5 — i.e.
they are no free parameters of the theory. This has important consequences for the masses
of the Higgs bosons as it will be discussed later. Analogously to the SM, the Higgs-doublet
fields are required to acquire non-vanishing expectation values

(ha) = (%d) (hu) = (i) (2.35)

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

my +mg +2|u? > 2|b], (2.36a)
(m, + ) (m7, + |uf*) < b (2.36b)
Thus, electroweak symmetry breaking requires broken SUSY, since for an unbroken theory

(i.e. mpy, = myp, = b = 0) the conditions (238 are not fulfilled. In complete analogy to
the SM, the gauge boson’s masses are obtained,

2 2, 2
M%, = %2(1}3 +02), M2 = 91 _592 (V2 4 v2). (2.37)

At this point one usually defines v = /v2+v2 = 246 GeV and tanf = v,/vg with
0 < f < 7w/2. The Higgs doublets then can be expanded around these ground states

yielding
—¢7 ’ vat 75 (B9 +ix3) )

with the CP-even neutral fields ¢? Jo» the charged fields (Zﬁli/Q and the CP-odd fields x! Jo-
For vanishing fields, the potential (Z34]) has to acquire the minimum (2.35]). Essentially,
the linear terms in the fields ¢° /2 ¢12 and X} /2 have to vanish giving the minimization
conditions

2 2.2 2
Uy, g7 + 95 v; — Uy,
Ty =0 (Iuf? +m3,) = bt — Fo
> Vd Vd (239)

2 2,2 2
Vg 91 T 950, — U
Ty =0 (Inf? +mg,) = b=t — H e,

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

2 4 02) (v — o2

Ty = — (\/5 (m? + 1?) vg — V2020, + va (91 Z%Ud v“)) : (2.40a)
(02 + ¢2) (2 — 02

Ty, = — <\/§ (m3 + 1) v, — V260, — ou (91 gi};vd U“)) : (2.40Db)

([Z39) can be used to eliminate mj and mj in terms of tan 3 and m4. However, the
fields in (238]) are no gauge eigenstates. In fact, fields with the same quantum numbers
mix, which is manifest by writing down the bilinear terms after inserting the expansion

(23]) into the Higgs potential (2.34]),

bil _ 1 0 40 ¢ 1 0.0 X1 + 4 o1
Vi = 45001, 0) Mo (o | + 5O x2)Myo, | o | H(07,00) My |2 ). (241a)
2 2\ 92 2 X2 2\ @y
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The mass matrices read

2 2 1~2 2 2 2 1~2
_ (g B+ 307 B — vy) —(0* + 55%vava)
Md’?,z o ( _(bQ + %§2vdvu> m}%u + ’M’Q o %1§2(U§ i 3,03) y (241]3)
mi + |pf? + 197 (v — v2) —b?
My = ha 47 \d - Tu R , 2.41c
0.~ ( - i, + il = %03 = v2) 2t
mi, + |n? + $(5%0] + g°v7) —(b* = 3g3vavu)
Mz = ha {5 ¢ g 2720 : 2.41d
o= (TR T b gy ) 0

where §? = ¢? + g5 and g*> = g3 — g7. Diagonalizing the mass matrices, one obtains the
Higgs mass-eigenstates,

h° 0 —sina cosa

(HO) = Uy, <¢8>’ where Ug, = ( cosa sina ) , (2.42a)
N g, (X h Uy = — S0P coshn (2.42b)
Go) — “Xz\9) where X2~ \ cosfB, sing, )’ '

H* of —sin . cos B,

(Gi) = Uﬁz (szi)’ where Ugbe = < cosf, sinf, ) . (2.42¢)

There are five physical Higgs fields: two neutral and CP-even Higgs fields h° and H?, the
neutral and CP-odd Higgs field A°, and the two charged fields H*. The CP-odd field G°
and the charged fields G* are the would-be Goldstone bosons.

At tree-level the mixing angles 3,, 5. and the ratio of the Higgs vevs [ are equal

However, § has to be renormalized, whereas (3, and . need not. Therefore it will be
important to distinguish 3, 3, and . when carrying out renormalization transformations.
At certain points, especially when encountering lengthy expressions, the notation sz =
sin 3, cg = cos B and tg = tan 3 will be adopted. The diagonal Higgs mass matrices are
given by

_ T
DhOHO - U¢?’2M¢O U -

1,2 ¢?,2

2
Mo 0 ) , (2.44a)
0

m2
Dpxgs = U¢f2M¢f2U;12 = (

2
My 0 ) . (2.44c)
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At tree-level, the Higgs mass eigenvalues are

1
Mio o = 3 (bz(tanﬁ + cot B) + M3

F \/(1)2 (tan 8 — cot ) + M2 cos (23))° + (2b2 + M2 sin (26))2>, (2.45a)

m?o = b (tan B + cot ), (2.45b)
mars = b* (tan B + cot B) + My, (2.45¢)
The Goldstone bosons G° and G* acquire their masses through the gauge-fixing terms and
depend on the chosen gauge. Using ([239) and (2.450) the Higgs sector at the tree level is
determined by only two new SUSY parameters. They are usually defined to be m 40 and

tan 8. In terms of these parameters and the tree-level Higgs-boson mass myo the mixing
angle a reads as follows,

— (m? + M2) sinf3 cosf3
MZcos?3 + m%sin® — m2,

From (Z45a)) and (2.45d) constraints on the Higgs-boson masses emerge,

o = arctan

, —g<a<0 (2.46)

mpo < min (myo, Mz), (2.47a)
mpygo > max (on, Mz> , (247b)
my+ > max (myo, My ) . (2.47¢c)

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

Sfermion sector

Generally, sfermions of different families mix via the soft breaking terms leading to 6 x 6
mixing matrices for squarks and charged sleptons and 3 x 3 matrices for the sneutrinos.
As mentioned in Subsection we are restricting our-self to the minimal flavor-violation
scenario where the 6 x 6 matrices reduce to block-diagonal matrices with 2 x 2 blocks.
Since only left-handed sneutrinos are included in the MSSM they do not mix. The sfermion
mass-term for a given species of sfermions f = 4, d, ¢ can be written as

L s = <fL7 fR) M (§L> (2.48)
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where the generation indices have been omitted. The mass matrix M; is given by

M MR
M = Mhe bR | (2.49a)
! /
M = 2+ (1 - Q) cos 2000, 2.0
MI;R = M?L =my (Ay + pk), (2.49¢)
M?R =m}+ M. + Qg sy cos28M3, (2.49d)

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

1
My =M} + 5 cos 2B8M% = ms3. (2.50)

The soft-breaking mass parameters M 7o Mj, and the trilinear couplings Ay have been
introduced in (Z29). Since the left-handed up- and down-type fermions are arranged in
the same SU(2), doublet the soft-breaking mass parameter M j, 18 the same for fi=a.
and fL = dy. The parameter tan 8 was introduced in the Higgs sector and p will be
introduced in the chargino sector. The gauge eigenstates f; and fr can be rotated into
mass eigenstates with the rotation matrices Uy,

f f 2
(E) = Uf (j;;) — D]; = U]z./\/lsz}L~ = < T%fl 77%2 ) _ (2.51)

fl is defined to be the sfermion mass eigenstate with the lower mass: mg < mg,. The
mixing matrix Uy can be parameterized by the mixing angle 6,

. co§9f sm9f~ or . —sme Cf)sef ’ (2.52)
f —sinf; cosfz f cosf; sinf;

where the rotation matrix on the left-hand side has a positive determinant and the de-
terminant of the matrix on the right-hand side is negative. The sign of det (U f~) =+11is
chosen such that mj; < mg. With ([25I) the mixing angle is related to the soft-breaking
parameters

- 2my (Ay — pr)
sin 20 = det (U) - — R (2.53)
1 J2

Comparing (UquUg)l,l for up- and down-type squarks yields the following relation
between the squark mass eigenvalues

(Usy)? mfil + (Uzy) mfzz = (Uanr)® ma, + (Uar2)® m;, +mg —m, — My, cos28  (2.54)

for each generation. Thus, one squark mass depends on the residual squark masses. This
will be important when imposing on-shell renormalization conditions on the squark masses.
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Each squark generation can be described by five free parameters: MZ , MZ | MC?R, A,
and Ag. They can be parameterized by three out of the four squark masses mg,, ma,, mg
mg, and the two mixing angles 0, 6.

Since the squark mixing is proportional to the corresponding quark mass the mixing
effects will be particularly interesting for third generation squarks. For the first two gen-
erations the quark masses or rather Yukawa couplings will be neglected. This leads to
trivial mixing matrices, reducing the number of free parameters from five to three. The
free parameters for the first two generations then are MC?L, MgR and MC%R, or rather three
out of the four squark masses.

Analogously, the slepton masses are connected via

(Uzr)? m2, + (Uzi2)? m2, = m2 4+ m? — M2, cos 26. (2.55)

2

The free parameters are MZQL , Mz, for the light-flavor sleptons. For the stau sector these
parameters are supplemented by the trilinear coupling A, .

Chargino and neutralino sector

The charged gauginos W=+ = 1/v/2(W' & W?) and higgsinos ", h mix and form mass
eigenstates called charginos )Zf? So do the neutral gauginos B, W3 and higgsinos iLg, hY.
Their four mass eigenstates are the neutralinos 92?7273’4. In terms of gauge eigenstates, the
chargino mass-terms in the Lagrangian are given by

Lot mass = —% (T, (eH)T) ( A/?Xi /\/gi ) (if) + he (2.56)

with the mass matrix

o M2 ogavy M, V2Myy, sin 8
M = ( GoVa M ) N ( V2 My cos 3 o ) (2:57)

(-G (D-() e

The terms originate from the SUSY-breaking Lagrangian (terms proportional to M; and
M), the D-terms (couplings proportional ¢;), and the superpotential (term proportional
to p). Diagonalizing the mass matrix Mg+ with two unitary matrices U and V' yields the

mass eigenstates,
L 22 R WhR
() =) ()=o) 0
X2 3 X2 (5

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

L R
—+ _ [ Xi —— (X ) .
(ﬁ) <><f (

and
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The diagonal mass matrix then is
Dyx = UM+ VT = diag <mﬁ, mg) , (2.61)

where U and V' can be chosen such that My are real, positive numbers with Mgt < Mg,

1 1
m2y == (M; + 4 +2M,) F —\/(MQ2 2 4 2M2)% — 4 (uMy — M2, sin283)°. (2.62)

X1,2 2 2
The mass terms for the neutral gauginos and higgsinos read
1 AN 4
L30-mass = —3 (09)" Mgo®° + he, with  (¥°)" = (BO, W3 R, hg) L (2.63)
where the mass matrix is given by
M, 0 —Mysy cos 3 Mysy sin 3
B 0 My Mgey cos 3 —Myey sin 3
Mzo = —Mysy cos B Myey cos 8 0 — (2.64)
Mzsysinf3  —Mgcw sin 3 — 0
With the help of the 4 x 4 unitary matrix N it can be diagonalized resulting in
Dy = N*MyoN' = diag (msg, msg, msg, myg ) (2.65)

where N is chosen in such way that Dso has real, non-negative entries, which obey mgo <
Mgy < Mgy < mgo. The neutralino mass eigenstates then are

uy [
X v
X§ =N \If§ , (2.66)
Xi vy
constituting the four Majorana spinors
0
0= (fo) i=1...4. (2.67)
Xi

Gluino sector

The superpartner of the gluon is the gluino g*. Since it has unique color and spin quantum-
numbers it does not mix with any other particles. Its mass term in the Lagrangian is given
by
1
‘Cg—mass = §M3§a£~]a + hCa (268>
and the gluino mass is given by the soft-breaking parameter mgz = Mj. They are described
by the four-component Majorana spinor

U, = (g) (2.69)



Chapter 3

Decay widths and branching ratios

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

3.1 Tree-level

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

4
To(a —be) = (ij) /dPS2 | Mol?

a
k(m2, m2,m?

— %ZTZ@C) /d¢ dcos @ | M,l?, (3.1)
where p; = (F;, p;) are the four-momenta and m; = y/E? — p? the masses of particle i. In
the second line, the 2-body phase space element dPS, is written in terms of the angles ¢
and cos @ in the rest frame of the decaying particle. |My|? is the squared matrix element
for the specific process. Since decays of scalar particles are isotropic, the angles cosf and
¢ can be integrated out in this case, which leads to a factor of 4 7. The Kallén function s
is given by

(2, 2) = Va2 +y2 + 22 — 2 (xy + 22 +y2). (3.2)
In the rest frame of the particle a with mass mq the absolute values of the outgoing three-
momenta are given by
K(mg, my, me)

C

Po| = [p.| = (3.3)

2my
Tree-level matrix elements M, are obtained computing the Born diagrams with the Feyn-
man rules deduced from the Lagrangians discussed in Chapters [6] and @
The total width of a particle a is obtained by summing all partial widths for all decay
channels,
To(a) = > Tola = be). (3.4)

{b,c}
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A relevant quantity for hadron colliders such as the LHC is the branching ratio for a specific

decay channel a — b,
Fo(la —be)

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

BRy(a — bc) = (3.5)

3.2 Next-to-leading order

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

vir 2 1 SO co
Y t,EW/QCD(a L be) = (2m) /dP82 SRe <MOM1EW/QCD> 4+ ft+coll, EW/QCD

a
2 2

2
_ k(mzZ,mg,m?2) /dng dcos09Re (MOM?W/QCD> n Fioft-&-coll,EW/QCD (3.6)

6472 m3

with the same definitions as in (B]). The decay width FiOfHCOH’EW/ QP is added to cure
possible infrared (IR) divergencies. In Section the calculation of decay widths for soft
and collinear photon/gluon radiation is discussed. The computation of the one-loop matrix

element M];DW/ QP will be discussed in Chapter [l In order to cancel the ultraviolet (UV)

divergencies, Mllaw/ QD Contains the genuine one-loop amplitudes MiL’EW/ QD 45 well as

the counterterm contributions /\/llcT’EW/ QCD,

MEW/QED _ )\ (ILEW/QOD | ) (OT.EW/QOD. (3.7)

The one-loop matrix elements M}L’EW/ QD are obtained computing all one-loop dia-

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

N

Crur)™" [ b
Tul---liP (pl,...pN—lamO,..-7mN—1) = Z’/‘(—Q d ql)o—l)]\,il’ (38)

where the propagator factors are given by

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

For the counterterm matrix elements M?T’EW/ QCD, the corresponding counterterm di-
agrams have to be evaluated. The required Feynman rules are obtained by renormalizing
the corresponding parameters (cf. Chapter []) and inserting them into the relevant part
of the Lagrangian (Chapters [l and [@). From the resulting counterterm Lagrangian, the
counterterm Feynman rules can be deduced. They are listed in Appendix [Cl

The amplitudes for real hard photon/gluon radiation M{f"“’EW/ QCD, are of the same
order in perturbation theory as the virtual corrections (B.6]). The partial decay widths for
the real processes a — bc V', where V' denotes the photon or gluon with momentum k, are

2 4
F;eal,EW/QCD<a - bCV) _ ( 7T) /dPSg ‘MieaLEW/QCDP, (310)

a

where dPS3 denotes the three particle phase space element. In order to avoid the soft
and collinear regions which already have been added to the virtual corrections, integration
bounds have to be adjusted such that |k| > AE and 0 < cos@ < 1—4J., where 6 denotes the
angle between the emitting massless quark and the photon/gluon in the rest frame of the
decaying particle. For the three-body decay, the phase space cannot simply be integrated
out as for the two-body decays of scalar particles. In the following computation, we use
the phase-space integration of FormCalc 6.0 [32]. FormCalc builds up the n-body phase
space iteratively as a sequence of two-body decays (Fig. B.1]).

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

For a three-body decay this results in an integration over the invariant mass M and
the solid angles €; = cos#; ¢;, i = b, ¢, which define the directions of p,; (i = b,¢) in the
rest frame of the decaying particle,

2 4 Maq—MmMp
PieaLEW/QCD _ ( 7'(') / d M de%/dQJpJ |M§eal,EW/QCD|27 (311)

2
2mg Sty 2
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where the momenta |p,| are given by

| ‘ _ K(mgvmguMQ) | ‘ _ ’%(M27m37m3>
pb - 2ma ) pc - 2M

(3.12)

More details about recursive phase space integration can be found in [33}[34].
Having introduced the different contributions to decays at EW/QCD NLO, the com-
plete partial and total decay widths are given by

F]{]W/QCD(CL N bc) _ [Fo X Fxlzirt,EW/QCD 1 Fieal,EW/QCD] (a N bc), (3.13a)
IR () = STTPYAP (o b, (3.130)
{byc}

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

F?W/QCD(Q — bc)

EW/QCD
QP (q)

EW/QCD
BRl /Q (

a—bc)= (3.14)

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

Ti(a) =Y Ti(a—be), (3.15h)
{bc}
I'o%(a — be)

BRi(a = bc) =
R

(3.15¢)



Chapter 4

Methods in perturbation theory

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

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

In this chapter the technical tools are provided to compute sparticle decays at NLO. In
Section 1] the regularization and renormalization methods to tackle the UV divergencies
are discussed. Especially the renormalization procedure of the relevant sectors of the MSSM
is presented in Subsection LT.3 Finally, the treatment of IR and collinear singularities is
given in Section [£.2]

4.1 Ultraviolet singularities

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

In the renormalization procedure the connection between the bare parameters in the
Lagrangian and the physical observables at higher order is fixed. Furthermore, the diver-
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gencies appearing in loop amplitudes are absorbed into the bare parameters. In renor-
malizable theories it is possible to absorb all divergencies order-by-order in perturbation
theory with only a finite number of such redefinitions. With a finite number of parameters
fixed by measurement all possible physical quantities up to any order may be calculated
resulting in a highly predictive theory. Both, the SM and the MSSM are renormalizable
theories [1835]36].

4.1.1 Regularization schemes

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

There is no unique, mathematically consistent method to regularize UV-divergent in-
tegrals. In this work the regularization method of use is dimensional reduction (DRED)
which is a variant of dimensional regularization (DREG). The idea of DREG is to analyt-
ically expand the divergent loop integrals in D = 4 — 2¢ dimensions [I8,37]. For D < 4
the loop diagrams converge and the singularities appear as poles in 1/e when D — 4. In
DREG space-time coordinates, y-matrices and vector fields are treated in D dimensions.
Special care has to be taken, when generalizing 75 to D dimensions. In order to maintain
the right mass-dimension of the D-dimensional loop-integrals they have to be multiplied
by a factor (2mug)* introducing a non-physical mass parameter pug. The advantage of
DREG is that Lorentz- and gauge-invariance is preserved.

Since in DREG the dimension of vector bosons is altered, the number of degrees of free-
dom of gauge bosons and gauginos in SUSY theories would not match anymore. Hence,
supersymmetry is explicitly broken when DREG is applied. In order to maintain the su-
persymmetry relations DRED has been introduced [3§]. Technically, only the momenta
are treated in D dimensions whereas the vector fields and + matrices remain in four di-
mensions. However, this definition leads to mathematical inconsistencies [39]. A math-
ematically consistent formulation has been worked out in [40], where the D-dimensional
space is a subspace of a quasi four-dimensional space and the vector fields and y-matrices
remain four-dimensional objects.

4.1.2 Renormalization

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

The mass and coupling parameters mg and go of a given Lagrangian Lo(mq, go, 1) are
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expressed in terms of the renormalized UV-finite quantities m and g,

mo = Zmm = (1+ 6Z00 4 570D 4 Jm=m+ om0 4 smOD 4 (4.1a)
Go = Zyg = (1 + 5Z§1’0) — 5250’1) + .. ) g=g+06gtY 45900 4 (4.1b)
where
Zy =1+ 0620 (4.1¢)
ij=1

All UV singularities have been absorbed into the renormalization constants Z,, and Z,.
In the second step the multiplicative renormalization constants have been expanded in
a power series of the order parameters. In the SM and MSSM these are the coupling
constants « and «ag. In this work, one-loop and higher-order EW/QCD contributions are
studied. However, for the renormalization procedure, only the first order expansion of
the renormalization constants is relevant. According to the LSZ formula [41], the wave
functions 1y get renormalized by field renormalization constants Z,,

q%:\ﬂ5¢:<1+%QM$”+54W§+a”)¢ (4.2)

Inserting the above definitions of the renormalized parameters into the Lagrangian Ly
allows to split it into a renormalized Lagrangian and a counterterm Lagrangian,

Lo(go, Mo, %) = Lo (Zm7 Z4G5 A /ZW>
= £(m, g,0) + 5LEY (m. 9.9, 5m10, 5909, 62()

+ 0L (m,g,w,0mOD, 66006200 ) + L (43)

The Lagrangian £ has the same form as £, but only depends on renormalized parameters.
All renormalization constants are inclosed in the counterterm Lagrangian densities Eg’%)

and thus absorb all UV divergencies. The counterterm Lagrangian ,cg:? defines additional
Feynman rules from which counterterm diagrams can be computed. Together with the
virtual diagrams they yield a UV-finite result.

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

On-shell renormalization

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

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

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

MS and DR renormalization

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

1
A =— — g+ logdm, (4.4)
€

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

Technically, g usually enters the calculations in form of log u%/Q?, where @ is set by
the kinematics of the process. Therefore, pg should be chosen at the energy scale of the
process to keep these arising logarithms small. In decay processes g is usually set to the
mass of the decaying particle.

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

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

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

Electroweak sector

The electroweak sector is renormalized according to [30]. Care has to be taken concerning
the definition of the covariant derivative. Other than [30], in this work the definition (Z.1])
taken from [I4] is adopted. This has an impact on the renormalization constants of the
electroweak coupling constant and the couplings where W and Z bosons are involved.
The bilinear terms of the Fourier-transformed Lagrangian for the gauge bosons are

Lazw=—A,[9"D" —pup”| A — Z, [9" (0* = M3) — p"p”] Z,
+ W, (g (0" — M) —pp ] W, (4.5)

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

e~ Ze=(1+0dZ)e, (4.6a)

M3, — Mg, + 0 Mg, (4.6b)

My — Mz + M3, (4.6¢)

The electroweak mixing angle is given by cy = My /My. Hence, its renormalization
constant depends on §M3, and d M3,

My, (6ME,  6M3

cw — e + dew = o + |:2MZ (MI%/ — Y , (4.7a)

Osw = — — . 4.7

Sw — Sw + 0Sw Sw+|: 23WM2(M5V M% ( )

Since the couplings ¢g; and g9 can be expressed by e, sy, and ¢y, their renormalization
transformations are given by,

0Z, edc 0Z, €ds
91—>91+591=91+< - QW)’ 92_>92+592:92+< - QW)’ (4.8)
Cw ‘w Sw Sy
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For the gauge Fields A, Z,, and Wj the renormalization transformations are

1
W= ZyW, = (1 + 5<SZW) W, (4.9a)

() (8 B)-( 1k ) () oo
A, Zaz VZaa ) \A, 50Zaz  1+30Zaa ) \A,) '

Inserting these renormalization transformations into the gauge-boson Lagrangian (Z.5l)
yields

LGy w = —%A“ (6Za4 (¢"p* — p'P")] Ay
- %Zu 0222 [9" (0 — Mz) — p"'p"] — 6M39"™] Z,
— %Au [0Z4z [g" (0> — M%) — p'P"] + 6224 [9"D* — 1"D"]] Z,
W 52w [0 (7~ M) — ] — Mg W (4.10)

The renormalized self-energies i“jjv} for Vi, V; = A, Z, W are given by the unrenormalized

self-energies plus the derivatives of the counterterm Lagrangian L',g,TZW with respect to the
corresponding fields V = A, Z or W,

i, () = 245 () + G 5 LS (4.110)
Sap) = S0 (p) — 6Zaa [P — p'p"] (4.11D)
S (p) =S4 (p) = [6Zz2 [(p° — M) g™ — p'p"] — 6MZg™] (4.11c)
Sy (p) = 45 (p) — % (6724 [(p* — M2) g — p"p"] +6Zaz [PP9"™ — p"p"]], (4.11d)

S (p) = S (0) — [0Zw [(p* — ME) g™ — p'p”] — 6MEg"] . (4.11e)

With the Lorentz decomposition of the self-energy,

v , P pHp”
Sty (0) = S, (0°) (g“ — p—2) + E‘L/ivj(p2)7, (4.11f)

the OS renormalization conditions are given by

ReX% ,(0) = 0, Re>%,'(0) =0, (4.12a)
f{éigz(Mz) =0, ITQXAJEZ’(M%) =0, (4.12b)
ReX%,(0) = 0, ReX%, (M2) =0, (4.12¢)
f{éﬁﬂv;/w(MI%/) =0, fgi%w'(va) =0, (4.12d)
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where ¥/(m?) = 0% (p?) /Op?|2—m2. Re is defined such that only the real parts of the loop
integrals L; are selected while all other expressions ¢; such as the coupling constants remain
complex, i.e. Red  ¢;L; =) ¢;Rel;. This fixes the renormalization constants as follows,

§Z4a = —Rex?,(0), (4.13a)

0777 = —ReX}, (M2), SM2 = RexZ,(M2), (4.13D)
=Xk, (M3) ~%4,(0)

§Zaz = —2ReZT%Z, §Zz4 = 2Re Aj% : (4.13c)

07w = =iy (Miy), My = Sy (Myy). (4.13d)

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

57, — —+ (6ZAA . S—WMZA) . (4.14)
2 Cw

Higgs sector

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

0

1 h
ﬁHiggS - 5 <h0’ HO) [pQ a DhOHO} (HO) * Thho * THHO Th=Tr=0
L e 2 = D) (A + (5.6 [ = D] (), (415)

9 ) AVG GO ’ H=G G- ) :

with the mass matrices (Z44]). The tadpole parameters T}, and THE denote the linear terms
in the fields h° and H?,

1
T, =2 (—f—mfvdsa — M3V Co + 1 (91 + 93) (v; — v2) (vasa + vuca)) , (4.16a)
_ 2 2 S T N R _
Ty = V2 [ —=mPvgce — m2vysa 1 (91 + 93) (v —v2) (vaCa — vuSa) | - (4.16b)

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

m po, tanﬁ, Th, TH (417)

'The tadpole parameters of the physical Higgs fields T}, ,u are related to the tadpole parameters T¢(11 )
over T¢1¢(1) + T¢2(]5(2) =Tyh? + Ty H.
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For the parameters and fields of the Higgs sector the renormalization conditions are given
by

mi‘o — mio + 6777340, (418&)
tan 5 — tan 8 4 d tan 3, (4.18¢)
W= o+ O (4.18d)

Therewith the renormalization transformations for the mass matrices are obtained,

2 2
5Dh0H0 — Dpogo + 6Dh0H0 = Djopo + ( (Smho (SmhoHO )

Mmoo Omiy
= DhOHO + U¢?,25M¢(1)72 U;(l) 27 (419&)
om? om?
0D goc0 — D goc0 + 0D g0q0 = D goco + ( §m?4?;0 (577114%50 )
= D oo + Uyo ,6Myo U, (4.19b)
om> om?2,
oD — D oD =D H* H_ G+
HEGF et +0Dg+gs HEGF + ( 5qu+g_ 5m2Gi )
= Dyzgr + Uz, 0M,2 UL, . (4.19¢)

1,2

The renormalization constants 0M are obtained by expressing the Higgs mass matrices
(Z42) in terms of the free parameters ([AI7) and applying (ZI8). As mentioned in Subsec-
tion the rotation matrices Uy are not renormalized. The explicit values for 6D can
be found in [29).

For each Higgs doublet (Z38]) one renormalization constant is assigned:

1 1
hd — (1 + §6Zhd) hd, ]’Lu — <1 + §5Zhu> hu (420)

This also fixes the renormalization of tan S:
tanf — tan S+ dtan = tan f + 9 (U—u>
Vg

4.21
o o (4.21)

:tanﬁ (% (5Zhu —(5Zhd)—f-5ﬂ — %) s

where the Higgs vevs are renormalized according to

1
Vyjd — (1 + 5Zhu/d> (’Uu/d + 5Uu/d) = Uy/d + 0Vy/q + §Uu/d52hu/d. (4.22)
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In the mass-eigenstate basis the renormalization transformations then are
( 1+ %5Zh0ho %5ZhoHo ) (ho > , (4'2?)&)

h° 1 152 ho
HO — + 2 hOHO HO %5Zh0H0 1+ %5ZH0H0 70
AO 1 AO 1 + léZAOAO l&ZAOgO AO
() () () (e 1 ) (5,
H:t 1 HO 1+152H+H7 l(;ZH¥G:l: H:t
. = 2 2
(Gi) — (1 + 25ZHiGi) (G0> ( %5ZH:N:G:F 1 —+ %5ZG+G* > (Gi) (423(})
Applying the renormalization transformations ([A20) and rotating the fields according to

(Z42) yields the following expressions for the field-renormalization constants of the fields
in the mass-eigenstate basis:

§ Zpopo = sin® a 02, + cos> a 62y, (4.244a)
8 Z o0 = cos® a8 2y, + sin* a 62y, (4.24b)
0Zpopo =sina cosa (6Zp, — 024,) . (4.24c¢)
87 go 0 = sin’® 802y, + cos> B2y, (4.24d)
§Zgogo = cos® B 62y, + sin® B8 7y, (4.24e)
0Z poqo = sin B cos 5 (02, — 02,) , (4.24f)
82—+ = sin® 862y, + cos* B2y, (4.24¢)
§Zg-g+ = cos® B8 2y, + sin® 307y, (4.24h)
0Zprar = 0Zy=g+ =sinf cos B (02y, — 024, . (4.241)

Thus, the counterterm Lagrangian reads as follows:

1 h°
ﬁg?ggs = 5 (ho, HO) [(SZhOHO (p2 - DhOHO) - 5DhOHD] (HO)
1 0 0 2 AO
+ 5 (A ,G ) [5ZA0G0 (p — DAOGO) — (SIDAOGO} el
+ (_[{""7 G+) [5ZHiGi (p2 — DHiGi) - 5DHiGi] (g_) . (425)

Again, the renormalized self-energies are obtained by taking the sum of the unrenormalized
self-energy and the derivatives of the counterterm Lagrangian (2H) with respect to the
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Higgs fields,

Ehoho (p2) = Zhoho (p2) + 5Zh0h,0 (p2 — mio) — 5m}210, (426&)
XA]HOHO (p2) = EHOHO (p2) + (SZHOHO (p2 — m?-{()) — (Sm%’o, (426b)
. 1
EhOHO (p2) = EhOHO (p2) -+ (SZhOHO <p2 — 5 (m}QLO + m%{o)> — 6m}210H0, (4260)
EAOAO (p2) = EAOAO (p2) -+ 5ZA0A0 (p2 — mio) — 6m?40, (426d)
igogo (p2) = Zgogo (p2) + 5ZGOGO (p2 — mQGO) — (5m2G0, (4266)
. 1
EAOGU (p2) = ZAUGO (pZ) + 5ZAOGO <p2 - §m?40) - 5m?40G0. (426f)
For the charged Higgs bosons the following renormalized self-energies are obtained,
XAlH*‘H— (pQ) = YHg+u- (PZ) + 5ZH+H— (p2 - m?qi) - 5m?{i, (4.26g)
Sara- (17) = Sara- (07) + 0Zg+a- p* — dmie, (4.26h)
. 1
ZHfg+ (p2> = ZH*G* (p2) + 6ZH7G+ (p2 - §qui) - 5m12g_G+. (4261)

The CP-odd Higgs-boson mass m 4o and the tadpole parameters T}, and Ty are renor-
malized according to the OS scheme:

ReSaop (M%) =0, Ty +0T, =0, Ty +0Ty =0, (4.27a)
Thus, the renormalization constants are determined by

om%e = ReSaop (M%), 0T, =T, 6Ty =-T}, (4.27D)

where T}El)_and Tg ) denote the one-loop tadpole vertex-amplitudes. For the fields and
tan # the DR scheme is adopted,

—~ div —~ div
57, = — [Rez’HoHo (?) \azo} 6T, = — [ReE’hoho (%) |a:0} , (4.282)
1 0V,  0vy diveg
(5tanﬁ = tanﬁ 5 (5Zhu — 5Zhd) + 1)_ - U_ = §tan5 (5Zhu - 5Zhd) s (428]3)
u d

where “div” signifies that only the divergent parts proportional to A (c.f. Eq.([d4])) are
taken. The last equality is due to the identical divergent parts of v, /v, and dvg/vg
(c.f. [44.[45]). The DR renormalization of tan 3 has been shown to yield stable numerical
results [46] and to be gauge-independent at the one-loop level within the R, gauges [47].
The masses of the CP-even Higgs bosons myo, myo and my+ are no free parameters.
They are determined by the tree-level relations ([2.45]). However, they get large correc-
tions from higher-order contributions reaching up to 50%. In the Feynman-diagrammatic
approach, these contributions are determined using the Higgs-propagator matrices [29,45],
-1

2 2 S 2 - 2
Apogo = i ( P* = Mo + Znowo (p°) Zono (1) ) . (4.29)

~

ihOHO (p*) p*— m%;o + Xgogo (p?)



4.1 Ultraviolet singularities 37

The Higgs-boson masses Mo and Mpo including higher-order contributions are given by
the poles of this propagator matrix. Note that M; denotes the corrected Higgs-boson
masses, whereas m; denotes their tree-level values, i = h", H°.

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

M2 (Mot 2,05) (4 9), (4.30)

with the finite wave function factors Z; given by the residues of the (h°, H®) propagator
matrix [45],

1= —1

A [ (G

Zi = |1+ Re¥, (p?) — Re - (4.31a)
p* —mi + X5 (p°)
p2=M?
Finally the mixing terms read
. S5 (M2
Zij = — s (M7) (4.31b)

Mz2 - m? + ijj (Mz2)

Quark sector

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

Ly=7(p—mq)q (4.32)

where ¢ = u;, d; denotes the fermion fields (i = 1,2, 3) and generation mixing is neglected.
The renormalization conditions for the quark fields and masses are

1

P q— Py (1 + 552;) q, (4.33a)
1

mg — My + 0my, (4.33¢)

with the left- and right-handed quark states qr./r = Pp/rq obtained with help of the
projection operators

(14 175)- (4.34)

N | —

1
PLE§(1—’Y5), PRE
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With these renormalization transformations we obtain the counterterm Lagrangian,

1 1
L7 = S p (02 +02,") au + S anp (027 + 02" an
— g (% (0ZF +6Z1) + 5mq> a —qp (% (0ZF + 52 + 5mq) qr.  (4.35)

Thus, the renormalized self-energy is given by

~ 1

2 (?) =20 (07) + 5 (02 +92,7) (4.36a)

- 1

N p?) =21 (0°) + 5 (027 +62]7) (4.36b)
SSE () = 25 () — (5 (02F +02) + dm, ) (4.36¢)
S (p?) = 257 (p) — (5 (020 +02L7) + om, ) (4.36d)

where the Lorentz decomposition of the fermion self-energy has been used,
S (p) = pPLE" (0°) + pPeE" (p°) + PLY" (0°) + PrX™ () . (4.37)

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

Re [iq (p)} q(p)

Re [iq (p)] q(p) = 0. (4.38)

, 2:0, 2lim2
p*=mg p2—m ZZ)—mq

Inserting the renormalized self-energies (£.36)) into the OS conditions (£.38]) yields

Sy = 5 (g Re [SF (m2) + 50 (m2)] + Re [55% (m2) + 5% (n2)] ), (4.390)

52F = —Re [t (m2) + m (S (m2) + 2 (m?) )

q q

g (S5 (m2) + 357 (m2) )] (4.39b)

q q

624 = ~Re [Sff (m2) + m2 (S (m2) + 3 (m2) )

q

g (S5 (m2) + 5% (m2) )] (4.39¢)

Since the masses of the first two quark generations are not observable, they will be
neglected everywhere but in collinear singular regions, where ), is introduced as mass
regulator. This differs for third-generation quarks, especially the top quark. It has a
width of I'; & 1.5 GeV, which implies that it decays before it can hadronize. The most
current measured value is m; = 173.3 + 1.1 GeV [48], which is obtained using kinematic
reconstruction from the decay products, comparing them to results obtained from Monte-
Carlo simulations. However, the interpretation of this reconstructed top-quark mass and



4.1 Ultraviolet singularities 39

its relation to the pole mass is very challenging [49,50]. In this work the top-quark mass
is treated in the OS renormalization scheme.

The calculations in the following chapters involving the bottom-quark mass use the
running DR definition. Following [51], the bottom-quark mass in the DR scheme m}® (1)
at the scale up is related to the bottom-quark pole-mass, which can be expressed in terms
of the MS mass at the M scale m)™> (M) = 2.94GeV [16]. With the bottom-quark mass

counterterms in the OS and DR scheme,

(5m§TS = % (mbf{\é [

SlS

(mp) + 38 (mj)] + Re [S2F (m7) + 5 (mi)}) : (4.40a)

— 1 — — div
Smp* = = (s Re [SF (m3) + = (m3)] + Re [S5* (mf) + 257 (md)] ) [, (4.400)
and the relation mP® = m®S + omdS — smPR one finds
PR m
mp® () = mp® + =7 (S5 () + S (m) + 255" () (4.41)

where YXfir = ¥ — »div denotes the UV-finite part of the self energy. The on-shell bottom-
quark mass is related to the MS mass via

WS ) 2
0s MS shift shift 4 <mb >

It also gets potentially large tan 5 enhanced contributions. Thus, the computation of meiR
will be addressed in more detail in Subsection 1.4

Light-flavor sfermion sector

The renormalization procedure for sfermions is based on [52]. For a sfermion f=1a,d ¢3¢
the bilinear terms in the Lagrangian are given by
L= (fr, fh) 0* — M5) Ii (4.43)
= \J:Jr) P 7 fR ) :

with the mass matrix M from ([249). For light-flavor sfermions mixing effects are ne-
glected and the mass matrix reduces to

M]%L—l—(I]?Z—Qfs%V) cos 23 M2 0
0 MJ%R + Q sty cos 23 M3

m? 0
= 0 L m2 . (4.44)
fr

M=
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The left-handed sneutrino is described by the one-dimensional mass matrix
1
M; = MlQL + 3 cos 28M3. (4.45)

Free parameters of the light-flavor squark sector are MJ%L, M MC?R and M? . Because

of the SU(2) symmetry the soft breaking parameters for the left-handed up- and down-
type sfermions are the same: Mz, = M; = Mj; and My = M, = M; . Thus, the
renormalization conditions for the sfermion mass-parameters and fields read

2 2 2 2 2 2
MQL - M‘jL + (SMQL’ MZL — MiL + 5MZL7

2 2 2 2 2 2
Mg, — Mg, +0Mg,, M; — Mj +0M;] (4.46a)
MZ, — MZ +0MZ,
. X . B B
({L) — <1 + —5Zf) ({L) with 027 = ( ggﬁfb g?LfR ) : (4.46b)
fR 2 fR frfL frfr

With the renormalization of the sfermion mass-parameters and the parameters from the
electroweak sector (L0), the renormalization condition for the sfermion mass-matrix can
be written down,

2
fr fr
mg - ml%/ +5m12~” (4.47b)

m?L 0 5mfgL 0 L
Mf_>Mf+5Mf: 0 m + 0 Sm2 , f=u.d,e, (447&)

where

5mj;L = 5M§L + (I? — Qysty) (0cos2B M + cos2B5My) — Qdsy, cos2B My,  (4.47c)
(5mj;R = 5M}%R + Qs cos2B Mz + Qs cos 28 My + Q sy cos 28 6 M. (4.47d)

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

S = (fi i) B (627 +021) v - % (62EM; + Mjo2;) — oM f] ( fR)’ (4.48)

which yields the renormalized squark self-energy

A 1 1
o (p2) = .. (2 _ T 2 TAA - Sz .
ij
where the subscript “f; fj” refers to the transition f; — f] (1,7 € {L, R}) and the subscripts
“i,7” to the corresponding matrix elements of Mz, oM and 0.Z5.

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

ﬁvﬁiﬁfz (m%> = 07 .f”b ?A JL? €L, (450&)
—~ A 5 . ) B
Rei/fzfi (mfg) =0. (4-5OC)

(A50a)) fixes the mass renormalization constant, whereas (L50D]) and (£50d) determine the
diagonal and off-diagonal entries of the field renormalization matrix. Thus, the following
values for the renormalization constants are obtained,

5mﬁ = ]‘:/{\ézﬁfz (m%> ) f’L 7£ JLaeLa (451&)
0Zfj = —ReXf ¢ (mfc) : (4.51D)
2 ~ - -
i i

The renormalization constants for the soft-breaking sfermion mass-parameters o MJ%L, ) MgR,
(5M§R and MZ, are obtained by inverting (47,

1 2 2
SM; =om; — <§ — gs%V) (6 cos 28 M + cos 28 6 M%) + gés%‘, cos2B My,  (4.52a)

1
(5Ml~2L = ém2 — 3 (6 cos 28 M + cos 23 0M3) (4.52b)
2 2 2
SMZ =omi — 553%4, cos 23 Mz — gs%‘,(s cos 23 Mz — gs%, cos 23 M3, (4.52¢)
1 1 1
(5M§R = 5m3~R + 555‘2,[, cos 23 M + gs%[,é cos 23 M + 55124, cos 23 6 M3, (4.52d)
OMZ = dmZ, + 0syy cos 20 M3 + s3,0 cos 26 My + sy, cos 23 6 M. (4.52e)

Since 5MQ2L has the same value for ¢;, = uy, and ¢, = CZL ([IATd) can be used to express the
renormalization constant of the dependent squark mass dmg in terms of the independent
renormalization constants,

(5m3~L = 0m3 + sy (6 cos28 M} + cos2B M) + cos 28 M3 dsy,. (4.53)

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

omZ, = dmj — cjyy (6 cos 28 My + cos 28 6 M%) + cos 23 M3dsy,. (4.54)
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Thus, the tree-level mass of the left-handed down-type squark and selectron receive a finite
shift to their on-shell value,

2 —~
oS 2 ) o 9 B
(m@) = m3, +om3, —Re¥p s (m3,). f=de. (4.55)

Third-generation sfermion sector

As mentioned in for the sfermion sector, for third-generation sfermions mixing effects have
to be taken into account. The mass matrix now also includes non-diagonal terms,
M M]%L—i-m?—k (13 — Qysiy) cos 28 M3 my (A — uk) (456)
F= my (A — uk) M3+ mi + Qpspy cos 28 M '

with x = cot 3 for the top squark f = ¢ and x = tan 3 for the bottom squark and stau
f = b,7. For third-generation sneutrinos ([#43)) stays valid. In this part, third-generation
sneutrinos will be excluded, since it can be treated as in the light-flavor sfermion sector.
In addition to the renormalization of the mass parameters (.47 performed for light-flavor
sfermions, the renormalization of parameters relevant for sfermion mixing has to be taken
into account,

Ay — A+ 0A, Ay — Ay + 0 Ay, (4.57a)
A — A; +0A;, (4.57b)
tan  — tan 8 4 J tan 3, > 4 o (4.57¢)

For the mass matrices the following renormalization constants are obtained,

M M; ;
= (o by ) o
OMj, 5, = OME +2mpomy + (I} — Qrsiy) (dcas M7 + ca5 M)
- Qféswcm M3, (4.58D)
OMj, 7, = OMZ +2msdmy + Qpdsiycas My + Qpsiydcas My + Qpsiycag SMz,  (4.58¢)
OMj, ;. = O0Mj ;. = dmy(Ap — pk) +my6 Ay —mypk Op — mypp Ok, (4.58d)

where 0k = 0 cot B for top squarks and dx = tan [ for bottom squarks and staus. This
yields the following renormalization transformations for the diagonal sfermion mass matri-
ces,

Dj — Dj + 6D; = Dj + UoM UL, (4.59a)

6D; = 5Y; smb |- (4.59D)
f2
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In the second line, the diagonal mass matrix renormalization constant has been expressed

by the mass renormalization constants of the sfermions dm?2 T and the renormalization con-

stants for the non-diagonal mixing parameters 0Y;. Hence, the renormalization constants
of soft-breaking parameters are related to the mass and mixing renormalization constants

via (30,

oMy, 7, = U]%n‘sm + Uﬁm(sm + 22U, Upy 0Y5, (4.60a)
2 2
OMy,f, = Uf125m + Uf225mf2 + 2Uf15U 900Y (4.60b)

2 2
OMj, j, = My, 7, = UpaUppy (9m% = om ) + (UpyUpoy + UpoUpn) 6V (4.60)
Sfermion fields are renormalized in terms of the mass eigenstates [52],
({1> (1 +=0Z; > (fl) with 627 = ( Zji Zji, ) : (4.61)
fo I 5Zf2f1 5Zf2f2
This leads to the following sfermion counterterm Lagrangian in the mass eigenstate basis,

£t = (fi.13) B (627 +021) * - % (62!D; + DjoZ;) — oD } (ﬁ) (4.62)

as well as the renormalized self-energies

Sh7 (0°) = Sh (07) + % (»? = m2) [0275, + 0237, | — om3, (4.63a)
Sn (F) = S () + 2 (02 =) [52p, 4623, ] — 0w, (4.63b)
S5 (0°) = Sh (07) + % (v = m2) 0257, + % (2 m2) 675 — oYy, (4630)
Shi () = S () + % (v = m2) oz, + % (v = m2) 02,7 — oYy (463d)

The third-generation squark (slepton) sector is described by five (three) squark mass
parameters: Mg, , Mz, M , A, and A, (Mj,, Mz, and A;). Again, one sfermion mass
renormalization-constant depends on the others. The dependent sfermion masses are cho-
sen to be my and msz, respectively. Renormalizing the third-generation sfermion sector

in the OS scheme is done by imposing conditions (L50). This fixes the mass ((5mfg_) and

mixing renormalization constants (YY),
6m%:R X5 ( f) fi # b1, 7, (4.64a)

ReXj, (mfl) +Rej, 7, (m ( fez)

5Y; = 5

(4.64b)
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For the mass-mixing renormalization constants 0YF additional conditions 0Zf ;, = 0Z5, 5,

have to be imposed [52]. The renormalization constant for the dependent sfermion by, 7 is
then obtained by applying (A60al) for up- and down-type sfermions,

1
om; = i [Ugn(sm;{ + Ug 0my, + 2Us Uy Y; — Up, dmi — 22Uy, Uy, 0Y;
b1
— 2mydmy + 2mydmy, — Mv2v5c26 — 025(5M3V} , (4.65a)
1
5m§1 = UTH |:5m12, — U?Qldm% — 2U;—11U;—2153/ﬁ;
+2m 0om, — M%,(chﬁ - czgéMa, + (55W025M§] , (4.65b)

where dcyp = —4tg/(1 + 13)*0ts. Applying ([EG0), renormalization constants for the soft-
breaking squark mass-parameters are obtained,

5M§L - Ulelémgl + Ui‘2125mt22 + 22U Up120Y;

— 2my0my — (% - ;3%4/) (6cogMy + cogdMy) — ;&%VCQBM%, (4.66a)
5M52R - Ut~2125mt21 + Uz?225mt22 + 2U719Ui0 Y7

— 2myomy — 2(5512,‘1025]\4% — gs%,V(SCQBM% — §SI2/V0256M§, (4.66b)
5M52R = U52125m§1 + U§226m§2 + 2U515Up00Y5,

— 2mypdmy, + %53124,025M§ + %S%V(chgM% + %512,[,0255M%. (4.66¢)

The renormalization constants of the trilinear couplings are given by

1
04 = m [UEUU’?U (0mF, —omg,) + (U1 Ups + UpnaUpay) 0Y7
0 ot
— omy (At_ﬁ)+mt M_mt,lé 5]7 (4.66d)
ts s ts
1

04, = [ — Upp0miy, + Usgy0Y; — (Upyy (Ap — pits) — 2U515m) Sy

mpUpyy

+ Upo (Ut?n‘sm%l + U7, 5mtg2 + U£11U£215Y£) — 2Ujymidmy — U51202/55M5V

12

t
+ <4U512M3Vﬁ + UB11mbM> St + Uyt gdpu. (4.66¢)
B
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For third-generation slepton parameters the renormalization constants read

1
OMP = dmy — 3 (6copMy + copd M) | (4.67a)
OMZ, = UZ,0mZ + UZypom3, 4 2Uz12Uz020Yz
— 2m,Om, + 885y cap My + siy0cog My + shycapd M3, (4.67b)
1
0A; = [ — Uz120m?, + Uzp20Yz — (U1t (A — ptg) — 2Uz19m,) dm.,
m;Uzn ’
+ Uf125m12; — Uf—]_zCQﬁdMI%V
t
-+ (4U;12M5Vﬁ + UﬂlmT,u> 5t5 + UﬂlmTtg(S,u. (4670)
B

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

5A, = mib = (A — ptan ) Smy + .. | (4.68)
the OS renormalization scheme becomes unstable for large tan 5. In the parameter region
where ptan 3 > Ay, counterterm contributions receive a large finite shift through A4,
invalidating the perturbative expansion. In the top/stop sector this is not an issue where
ptan 8 is replaced by pcot 8, which is strongly suppressed for large values of tan 3. Ac-
cording to [5IL53] this problem can be avoided by changing the renormalization scheme in
the bottom/sbottom sector. We choose to renormalize m; and A, in the DR scheme. The
problem is then not present anymore, since by definition, émp® and consequently 6 AP do
not lead to finite contributions. The bottom-squark mass renormalization constant in the
DR scheme is then given by

DR 1 = iv = iv
omp® = 3 (my (Re [Sf (m})]™ + Re [Z (m?)]™)
+Re [S55 (m2)]™ + Re [S5F (m2)] ™ ) . (4.69)
For the bottom trilinear coupling the renormalization constant in the DR scheme is ob-

tained by taking the divergent parts of all renormalization constants appearing in ([£6Gél),

1
mpUpyy

+ Upy (Utgn(smtgl |aiv + U£2125m?2 laiv + U511U£215Y%‘div) — 2Ug19me0maiy

514]?{ = [ - U13125ml%2 |aiv + UE22‘5Y23’div - (Uén (Ap — pts) — 2U812mb) Oy div

t
o U512C255M5V|div + (4U512M5V<1+—/8t2) + UB11mbM> otg
B

+ Ul;nmbt@ 5/~L|div- (470)
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Using (B.GOB) to replace §Y; with A, in (GH) yields the dependent bottom-squark mass
in terms of the DR renormalized parameters,
1
(5m§1 BE [(1—203,) (Ut?n(smtgl + Ut*2215mt22 + 2Up1Upy 0Y;
b1
—2mom; — 02[35]\/[3[, — M%/dczﬁ) + U5212(5m§2
+ 2Uy, Upyome (0 Ay — Ot g — pidtp)

+ 6my, (2051, Up (Ay — pitg) +2 (1 — 202 ,) my) ] - (4.71)

The relation between the tree-level mass and the on-shell mass of the dependent bottom
squark by is given by
082 2 2 na. 2
((5mb1 ) =m; +om; — ReXy ;) <m51> ) (4.72)

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

As in the b/b sector the 7 mass m, and its corresponding trilinear coupling A, are
renormalized in the DR scheme. Analogously the renormalization constants read

DR 1 - iv - iv
SmPR = §<m7 (Re [Ef (mf)]d + Re [Ef (m?)}d )
+Re [292 (m2)]™ + Re [257 (m2)] ™ ) (4.73a)
== 1
SAPR = [ — U%126m72—2|div + Uz020Yz|aiv — (Ur11 (Ar — ptg) — 2Uz12m;) 6mr|aiv
m-Uszn
t
+ Ui’l25mi|div — U%12€2ﬁ5M5V|div + <4U%12M5V—ﬂ2 + Ufan/L) otg
(1+1¢3)
+ Uf-llmftﬁ 5/,6’(11\,, (473]3)
b2, = U%H (1= 202,,) (5m2 — esd M2, — MEbess) + UZipbmi?,
+ QU;HUﬂng ((5147— - 5,ut5 — Métﬁ)
+ 5m7 (2U;11U;12 (AT - ,utﬂ) +2 (1 - 2U312) mT)} . (4730)

The relation between the tree-level mass and the on-shell mass of the dependent stau 77 is
given by
(5m918)2 =m3, +6mZ — ReXzz (mi). (4.74)

Chargino sector

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

Lo =T |y - P WMV, = e (Vvlo?) L

]
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The free parameters of the chargino sector are y and Ms. Their renormalization transfor-
mations are given by

This implies for the chargino mass matrix:
Mfc:t — M;(:l: + 6./\/l>~<:l:7 (477&)
_ 0M; V20 (My sp)
IMgz = ( /36 (Myycs) S , (4.77b)
) (Mwsg) = Sg(SMW + Mw(;Sg, 0 (MWcB) = CB(SMW + Mw(ng. (477C)
The chargino fields in the mass eigenstates are renormalized according to
1
Prx; — (52-]- +3 [5Z§i]ij> P, (4.78a)
o 1 * _
PLx; — (@-j +3 [52@]2.].) Py, (4.78b)
- 1 .
PRX;_ — (51] + 5 [5Z§¢LJ) PRX}'_, (478(3)
__ 1 * .
Prx; — (5ij t3 [5Z§i:|ij) Prx; - (4.78d)

For the diagonal chargino mass matrix we get
D+ — Dy+ + 0Dge = Dy + U GM VT, (4.79)
which relates the chargino mass parameters renormalization constants du and M, to the
diagonal terms of (6Dg=),; = dmy+,
1
op = A [Unvn(sm)z?i - U21V215m;ﬁ + \/§U11U21 (Vi2Var — Vi1 Vag) 6 (M sg)

+ V2V, Vi (Ur2Usy — U11Usx) 0 (Myyeg) |, (4.80a)

1
oMy = Z [U22V225mﬁ - U12V125m>~<2i + \/§U12U22 (V12V21 - V11V22) o (chﬂ)

+ V2VisVas (UraUs; — Uiy Usz) 6 (Miyrsg) |, (4.80b)

A = UnUxpViiVag — Ur2Us1 ViaVar. (4.80c)

With these transformation rules the following counterterm Lagrangian is obtained,
— |1 .
LT =T [ip ([625 + 925 Py + 525 + 6207] Py)
1 1
— (51),# 025 + 552551% + 51@) P

1 1
- <§Dxiaz§£ + 502Dy + 5Dj~<i) PR] X7 (4.81)
ij
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Taking the derivative with respect to the fields % and )Z;F yields the renormalized self-
energies,

L () =Sk () + 02k +ozH] (4.522)
L) z i
SE (") =S - () + % (023 + 023, (4.82b)
I (0) =83 (0°) - Bpgiézgi + iézgfpii + 57))4 , (4.82c)
J i g ij
. 1 1
S8 () = 53 () - [2 D202 + 502Dy + 51)}4 K (4.82d)
1J

where the self-energy is decomposed into the respective Lorentz covariant parts according
to (A3T). The chargino sector consists of two free parameters p and M. They are fixed by
OS renormalization conditions for the diagonal renormalized self energies (i = j in (L&3])).

The other renormalization conditions fix the field renormalization factors [(52}%11%} .,
ij

meeReSl, o (m2.) + ReS$t_ (m2e) =0, (4.83a)

mReSt, (mfzji> +ReSSt (mii) — 0, (4.83b)
ReSE — (m2e) + 2mes RSt (m2.)

—|—m £ (ReZLZ ,561_ (m%) + ﬁéi{i /562-_ (m%)) = 0. (4.83c)

Inserting the self-energies (1.82)) into the renormalization conditions (A.83) yields the renor-
malization constants for chargino masses

1 N N N
Redms = Smgs [ReSly — (m2e) + Rexf (2 )| + Rem$h - (m2.),  (4.84a)

i

diagonal field renormalization constants

[52}%1{] = —Re ELﬁz, (m%) m2. [ReZL ' ( ) + Rex®/__ (m%iﬂ

i Xi X X Xi Xi Xi X; X;

—2m iReZS+~, (mi_i) : (4.84b)
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and off-diagonal field renormalization constants

2 —
L _ 2 L 2
[6Z>2i}ij = —m%i _ m%i [mﬁReEﬁﬁ (mxi> + m :tm iRerZ‘Lx;‘L (mxji)
X; X
+m iReESi i ( ) + m.- iReZSi i <m§i>
X ] Xi ] J

s [0Dys],, — mgs [5Djzi]ij] , (4.84c)

2
[52}%1}2] = — 5 |: iReE ?: ;l: (mxi) —|—m im iReZiiXi (m?{i)

m>4L —m> i g J
P e

+m - iRGESiXi < X > +m iReESi i <m2i>

Xi X J X]

Ty [5D>Zi]i. Mg [(YD)Z*]U} , (4.84d)

J

where ¢ # j. Inserting the mass renormalization constants dm_+ into ([AL80) yields the
renormalization constants for the parameters p and Ms.

Neutralino sector

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

1—
E)ZO = 5)2? ?(SZ] - PL (N*M;(ONT)U - PR (NM;[(ONT)l } )2? (485)

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

M, — M; + 5M1 (486)

Together with the renormalization transformations of the parameters in the chargino sector
(47dl), the renormalization of the neutralino mass matrix reads

5M1 0 -0 (Mzswcg) 0 (Mzswsg)
. 0 (5M2 ) (Mzcwcg) —0 (MZCW56>
5M>~<0 N —0 (MZSWCB) ) (Mzcwcg) 0 _5,M (488>
) (Mzswsﬁ) -0 (Mzcwsﬁ) —5,u 0

For the diagonal neutralino mass matrix Dyo this implies

Dyo — Dyo + 0Dgo = Dyo + N*SMpoNT. (4.89)
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Combining (£87) and ([A8Y)) yields the renormalization constant in terms of the renormal-
ization constants of the electroweak, Higgs, and chargino sector,

1
(SMl = N2 6mXO N125M2 + 2N13N14(5[L + 2N11N135 (MZSWCB)
11
— 2N11N145 (MZsWsB) — 2N12N135 (MZchﬁ») + 2N12N145 (MZchg) s (490)

with dmge = (0Dgo),,. The neutralino fields transform as
Prx; — (5” + = [62)] )szg?, (4.91a)
Prx; — <5@] + 5 [025%], >PR>2§?, (4.91Db)

yielding the counterterm Lagrangian of (4.83),

e =03 (2o + 024 o oz 22 )

(1 0(5Zo—|— (52 'Do—|—5'D >

2 X
1 * 1 D T =0
SDxwdZin + 021Dy + 0Dy PL} pa (4.92)

Hence, in terms of the Lorentz covariant decomposition (.37 the renormalized neutralino
self energies are given by

. 1

E%bz;? (r?) = 2){2?2? (r*) + 3 [5220 + 52;0}” , (4.93a)

. 1

Xos (1) = Tfoe (%) + 5 [025 +025%] (4.93b)

S (07) = 5% () - B 06 Z50 + 252 +Dso + 05 ] , (4.93¢)
ij

. 1 1

E%ﬁzg (r%) = 2%5;9 (»?) — {57)2052;0 + 552}(07);(0 + 6D}<O] (4.93d)
ij

The OS renormalization conditions in the neutralino sector read

my oReE 2050 < XJ) —1—ReZSZXJ ( > =0, for (i#7j)and (i=7=1), (4.94a)

’LXJ
RSk () + 2m2ReShly (m2 ) + 2m%ReSSkl () =0, (4.94b)

The only free parameter M; is fixed by the on-shell renormalization condition for the
lightest neutralino mass mgo ({94a)) (i = j = 1), whereas the other conditions fix the diag-
onal (L.94D) and non-diagonal ([fL94a)) (i # j) entries of 6Z50. Hence, the renormalization
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constants read,

Redmgo = mﬁ)PEeE%)X? (m?((l)) + f—{veE%Lﬁ (m?((l)) , (4.95a)
1 . .
6Z0), = g |2 <mx?ReE§?>~cg <mf~<?) + Rex$ (még) - [5@20]17.)} . (4.95¢)
X j

With the mass renormalization constant of the lightest neutralino dmgo from (£95a)) the
neutralino mass-parameter renormalization constant (.80]) is obtained.

Since there is only one free parameter in the neutralino sector, the OS condition can
be imposed for one neutralino only. In this work we choose the lightest neutralino y{. The
other neutralino masses msg.,, 8t finite shifts to their on-shell values,

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

Gluino sector
The bilinear terms in the gluino Lagrangian are given by,

L;= éﬁg (p — Ms) Uy, (4.97)

where ¥; = (g,g)” is the Majorana spinor built from the left-handed Weyl spinors § (2.6J).
By renormalizing the gluino mass-parameter and gluino field

M3z — M3 + d M3, (4.98a)
§ - (1 T %6%) 7, (4.98b)

the counterterm gluino Lagrangian (4.97)) is obtained,
LT =Wps 23V 5 — (Ms6Z5 + 5 M) Uy, (4.99)

Here we used that in the CP-conserving case, there is no difference between left- and right-
handed renormalization constants, i.e. 627 = §Z; for Majorana spinors. Thus, the gluino
self-energy can be decomposed into its Lorentz-covariant parts,

25 (%) = p2s (0°) + Ms25 (p°) - (4.100)
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The coefficients of the renormalized self-energy are then obtained from Eq.(Z99),
SE(p?) =L (v?) + 02 S8 () = 55 (%) — 62, — 2 4.101
i (0°) =25 (07) +92;, 7 07) =25 (") =625 - 77~ (4.101)

For the gluino mass M3 and gluino field the OS conditions are imposed analogously to the
quark case (c.f. (£3])) yielding the renormalization constants

SMs = MaReXL (M?) + RexSt (M32), (4.102a)
0Z; = —ReSL (M2) + 2M3IRexL’ (M2) + 2M3ReSSL" (M2) . (4.102D)

Strong coupling constant

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

1 a v v a
Lo = _§Gu (p*g" — p'p”] GL. (4.103)
The renormalization transformations for the gluon field and strong coupling-constant read
a 1 a
G — (1 + §5ZG> G}, (4.104)
gs = (1+6Z,,) gs. (4.105)

Since the strong coupling-constant g, becomes large at small energy scales, OS renormaliza-
tion at zero-momentum transfer is not well defined. Hence, the strong coupling constants
are treated in the DR scheme. They are given by the gluonic self-energy and triple gluon
vertex. In this scheme, 07 and 07, then read,

Qg Qg 60
0Zg = ——FpA 04, = ———A 4.106
G 47_[_50 ; gs At 2 ) ( )
11 2 2 1 2
=|—=—N—-= ——N — - H—=-]=3 4.107

with N = 3 and ny = 5. [ is the one-loop coefficient of the running coupling a,(p) =
g%(p) /4m. In the following computations, the strong coupling will be evaluated at the mass
scale of the decaying squarks and gluinos. The [, coefficient therefore receives contributions
from light quarks and gluons as well as from top quarks, squarks, and gluinos.

Since at scales comparable to the masses of heavy particles, their contribution to the
strong coupling have to be taken into account. The value of a, at the Z mass scale My
including contributions from squarks and gluinos is given by [55],

S (M)
1—Aay’

oM (My) |1 2 my mg; 1 = ma,
Ao, =2 2012 2300 910 M 2 log G | 4109
g g ;; 8 i, (4.109)

R (M) = (4.108)

2w 2 3 MZ MZ 6
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where the first sum runs over the six different squark species ¢ and the second sum over
the two mass eigenstate i. The value of a2 at a given scale  is then given by

DR
- M
oD (1) = o (M) —. (4.110)
1 — 2aPR(My)log 35

4.1.4 Resummation in the b / b sector

Following [51], at tree-level, the mass of the bottom quark is given by its Yukawa coupling
to the down-type Higgs field A\, hqbb via the relation my = A\yvg. Through higher-order
corrections, the bottom quark couples to the up-type Higgs field AMyh,bb altering the
relation between the corresponding Yukawa coupling and mass to

my = )\b'Ud — My = Vg ()\b + A/\b tan ﬁ) = )\b’l}d (1 + Amb) . (4.111)

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

2

2004 A
Amy, = 3_7TM3M tan 51 (mgl,mEQ,Mg) + 16;2MAt tan 5 1 (mgl,mgwu) , (4.112)

which depends on the gluino mass-parameter Mj, the higgsino mass-parameter p, the ratio
of the Higgs vevs tan 3, the sbottom masses mj ,, the trilinear coupling A; and the stop
masses m;, ,. The loop function I (a,b, c) is given by

2

1 22y 00 oo b5, e
a’b logﬁ—l—bc logg—l—ca logg . (4.113)

(a2 _ b2) (b2 _ 02> ((l2 _ 02)

I(a,b,c)=

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

\off lmeiR (1r) + mpAmy, _ M

Vd 1+ Amb Va

(4.114)

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

4.2 Infrared singularities

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

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

There are different methods to deal with the cancellation of the IR singularities. The
most prominent methods are phase-space slicing [59] which is applied in this work and the
dipole subtraction method [60H62]. In the phase-space slicing method the soft and collinear
divergent regions in the phase-space of real radiation diagrams are split off by introducing
phase-space cut parameters. The remaining real hard, non-singular phase-space region
can be integrated numerically. The soft and collinear singular regions can be integrated
analytically under the assumption that the cut parameters are small enough. They are
then added to the virtual contribution. Thus, after removing the singular regions from the
real contribution and adding them to the virtual part, both are IR finite. The sum of soft,
collinear and hard contributions then has to be independent of the cut parameters.

For two-body decays the complete bremsstrahlung processes including soft and hard
radiation can be integrated analytically [30]. The corresponding integrals are given in
Appendix [Al The total decay width for the two-body decay including soft and hard radi-
ation can be expressed in terms of these bremsstrahlung integrals. This method has the
downside that only total decay widths and cross sections can be computed, i.e. it is not
possible to compute differential distributions with this method. In this work, this method
has been applied for the processes ¢, — t; h° and t, — ¢; Z and yields the same results as
the phase-space slicing method.

4.2.1 Soft bremsstrahlung

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

MEREW g Z(iq")%’ (4.115)

7

where p;, ¢; are the momentum and charge of the i-th external particle, k is the outgoing
photon momentum and € the polarization vector of the photon (following the notation
of [30]). The plus sign originates from initial state radiation, the minus sign from final
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state radiation. The soft photon decay width is obtained by squaring the soft photon
matrix element ({IT5H]), summing over the photon polarizations and integrating over the
soft photon phase space (|k| < AFE),

rofEW _ @ d’|k| +pip; Rij
' 2% Jizar 2By 5= pikpik
(0%
=—Toy5 > (£)RijLi; = deonlo, (4.116)

]

where £, = Vk?+ A? and (&) refers to the relative sign of the emitters ¢ and j. R;;
denotes the charge factors for the emitting particles i and j and dsy is called the soft-
photon factor. For photon radiation the charge factors are simply given by R;; = ¢q;.
For QCD corrections, the electroweak coupling constant has to be replaced by the strong
coupling constant o — «; and color algebra has to be taken into account. However, for
decays mediated by the electroweak coupling (i.e. all squark decays except squark into
quark plus gluino) one can simply take ¢; = 2/ V/3 for quarks and squarks and ¢; = 0 for
all other particles. The color factor for the strong decay ¢, — ¢ ¢ will be addressed in
Subsection [6.2.41

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

TDiDj 1 ANE?
I =4r————4 = log ——
1 — _ U=Tp;
+ {— log2 Yo =18l | ;) (1 - M) + Liy (1 - “‘J—MH } (4.117)
4 up + |u v v =p;
where Li, is the dilogarithm or Spence function
bt
Liy = —/ ?log (1—at), larg(l —2)| <7 (4.118)
0
and r and v are defined as
2.2 2 Pio — Pj0 (Tpi)Q - pjz
rop; = 2rpip; +p; =0, ———= >0, v=_———~. (4.119)
Dj0 2(rpio — pjo)

4.2.2 Collinear bremsstrahlung

Collinear singularities occur, when the angle 6 between the emitting and radiated particle,
in the rest frame of the decaying particle, vanishes, i.e. 1 > cosf > 1 — ¢, for sufficiently
small d.. Since the soft radiation already has been taken care of by (£LIIH) only the hard-
collinear radiation (Fy > AF) has to be integrated over. The expression for the collinear
singularities using a finite mass regulator m, for the emitting particle have been worked
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out in [64]. Since we only have to deal with final-state collinear radiation the collinear
singularity factorizes into the Born decay width

3 AE 2E25, 92
I} 1, ll:FO%qz{(E"‘ZlOg(E )1 {1—log( me? )1—1—3—%)

= deonl'o, (4.120)

where ¢., m. and E. denote the charge, mass, and energy of the emitting particle. e
denotes the collinear photon/gluon factor. Again, for gluon radiation one has to replace
o — a, and take ¢, = 2/+/3.

4.3 Dependent masses in higher order calculations

As we have seen in Subsection B.1.3] there is a finite shift between the tree-level and on-
shell masses for the left-handed down-type squark, selectron (respectively by quark and 7,
slepton) and the three heavier neutralinos (y;, ¢ = 2,3,4). In order to account for the
on-shell property of the external dependent particles their on-shell masses have to be used
for the phase-space integration. However, for real-radiation processes (e.g. by — XL o)

infrared-singular terms proportional to In(\2/(m®5m,;)) arise, where \ is the photon mass

b

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

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

e In one-loop diagrams, the contributions originating from photon/gluon exchange are
separated. After applying the Passarino-Veltman decomposition to the correspond-
ing amplitude, the tree-level mass m in expressions m? Cy ({m?}) and Cq ({m?}) is

replaced with the on-shell value m©S.

4.4 Computation methods

First, Feynman diagrams for particular processes were generated with FeynArts 3.4 [60].
The tree-level Feynman rules are implemented in the MSSM model file [67]. For the
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counterterm Feynman rules the renormalization transformations introduced in Chapter @l
are inserted into the MSSM Lagrangian as described in Chapters [6] and @l After sepa-
rating the contributions to the counterterm Lagrangian, the counterterm Feynman rules
(Appendix [(]) can be deduced. With these Feynman rules, analytical expressions for the
genuine 1-loop and counterterm amplitudes are generated. These amplitudes are passed
to FormCalc 6.0 [32], where analytical simplifications are performed and a Fortran 77 code
is generated. This code is evaluated using LoopTools 2.5 [32/[68] to compute the scalar
and tensor one-loop functions and the Cuba library [69] for the numerical phase space
integration. The input parameters are read in the SUSY Les Houches Accord (SLHA)
format [70], a unique set of conventions for SUSY extensions of the SM specifying model
parameters and decay tables. This is done with the help of SLHALib 2.2 [71], a library of
routines to read and write files in SLHA format.
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Chapter 5

Squark decays: introduction

After having discussed the theoretical framework of the MSSM in Chapter 2 decay ob-
servables in Chapter B and methods for NLO calculations in Chapter d] we turn to the
phenomenological implications on collider physics. In Section 5] we discuss how sparti-
cles, in particular squarks, appear at the large hadron collider (LHC). This is followed by
a survey over squark decays in Section and a discussion of the different computations
performed so far in Section 5.3l

5.1 Squarks at the LHC

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

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

If SUSY is realized at the TeV scale, production of colored supersymmetric particles
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(squarks and gluinos) mediated by the strong interaction will dominate. In R-parity con-
serving supersymmetric theories these sparticles will be produced in pairs and subsequently
decay into SM particles and an even number of lightest supersymmetric particles (LSP). For
an adequate analysis it is necessary to go beyond Born approximations [76,[77]. In a number
of publications, radiative corrections to squark production and decays have been studied.
For the squark and gluino production processes the computations of next-to-leading or-
der (NLO) QCD [78], as well as the NLO electroweak contributiond] [79] are available.
These are complemented with next-to-leading-logarithmic (NLL) [RTH&3], next-to-next-to-
leading-logarithmic (NNLL) [84], and next-to-next-to-leading-order QCD corrections [85].
The subsequent decays will be the subject of the next section.

5.2 Squark decays: phenomenological overview

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

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

dr/r — 4 9, (5.1a)
(jL/R—>Q>~ng izlv"'74> (51b)
qur—=d X7 =12, q#d. (5.1c)

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

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

mz < |p £ M|, [p+ Mal, (5.2)

the neutralino mass eigenstates are very nearly bino-like (Y ~ B), wino-like () ~ W?)
and higgsino-like (X3, ~ (h) £ h3)). In this limit the chargino mass eigenstates consist

of a wino-like Y& ~ W* = 1/v/2(W"' £ W?) and a higgsino-like eigenstate y3. Thus, in

!The only missing NLO electroweak contribution is the non-diagonal squark-anti-squark production,
Le. gaqj production for v # 3 and gagj production for g # q.
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this parameter region, the right-handed squarks will mostly decay as g — ¢ XJ where
the lightest neutralino xY is the LSP and escapes the detector contributing to the missing
transverse energy. The left-handed squarks decay differently, namely ¢, — ¢ X5 and
gr — ¢ x{ if the phase space is open for these decays. The heavier neutralinos and
chargino then subsequently decay with a LSP in the final state. Often, the two-body decays
for Y9 and i are kinematically forbidden resulting in the three-body decays Y9 — f f X9
and X — f £/ X, where f and f’ denote a lepton or quark belonging to the same SU(2),
multiplet. The decays into the higgsino-like neutralinos and chargino are negligible because
of the vanishing Yukawa couplings. The consequential signatures with missing transverse
energy and several jets constitute the typical signal for squark production at the LHC. With
additional requirement of leptons (originating from heavier neutralinos/chargino decays)
the SM background can be considerably reduced whereas most of the SUSY signal is
retained.

The Yukawa couplings of the third generation cannot be neglected anymore. Since
the off-diagonal entries of the squark mass matrix ([2:49]) are proportional to the quark
mass, i.e. my(A, — puk) (k = cot 8 for top and xk = tan  for bottom squarks), differences
between the two mass eigenstates ts —t; and l~)2 - l~)1 are considerable. Mixing between the
top squarks is strongly enhanced because of the large top-quark mass, whereas the mixing
between the bottom squarks grows for large values of tan . Hence, the squarks cannot
be categorized into left- and right-handed eigenstates and the simplified analysis applied
to the light-flavor squarks does not apply. Additionally, the decays into the higgsino-like
neutralinos and charginos become relevant. Due to the the possibly large mass-splitting
further decay modes for the top and bottom squarks have to be considered,

t~2 — 1?1 Z, 52 — t~1 ]’LO, (53&)
t~2 — 1?1 HO, t~2 — 51 AU, (53b)
Eg — El WJr, 1?2 — I;z H+, 1=1,2, (530)
by — by Z, by — by B°, (5.3d)
62 — Bl HO, ZN)Q — l~)1 AO, (536)
by = &, W™, by >4, H™, i=1,2. (5.3f)

The decay of the heavier top squark into the lighter top squark and the lightest Higgs
boson can be relevant for the associated production of the lightest Higgs boson with a top
squark pair, i.e. £;25h° [86]. For large top squark mixing the #;#5h° cross section can be
larger than its SM counterpart tth’. For top squark masses suitably larger than the top
quark mass the decay t; — ¢ Y can occur with a large branching ratio. The final outcome
would have a similar signature as the one emerging from #th° production. Due to the two
neutralinos in the final state escaping detection there is more missing transverse energy
allowing for an additional handle for background rejection. In the appropriate parameter
region the #;£7h° channel has the potential to be an interesting channel for Higgs discovery.
Further the #,#;h° cross section could give insights into the SUSY-breaking scenario and
its parameters. Therefore precise theoretical predictions on top-squark production and its
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X

(a) (b)

Figure 5.1: Typical diagrams contributing to the four-body decay t; — b f f' X} (a) and
to the loop-suppressed decay t; — ¢ X! (b).

decay into Higgs bosons could become important.

In certain regions of the MSSM parameter space the decay channels mentioned above
for the lighter top squark #; are kinematically forbidden. In that case the flavor-changing
decay

th—=cexd (5.4)

and the four body decay
th—=bf XY (5.5)

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

5.3 Squark decays: calculations

Early analyses of squark production with their subsequent decays at leading order assumed
that the squark-decay into photino and quark dominates [87]. In subsequent publications
it was shown that this hypothesis is generally not justified for higher masses of the gluino
and the squarks (mg; > 50 GeV) and different decay modes of light-flavor squarks must
be taken into account [88-H92]. Third-generation squark decays incorporating the Yukawa
coupling and all mass terms of the top quark have been computed at tree level in [93].
The QCD NLO calculations to squark decays have first been performed for the decays
of third-generation squarks into neutralinos and charginos (¢ — ¢ X and G — ¢ )Zj[ where
¢, ¢ =t,b,i=1,...,4, 7 =1,2) [94]. The authors found corrections of about 10% except
for decays with higgsino-like neutralinos or chargino where they can amount to 40%. This
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computation has been generalized for decays of light-flavor squarks with massless quarks
as decay products [95]. In this case the corrections to light-flavor squark decays did not
exceed 10%. The first electroweak (EW) NLO computations have been performed in [96]
for bottom squark decays in the Yukawa coupling approximation. Finally, complete EW
corrections to squark decays into neutralinos and charginos for third-generation and light-
flavor squarks have been presented in [07]. The authors identified universal corrections but
also found non-decoupling terms that make it necessary to take into account the whole
MSSM spectrum. The QCD corrections were improved by using an effective bottom quark
Yukawa coupling and were combined with the electroweak corrections which can be of the
same order of magnitude as the QCD ones. A computation using an effective description
of squark interactions with neutralinos and charginos has been done in [98].

At the same time as the corrections to squark decays into neutralinos and charginos
the NLO QCD corrections to light-flavor squark decays into quark plus gluino have been
calculated in [99]. Subsequently, the corrections to top-squark decays into top quark plus
gluino have been computed [I00]. The corrections were found to be ranging between thirty
and fifty percent. The electroweak corrections in the Yukawa coupling approximation
amounting up to ten percent have been computed in [I01]. The complete electroweak and
QCD one-loop corrections were recently implemented in the SFold package [102].

In [I03] the decays of third-generation squarks into W /Z-bosons and into Higgs bosons
plus squarks have been discussed at tree-level. The analysis revealed that these decays can
be dominant in a wide range of the MSSM parameter space owing to the large Yukawa
couplings and mixing angles of ¢ and b. The NLO QCD corrections for squark decays into
W and Z bosons have been presented in [I04]. It has been found that the corrections are
typically negative and range from minus five to minus ten percent. In [105] the electroweak
corrections were combined with the QCD correction, both being of the same order of
magnitude.

For the squark decays into Higgs bosons, the one-loop QCD corrections have been cal-
culated in [I06] for the decay £, — £; (h°, A°) and generalized to all possible squark decays
to Higgs bosons in [I07]. The corrections are mostly negative and are of the order of a
—10% to —20%. In [108] the electroweak corrections in the Yukawa coupling approximation
were computed and the strict one-loop EW corrections have been calculated in [109].

The decays of the lighter top squark when the two-body decays (B.]) are kinematically
forbidden, have first been studied in [IT0,111] and more recently in [I12,[I13]. The full
one-loop computation to the flavor changing neutral current decay #; — cx! was recently

done in [I14].

QCD corrections to sparticle decays including squark decays have been implemented
into the Fortran code SDECAY [I15] which calculates the decay widths and branching
ratios of all supersymmetric particles in the MSSM. It is a part of the SUSY-HIT pack-
age [I16] which combines the SUSY particle spectrum generator SuSpect [117] with the
program HDECAY [118] computing the decays of the MSSM Higgs boson.

The aim of the following chapters is to collect all electroweak and QCD corrections
to all different squark decays (1)) and (B3] in a common approach for renormalization
including higher-order contributions in the Higgs and bottom sector. Special care is taken
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for the consistent treatment of the external on-shell particles, especially in the case of the
dependent squarks and neutralinos masses. The Higgs sector has been treated according
to the renormalization scheme used in FeynHiggs [29] which is also used to compute the
two-loop corrections to the Higgs-boson masses. FeynHiggs is a Fortran code for the
diagrammatic calculation of masses, mixing factors of Higgs bosons in the MSSM at the
two-loop level. Furthermore production cross sections, decay widths, and branching ratios
of Higgs bosons are computed up to the one-loop level. For the renormalization of the other
parameters we have chosen the on-shell scheme, such that physical quantities, i.e. on-shell
masses, can be used as input parameters. Only the bottom-quark mass and the according
trilinear coupling are renormalized in the DR scheme in order to avoid instabilities in the
perturbative expansion.



Chapter 6

Squark decays: process-specific
calculations

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

6.1 G, — ¢x; and ¢, — qx!

6.1.1 Counterterm Lagrangian

The Lagrangian for squark-quark-chargino interactions in terms of the mass eigenstates is

given by [22]

L~

qq x*

= Xi (CLr Py + FE Pp)diu+ x;, (DY Py + E% Pg) af d + he. (6.1a)
For interactions of squarks with quarks and neutralinos the Lagrangian reads
Lo = X0 | (GEF P+ GUE Pr)alu + (GUF P+ G PR) dld] +he,  (6.1b)

where “hc¢” denotes the hermitian conjugate of the preceding terms. )Zf and \% denote the
fields of the chargino and neutralino mass eigenstates (2.60)) and (Z671), u and d the quark
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spinors, and @, and d, the squark fields. The couplings in ([B1a) and (GID) are given by

i 92 Uk i
Ch = =92 Un Ul + —=—"—maU%, (6.2a)
k 1 \/EMW cs 2
DL — a g2 Via a
= 92 Ve Ugy + mmng, (6.2b)
w tp
R 92 Upa mg
= 7= U, 6.2¢
sk \/§MW Cﬁ sl ( )
g2 ‘/}62 My +od
Fi = ==———"UY, 6.2d
u m 92 % T4
Gyl = GyrUs — NI my NpyUg, (6.2e)
W op
Gyl =G UL~ \/59—23 ey NesUJ, (6.2f)
W op
GIE = GiUd - ﬁ ma N2US, (6.2¢)
w tp
GoE = GiRUg, - % My NigUd, (6.2h)
My B
Gi' = —V2gs [T, Niy + tw (Qq — Ti) Ny, (6.21)
Gi" = V2gatw Qg Nia, (6.2j)

where the parameters for the charginos, neutralinos, squarks, and quarks have been intro-
duced in Chapter 2l The mixing matrices for the squarks UZ, the charginos U;;/V;;, and
neutralinos N;; (Subsection 2.2.3) rotate the gauge eigenstates into mass eigenstates. The
subscript s denotes the squark mass eigenstates and k the chargino / neutralino mass eigen-
state. Indices in generation space are omitted throughout this work, since flavor-changing

interactions are neglected.

The counterterms 6L are obtained inserting the renormalization transformations for
the chargino- (A1), neutralino- (£97]), squark-, and quark-fields ({33]). Furthermore, the
couplings (6.2) transform as

CcL — CL 4+ 5CL DL — DL 4+ 6DE (6.3a)
Ef — ER 4 5ET FI — FE 4 §FR, (6.3b)
el — G +6GF, Gult — gult + sgult, (6.3¢)
GLE — Q4L 4 5GYE, G — QLR 4 5GAE. (6.3d)

These renormalization constants are listed in Appendix [B.JIl This gives us the following
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counterterm Lagrangian for charginos,
* 1 * * *
0Lz s = Xi { ( [62&] Ch +§52505Lk [52] CcL +50§€)

* 1 7
+ P (5 (928, P+ p02EEE + 302, i+ o5E )| dra

1 1
+ Xn [ r (5 62L], DI+ 5cszd DE + [0Za4)), DE + 5D§,:>
1

1 * ~
+ (5 920, B+ 02 B+ 3 62a), B+ 085 ) | md +he. (6.0

and neutralinos,

1 1
oLy =0 |Pi (31620l GiF + 5 2, Git + 1ot Gaf + oG

7Gx°
* 1 *
+ Pg (5 0250l G4 + 5 [02al;, G + 5ZRG +0GY, )} u
—5 1
+X7 [PL (5 [0 Z50],, G4 + [52 s Go- + 5525 G + 5G§,f)

1 1 -
+ Pr (5 (0250, G4 + [53 i Gl + 5024 G4 + 6G§E>} d; d +he.
(6.4b)

The corresponding Feynman rules are listed in Appendix [Cl

6.1.2 Feynman diagrams

The QCD one-loop amplitude M;"™ QCD consist of diagrams (Fig. 61]) with gluino- (a) and
gluon-exchange (b). Furthermore, the counterterm contributions to M?T’ P are depicted
in (c), and diagrams with real gluon radiation contributing to the amplitude M} are
given in (d)-(e). For the electroweak corrections (Fig. [6.2), triangle diagrams with a gaug-
ino (a)-(b), Higgs boson (c)-(d), and gauge boson (e)-(g) contribute to M;“*"W  whereas
diagram (h) contributes to the counterterm amplitude M TEW  Real radiation account-
ing for /\/l]re‘rjll EW consist of diagrams, where a photon is radiated of a electrically charged
particle (i)-(k), whereas diagram (i) only appears in processes with external charginos.

6.1.3 Partial decay widths and branching ratios

In these processes, some subtleties have to be taken care of. First, renormalization of
the bottom quark mass and inclusion of tan 8 enhanced corrections, which is addressed in
Subsection T4 have to be considered. Second, one has to pay attention to the treat-
ment of the dependent masses for the particles dy,, by and XY, (i = 2,3,4). This concerns
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all processes (at least those with particles with a dependent mass in the final state) and
is highlighted in Section Finally, when computing real corrections for the first gen-
eration squark decays, collinear divergencies occur due to the massless outgoing quark
(Subsection 1.2.2).

Computation of partial decay widths and branching ratios is explained in Chapter
The tree-level partial decay widths for the decays into quarks and neutralinos/charginos is
given by
(2m)*

qa

Dolde = ¢'5:) = / dPS, | Mo[?, (6.5)
where y; denotes a neutralino or chargino, dPSy the two-body phase space element, and
M, the tree-level amplitude for the corresponding decay. The decay widths at NLO are
obtained with the amplitudes computed from the Feynman diagrams listed in Subsec-
tion [6.1.2]

vir ~ ~ 2 1
[YrEW/QCD g o) = (27) / dPS, 2Re (MOMlEW/QCD> + 60itT0 + deonlo,  (6.62)

mg,

qa

rea. ~ ~ 2 4 rea.
R ol i L (6.6b)

where MIEW/ QoD _ M}L’Ew/ QCD—l—MlCT’EW/ Qe Jdsoft and deon denote the soft-photon/gluon

and collinear-photon/gluon factors (LI10) and ([@I20). The partial decay widths at
EW/QCD NLO are then given by

EW/QCD , ~ ~ virt, EW/QCD , ~ ~ real EW/QCD , ~ ~
IPWVP (G, — ¢/ ) = Ty VPG, s ') + YR (G, '), (6.7)

Finally, the branching ratios are calculated according to (B.I4).

- q q
g g
e L g e "
z Db S q
o "\ a cjg\

Figure 6.1: Generic Feynman diagrams contributing to QCD corrections to the process
do — ¢ Xi: (a), (b) virtual corrections, (c) counterterm diagram and (d), (e) real radiation
diagrams. Notation as in Fig.
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q |

-- - S
TN

J =

Xi

Figure 6.2: Generic Feynman diagrams contributing to electroweak corrections to the pro-
cess G, — ¢ Xi: (a)-(g) virtual corrections, (h) counterterm diagram, (i)-(k) real radiation
diagrams. The common label V' denotes the gauge bosons v, Z or W. S refers to the Higgs
bosons h°, H°, A° and H®, for internal particles it also stands for the Goldstone bosons
G° and G*. y; labels neutralinos and charginos, respectively. Insertions of the specific
particles have to be combined such that the U(1) and SU(2) charges are conserved at each
vertex.

6.2 q,—qg

6.2.1 Counterterm Lagrangian

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

Livgze = V29,7 > 7 (UL, Pn— UL Pr) §" s + he. (6.8)

q=u,d

The renormalization transformations introduced for the squark, quark, and gluino fields
(46T, B33, 98D) and for the strong coupling constant (EI05), yield the counterterm
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Lagrangian

- o1 A T
0Lg g0 = V2T Y 7 {PL (5ng 95 Uss + 5 1024, 95 Uz + 5525 9s Uzqs)

q=u,d

;1 -1 .
- PR (5293 s Ui]s + 5 [525]7&3 9s U{It + §5Z¢]L* 9s Ui]s>:| ga (js + he. (69)

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

6.2.2 Feynman diagrams

Genuine 1-loop QCD diagrams contributing to the amplitude M;>%P (Fig. B3) consist
of gluon and gluino exchange (a)-(d). Diagram (e) contributes to the QCD counterterm
amplitude M?T’QCD and diagrams (f)-(h) account for Mﬁeal’QCD. The genuine 1-loop EW
corrections (Fig. [6.4]) are built up of triangle diagrams with quark-squark—-gauge-boson
(a), quark-squark-neutralino (b) and quark-squark-Higgs-boson loops (c¢) and the corre-
sponding amplitude is denoted as M%L’EW. The counterterm diagram (d) contributes to
M?T’EW. Finally, the real EW corrections consist of photon radiation of external particles

with electrical charge (Fig. B4 () and (f)). The corresponding amplitude reads M} "

Figure 6.3: Feynman diagrams contributing to QCD corrections to ¢, — ¢ §: (a)-(d) virtual
diagrams, (e) counterterm, (f)-(h) real radiation diagrams. Notation as in Fig. 6.2
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Figure 6.4: Generic Feynman diagrams contributing to electroweak corrections to the
process G, — qg: (a)-(c) virtual corrections, (d) counterterm diagrams and (e)-(f) real
radiation diagrams. Notation as in Fig.

6.2.3 Partial decay width and branching ratios
As described in Chapter Bl the tree-level decay width is given by
(2m)*

qa

Fo(da — qj) = / dPS, [Mo”. (6.10)
where M, is the tree-level amplitude for the corresponding decay. The decay widths at
NLO are obtained with the amplitudes computed from the Feynman diagrams in Subsec-
tion 6.2.2]

vir ~ ~ 2 !
Fl t7EVV/QCD(qa — qg) = ( 7T) /dPSQ 2Re (M()MIEW/QCD> + 5softF0 + 5collr07 (6113)

mg,

qa

2 4
IﬂieaLl,EVV/QCD(qva _ qg) _ (mﬂ') /dPSg |M§eal,EW/QCD|2’ (611b)

where lew/ Qb _ M}L’Ew/ QCD—l—M;}T’EW/ Qeb, dsoft and deon denote the soft-photon /gluon
and collinear-photon/gluon factors (LI10) and (ZI120). Because of the external gluino, the
QCD soft color factors involve a non-trivial color factor matrix R;; (c.f. (LIIG)). Its cal-
culation is shown in Subsection The partial decay widths at EW/QCD NLO are

given by

EW/QCD , ~ ~ virt, EW/QCD , ~ ~ rea, EW/QCD , ~ ~
PR, = qg) = TV VP (G, — qg) + T VP (G, = ). (6.12)

Finally, the branching ratios are calculated with (B14]).
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6.2.4 Color factors

Since gluon-radiation of a gluino introduces different color factors than gluon-radiation of
squarks and quarks, the color factor matrix R (cf. (LII6])) for the real QCD corrections
of squark decays into quark plus gluino is not trivial anymore. Gluon radiation of quarks
and squarks yields the following charge factors:

(T%); = {
Furthermore, the gluino emitting a gluon yields the factor

(T&)pe = i fave- (6.14)
The amplitudes in the soft-gluon approximation for gluon radiation are denoted in Tab.

tg;  for ingoing (s)quark or outgoing anti-(s)quark

. 15! : . . (6.13)
—t{; for ingoing anti-(s)quark or outgoing (s)quark

j
‘éééé
IR\ a !b Po€
) jk ki Js MO

? k a po]{?,
J
k e
- =12t g, Mo,
7 p b ki jkg Oplk:

. P2€ a a Dpa2€
=i fora th; 9s Mo ook (5t =t %) 9 Mo Dok

Table 6.1: Gluon radiation matrix elements in the soft-gluon approximation for the pro-
cesses G, — §q. a, b, 1, 7 and k denote the color charges of the particles. py denotes the
momentum of the particle with color charge i, p; belongs to particle 7 and p, to particle
with index a.

Squaring the real gluon radiation amplitude yields products t?ktiitfjtfl. Color algebra
and the Fierz identity yield the color factor matrix (c.f. (Z116))

16/3 —2/3 6
R=1| -2/ 163 —6 |. (6.15)
6 -6 12
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6.3 ¢, — @Z and g, — gW*

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

. G rrd G\ ~ 5L ~ . e~ S5~
Lizaa = —iQaeA, (USUR + ULUL) @ 0 G = —iC (A, @) Aud: O @i (6.16)

Linz = ——— 2, [T, (1471, Qi st ) UL VR - sh QUL UB) 7
= —iC(Z.3d) 2,3, 0" . (6.17)
Lovqw = —\/fiw (W Ui v 9" d,+ he)
= —iC (W, @, d) W, i “9 d, + he, (6.18)
C (W+, ~j,dt> - C(W Jd ) (6.19)

Via the renormalization transformations for the squark-fields (LGIl), vector-fields (9],
the electric charge ({.14)), and the weak mixing angle (47) constituting the counterterm
couplings dC(...) given in Appendix [B.2] the counterterm Lagrangian is obtained. It is
given by

. ~% ~ 1 ~%  ~ 1 ~% ~
5£‘j§ @z — -t |:6C (Z? qs7 Qt) + §5ZIZIAO (Z7 qs7 qt) + §5ZQZIAC (A7 QS7 Qt)
1 . I | - 5
+§ [5qu]usC(Z7 qu7qt) + a [526]1,150(27 q57q’U) ZMQS Qta (620&)

) 37 Y 5’ Y u7

Ly qw = —i [50 (Wi, di) + 5ZWC (v, dt> Sz, 0 (Wi, d)

1 . .
+5[023),,C (W+ it d )] Wi it 9 d, + he. (6.20b)
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From this counterterm Lagrangian the counterterm Feynman rules listed in Appendix
are deduced.

6.3.1 Feynman diagrams

The 1-loop QCD diagrams contributing to M}L’QCD (Fig. 63) include triangle diagrams
with gluino (a) and gluon exchange (b). Furthermore, two-point corrections of squark—
gluon (¢)-(d) and squark—squark (e) loops have to be included. The counterterm amplitude
METQCD ig represented by diagram (f). Real radiation diagrams accounting for MR
consist of gluon radiation of the external squarks (h)-(i) and the four-point interaction
between squark—squark— gluoan/ Z-boson (g). The electroweak diagrams (Fig. [6.0]) used
for the calculation of ./\/l1 EW include triangle diagrams with quarks—neutralino/chargino
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(a)-(c), squarks—Higgs-boson (d)-(e), squark—Higgs-boson—gauge-boson (f)-(g), squarks—
gauge-bosons (h)-(i). There are also diagrams with two-point functions of squark—gauge-
bosons (j)-(k), Higgs-boson—-Higgs-boson (1), sfermion—sfermion (m), and gauge-boson—
gauge-boson (n). For the counterterm amplitude MSTFW | diagram (o) has to be evalu-
ated. In addition to photon radiation of external squarks (s)-(t) the four-point interaction
between squark-squark-gauge-boson-photon (p) contribute to MWV Furthermore,
when the external W-boson radiates a photon (r), the diagram with a Goldstone-boson
propagator (q) has to be included.

b b / % q
- - 9 G - e o B
e ! 77’77'9\955}/1 0, R /( \\‘».q{’f:éi ”’C‘Jlgf ’{.1 quC
o z ! G, e -0 N
“ q V a ~a \\"\’\’\/\, ~a, Qa V q& \‘/\/\’\’\1
(a) (b) (c) (d) (e)

Figure 6.5: Generic Feynman diagrams contributing to QCD corrections to the process
do — V @ (a)-(e) virtual corrections, (f) counterterm diagrams and (g)-(i) real radiation
diagrams. Notation as in Fig.

6.3.2 Partial decay width and branching ratios

Referring to Chapter Bl the tree-level decay width is given by
(2m)*

qa

PO(@a — (jllyv) =

/dPS2 |Mo|?, (6.21)

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

(2)*

mg,

virt, EW/QCD , ~ ~
Ly eV G V) =

/ aPS, 2Re (MoMPY/OPY) 15Ty, (6.220)

da

rea. ~ ~ 2 1 rea.
ARG, = ) = O [ aps g SR (6:220)
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Figure 6.6: Generic Feynman diagrams contributing to electroweak corrections to the
process ¢, — V' q,: (a)-(n) virtual corrections, (o) counterterm diagrams and (p)-(t) real
radiation diagrams. Notation as in Fig. [6.2
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where MIEW/ oeb M}L’EW/ Qep —i—MfT’EW/ QCP 5. denotes the soft-photon /gluon factor
(AI1d). Since there is no external massless particle, there are no collinear singularities and
the collinear-photon/gluon factor does not appear. As we have seen in Subsection L1.3]
there is a finite shift between the tree-level and on-shell masses of the left-handed down-type
sfermions. In order not to spoil UV-finiteness, the on-shell masses only have to be inserted
into terms of one-loop amplitudes MiL’EW including the IR divergent loop-integrals Cj.
These terms involve the coupling between ¢, l;’{ G~. In order to maintain IR-finiteness, the
procedure described in Section has to be applied. Finally, the EW/QCD NLO partial
decay widths are given by

TP (G, — V) = Ty VPG, = g v) + TP (G, 5 gv). (6.23)

and the branching ratios are calculated with (3.14)).

Real radiation

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

real4-so Aram? 3M2
prealtsoft EW _ — da Q§< H2ZI — (Io+ Iy + m, Ioo + m3, I
+ (mg, +mg, — Mz) In) ) Lo, (6.24)

where the charges of the squarks are given by ()5 and their masses are denoted as mg,, mg,.

Furthermore, the abbreviation x = x (m2,,mZ , M%) for the Kéllén function [B32) is used.

The decay width for real gluon radiation TP is obtained by replacing Q7 — 4/3 and

a — ag. The NLO decay width then is given by

D) 4
PEW/QCD (2 7y (27) / dPS, 2Re < M, MlEW/QCD>  TrealtsoftEW/QCD g 95)

mg,

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

6.3.3 Dependent masses in squark—squark—Goldstone vertices

When computing the decay ty — by W one has to take special care while inserting the
on-shell mass of by (cf. Section [L3). In several one-loop diagrams in Fig. [6.6] the vertex



6.4 G, — Gh°, H°, A° and G, — G,H* 77

to l}{ G~ appears. The Feynman rule for this vertex reads

, .= re S W
—zC(G ,t,b*>:——(—t UL, Ul m (Au——>
2, Y1 \/iMwswtg B Y22 1,1\t tﬂJ
X
+ 15 Uby (Ul my (A" = puty) +UL, (m —m? — o M) )). (6.26)
Y z

The expressions X, Y and Z can be written in terms of the squark masses. In order to
maintain [R-finiteness, the tree-level value my has to be replaced by the on-shell value
mg)ls. Terms X and Y can be replaced through linear combinations of the squark masses,
using the relation

o]
Il

\-H\l
(w2

[Daly, = [UTT M U] (6.27)
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Expression Z, on the other hand, can be written in terms of the squark masses using

NP — M, = [UBT M UB] - [U“ Ml Uf] . (6.28)

11 11

Using these relations and inserting the on-shell value mBOIS one gets
X = U mp®? + Uy my, — UL [P mi, — |Ug[* m, (6.292)
Z = U, Ulym? + UL Ul,m?. (6.29¢)

6.4 ¢, — q@h’,H, A" and q, — ¢H™

6.4.1 Counterterm Lagrangian

The cubic Higgs-boson—squark—squark interactions can be written in terms of the La-

grangian [22/[1T9)

Lszy =Y, C(S,¢,4)Sq G, (6.30)

S,4s,q;
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where S stands for any Higgs field of the MSSM. The cubic interaction terms C' (S, ¢, q;)
are given by

- 7 C S
C <H s s,dt> = \/59]2\/[ |:U;Ll Utdl ( i Be —|—m§ CZC — M‘%V (85056 +CBSBC))

_ s c
— U§ Uy ma (M—— ) UfQUﬁmu(u e _ A, 5‘:)
5B 5B
+ U3, Us, (s— > mum} (6.31a)
s
c(6hind) - [U vl (m 2 % 0t (spon. = o))
77U d u d CB. S/BC
Usl Ut2 mq + Ad UsQ Utl My | Y U
C S8 S8
U d Sﬂc Cﬁc
+ Us, Us, ( - —) My, md] : (6.31b)
Sp cp
C(H®, @, @) = Ca (0}, ) Sa+ Cp (0, ) ca — Cy (UL, Ut) Catp, (6.31c)
C (h°, @5, @) = Ca (T3, ) co — Cp (T3, ) Sa+ Cy (@5, @) Sasrs, (6.31d)
C (Ho,ci;,dt) C (d dt> ca +C, (J* Jt) 50— C, (J;,Jt) Cat sy (6.31¢)
C (hO,J:,Jt) - —(JA< ) Sat ( dt> ca +C, (CZ;,CL) Satss (6.31f)
~x ~ Zg2 My Sg, o U 770 Ay
o (A5 ) = e (R (- 72) ~URUE (k- 12)). (0310)
0 g g _ 1921 Chu (11d rd drrd
¢ (A 7d87dt> = DMy < <Us B (n—Aatg,) = UL U (u Adtﬁn)>7 (6.31h)
0 ~* -~ g2 My Cg,, @ rra i i
¢ (G 7usvut) = 2 My 55 ( Ua Ups (0 + Auts,) + U Uj (1 + Ay tﬁn)> (6.311)
0 g d) = 2mass (yagd (A _pdpd (A '
(6 did) =3 T (Usl U <u+ tﬁn) U U (m tﬁn)), (6.31)
with the abbreviations for the contributions via the trilinear couplings A, 4,
O my Ay g e @ rri @ 7ri @ 7ri
Ca (g, u) = M92 [ 9 (Usl Up + Ug Utl) —m; (Usl Un +Ug Ut2>:| ) (6.32a)
W S3

g mq Ad 1 i 1 1 1 1 1 1
Ca (dydy) = o { (U8 U+ UL UR) —mi (UL U + UG, Ué)} . (6.32b)

the higgsino mass parameter ,

C, (i, i) = 2 g pi 4 U U (6.32¢)
2MW
* 7 _ g2m
Cy (dvd) = it E(vhug+ UL UL (6.32d)
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and the gauge coupling gs,

g2 My,

C, (7, 70) = 2 (U5, U7 (1+ (1 2Qu)) +2Qu US UB ] (6.32

M ~ ~ ~ ~
c, <d* dt> = & o [Usdl US (14 (142Qu)1%) —2QuU%S U t%v] . (6.32f)

We distinguish between £, 5. and 3, since the parameter  has to be renormalized whereas
the mixing angles «, 3, and [, need not to as already explained in Subsection [.T.3l This
distinction becomes important when computing the counterterms below.

Again, the counterterm Lagrangian is obtained inserting the transformations for the

squark fields, the Higgs fields ({23]), and for the couplings (6.3T]),
C(L.)—=C(.)+6C(...). (6.33)
This results in the following counterterm Lagrangian,
Lsgg= Y {50 (8.5, q) + % 024], C (S, @ @) + %[ﬁqle(S, CEZZ,CJL)] Sq;
S,ds,d;

1 e 1 I v~
+ Z |: (§5Zh0 hOC (hO’ qS;Qt) + §5ZhOHOC (H07 s Qt>) ho s Gt
q
1
+ <§5ZHOHOC (Ho,q:,(jt) + 5Zh0HOC )qs)qt )
1 . 1
+ §6ZAOAOC (A ,qs,qt) + 25ZA0GOC G qs,qt A

1 1
+ (552(;0000 (G°.q.a) + §5ZA0 @C (A% ¢, q)

]

1 o 1 o
+ Z { (éézHiH:FO (Hi,qs,%ﬁ) + §6ZHiG:FC (Gi,qs,qg)) H* g qs qt

1 1
+ <§6ZGi +C (GG, q,) + §5ZH1F a+C (Hi76:76t)) G*q; Qt:| (6.34)

The coupling renormalization constants 6C (5, %, ;) are glven in Appendix [B.3| and the
resulting counterterm Feynman rules are listed in Appendix [Cl

Furthermore, we need the counterterms for W* — H* and Z — A° mixing depicted in
Fig. They stem from the kinetic terms of the Higgs fields

(D, H,)" (D"H,) + (D, H,)" (D"H,) . (6.35)

Renormalizing the parameters and fields respectively, the counterterm Lagrangian for the
AY — Z and H* — W+ interactions reads

1 1
0L =—Mjy, (c% Otg + §5ZAogo> Z, O A% 4+ <c% otg + 552@11;) Wj OFHT. (6.36)
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6.4.2 Feynman diagrams

The genuine 1-loop QCD amplitudes M} 2P are computed via triangle diagrams (Fig. 6.7
with gluino (a) and gluon exchange (b). Furthermore, the a,-dependent part of the four-
squark vertex is present in diagram (c). The counterterm amplitude M?T’QCD is given in
terms of the counterterm diagram (d). Real radiation consists of diagrams, where the in-
and outgoing squarks radiate a gluon (e)-(f) and contribute to M0

For the virtual EW amplitudes M;"™W | triangle diagrams (Fig. B.8) with quarks-
neutralinos or quark—charginos (a)-(c), squarks—Higgs-bosons (d)-(f), squark—Higgs-boson—
gauge-boson (g)-(h), and squarks-gauge-bosons (i)-(j) have to be computed. Further
corrections including two-point functions with squark-Higgs-boson (k)-(1), Higgs-boson—
Higgs-boson (m), and sfermion—sfermion (n) are present. Note, that the diagrams (b), (f)
and (j) only appear for the decays into neutral Higgs-bosons. The counterterm amplitude
METEW consists of diagrams (o). The real radiation amplitude M2 W is computed with
diagrams (p)-(r), where (p) only appears in processes with external charged Higgs bosons.
When the squark decays into the CP-odd or charged Higgs boson, the mixing between the
Higgs and the Z/W boson has to be taken into account. These diagrams are drawn in
Fig. The 1-loop amplitude M%L’EW then also consists of diagrams with SM fermions
(a,f), neutralinos/charginos (b,g), Higgs boson (c,h), sfermion (d,i), and sfermion—gauge-
boson (e,j) bubble diagrams. In this case, also the counterterm amplitude M?T’EW hast
to include counterterm diagram (k,l).

- ay ay q
g - g o ~ //2, -~
- = / ——»——W q —’qif_/ /\\ é
q ST N
A S qd ~~*--__
S S
(a) (b) (c)
~ ~/
1 N C.Il/) - qb/
q/b s qé, .5;;}\ ‘gégégég///
————»———x/ . e »—(/
moXO el g T
4a G Ga \\\\ 4a Ga \\\\
(d) (e) ()

Figure 6.7: Generic Feynman diagrams contributing to QCD corrections to the process
do — H g, (a)-(c) virtual corrections, (d) counterterm diagrams and (e)-(f) real radiation
diagrams. Notation as in Fig.
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- ay - v 1 b =1 £ b
Xi =" Xi 4~ T 2~ <, T 50
o g . a / . a X __ a S’ Se L @ Je Teo__
q 0 S S
(a) (b) (c) (d) (e)
s Qv 1 (jg) B ~111 ~l/7 _ V0 (jl/’ - 174 G -
/f—'_ c - C,f—*— ‘_—V’ ‘_,V—
A TP S Pt S R N
c o S Ty Vot e Tgm % g
(f) () (h) (i) ()
- . N
qv(/:/ ~l/) ) ’q'b/, q;,/,, ~ ql/’,, - (jlly -7
B A S M = ey A
~ N N S The_ /‘ QC ! ' \ ' ; X\
S S s
(k) 1) (m) (n) (0)

Figure 6.8: Generic Feynman diagrams contributing to electroweak corrections to the
process ¢, — H g, (a)-(n) virtual corrections, (o) counterterm diagrams, (p)-(r) real
radiation diagrams. Notation as in Fig.

6.4.3 Partial decay widths and branching ratios

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

Lo — ,5) = 27

qa

/dP82 |Mol?, (6.37)
where S denotes any of the five physical Higgs bosons and M, the corresponding tree-
level amplitude. The computations of the partial decay widths beyond leading order will

be divided between the decays g, — g, (h°, H) (Subsection B44) and ¢, — ¢, (A°, H*)
(Subsection [G.4.4]).
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q}’,/ - 6{,/,4/ %/ c]é,/ - q;,/,/
s L AR S S-S ool
da 'V S da 'V S Ga V3 4S5 Gda V&S Ga m\s
fo X S P S
(a) (b) (c) (d) 4 (e)
QNII)/, - QI/)/://’ (jzl;/,/ ql%/,:,’ QI/) -7
——-e—- ;/ f/ ——————— o« X; ————:———r‘/ VS, ————»———«V’/ VJ ————>"7or"/ V
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fo o [ - -
G ) (1) O o)
Q@ - @ .-
/// //
-———r>---, = ---- >---e
Ga ;Fx da G %
G .
(k) Q)

Figure 6.9: Generic Feynman diagrams contributing to Higgs—gauge-boson mixing for the
process G, — H @, In this case (V, S) stands for (Z, A%) or (W, S). Otherwise, the
notation is as in Fig.

6.4.4 G, — G (h°, H)

When computing squark decays into (on-shell) Higgs bosons beyond leading order, the
finite wave-function normalization factors Z; ([£31al) and Z;; (£.31D]) have to be included.
For decays into the neutral CP-even Higgs bosons this implies a mixing between amplitudes
with external A and H. This is worked out in detail in Subsection 1.3l

Improved Born approximation

It has been shown in [45] that in large MSSM parameter regions the improved Born ap-
proximation [45/[120] containing the Yukawa contributions of O(Grm;/M?,) deviates from
the complete one-loop calculation only by a few percent. The improved Born approxima-
tion includes the effects from the Higgs propagator corrections using the finite Z-factors
(E3Tal EE3TD). The improved amplitude MZ is obtained by summing over the tree-level
amplitudes M p0 goy, weighted by the appropriate Z—factorSEI,

Mg (62 — (jlho) =V ZhO (Moﬁo + ZhoHoM[)’Ho) , (638&)
MG (@2 — G H) =/ Zo (Moo + Zpropo Mo o) - (6.38h)

IThe subscripts A’ and H® denote the amplitudes for the processes o — 1 h° and Go — G HP,
respectively.
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The partial decay widths improved by Z-factors then read

L 2m)* o
Iy (G2 = aih’) = (m—) / dPS, [MF (G2 — @ih°) |, (6.39a)
q2
Z |~ ~ 0 (271-) 2
L8 (@ = @H) =~ [ dPS; MG (&2 — @ H") [* (6.39b)
q2

One-loop corrections

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

MEW/QCD ((] — C]1h ) =V ZhO <M}E\IX)/QCD + ZhOHOM]i\géQCD> 5 (640&)

MV (G =5 1) = v/ Zigo (MTREAP + Zaopo MNP, (6.40D)

where /\/llEV%Q;O? - M EOV‘%‘QCD fThEV:I{)QCD are the amplitudes with external h°/H?
boson listed in Subsectlon IBiZI Slmllarly, for the real corrections we get

M;eal JEW/QCD (q s dih ) o ( MfngW/QCD T Zyoyo M;(??;,OEW/QCD) . (6.41a)

MEEW/QCD (o = @ H®) =/ Zno (Mfz’oEW/QCD - ZHoho./\/leL’Ew/QCD) . (6.41Db)
where MT?}NE \;%SCD denote the amplitudes for real photon/gluon radiation with external

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

ir ~ ~ 2 ! ¥
F\ll LEW/QCD (QQ — qlhO/HO) = ini) /dPSQ 2Re |:MZ MEW/QCD] + 5softF0Zu (6428“)
a2
rea, ~ ~ 2 rea
[l EW/QCD (7 g 0 (2m)* / APS; [ M EV/Q0D 2, (6.42b)
P

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

FEW/QCD ng _ (jlho HO _ FVH‘t EW/QCD = hO HO
1 1
n F;eal,EW/QCD(qa — q,h°/HY). (6.43)

6.4.5 Real radiation

In addition to the phase-space slicing method of the preceding subsection, the real ra-
diation was computed integrating the 3-body phase space analytically. In terms of the
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bremsstrahlung integrals including soft and hard photon radiation given in Appendix [A]
the decay width for the real radiation process g — ¢ h°/H" v can be written as

2
Preal+soft EW 40(777/(12

1 ' - = (m%Q;IOO + m%l ngll
K <m2 m2 . M3 )

G2 """q1? “ThO/HO

+ Q2 (Io+ I + (m2, +m2, — Mpo 10) In1)) TF, (6.44)

where @);, m; denote the charge and mass of the particle i and x the Kéllén function (3.2]).
The decay width for real gluon radiation is obtained by setting Q% = Q% = QoQ; = 4/3,
> = 0 and replacing a@ — av.

Thus, the partial decay width at NLO is then given by

2 4 *
rEW/ACD (5 gy g0y = G / dPS; 2Re | M M|

Mg,

+ Freal+soft EW/QCD (645)

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

6.4.6 G, — q, (A HF)

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

ir ~ 2 4
PUREW/QOD (2 (40 ey (nj) / dPS, 2Re (MOMEW/QCD) + 6.0ilo,  (6.464)
Ga
real, EW/QCD PRV — (27T)4 real, EW/QCD |2
) (o= i (47, 1)) = S0 [ apsy g 2 (6.46D)
qa

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

» 1.4 9

Zao =1 =507 =1- Rea 2N . (6.47a)
" S d
Zye =1 = 0Zpe =1 = —Re . ——Sh-n+ P (6.47b)

with the DR renormalized self energies . ([@24d)). The infrared divergence contained in
§ZM* is canceled with the one from soft radiation (explicitly the soft divergent part in the
square of the diagrams Fig. (p)). Hence, the amplitudes MEW for squark decays into
A% and HT are given by

1

M?W(da SN quO) MIL JEW + M?T,EW . 5./\/10 5ZAO, (648&)
1

MW (G, = GHF) = MIEY L MOTEY Ay 674 (6.48b)

2
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Finally, the decay widths at NLO are given by
Ty (G, — A°) = TYEVOP (g, — A% + TP EVP (G, g,A%), (6.49a)
PEW/QCD (g g HE) = TYEW/QCD (6 gy | el BW/QCD (s iy (6.49D)
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Chapter 7

Squark decays: numerical evaluation

In the previous chapter the computation of NLO corrections to squark decays was discussed.
In this chapter the decay widths including the computed NLO corrections are numerically
evaluated. First, in Section [Z1] the input parameters are given and the decay widths
and branching ratios are subsequently evaluated in Section [[.2l Following, the numerical
impact of using the correct on-shell values for the dependent particles is discussed in
Subsection [[.2.1] In Section [7.3]different parameter dependence studies with respect to the
relevant parameters, tan §, the CP-odd Higgs-boson mass m 40, and the trilinear couplings
Ay, Ap are performed. Also, a two-dimensional parameter scan varying squark (Mgysy)
and gluino (M3) masses is presented. In Section [7.4] the impact of NLO corrections to
differential kinematic distributions of quark jets in the decays of squarks into quark and
neutralino are discussed. Finally, in Section our results are compared with the results
obtained with SFOLD [102].

7.1 Input parameters

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

My = 91.1876 GeV, My = 80.399 GeV,
a~ !t =137.036, ag(My) = 0.118, (7.1)
my = 172.0 GeV, m(Myz) = 2.94 GeV.

The MSSM with real parameters in minimal flavor violation (MFV) counts 30 param-
eters in addition to the aforementioned SM parameters. In order to simplify numerical
studies and to be able to interprete them, it is necessary to reduce the number of param-
eters. This is usually done by assuming specific models of SUSY breaking or classes of
simplified models [I21]. The following numerical studies will be performed in benchmark
scenarios based on the minimal supergravity breaking mechanism mSUGRA [122]. Be-
cause of the natural link of SUSY models to grand unified theories (GUTSs), the boundary
conditions imposed by mSUGRA and parameters describing the model are given at the
GUT scale.
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For the following analyses we chose benchmark scenarios where the gluino is heavier
than the squarks. Otherwise, the decays of the squarks into gluinos would predominate
over all other decay channels. The decay of squarks into gluinos is then part of the study
in the parameter scan in Subsection [.3.5l Hence, the numerical evaluation is performed

at the Snowmass Points SPS1a’ [55,[123]

MO =70 GeV, M1/2 =150 GeV, AO = —300 GeV,
tan $ = 10, sgn p > 0, (7.2)

and SPS4

M[) =400 GeV, M1/2 = 300 GeV, Ao =0 GeV,
tan = 50, sgnp > 0. (7.3)

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

My =125 GeV, M /5 = 550 GeV, Ap =0 GeV,
tan § = 10, sgn > 0. (7.4)

With the spectrum calculator Softsusy 3.1.7 [I128] the SUSY parameters in the DR
scheme at the scale Qsysy = 1TeV are obtained, which is in accordance with the SPA
convention [55]. However, in our calculation, the SUSY parameters are defined in the on-
shell (OS) scheme. Hence, the DR SUSY parameters are converted into the OS scheme
according to the procedure described in Appendix [DI The only exception is given by the
trilinear couplings in the b and 7 sector which are renormalized according to the DR scheme
as described in Section T2l In general, tree-level Higgs-boson masses get large radiative
corrections. Since especially third-generations squarks can also decay into their lighter
partners plus Higgs bosons, it is important that these corrections are incorporated. This is
done with the help of FeynHiggs 2.7.4 [29] where one- and leading two-loop corrections to
the Higgs-boson masses are computed. These corrected masses are used as OS masses for
the external particles and for Higgs bosons propagating in loops. The OS SUSY param-
eters and mass spectra of the relevant particles (squarks, gauginos and Higgs bosons) are
summarized in Tabs. [[1] for SPS1a’, in Tabs. [[3], [[4 for SPS4, and in Tabs. [Z.5]
for the Point 10.1.1. Note, that the input parameters and results are given in a precision
much higher than the uncertainties from missing higher-order contributions would allow
for. This is done to provide for comparison with our results.

These parameter points are also used as a starting point to study parameter depen-
dences in Subsection
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M40 = 418.51 GeV

M; = 100.50 GeV

tan § = 9.65

My =197.48 GeV

1= 386.96 GeV
M3 = 608.17 GeV

Mj = 181.07 GeV
L

Mys = 179.41 GeV
L

Mé(1,2) = 115.67 GeV
R
M;, = 110.34 GeV

M~(1,2) = 559.79 GeV
qar,

Mq<3) = 493.93 GeV
L

M;, = 404.02 GeV

Mﬂ(l,Q) = 540.91 GeV MJ(I,Q) = 539.03 GeV
R R
M;, = 526.65 GeV

A, = —445.80 GeV

Ay = —514.37 GeV

Ap = —938.42 GeV

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

mpo = 112.18 GeV  mpo = 418.73 GeV

m o = 418.51 GeV

mpy+ = 426.44 GeV

mgo = 97.95 GeV Mgy = 183.44 GeV

Mgt = 183.14 GeV Mgt = 410.02 GeV

mgo = 395.15 GeV

myo = 408.66 GeV
mg = 608.17 GeV

ma, = 557.23 GeV  mg, = 539.79 GeV

my, = 357.64 GeV  mg, = 578.26 GeV

mg, = 562.69 GeV

my, = 497.84 GeV

myg, = 539.59 GeV

my, = 530.51 GeV

Table 7.2: On-shell masses of Higgs bosons, gauginos and squarks for the parameter point
SPSla’ [55,123]. Masses of the Higgs bosons include 1- and 2-loop corrections obtained
with FeynHiggs 2.6.5.
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Mo = 177.24 GeV tan 8 = 49.35 = 368.94 GeV
M, =122.81 GeV My = 240.95 GeV Ms =731.20 GeV

M[(LQ) = 446.57 GeV Mé(1,2) = 414.98 GeV
L R
M;s = 392.57 GeV Mz, = 407.59 GeV
L

Mq(m) =764.36 GeV M_n2 = T45.73 GeV M ;12 = 743.76 GeV

L R R

Mq(s) = 555.85 GeV  M;, = 625.03 GeV M, = 601.61 GeV
L

A, = —445.80 GeV A = 444.73 GeV Ap = —636.24 GeV

- J—

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

mpo = 112.36 GeV  mpo = 176.77 GeV  m 40 = 177.25 GeV  mp+ = 164.22 GeV

mgo = 120.61 GeV mgy = 223.87 GeV Mgy = 375.82 GeV Mmgo = 395.10 GeV

Myx = 223.63 GeV Myt = 396.35 GeV mg = 731.20 GeV

Mg, = 762.45 GeV  my, = 744.90 GeV mg, = 766.67 GeV mg. = T744.17 GeV

mg, = 539.75 GeV  my, = 680.67 GeV  my = 544.86 GeV  m; = 614.97 GeV

Table 7.4: On-shell masses of Higgs bosons, gauginos and squarks for the parameter point
SPS4 [123]. The masses of the Higgs bosons include 1- and 2-loop corrections obtained

with FeynHiggs 2.6.5.
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M40 = 713.63 GeV tan 5 = 9.66 = 623.99 GeV
M, = 206.48 GeV My = 399.33 GeV M; = 1146.89; GeV

Ml~(1,2) = 353.74 GeV Mé(1,2) = 221.90 GeV
L R

Mys = 352.74 GeV Mz, = 218.64 GeV
L

Mq(1,2) = 1052.77; GeV Ma(l,Z) = 1013.42 GeV MJ(I,Z) = 1009.15 GeV
L R R

Mg(g) = 960.94 GeV Mz, = 825.29 GeV M, =997.12 GeV
L

A, = —297.01 GeV A, = —77814 GeV A, = —1294.84 GeV

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

mpo = 115.01 GeV  mpgo = 713.63 GeV  m 0 = 713.36 GeV ~ mpy+ = 718.17 GeV

Mmgo = 204.64 GeV Mgy = 385.68 GeV my = 628.67 GeV mgo = 642.30 GeV

Myt = 385.67 GeV Myt = 642.66 GeV mg = 1146.89 GeV

mg, = 1051.41 GeV mg, =1012.83 GeV  m; = 1054.41 GeV  m; = 1009.45 GeV

my, = 800.88 GeV  mg, =1009.05 GeV ~ my = 960.75 GeV  my = 999.34 GeV

Table 7.6: On-shell masses of Higgs bosons, gauginos and squarks for the benchmark point
10.1.1 [I27]. The masses of the Higgs bosons include 1- and 2-loop corrections obtained
with FeynHiggs 2.6.5.
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7.1.1 Soft and collinear cuts

The first and second generation quarks (light-flavor quarks) are treated as massless in
general. Hence, in decays of squarks into light-flavor quarks and neutralinos, the one-
loop amplitudes are collinear divergent (cf. Chapter 2]). These collinear divergencies are
regulated with A\, = 1072 GeV. The cutoff parameters for the soft and collinear regions
are fixed at AFE/y/s = 1073 and §. = 1072, It has been verified numerically that these
values are small enough to justify the eikonal approximation. In Fig. [[T], the dependence
on the cut parameters in benchmark scenario SPSla’ is exemplary shown for the decay
tr — ux". We compare the decay widths

F\llirt,EW _ F%L,EW + F?T’EW + Fioft,EW + F(ltoll,EW’ (75&)
Fieal,EW (75b)
]_—\:SLuIn,EW _ lerirt,EW + l—uieal,EW (750)

The left plot shows the dependence on the variation of AE/y/s where 6, = 1072 is fixed
and the right plot vice versa. Both, the 1-loop corrections including contributions from
the soft and collinear regions I'}"™™ and the real hard non-collinear contribution I**"*"
depend on the cutoff parameters but their sum IS"™*" remains constant. For small cutoff
parameters large cancellations occur whereas for larger values of the soft cutoff parameter

the sum shows a small deviation, indicating that the eikonal approximation is not valid

anymore.
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=virt ————
X=real 0.07
008 X=sum —— 1  0.06 |
= — 0.05 |
&) 0.06 - ] 0.04 |
5\ 004 | 0.03 |
» 0.02 ¢t
—
0.02 | ] 0.01 }
O L
0 , , , , -0.01 , , , ,
10°¢ 107° 107* 1073 1072 107! 107% 107° 107* 1073 1072 107!
AE/ /s de

Figure 7.1: Dependence of 'V on the cut parameters AFE/+/s (left) and 4, (right) for the
decay ur — u X! at the benchmark point SPS1a’.
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7.2 Numerical evaluation

In this analyses, we are interested in the different squark decays into neutralinos, charginos,
W /Z-bosons, and Higgs bosons. Since the decay into gluinos would dominate over all these
mentioned decay channels, we choose parameter points, where the gluino is heavier than the
squarks. Therefore, we evaluate the (improved) tree-level decay widths I'y and branching
ratios BRy, as well as the NLO quantities I'y and BR; including EW and QCD corrections
in the SPS1a’ scenario (Tabs. [[7] [C.8) and benchmark Point 10.1.1 (Tabs. [[9] [Z10). For
the decay into Higgs bosons (i.e. to — #; h°) Ty includes higher-order improvements from
Higgs-propagator effects using finite Z-factors (cf. Chapter 6.44). Likewise, for decays
involving the bottom-quark Yukawa coupling (i.e. #; — bx;, bi = bXy, and b — tX; )
the partial decay width I'y includes higher-order effects from the effective bottom quark
mass mg.

In both scenarios the bino-like neutralino is the X9, where Y3/ X+ are wino-like and
X3, 9,/X3 are hlggsmo like. Therefore, the right-handed light-flavor squarks decay domi-
nantly into XY, whereas the left-handed light-flavor squarks decay into Y3 and ¥i. For
third-generation squarks decays into lighter squarks plus W/Z-bosons or Higgs bosons
become relevant. At SPSla’ decays into W/Z-bosons have branching ratios up to 40%,
whereas at Point 10.1.1 branching ratios for decays into W/Z-bosons reach 13%. The only
possible decay into Higgs bosons is £, — #; h® with branching ratios around 5% in both
scenarios.

For both of the two benchmark points, relative QCD corrections (I8P —Ty) /Ty have a
negative value an lie in the range between —2% and —10%. Only for decays into top quarks,
where the available phase space for real radiation is restricted, relative QCD corrections
can have a positive sign and value up to 25%. Relative EW corrections (I''W —T') /Ty can
be positive or negative, depending on the decay channel. Thus, there can be significant
cancellations between QCD and EW corrections. The absolute value of the relative EW
corrections is of the order of the QCD corrections. Therefore, a consistent treatment of
squark decays beyond leading order demands to include QCD and EW contributions.
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Decay channel T’y [GeV]

BRO Fl [GeV] BRl

0.68 % 0.037 0.69 %
32.14 % 1.695 32.21 %
0.06 % 0.002 0.05 %
0.66 % 0.033 0.62 %
65.72 % 3.456 65.66 %
0.75 % 0.040 0.76 %

2.263

99.09 % 1.086 99.03 %
0.62 % 0.007 0.65 %
0.07 % 0.001 0.07 %
0.22 % 0.002 0.24 %

1.096

2.13 % 0.113 2.22 %
31.73 % 1.603 31.50 %
0.11 % 0.006 0.12 %
0.93 % 0.048 0.94 %
62.40 % 3.185 62.58 %
2.69 % 0.134 2.63 %

5.089

iy — u X0 0.036
iy — u XY 1.700
iy — u XY 0.003
iy, — u Y0 0.035
iy — d Xt 3.476
iy — d X3 0.040
Y papy i —~ab 5290
ip— u X0 1.031
ip — u XY 0.006
g — u XY 0.001
g — u XY 0.002
Y sy ir = ab  1.040
d, — dx° 0.108
dy, — d {9 1.617
dy, — d XY 0.005
dy, — d ¥ 0.048
d, — u X7 3.181
dp — u x5 0.137
Y iapyde —ab 5096
dr — d X° 0.258
dp — d X9 0.002
dp — d X3 0.000
drp — d X8 0.001

99.09 % 0.272 99.02 %
0.62 % 0.002 0.66 %
0.07 % 0.000 0.07 %
0.22 % 0.001 0.24 %

Yapydr—ab 0261

0.275

Table 7.7: Decay widths of light-flavor squarks at the benchmark point SPS1a’. Listed are
values at tree-level (I'g, BRg) and including both, electroweak and QCD corrections (I'y,

BRy).
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Decay channel Ty [GeV]  BRg Ty [GeV]  BRy

t—t XY 0.265 19.98%  0.289  21.98 %
t—t %) 0.037  281% 0039  3.00%
t— b/ 1.025 7721 % 0985  75.02%
Dy —ab 1327 1.313
ty =t XY 0204  320% 0219  3.56 %
ty =t X3 0.611  957%  0.613  9.95%
ty =t X5 0072  113%  0.055  0.89%
ty — b Xy 1.593 2496 %  1.683  27.32%
ty — b Xy 1.199 1878 %  0.942 1530 %
ty—1h Z 2.28%  3585% 2228  36.95%
ty — by Wt 0.003  0.04%  0.003  0.05%
ty — 11 h° 0413  647%  0.368 5.98%
Dapyfa > ab  6.383 6.111
by — b Y 0.138  323% 0140  3.15%
by — b Y 1270 2968 %  1.327  29.79 %
by — b XY 0.011  025%  0.010  023%
by — b XY 0.018  042% 0016  0.36 %
by —t X1 1536 3590 %  1.620  36.36 %
by — 1, W 1.305  30.52%  1.342  30.11%
Sapy bt > ab 4278 4.455
by — b Y0 0212  2561% 0220  25.65%
by — b XY 0.094 11.32%  0.099  11.55%
by — b X} 0.026  3.18%  0.028  3.30%
by — b XY 0.034  410% 0034  3.94%
by =t X7 0.120  1447% 0125 1459 %
by — £, W 0.342  41.32%  0.352  40.98%
Yapyba = ab 0828 0.858

Table 7.8: Decay widths of third-generation squarks at the benchmark point SPS1a’. Listed
are the values at tree-level (I'g, BRg) and including both, electroweak and QCD corrections
(I'y, BRy).
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Decay channel Ty [GeV]

BRO Fl [GeV] BRl

1.06 % 0.106 1.14 %
31.92 % 2.951 31.93 %
0.04 % 0.002 0.02 %
0.99 % 0.084 0.91 %
64.54 % 5.970 64.62 %
1.45 % 0.127 1.38 %

9.240

iy, — u RO 0.102
i — u Y 3.057
i — u ¥ 0.003
i, —u Y 0.095
iy, — dX; 6.182
iy — dx$ 0.139
S (any L = ab  9.578
fin — u 1.929
din — u xS 0.002
iin — u XY 0.001
in — u Yo 0.004

99.62 % 2.032 99.59 %
0.12 % 0.003 0.12 %
0.04 % 0.001 0.04 %
0.22 % 0.005 0.24 %

2.041

dy, —dx° 0.152  1.61% 0156 170 %
dy, — d XY 2.983  3153% 2870 3135 %
dp — d {3 0.005  0.06%  0.007  0.07%
d, — d {8 0118  1.25%  0.111 1.22 %
dy, = u Xy 5899  62.35% 5733 62.62%
dp, = u Xy 0.303  320% 0279  3.05%
S papyde = ab  9.460 9.156
dp — d XP 0.480  99.62%  0.507  99.59 %
dr — d {9 0.001 012%  0.001  0.12%
dp — d X9 0.000  0.04%  0.000  0.05%
dp — d X3 0.001  022% 0001  024%

Sapydr —ab 0482

0.509

Table 7.9: Decay widths of light-flavor squarks at benchmark Point 10.1.1. Listed are the
values at tree-level (I'g, BRg) and including both, electroweak and QCD corrections (I'y,

BR;).
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Decay channel Ty [GeV]  BRy Iy [GeV] BR4

t =t Xy L1711 2254 %  1.257 2648 %
t—t X5 0.720  14.04%  0.664  13.99 %
t—t xS 0.093  180%  0.076  1.61%
t—bx; 1.872  36.06%  1.715  36.13%
t —bxg 1.328 2556 %  1.034  21.79 %
eyt~ ab 5193 4.746
ty =t X0 0.287 1.75 % 0.314 2.10 %
ty =t X9 1.609  9.83% 1.637  10.95 %
ty =t X3 2139 13.07%  1.643  10.99 %
ty =t X} 4241 2591 % 3314 2217 %
ty = b Xy 3455  21.11%  3.705  24.78 %
ty — b Xa 2.044  1249%  1.698 1135 %
th >t Z 1.766  10.79%  1.790  11.97%
ty — £, hO 0.824  5.04%  0.849 5.68%
Dapyfo —ab  16.365 14.950

Table 7.10: Decay widths of top squarks at benchmark Point 10.1.1. Listed are the values
at tree-level (I'g, BRy) and including both, electroweak and QCD corrections (I'1, BRy).

7.2.1 Dependent masses

In Chapter 1], we have seen, that the following masses are dependent quantities at the
one-loop level:
Mg, Mgy TG, TR0, T1RQ-

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

In decays involving particles with dependant masses, the mass-shifts enter the decay
widths through the phase-space integration. Unsurprisingly, effects are largest for decays
of the lighter bottom squark b1, which is the squark with the largest shift between tree-level
and on-shell value. The corrected decay widths for these decays in GeV with and without
usage of the right on-shell masses for the dependent particles are given in Tab. and
can differ by up to 9%. Therefore it is important, that these effects are included.
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Decay channel Ty [GeV] BR, Iy [GeV] BR;

by — by 0179  130% 0175 136 %

by — b Y 2.497  18.09% 2592  20.10 %

by — b X3 0.051  037%  0.052  0.40%

by — b XY 0.095  0.69%  0.089  0.69%

by —t X1 4432 3211% 4468 3464 %

by —t X5 4723 34.22%  3.667 2843 %

by — &, W 1.824  1322%  1.854  14.38%
Yapy bt > ab  13.801 12.897

by = b {0 0435  2534% 0458  2727%

by — b XY 0.088  511% 0093  552%

by — b XY 0.074  429%  0.082  487%

by — b XY 0.100  581% 0104  6.19%

by =t X7 0.161  940%  0.162  9.63%

by =t Xy 0.631  36.75%  0.549  32.68 %

by — 1, W 0.228 1330%  0.232  13.83%
Sapyba —ab L1717 1.980

Table 7.11: Decay widths of bottom squarks at benchmark Point 10.1.1. Listed are the
values at tree-level (I'g, BRg) and including both, electroweak and QCD corrections (I'y,
BRy).

mg, [GeV] my [GeV] my [GeV] mge [GeV] mygo [GeV]
tree-level  562.879 493.328 183.547 392.867 409.355
on-shell 562.686 498.169 183.440 395.155 408.663
Am/m —0.03% 0.98% —0.06% 0.58% —0.17%

Table 7.12: Tree-level, on-shell masses, and the relative difference in benchmark scenario
SPS1a’.
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decay products bx° b XY b X9 by oty b Wo
I'y in GeV using tree-level masses 0.1409 1.3301 0.0106 0.0153 1.5899 1.1779
['y in GeV using on-shell masses  0.1422 1.3477 0.0108 0.0167 1.6209 1.1325

Table 7.13: NLO corrected decay width T'; for decays of the lighter bottom squark b; using
tree-level and on-shell dependant masses.

7.3 Parameter dependences

7.3.1 Scale dependence

The renormalization scale g enters via the DR renormalization of the Higgs field ({280)),
the finite Z-factors ([E3Tal, [L.311), the trilinear coupling A, ([T0), and the strong coupling
constant aP®(ur) in the decay amplitude. Hence, the improved and NLO decay widths
including these parameters depend on pg.

In order to show the dependence on ug via Higgs field-renormalization and Z-factors, in
the left panel of Fig. [[.2 we show the decay widths for ¢, — ¢; h° as function of tan 5. The
renormalization scale is varied between m/2 < ur < 2m, where m denotes the mass of the
decaying particle. The red curve shows the improved tree-level decay width I'; (O.8]) and
the red light area its spreading when ug is varied. The blue curve shows the NLO decay
width I'; (643) including EW and QCD contributions. The variation then is drastically
reduced, such that it is not visible anymore. Hence, as expected, the NLO contributions
reduce the scale uncertainty of the improved Born approximation.

In the right panel of Fig. [[22 the decay widths for b, — b X) are shown. Here, up
enters via Ay, and a,. The red curve represents the tree-level decay width I'y including
the effective bottom quark mass mgf. It does not depend on the renormalization scale. At
one-loop order including EW and QCD corrections, the variation of pp is clearly visible.
It is mainly due to the pp-dependence of the DR renormalization constant §A,.

7.3.2 Dependence on tan (3

For the variation of tan 8 the SPS4 benchmark scenario (Tab. [[3) is taken as a start-
ing point. This parameter point is characterized by having a large value for tan 3. As
mentioned in Chapter H the b/b sector strongly depends on tan 3. Hence, in Fig. the
branching ratio for the decays of the heavier bottom squark by are presented. An impor-
tant contribution to the radiative corrections for large tan § originates from the effective
bottom mass m$. In order to show the tan 8 dependence of the effective bottom quark

mass m$ the relative corrections

_F?—FO

1)
0 FO )

X € {tree, EW, QCD, EW+QCD}, (7.6)
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Figure 7.2: Scale dependence for f, — #; h° (left) and by — b X9 (right) as a function of
tan 3 in benchmark scenario SPS1a’.

are considered. The subscript b denotes the decay width, where the effective bottom
quark mass is used to compute the corresponding amplitude. These relative corrections
are plotted in the left plot of Fig. [[4l whereas the right plot shows the relative corrections
with respect to the m¢f-improved tree-level decay width I'{*e

Fg( _ F;)ree
0p = W’ X € {EW, QCD, EW+QCD}. (7.7)
There is a strong dependence of the improved tree-level decay width on tan . For large
values of tan (3 it gives a correction of up to —8%. Furthermore, EW, QCD, and EW+QCD
corrected decay widths show the same tan S dependence. Thus, their relative corrections
with respect to ¢ only show a mild variation with tan 3 and the total corrections amount
up to 2% leading to an overall correction of —4%. Hence, the major tan 8 dependence is
absorbed into the effective bottom quark mass.

For the other decays, the relative NLO corrections do not depend strongly on tan 8. As
an example, the branching ratios including NLO corrections for the heavier top squark t,
are plotted in Fig. The most important decay channels are the ones into the neutralinos
with large higgsino components. The decays into the Z (W) gauge bosons and lighter
top (bottom) squarks do also have a considerable branching ratio — depending on tan  —
reaching 14%. For small tan 8 the branching ratio into a W' boson is very small, since
now the lighter bottom squark essentially is right-handed. For larger tan 8 the bottom
squark b; has a larger left-handed component, enabling the decay £, — b, W*. The same
characteristic can be seen for the wino-like chargino Y.

In contrast, for decay widths not including the bottom Yukawa coupling at the tree
level, the relative corrections do not depend on tan /8 strongly. Hence, in Fig. the
relative corrections

X _
————, X € {tree, EW, QCD, EW+QCD}, (7.8)
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are plotted for the decays £, — ¢ ¥4 (left plot) and #, — by W (right plot). The tree-level
decay widths for both processes do not depend on the bottom mass and their relative
corrections show no strong dependence on tan 3.
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Figure 7.3: Branching ratios in % for the decays of the heavier bottom squark by as function
of tan 8. The other parameters are taken from the SPS4 parameter point. The branching
ratio for the decay by — &, W is not displayed since its value is far below one percent.
The dashed lines represent the tree-level and the full line the branching ratios including
the m¢T-improvement and additional the EW and QCD corrections.
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Figure 7.4: Relative corrections with respect to the tree-level decay width (Z.8]) (left) and
with respect to the improved tree-level decay width (7)) (right) for the decay by — ¢ X1 -
Both plots show the variation as function of tan  whereas the other parameters are fixed
according to the SPS4 parameter point.



102 7. Squark decays: numerical evaluation

16 _ 35 —

14} 1 30 -ilf:::;:j ~—— "

121 25 | T
= ) ]
& 15 | Xi

6 }

4}

2t

0

Figure 7.5: Branching ratios in % for the decays of the heavier top squark t, as function of
tan #. The other parameters are fixed according to the SPS4 parameter point. The dashed
line represent the tree-level and the full line the NLO branching ratios including EW and
QCD corrections.
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Figure 7.6: Relative corrections for the decays &5 — t X9 (left) and &, — by W as function
of tan 8. The other parameters are fixed according to the SPS4 parameter point.

7.3.3 Dependence on m 4o

The dependence on the mass of the CP-odd Higgs boson m 4o is examined for the decays of
third-generation squarks, which couple to Higgs bosons via their large Yukawa couplings.
As a starting point the benchmark scenario SPS1a’ (cf[Z1] [.2)) is taken and m 4o is varied.
In particular, squark decays into Higgs bosons are affected by the variation of m 40. There-
fore the decay of the heavier top squark Z, is inspected, where the decay channels into the
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Higgs bosons and the lighter top squark ¢, are opened for (Fig. [[7). Here, tree-level values
do not include Z-factors for the external Higgs bosons, whereas they are included for all
corrected decay widths. For small values of m 40 the decay £, — ¢; A° has a BR of about
10%. One can also see that there are large corrections for the decays into Higgs bosons for
small m 40, especially for the decay t, — t; A and t, — #; hC.

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

s —Ty
0y = T, X € {tree, EW, QCD, EW+QCD}, (7.9)

for the process to — t; k" are plotted. The subscript Z denotes the decay width improved
by the appropriate Z-factors for the external Higgs bosons (Subsection A 13]). In the left
plot of Fig. the four different values for ([L9) are plotted. For small values of m 40
the largest effects originate from the Z-factors in the improved tree-level decay width. For
larger m 40 the corrections from the Z-factors in the improved tree-level decay width nearly
vanish. The effects of the one-loop EW and QCD corrections are better visible in the
relative corrections with respect to the improved decay width

FX _ Ftree
52:—£ﬁaf—,<Xe{EWQQCD,EW+QCD} (7.10)

Z

They are depicted in the right plot of Fig. These corrections reaching from —25% for
smaller values of m 40 to —10% for larger m 40 are added to the improved tree-level decay
width.

40 : : : : : 30 : : : . .
35 I I ST Z 1 2 5 | S 7/// 77 77777 )ZT ]
b . I
20 + ]
- ' %3
m 20 r 1 ]_5 F 4
15 ¢t ]
T — AO 10 e o0
0F ] - Xz
N N () 5 1 ~0 |
) AN I B X1
0 N == ———— N
L e i
100 150 200 250 300 100 150 200 250 300
m a0 m A0

Figure 7.7: Branching ratios in % for the decays of the heavier bottoms squark #, as function
of m4o. The other parameters are fixed according to the SPSla’ parameter point. The
dashed lines represent the tree-level and the full lines the NLO branching ratios including
EW and QCD contributions.
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Figure 7.8: Relative corrections for the decay ty — t; hY with respect to the tree-level
decay width (left) and to the improved tree-level decay width (right) as function of m 4.
The other parameters are fixed according to the SPS1a’ parameter point.

7.3.4 Dependence on A; and A,

It was mentioned in the previous chapters that for third-generation squarks mixing effects
have to taken into account. The off-diagonal entries of the third-generation squark matrices
are given by my(A, — uk) with k = cot § for ¢ = t and x = tan 8 for ¢ = b. Therefore
the trilinear couplings have a strong effect on the decay of third-generation squarks. In
order to examine the dependence on A; and A,, in Fig. the trilinear couplings are
varied, A; = Ay, € [—1000,1000] GeV. The other parameters are fixed according to SPS1a’
parameter point.

For A, € [—150, 150] GeV the mass difference between the heavier and lighter top squark
is to small to allow the decays £, — t; h°/Z. In this parameter region the most important
decays are t; — t X3 and £ — b X1 since the off-diagonal entries in the squark mass matrix
become small and #, is mostly left-handed. For larger values of A, the mixing between left-
and right-handed squarks becomes important and the top squark mass eigenstates cannot
be regarded as left- and right-handed chiral states. In this region, phase space also allows
for the decays into h° and Z. The latter becoming important for large values of |A;| with
a branching ratio reaching 50%. The branching ratio for the decay into the lightest Higgs
boson reaches up to 6%.
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Figure 7.9: Branching ratios in % for the decays of the heavier bottoms squark #, as
function of A, = A,. The other parameters are fixed according to the SPSla’ parameter
point. The dashed line represent the tree-level and the full line the NLO branching ratios
including EW and QCD contributions.

7.3.5 Parameter scan over Mgyusy and M;

Here, the decays of light-flavor squarks are considered with respect to squark and gluino
masses. In order to identify the parameter regions where big corrections arise in light-
generation squark decays, the following parameter scan is performed. The parameters
varied are Msysy € [400,2000] GeV and M; = my € [400,2000] GeV. The gaugino param-
eters M; and M, obey the GUT relation M; = 5/3tan?6,,My = 5a/(3crs cos? Oy ) M. The
other relevant parameters for light-flavor squark decays are tan f = 10, M4 = 500 GeV,
n = 500 GeV, MfL = MfR = MSUSY'

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

When squarks are lighter than the gluino, left- and right-handed squarks decay dif-
ferently and their decays have to be analyzed separately. In Fig. [7.11(a)[and [7.11(b)| the
branching ratios for the decays 4y, — u Xy and @y — d Y| are drawn. The green area
in both plots indicate the region where this two decays dominate since in this region X9
and Y{ are wino-like. In the upper region, these decays are much less important, since the
wino-like neutralino and chargino then are Y and y; .

The branching ratio for the decay of the right-handed squark is studied in Fig.[7.10(b)
Here the branching ratio for the decay iz — u X! is plotted. Since Y9 is mostly bino-like,
the right-handed squark dominantly decays via this channel for M3 > Mgysy.

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

DYV () — Ty (i)
Lo ()

is plotted. T'(@y) denotes the total decay width (B.I3D) of the left-handed up-type squark.
Since the denominator of §M; and du can be written as A = MZ — p? [129], the renor-
malization constants d My and dp diverge for Mz ~ 1500 GeV, My ~ pu ~ 500 GeV. Since
our renormalization scheme is not valid in this case, relative corrections in this region are
manually set to zero (which is also visible in Fig.[7.11(a)} [7.11(b)} [7.12(b))) since they would
predominate the corrections in the valid parameter space. This pole in the renormalization
constants when M, = u can be avoided by choosing different neutralinos for the on-shell
renormalization conditions. However, these different renormalization schemes can lead to
instabilities in other regions of parameter space [130].

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

The total relative corrections ([ZI1]) for the decay width of the right-handed up-type
squark are depicted in Fig. . The biggest corrections again occur in the region, where
QCD corrections to the decay tg — u g are predominant (Fig. [7.14(a)). Apart from the
decay of iy, electroweak corrections (Fig. [7.14(b)|) in this parameter region are negligible.
Whereas in the region where the decay g — u YV is most important, corrections reach up
to 9%.

(7.11)

5‘cot -
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Figure 7.10: Branching ratio in % for the decay @, — u g (a) and agr — u X! (b). Param-
eters are chosen as described in the first paragraph of Subsection [7.3.5]
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Figure 7.11: Branching ratio in % for the decay u; — ux3 (a) and u;, — dx; (b).
Parameters are chosen as described in the first paragraph of Subsection [[.3.5
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Figure 7.12: Relative QCD (a) and electroweak (b) corrections to the total decay width of
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Figure 7.14: Relative QCD (a) and electroweak (b) corrections to the total decay width of
tug. Parameters are chosen as described in the first paragraph of Subsection [7.3.5
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7.4 Quark jet pr distribution

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

The effects of NLO contributions to pr distributions of squark decays into neutralinos
or charginos are very similar for the different light-flavor squark decay channels. As an
example we show the pp distribution of the quark jet of the decay 4z — u X! in the SPS1a’
benchmark scenario. In Fig. the tree-level and corrected pr distributions of the u
quark in the decay g — u Y? at the SPSla’ parameter point are plotted []. The different
relative corrections are defined as

5= dAFX/de
dFO/de

where pr is the transverse momentum of the quark in the rest frame of the squark and the
different contributions to the decay widths are defined in Chapter Bl This distribution is
plotted in Fig. Since for pr distributions, QCD corrections are largest, real and
virtual corrections are shown separately. The virtual contributions to the py distribution
do not change its shape, i.e. the contribution of the relative virtual corrections (.12 is flat.
Noticeable is the finite value of the decay width for zero pr. At tree-level the distribution
reaches zero, whereas the corrected distribution reaches a finite, non-zero value.

The same distributions are plotted for the decay #; — t Y in Fig. [7.16(a)| and [7.16(b)]
Here, the effect of the real corrections on the distribution is much weaker. This can be
explained by the presence of the massive top quark. Hence, the available phase space for
the gluon radiation is much smaller and therefore influences the pr distribution much less.

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

Lpp distribution in the center of mass system of the decaying particle denotes the distribution of the
transverse component of the momentum in relation to a chosen direction rest frame of the decaying particle.
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Figure 7.15: pr distribution of the quark for the decay up — u x? in the benchmark
scenario SPS1a’. (a) shows the tree-level and the total corrected distribution, (b) the
relative distributions (7.12]).
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7.5 Comparison with SFOLD

In the computer program SFOLD [102], strict one-loop QCD and EW corrections to two-
body decays of sfermions are computed. The calculation at the one-loop level is performed
in the DR scheme, whereas for the kinematics and one-loop functions on-shell masses are
used. These input parameters are given in the SLHA [70] format. In order to compare
the results of our calculations with the results of SFOLD we use the on-shell masses and
mixing angles used by SFOLD to calculate the soft-breaking parameters. For the light-
flavor squarks we choose the on-shell masses mg,, mag,, and my, to compute the on-shell
soft-breaking parameters Mg, , Mz,, and M; . Since the trilinear coupling in the bot-
tom/sbottom sector is renormalized in the DR scheme we take the DR value of A, as
input parameter. For the remaining parameters for third-generation squarks we choose
the masses and mixing angles mg,, m;,, mj,, and 07 to compute Mq~3 Mi,, M;_, and A;.
Similarly, in the slepton sector the on-shell masses m;_, mz, are used to calculate Mli , M5,
and A, is taken in the DR scheme. In the neutralino/chargino sector we use the on-shell
masses of mgo, mg £ and Mg+ to compute the parameters My, My, and p in the on-shell
scheme. For the glumo we take the on-shell mass my as input for the soft-breaking param-
eter M. Finally we take the DR value of tan 3. According to the SPA convention [55],
parameters in the DR scheme are given at the scale Qgysy = 1 TeV.

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

My = 91.1876 GeV, My, = 80.3183 GeV,
aPR(1TeV) = 124.97367", as(My) = 0.1176, (7.13)
my = 171.2 GeV, my(my) = 4.2 GeV.

Since in our computation, the electric charge e is renormalized in the on-shell scheme, we
take the fine-structure constant o = 137.0367! as input. The soft-breaking parameters
in the DR scheme used by the SFOLD code and in an on-shell/DR scheme used by our
squark decay code (SDC) are listed in Tab. The on-shell masses in Tab. [[.14] are used
by SFOLD for the kinematics and one-loop functions. Furthermore, we use these on-shell
masses to calculate the soft-breaking parameters in the on-shell scheme listed in Tab.

Since SFOLD uses the input parameters in the DR scheme and we choose the input
parameters in the on-shell scheme (only the trilinear coupling A, and the bottom quark
mass are renormalized in the DR scheme) it only makes sense to compare the results
including EW and QCD corrections. SFOLD also includes higher-order contributions from
the bottom-quark resummation which is also included in our result. Furthermore, in our
computation the decay widths for squark decays into Higgs boson also include higher-order
contributions from the finite field renormalization factors (f3Tal) and (A310).

For the light-flavor squark decays, the relative NLO corrections obtained with SFOLD
are about 30%, where the largest part of the NLO corrections stem from the QCD correc-
tions. As discussed in Section in our computation there are large cancellations between
QCD and EW corrections and the relative corrections to the decay widths of light-flavor
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mpo = 110.70 GeV mpgo = 421.15 GeV  m 0= 421.00 GeV mpy+ = 428.96 GeV

Mygo= 97.97 GeV mgy = 183.87 GeV myy = 396.74 GeV mgo = 410.51 GeV

mot= 183.63 GeV mot= 411.94 GeV mg= 611.46 GeV
mz;= 172.31 GeV me, = 189.66 GeV mes,= 125.25 GeV
my_ = 170.26 GeV mz = 108.00 GeV msz,= 194.65 GeV

Mg, = 560.76 GeV  mg,=543.18 GeV m; =566.24 GeV  m; = 542.87 GeV
mg, = 361.08 GeV  m;,=583.10 GeV  m; = 502.67 GeV mg, = 541.71 GeV

0 = 1.2430 0;= 09714 0; = 0.3675

Table 7.14: On-shell masses for the Higgs bosons, gauginos and sfermions at the SPSla’
parameter point [55,123] given by SFOLD. The mixing angles for 7, ¢, and b mixing are
given in radiant. The quantities in bold letters are used to compute the soft-breaking
parameters.

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

In Tab. the decay widths and branching ratios for third-generation squark decays
obtained with SFOLD and our squark decay code denoted as SDC are shown. As described
before, the decay widths and branching ratios include the complete EW and QCD one-loop
corrections, as well as higher-order corrections from the resummed bottom Yukawa cou-
pling. Furthermore, our code also includes higher-order contributions from the finite Higgs
field renormalization factors (L3Ial) and (4.31D). For most decay channels the relative dif-
ference between the partial decay widths obtained with SFOLD and the ones obtained with
our computation is less than 10%. Only for the decays to — &1 h0, by — bx9, by — t X1,
and by — &, W~ the differences are considerably larger and amount up to 30%. So far,
the reason for this discrepancy between the two computations has not been identified and
needs further examination. The large difference between the decay widths for decays into
Higgs bosons could originate from the different renormalization scheme used in the Higgs
sector, whereas the deviations in the decay widths of the bottom squarks could stem from
the discrepancies in the effective bottom quark mass.
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SFOLD (DR) SDC (on-shell/DR)

tan 10 10

o 392.131 GeV 389.158 GeV
M, 103.584 GeV 100.468 GeV
M, 193.495 GeV 197.662 GeV
M 568.374 GeV 611.459 GeV
mao  368.483 GeV 420.996 GeV
M, 180.821 GeV 183.758 GeV
Mz,  115.633 GeV 117.733 GeV
M 179.061 GeV 181.832 GeV
Mz,  109.940 GeV 114.096 GeV
M;, — 522.286 GeV 563.305 GeV
Mg, 503.613 GeV 544.298 GeV
Mg~ 501.409 GeV 542.312 GeV
Mg 468.257 GeV 496.836 GeV
M;,  384.891 GeV 411.090 GeV
M, 497.188 GeV 538.390 GeV
A, —444.550 GeV —444.550 GeV
Ay —565.875 GeV —531.406 GeV
Ay —937.430 GeV —937.430 GeV

Table 7.15: Soft-breaking parameters in the DR scheme used as input by the SFOLD
code (left column). In the right column the soft-breaking parameters used as input in our

calculation are listed. The parameters tan 3, A,, and A, are given in the DR scheme.
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SFOLD SDC

Process 'y [GeV] BR; T4 [GeV] BR4

t—tx) 0290  21.9% 0298  23.1%
t— X3 0.066  4.9%  0.067  5.2%
t —bxy 0.971  732% 0925  7L.7%
ty =t XY 0.223  3.4% 0.243 3.6%
ty =t X9 0.633  9.7% 0642  9.6%
ty — t X9 0073  1.1%  0.071  1.1%
ty —t X9 0.267  41% 0288  4.3%
ty = by 1.699  25.9%  1.699  25.4%
ty — bXy 0.967  14.8%  0.929  13.9%
ty >t 7 2.387  36.5% 2467  36.8%
ty — t1 h° 0299  45%  0.355  5.3%
by — bY0 0.132  2.9% 0123  2.6%
by — b XY 1.335  29.0%  1.332  28.3%
by — b XY 0.011  02%  0.010  0.2%
by — t X9 0.019 04%  0.016  0.3%
by — t Xy 1.667  362%  1.719  36.6%
by 4, W~ 1437 312% 1499  31.9%
by — b X0 0.222  27.3% 0232  34.8%
by — b XY 0.081  9.9%  0.054  8.0%
by — b3 0.030  3.7%  0.025  3.8%
by — b Y 0.037  45%  0.028  4.3%
by — t Xy 0.104  12.8%  0.070  10.5%

by L, W= 0340  41.8%  0.258  38.7%

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



Chapter 8

Gluino decays

In this chapter, gluino decays into quark plus squark are discussed. This process is obtained
by crossing the squark decay into a quark and a gluino. Therefore, the framework of
Section can be reapplied. Section introduces the decay channels considered in this
work and in Section B2 the computation of the decay width is briefly discussed. Lastly, in
Section the numerical evaluation is presented.

8.1 Overview

The characteristics of gluino decays strongly depends on the relation between gluino and
squark masses. If the gluino is heavier than the squarks, the two-body decays g — ¢ ¢;
(Fig. (a)) are dominant because of the QCD strength of the squark-quark-gluino cou-
pling. Since the top and bottom squarks can be considerably lighter than the other squarks,
it is possible that only the decays § — t ¢, and § — b b, are relevant. However, if all of the
squarks are heavier than the gluino, it will either decay through off-shell squarks, i.e. via
the three-body decays § — ¢ ¢ X0 and § — ¢ ¢’ xi (Fig. (b)) or via the loop-suppressed
decay g — ¢ x? [88-90,03,131,132]. In this work we only consider the two-body decays
g — q q; for the case mz > my.

The QCD corrections to gluino decays into quark and squark have been studied in
[99,100]. They amount to up to 10%. In [I01], corresponding EW corrections in the
Yukawa approximation have been worked out. They also reach up to 10%.

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

8.2 Decay width

The amplitudes for the decay § — ¢ §, are obtained by crossing the diagrams in Figs.[6.3] [6.4]
The tree-level amplitude is denoted as M, the NLO amplitudes including one-loop and
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Figure 8.1: Feynman diagrams for gluino decays in the case mz; > mg; (a) and mgz < m;

(b).

counterterm contributions are given by M];DW/ Qb — MiL’EW/ Qeb 4 MlcT’EW/ QCP and the
real,EW/QCD
1 .

amplitudes for real photon/gluon radiation are denoted as M
The tree-level decay widths are given by

(2m)*

g

Lo(§ — Ga) = / dPS, | Mo, (8.1)

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

vir ~ ~ 2 4
YREW/QCD 5 ey (2m) / dPS, 2Re (MUM?W/QCD) 4 6ol + deonlo,  (8.22)

mg

2 4
F;eal,EW/QCD(g _ cha) _ ( 7T) /dP83 ‘Mieal,EW/QCDE’ (8.2b)

g

where g, and deo denote the soft-photon /gluon and collinear-photon /gluon factors (Z110)
and (LI120). An analogous calculation as in Subsection [6.2.4] yields the color factor matrix

Ry; (cf. (11G),

12 6 6
R = 6 163 23 |. (8.3)
6 2/3 16/3
Finally, the NLO decay width including real and virtual contributions is given by
F]f)W/QCD(g — g3) = Fxlzirt,EW/QCD(g ) + Fieal,EW/QCD(g 73 (8.4)

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

PG = qdatcc)=> TG @) +TG— ¢ &), (8.5a)
j=1,2

(g —tty+cc)=T(5g—tt,) +T(g—tth), (8.5b)

I(§— bby+cc) =T(§ — bb,) +T'(§ — bbY), (8.5¢)

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

8.3 Numerical evaluation

As SM input parameters we use the ones given in Section [Jl Since we are interested
in decays of gluinos into quarks plus squarks, for the numerical evaluation we choose
parameter points where the squarks (or at least some of them) are lighter than the gluino.
For the first analysis, we choose the benchmark Point 10.1.1 (Tab. [Z5] [[.6]), which was
already used for the analyses of squark decays. Here, the gluino is heavier than almost all
squarks, allowing for gluino decays into quarks and squarks. Only the decay § — ¢ £ is
kinematically forbidden due to the mass of the heavier top squark. In Tab. the decay
widths and branching ratios are listed at the tree level and at the one-loop level. The
relative EW/QCD corrections are defined by

EW/QCD
gevracn _ L T 2 (8.6)
0

For all decay channels, the relative QCD corrections are always negative and lie around
—11%. Only for the decay of the gluino into bottom squarks their absolute values are
slightly larger and the relative corrections amount to —13%. The relative EW corrections,
however, all are positive. Their value differ for the different decay channels. For gluino
decays into left-handed light-flavor squarks and quarks the relative EW corrections are
given by 0*W ~ 5%, whereas for the decay into light-flavor right-handed squarks and
quarks the relative corrections only amount to 1%. Taking into account the cancellation
between EW and QCD corrections, the total corrections for gluino decays into light-flavor
left-handed squarks and quarks lie around —6% and for decays into light-flavor right-
handed squarks and quarks they amount to —10%. For the gluino decays into top and
bottom squarks, the overall corrections lie between 8% and 13%. The differences in the
relative corrections for the different decay channels explain that the branching ratios at
tree-level and at NLO change up to 5%.

A particular interesting case occurs when the light-flavor squarks are heavier and only
the third-generation squarks are lighter than the gluino. This is the case for benchmark
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Decay channel Ty [GeV]  BRy Iy [GeV] BR4

G —uip 1293 882%  1.223  9.23%
G —uip 2460 1679 % 2194  16.56 %
G—ddp 1221 833%  1.154  871%
G —ddg 2577  17.59% 2278  17.19%
g—tt 3417 2333%  3.101 2341 %
G—bb 2205  15.05% 2014 1520 %
G—bby 1.478  10.09% 1283  9.69%

Table 8.1: Decay widths of the gluino at the benchmark point 10.1.1. Listed are values at
tree-level (I'g, BRg) and including both, electroweak and QCD one-loop corrections (I'y,
BR,).

point 40.2.1 [I27]. In terms of the mSUGRA parameters at the GUT scale (cf. Section [771])
it is given by

MO = 550 GeV, M1/2 =450 GeV, A() = —500 GeV,
tan = 40, sgnp > 0. (8.7)

The soft-breaking parameters and relevant sparticle masses for this benchmark point are
given in Tabs. and 8.2 respectively. Since only third-generation squarks are lighter than
the gluino, only the decays § — t ¢, and § — b by /2 are kinematically accessible. For these
three possible two-body decay channels, the branching ratios are listed in Tab. B4lincluding
NLO EW and QCD corrections. The relative EW corrections (86 are all positive and
range from 0.2% to 3% whereas the relative QCD corrections are negative and lie between
—8% and —11%. Considering the cancellation between EW and QCD NLO corrections,
the relative corrections of both EW and QCD contributions are approximately 8% for all
decay channels. Therefore, the branching ratios at tree-level and at NLO do not change
significantly.

m; = 1146.89GeV

mg, = 1092.45 GeV mg, = 1063.79 GeV  m; = 1095.40GeV  m; = 1061.48 GeV

mg = 745.03 GeV  myg, = 948.94 GeV  my = 853.09 GeV  m;, = 914.58 GeV

Table 8.2: On-shell masses for the gluino and squarks at the benchmark point 40.2.1.
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M g0 = 632.32 GeV tan 8 = 39.19 = 627.26 GeV

M, = 187.74 GeV M, = 364.54 GeV M5 = 1063.29; GeV

Mﬂlﬁ) = 623.44 GeV Mé(m) = 573.31 GeV
L R

M) = 567.99 GeV M;, = 441.74 GeV
L

Mq(1,2) = 109379, GeV Mﬂ(l,Q) = 1064.37 GeV Md~(1,2) = 1061.19 GeV
L R R

Mq~(3> = 893.65 GeV Mz, = 775.83 GeV M, = 872.61 GeV
L

A; = =507.78 GeV A, = —812.79 GeV Ap = —1338.17 GeV

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

Decay channel Ty [GeV] BR, Iy [GeV] BR;

g—tt 2.705  36.61% 2495  36.80 %
Gg— bl 3200  43.32% 2920  43.07 %
G — bby 1483  20.07%  1.364  20.12%

Table 8.4: Decay widths of the gluino at the benchmark point 40.2.1. Listed are the values
at tree-level (I'g, BRg) and including both, electroweak and QCD one-loop corrections (I'y,
BR;).

8.4 Dependence on the squark masses

The squark-mass dependence of gluino decays into squarks plus quarks is analyzed starting
from the benchmark Point 10.1.1 (c.f. Tab.[5]), where the on-shell squark mass parameters
are set to

M. 123 = M.a2 = MJ(m) = M; = Msuysy, (8.8a)
qr, upR R R
MER = MSUSY — 150 Ge\/, (88b)

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

The variation of the branching ratios with respect to Mgygy are displayed in Fig.
In the left panel the branching ratios including QCD and EW corrections for the differ-
ent decay channels are plotted. The red curve shows the branching ratio for the gluino
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decaying into light-flavor quarks and squarks, where “cc” denotes the charge conjugated
decay processes. For Msysy < 900 GeV the partial decay widths for the different de-
cay channels have more or less the same value. This results in a branching ratio of
approximately 64% for gluino decays into light-flavor quarks and squarks (red curve),
BR = 24% for the decay into the heavier top squark and bottom squarks (blue curve), and
BR =~ 8% for the decay into the lighter top squark (green curve). The kink in the curves
at Mgyusy ~ 930 GeV appears since, the decay channel § — £, + cc is kinematically not
accessible anymore. In the right panel of Fig. the branching ratio is enlarged for the
range 1100 GeV < Mgysy < 1150 GeV. For Mgusy =~ 1135 GeV the branching ratio for a
gluino decaying into the lighter top squark grows considerably reaching upto 55%. This is
due to the smaller value of the lighter top squark mass m; ~ 972 GeV compared to the
other squark masses mgy ~ 1135GeV, resulting in a larger available phase space for the
decay g — t1; + cc. For 1140 GeV < Mgysy < my; ~ 1147 GeV the gluino decay into the
lighter top squark is kinematically forbidden and the BR for the decays into light-flavor
squarks and the bottom squarks increase. When Mgysy approaches the gluino mass my,
the decay to bottom and lighter sbottom remains the only possible decay channel visible
in the steep increase of the blue curve.

In order to study the dependence of the NLO corrections on Mgysy, the relative cor-
rections
rf—Ty

FO ’
are displayed in Fig. The expressions for the decay widths are given in Section
We have seen in the preceding section, that the relative corrections, especially the EW
corrections, depend on the different decay channels. Therefore, the relative corrections are
displayed exemplary for the decay channels § — @@y + cc (left panel) and § — t#; + cc
(right panel). The relative EW corrections to the decay g — @ uy, + cc are positive and
do not strongly depend on Mgsysy staying at a value of § ~ 0.04. For Mgygy considerably
smaller than mg, the relative QCD corrections range between —0.08 > ¢ > —0.13 resulting
in relative EW and QCD corrections around —0.5. For Mgsygy approaching the gluino
mass, the relative QCD corrections grow positive resulting in an positive overall relative
correction. The kink at Mgysy ~ 930 GeV corresponds to the threshold mz; = m; + mg,
and the kink at Mgygy ~ 1140 GeV indicates the threshold mgz = m; + mz in the field
renormalization factor of the gluino. For the gluino decaying to the lighter top squark, the
relative corrections are positive ranging between 0 < § < 0.03 and strongly increase when
Mgsysy approaches the gluino mass. The kinks at Mgysy &~ 975 GeV and 985 GeV are due
to the threshold m; = m; + msy in the field renormalization factor of the top squark

t1. The relative QCD corrections range from —0.05 > § > —0.13 for Mgygy considerably
smaller than my. Unlike the relative QCD corrections to the gluino decaying into light-
flavor squarks, the relative QCD corrections to the decay § — t¢; become negative when
Mgusy approaches mg. The kink at Mgyusy ~ 930 GeV again corresponds to the threshold
mg = My + myg,.

5= X € {EW, QCD, EW+QCD} (8.9)



8.4 Dependence on the squark masses 125

100 : : : : : : 100

80

60

BR

40

20 t

0  goihtee 0 . . . I
800 850 900 950 1000 1050 1100 1150 1100 1110 1120 1130 1140 1150
MSUSY [GGV] MSUSY [GGV]

Figure 8.2: Branching ratios for the different gluino decay channels in function of Mgygy
including QCD and EW corrections. The other parameters are chosen according to bench-
mark point 10.1.1 as described in the first paragraph of Section 84l In the right panel the
region 1100 GeV < Mgysy < 1150 GeV is enlarged.

0.2 0.2
0.15 | 0.15 |
0.1} 0.1}
0.05 | 0.05 |
0t 0t
© o .0.05 F -0.05 |
01F 0.1}
-0.15 } 0.15 |
0.2 | 0.2}

-0.25 -

N N N N N N 5 N N N N N N
800 &850 900 950 1000 1050 1100 1150 800 &850 900 950 1000 1050 1100 1150
Msusy [GeV] Msusy [GeV]

Figure 8.3: Relative corrections to the partial decay widths for the processes § — u @y, (left)
and g — tt; (right) in function of Mgysy. The other parameters are chosen according to
benchmark point 10.1.1 as described in the first paragraph of Section R4l
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Chapter 9

Higgs-boson decays into sfermions,
neutralinos and charginos

In this chapter, NLO corrections to Higgs-boson decays into squarks, sleptons, neutralinos,
and charginos are discussed. Section introduces the different Higgs-boson decay chan-
nels and lists different publications where these decays have been computed. The following
Section discusses the calculation framework used in this work. In Section the rele-
vant decay widths and branching ratios are introduced and in Section 0.4l numerical results
are presented. Finally, in Section our results are compared with the results obtained

with HFOLD [133)].

9.1 Overview

A substantial difference between phenomenology of Higgs bosons in the SM and MSSM
is the possibility of decays not only into SM particles but also into sparticles such as
neutralinos, charginos and possibly sleptons and third-generation squarks. In the MSSM
the lightest Higgs boson might decay invisibly into a pair of the lightest neutralinos h® —
XU x! with a branching ratio exceeding 10% [I34]. This is particularly true when the
universality condition M; = 2 tan? 0y M, ~ 2M, is relaxed leading to light y§ and still
respecting the LEP bound on M. Decays of the lightest Higgs boson h° into other
sparticles than possibly ¥! are kinematically forbidden. Overall, we consider here the
following decays:

(H°, A%) = XX, h? — XX1,
(H®, A%) = Xix; + ce, H™ = X3 X
(H°, A°) = G, + cc, H™ — @,d,,
(HO, AO) — [mZZ + cc, H™ — e,

where the indices (i, j) number the four neutralinos, (k,[) the two charginos and (m,n)
label the left- and right-handed sfermions, respectively their two mixed states for third-
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generation sfermions. Generation indices for the sfermions have been ommited. Due to its
CP property the only decays of the A" Higgs boson into sfermions are the diagonal decays
A% — t* ty +cc, A° — b* by + cc and A° — 71 To + cc. Since the tree-level amplitudes are
proportional to the Yukawa couplings, decays into light-generation squarks and sleptons
are negligible. Similarly, the coupling of the charged Higgs boson H* to right-handed
sfermions is proportional to the corresponding Yukawa coupling. Thus, H* does not decay
into right-handed light-generation sfermions.

As for the squark decays into Higgs bosons, QCD corrections to the crossed processes,
Higgs-boson decays into squarks, have been calculated in [I06L107,135]. The EW correc-
tions to these processes are given in [I08/109]. Decays of Higgs bosons into neutralinos and
charginos have been analyzed in [I36L[137] at tree level. For the decays of the charged Higgs
boson H~ — YV X; the EW corrections have been computed in [I38]. The corrections to
the invisible decays (h°, HY, A°) — ¥? 9 have first been calculated in the higgsino limit
(u < My, Ms) [139] and in the gaugino limit (x> M, My) [140] and the full one-loop
corrections can be found in [141].

The aim of our work in this chapter is to compute all EW and QCD NLO corrections
to the Higgs boson decays (@.). This calculation is done in a common renormalization
framework in accordance with FeynHiggs [29] and includes higher-order contributions from
the Higgs field-renormalization factors and effective bottom Yukawa coupling.

9.2 Amplitudes

9.21 H — g,

Feynman diagrams for Higgs-boson decays into squarks are obtained by crossing the Feyn-
man diagrams for ¢; — ;S (S = h°, H°, A°, H*) (Section [G.4)). These Feynman diagrams
yield the tree-level amplitudes M, amplitudes for 1-loop EW and QCD contributions

M?‘LL’EW/ Qeb , for counterterm contributions MCT EW/ QCD, and the amplitudes including

LEW/QCD.
real contrlbutlons M /Q

9.2.2 H%LZ

The Lagrangian and Feynman rules for Higgs-boson—slepton—slepton interactions are ob-
tained from the Higgs-boson-squark-squark interactions by replacing @ — 7 and d — é
whereas all rules with 7z are omitted. The amplitudes contributing to the EW corrections
to Higgs-boson decays into sleptons are then computed analogously as the Higgs-boson
decays into squarks in the preceding subsection. In Fig. the generic Feynman diagrams
contributing to the EW NLO corrections of the process S — l;l? are displayed (S denotes
any of the five physical Higgs bosons). For decays of A® and H* the mixing between the
Higgs bosons, the Goldstone bosons, and W /Z bosons have to be taken into account. These
diagrams can be obtained by crossing the diagrams in Fig. and replacing the external
squarks by sleptons.
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Figure 9.1: Generic virtual, counterterm and real Feynman diagrams contributing to elec-
troweak corrections to the process S — [;l;. S denotes any of the five physical Higgs-

bosons, l; the sleptons, x; the neutralinos/charginos, V' the electroweak gauge bosons, and

~ the photon.
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9.2.3 H — V¥

Adapting the notation of [22] the Lagrangians for Higgs-boson—neutralino and Higgs-

boson—chargino interactions are given by

Loz = Z Z 0 (PRCE(S°) + P CE (S%) %S°,

n,d=1 S0

o = Z SOX (PrDE, (8°) + Py DE, (%)) 5%,

k,m=1 S0

Ls-z05t = Z Z S X (PREF(ST)+PLEL(S7)) XS +he,

=1 k=1 S—

with SO = h0, H?, A° G° and S* = H*, G*. The couplings are given by

CE(R%) = CL (h°)" = g2 (sina Q! + cosa SL))
CE(H°) =Cf, (HO)* =—gy(cosa @, —sina S,
CE(A%) =CL (A" = —igo (sin QL — cos BSL)
Ch(GY) = (GO)* =gy (cos BQ", +sinBS),
DE. (ho) = Dk, (ho)* = g2 (sin @ Qg — cos a Sk
D (HO) =Dk, (HO)* = —go (coS @ Qg + sin a Sk )
Di, (A%) = Dy (A°)" = —igs (sin B Qpm + €08 3 Sgm) ,
Di, (G°) = Dl (G°) = iga (cos B Qrm — sin 8 Skm) ,
B (H) = —gusm DO, Bl (H") = —gros QL
B (6) = gaeos BQE, B (G7) = —gusm B QL
in terms of
Qun = —=VitUz: i = —=ViaUnn.

V2 V2

1
Qi = NiUp — EUH (Ni2 + tan Oy Ni ),

1 * * *
Evkz (N + tan 0w Ny )
[Nns (N2 — tan 0w Ny ) + Nig (Npa — tan Oy N,y )]

1L * Y 7k
e = NV +

Qiﬁz =

"o
nl —

[Nn4 (ng — tan Qlel) + N (an — tan QWan)] .

NN NN

(9.2a)

(9.2b)

(9.2¢)

(9.3K)
(9.31)
(9.3m)

(9.3n)

(9.30)

Inserting the renormalization transformations for the Higgs fields (£.20]), the neutralinos

(E91), and charginos (78] and the couplings
Ci"(8) = Gl (8) +0C,™(8),

nl

(9.4)
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the counterterm Lagrangians are obtained. The explicit expressions for these renormal-

ization constants are given in Appendix [B.4l For the interactions between neutral Higgs
bosons and neutralinos the counterterm Lagrangian then reads

0L goz050 = Z ppY { ( 0Z]  CE (S°) +%[6Z>~<o]kl Ch. (%) +6Ck (50)>

nllSU

L Py (1 623] R (S%) + [52*]klcfk (59) + 5™ (50)” 080

+ = Z [{PL (0ZnonoCry (h°) + 6 Zpo o G (H?))

nl 1
+ Pr (6Zuono CR (B°) + 6Zyomo 2 (HO)) J1°
+{ o (3Zmom Gl (HO) + 8200l (1))
+ P (6Z50ir0C (H) + 6 Zpo o CE: (1)) }
+ {1 (6210 10CE (A°) + 6 Zaoan Chy (G°))
b P (020 CE (A%) + 0 ZuocnC2 () } 0] 0. (9.50)

The counterterm Lagrangian for the interaction between neutral Higgs fields and charginos
is given by

2
_ 1 . 1
Lgozrvh = D D% [PL (5 6233, Dia (8°) + 5 [023],,,, Dk (S°) + 8D, (SO)>

k,m=1 SO

1 * 1
+ P (3 21}, DB (59 + 3 23], DF (59) + 604, (59)) [i”

+ 3 Z [{PL 6 Zpono Dy, (%) + 0 Zyo o Dy, (HP))

km 1

+ PR ((SZhOhOD]}jm (ho) + 5Zh0H0D/§m (HO)) }ho
+ {PL ((SZHOHOD]gm (HO) + 5Zh0H0D£m (h’o))

+ P (6 Zyomo DR, (H®) + 623010 D, (1)) b H

{PL (5ZA0A0ka (AO) + 5ZA0G0D]<;m (GO)

)
4 Po(0Z0a0DP, (A%) +0Zuen DL, (7)) } A ] . (9.5b)
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Finally, the counterterm Lagrangian for interactions between charged Higgs bosons, neu-
tralinos and charginos reads

4 2
B} 1 1 - _
Lot = 3000 0| Pu (50200, Bl (57) + 5 625, B (57) + 085 (57)
1
P (502 B8 (57) + 5 204, B (57) o (57) ) |t

Xy [{PL (0Zvu-Ej (H ) +0Zyra-Ej (G7))

=1 k=1

+ Pr(6Zy+n-Ejf (H™) + 0 Zy+a-Ej (G7)) }H‘] Xi +he. (9.5¢)

From these counterterm Lagrangians the counterterm Feynman rules can be deduced. They
are given in Appendix [Cl

Feynman diagrams

Feynman diagrams contributing to the amplitudes at NLO for neutral Higgs boson decays
into neutralinos are depicted in Fig. 0.2l For neutral Higgs-boson decays into charginos,
the Feynman diagrams are given in Fig. and for charged Higgs-boson decays into a
chargino and a neutralino the diagrams are shown in Fig. @4l The corrections due to
the Higgs-field renormalization factors are computed as in Section [6.4l For decays of the
CP-odd and charged Higgs bosons, Feynman diagrams with mixtures between the Higgs
bosons, Goldstone bosons, and W /Z bosons contribute to the NLO amplitude MW, They
can be obtained by crossing the Feynman diagrams in Fig. and replacing the squarks
by neutralinos/charginos. The 1-loop amplitudes are then denoted as M}L’EW, amplitudes
including counterterm corrections are given by MfT’EW, and real radiation contributes to

the amplitudes M™Y.
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Figure 9.2: Generic virtual and counterterm Feynman diagrams contributing to electroweak
corrections to the process S® — X7 x7. Notation as in Fig.
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9.3 Decay widths

For the decay S — ab the tree-level decay width is given by

4
[o(S — ab) = (2r) /dP82 Mo |?, (9.6)
mgs

where S denotes any of the five physical Higgs bosons and a, b any of the possible decay
products.

9.3.1 h/H®— ab

As in Subsection [6.4.4], for decays of h® and H® we define the improved Born decay width
which includes contributions of O(Grm}/M3,). The improved Born amplitude M is
obtained by summing over the tree-level amplitudes with external h°/H® bosons Mg po /o
and weighting them with the appropriate Z factors,

M% (ho — ab) =\ Zho (M07h0 + ZhOHOMO,HO) s (97&)
Mg (HO — ab) = ZHO (MO,HO + ZHOhOMO,hO) . (97b)
The partial decay widths improved by Z-factors then read
(2m)*
rZ (h° — ab) = e | APS2 IMZ (° = ab) |2, (9.8a)
Z (170 (2m)* Z (170 2
Iy (H® = ab) = - dPS, M (H® — ab) |*. (9.8Db)
HO
For decays of h°/H®, the EW/QCD NLO amplitudes are given by
MEW/QCD (h® = ab) = [ Zno (MlE;}zY’/QCD n ZhOHOMIE\géQCD> , (9.9a)
MV (HO 5 ab) = /Zygo (MU 4 Zygow METOP) . (9.9D)

EW/QCD _ , (1LEW/QCD CT,EW/QCD
where M, 10 1oy = My frooy ™ + Mo oy
boson. Similarly, for the real corrections we get

MEeSHEW/QCD (h® = ab) = [ Zro (MfZgEW/QCD + ZhoHo/\/lf?;’oEw/QCD) , (9.10a)

Mieal,EW/QCD (ho N ab) _ ZHO (MfgleW/QCD + ZHOhOMfzt,EW/QCD) : (910b)

are the amplitudes with external h°/H"

where M;e?;loE \I;v({ ?CD denote the amplitudes for real photon/gluon radiation with an external
hY/H° Higgs boson. The partial decay widths for the virtual and real corrections, using

these amplitudes, then are

: 2m)4 %
[YEW/QCD (h0 o) = —<m”> / dPS; 2Re | ME MPVOP] 50T (9.11a)
hO

9 4
presl EW/QCD (H" = ab) = (27) /dP83 ’MiealvEW/QCDf, (9.11b)
™o
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where dPS3 denotes the 3-body phase-space element (c.f. Chapter Bl). Hence, the partial
decay width at NLO is given by

PPV (OO = ab) = Ty VAP (R0 0 s 4 b)
4 D EWIAED (30 0 s b)) | (9.12)

9.3.2 AO/I‘[jE —ab
At NLO, the decay widths for decays of A°/H* into squarks are given by

. 2m)4
pyrEW/QED A0 E Ly ) = @) / dPS, 2Re (MOMEW/ QCD) + 00T, (9.13a)
mAO/Hi
2 4
Fieal’Ew/QCD<AO/Hi N ab) _ ( ﬂ—) /dPS ’Mreal EW/QCD| , (913]3)
mAO/H:l:

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

1 0

Zao 1~ §5ZA0 =1- —Rea 0] . (9.14a)
1 0

ZH:t ~1— §5ZH:t =1- —RGWZH H+‘ 27"‘?{17 (914b)

with the DR renormalized self energies 3 [@26). Hence, the amplitudes MW for squark
decays into A and H™* are given by

1 A

MEW(AO 5 g b) = MIBEW 4 pOTEW 5M00Zp, (9.15a)
1

MEW(HE = 0 b) = MIPEWV 4 METEW _ SMa0Zy=. (9.15b)

Finally, the decay widths at NLO are given by

FIIEW/QCD (AO virt, EW/QCD(

Go — @GA°) + DF VP (G 5 G,A%),  (9.16a)
virt, EW/QCD((]@ N qu:I:) + Freal EW/QCD( N qu:I:) (916b)

—ab) =T,
W/t (g s by =T

9.4 Numerical evaluation

The SM parameters used in this analyses are the same as used in Section[Z.Il For the MSSM
parameters, we consider benchmark scenarios, where the masses and couplings of the first
two sfermion generations (light-flavor sfermions) are identical. Therefore, for Higgs-boson
decays into light-flavor sfermions the partial decay widths include decays into first- and
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second-generation sfermions. Furthermore, the decay widths also include the decays into
charge conjugated final states,

D(S = Ji Jjtee) = 3 {r(s — I +T(S — fI };J‘*)] , (9.17a)
(S = [ f¥ +cc) =D(8 = [2 [B)+T(S = f2 1), (9.17D)

where S denotes any of the five physical Higgs bosons, f7/ f7 the fermions /sfermions of
the first two generations, and f3/ f5 the third-generation fermions/sfermions. This can be
accounted for by multiplying the Higgs-boson decay widths with the factors in Tab.
for decays into squarks and Tab. for decays into sleptons. Furthermore, they include a
factor of 1/2 for the decay of the neutral Higgs bosons into two identical sneutrinos.

(HO, AO) — ¢iq; +cc, q=u,d (1st and 2nd generation) 2x(2—-9;)

(HO7 AO) — @QN; + CC, q= ta b 2— 572]'
H™ — id, (1st and 2nd generation) 2
H — f:l;j 1

Table 9.1: Factors accounting for decays into charge conjugate final states and into the
two light-flavor squark generations for the decays H — ¢; gj.

(HO, AO) — DD, (1st and 2nd generation) 2x1p
(H, A% = 5,7, Vs
(H°, A%) — é:€; + cc, (1st and 2nd generation) 2% (2—46;)
(H°, A°) — 77 + cc, 2 — 0y
H™ — ve; (1st and 2nd generation) 2
H™ — D¢ 1

Table 9.2: Factors accounting for decays into charge conjugate final states and into the
two light-flavor slepton generations for the decays H — [7 [,

For the decay of the neutral Higgs bosons into charginos, the decay into charge-
conjugated final states are incorporated into the same decay width,

(S = XX, +ce) =T(S" =X x;)+0(S° = x; X)), i#7, (9.18)

where S° denotes any of the neutral Higgs bosons h?, H°, and A°. Again, this can be done
by multiplying the decay widths with the factors given in Tab. where factors of 1/2 for
decays into identical neutralinos are included.



9.4 Numerical evaluation 139

1

(R, H", A%) — XX}

(R°, H®, A%) — X7 X; + cc.

H™ =X Xj

1+ 65
1
Table 9.3: Factors accounting for decays into two identical particles, charge conjugate final

states and to the two light-flavor squark generations for the decays of the Higgs bosons
into neutralinos and charginos.

We illustrate the effects of the EW and QCD NLO corrections to Higgs-boson decays
into sfermions or into neutralinos/charginos in the maximal-mixing scenario used in [I34],
where the maximal possible Higgs-boson mass is obtained. For the parameter point

tan 5 = 30, mao = 500 GeV, 1= —200GeV,
1
M, = §M2 = 75GeV, My =150 GeV, Ms =2TeV, (9.19)
M~1,2 = MSUSY = 2TeV
9r/r
Mg =400 GeV, Ay=A, =400GeV, A =V6M; +
L/R L tan

we compute the decay widths at NLO for the Higgs-boson decays into sfermions, neutrali-
nos, and charginos. At this parameter point, the lightest Higgs boson h° does not decay
into SUSY particles. Since the CP-odd Higgs boson A° has similar decay characteristics
as the CP-even Higgs boson H, we only list the decay widths and branching ratios of H°
and H~ in Tab. @4 where decay channels with BR < 0.1% are omitted. T denotes the
improved Born decay width, whereas 'y the decay width including EW and QCD NLO
corrections. The decays into SM particles have been computed with FeynHiggs 2.7.4 [29]
and include the full one-loop corrections. The branching ratios BR; have been computed
using the decay widths I';.

The decay H® — £t receives positive relative QCD corrections of 10% and negative
EW corrections of about —1%. The decays into neutralinos and charginos receive only EW
corrections. In general, they lie between —2% and 10%. However the decays H° — x9 x!
and HY — X3 x3 receive large corrections which reach about 40% and 30%.

In order to illustrate the effects of NLO corrections to the different Higgs-boson decay
channels, we choose different benchmark points where only the particular channel is kine-
matically allowed. In Subsection the decays of the heavier neutral Higgs bosons into
chargino and neutralinos are examined. This analysis is done starting from the benchmark
point ([@0.19) with a high and low value of tan 8 and varying mo. In Subsection 0.4.2]
the invisible decay of the lightest Higgs boson into two lightest-neutralinos is analyzed.
In order to allow for this decay, the universality relation between M; and M, has to be
relaxed. For the decay of the heavy neutral Higgs boson into third-generation squarks,
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HY — ... I [GeV] BRy || H — ... I [GeV] BR;
TT 0.847  4.7% DT 0914  6.5%
bb 11.999  66.2% th 9.655  68.2%

HY — ... ¢ [GeV] TI'y[GeV] BRy || H —... TZ[GeV] TIi[GeV] BR;
t 1.378 1.571  8.7% XL XY 0.571 0.614  4.3%
el 0.094 0.094  0.5% Xy 0.038 0.036  0.3%
VK 0.342 0349  1.9% Xi X3 0.685 0.757  5.3%
el 0.150 0.165  0.9% X1 X7 0.691 0.736  5.2%
VxS 0.021 0.029  0.2% X2 X! 0.005 0.011  0.1%
X3 0.279 0.291  1.6% o Xy 1.212 1.280  9.0%
X5 XY 0.172 0219  1.2% X2 X3 0.156 0.154  1.1%
Wi 0011 0.012  0.1% Y2 X7 0.007 0.008  0.1%
bl 0.218 0213  1.2%

Xy 1.042 1.040  5.7%
XX, 1144 1.275  7.0%
Tot. width 18.123 Tot. width 14.165

Table 9.4: Decay widths and branching ratios for the decay of the neutral CP-even Higgs
boson H° and the charged Higgs boson H*. Decays with branching ratios < 0.1% are
omitted. The decay widths for the SM decays into 7 and b are obtained with FeynHiggs
2.7.4 and are given at full one-loop precision. The branching ratios are then computed
with the one-loop decay widths.

the mass parameters for the third-generation squarks have to be lowered. These decays
are analyzed in Subsection @23l Finally, the decay H® — 7, 7} is analyzed in Subsection
0.4.4l For this analysis we choose a parameter point, where the Higgs-boson decay into
staus is kinematically allowed, whereas the other sfermions are considerably heavier than
the Higgs bosons.

9.4.1 H— vy

Following [134] we chose the parameter point

tan 8 = {3, 30}, mao € [100,500] GeV, = —200GeV,

1
M1 = §M2 =75 Ge\/, M2 =150 GeV, M3 = QTGV, (920)
MqL/R = MSUSY = 2T6V7 Ab = AT = QTGV, At = \/éMSUSY + L

tan 3
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Note, the authors of [134] take —p = My = 150 GeV. Since this leads to instabilities in
the renormalization constants of M and du (cf. Subsection [30]), thus the value p has
been shifted to 4 = —200 GeV. The value for the trilinear coupling A; is chosen according
to the maximal-mixing scenario. We vary the parameter m 40 between 100 and 500 GeV.
In Fig. the neutral Higgs-boson masses myo and mpyo are plotted in function of m 4o.
For m 40 > 150 GeV the light Higgs-boson mass mjo reaches its maximal value ~ 125 GeV.
The heavy Higgs-boson mass mpyo shows a nearly linear dependence on m o except for
small values of m 40.

130 600
125 | B — 500 |
120 | .
% 115 | % 400
O O,
3 110 =300 |
105 | S
100 | 200 |

100 150 200 250 300 350 400 450 500 100 150 200 250 300 350 400 450 500
m 4o [GeV] m g0 [GeV]

Figure 9.5: Values for myo (left) and mpo (right) in function of m 0. The other parameters
are chosen as described in the first paragraph of Subsection @.4.11

In Fig. the partial decay width I'" and the relative corrections

rEw 1z
5= 7 (9.21)
for the invisible decay H® — x{ \? are plotted for tan 8 = 3 and tan 8 = 30 in function of
m 0. T denotes the improved Born decay width including the effects from the Higgs-field
correction factors Z. The partial decay width for tan 8 = 30 is enhanced by a factor 4
compared to the decay width for tan § = 3. As it can be seen in the right-hand side plot,
the relative corrections amount from —1.5% to 3%.

The partial decay widths and relative corrections for the decay of H° into all neutralinos
and charginos except the invisible decay H° — YJ " are plotted in Fig. @7l Again, the
decay width for tan 5 = 30 is larger than for tan 5 = 3. The relative corrections lie between
—4% and 8%.

9.4.2 A" — I\

If mgo < myo /2 the invisible decay of the lightest Higgs boson h? — X X{ becomes relevant.
In order to allow for a light Y, the universality relation for the parameter point (3.20) is
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Figure 9.6: Partial decay width I' in GeV(left) and relative corrections § (right) for the
decay H® — X! xY. The other parameters are chosen as described in the first paragraph of
Subsection 0.4.11
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Figure 9.7: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H? into all neutralinos and charginos except H° — x{x? in function
of mpyo. The other parameters are chosen as described in the first paragraph of Subsec-

tion 9.4.11

relaxed to M; = {0.1,0.3} x Ms. Thus, according to [134] the following parameter point
was chosen and m 4o is varied between 100 and 500 GeV.

tan 5 = 10, mao € [100,500] GeV, = —200GeV,
My = {0.1,0.3} x M, My =150 GeV, Mz = 2TeV, (9.22)
My, n = Msusy = 2TeV, Ay = A, =2TeV, A= V6Msusy + ﬁ.

In Fig. the partial decay width and the relative corrections for the decay h® — y{ ¥
is plotted in function of my. For myo — 125 GeV the partial decay width approaches zero
causing the relative corrections to diverge. The relative corrections lie between 2% and
10%.
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Figure 9.8: Partial decay width in GeV(left) and relative corrections (right) for the decay
hY — X?X). The other parameters are chosen as described in the first paragraph of
Subsection [0.4.21

9.4.3 H°— 1t

In order to study the decay of heavy Higgs boson into top squarks, the squark mass
parameters for the third generation have been lowered to 400 GeV and the CP-odd Higgs-
boson mass m 4o is varied between 400 and 1000 GeV. This results in the MSSM parameters

tan 8 = {3, 30}, myo € [400,1000] GeV, = —200GeV,

1
M1 = EMQ =175 GeV,
Mql,2 = MSUSY = 2TeV

L/R

Mg =400GeV,
L/R

Mo = 150 GeV, My = 2TeV, (9.23)

Ay = V6 Msusy + ——.
tan
The partial decay width and relative corrections (2I)) to the decay widths of H® — £, £*
are shown in Fig. They slightly decrease with higher values of mgo. The relative QCD
corrections lie between 5% and 20% whereas the EW contributions amount to —4% to 2%.

Ay = A, = 400 GeV,

9.4.4 H'— 77

In order to allow for the decay HY — 7 7 the mass of 7; has to be considerably lighter than
the mass of the heavy Higgs bosons, i.e. mgyo > 2ms; . Therefore, we perform our numerical
analysis of the decay H° — 7 7 in scenario « of [I42]. In terms of the parameters at the
GUT scale scenario « is given by

Mo = 800 GeV, M1/2 = 600 GeV,

tan § = 55,

Ay = 1600 GeV,

sgn /1 > 0. (9.24)

This yields the MSSM parameters given in Tab. @5 The relevant 7 and Higgs-boson
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Figure 9.9: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H® — ¢ t;. The other parameters are chosen as described in the first
paragraph of Subsection [9.4.3]

M40 = 401.67 GeV tan 8 = 55 i = 665.88 GeV

M, = 252.83 GeV My = 466.04 GeV M; = 1397.17 GeV

M2 = 890.60 GeV M 1.2 = 829.83 GeV
L R

My = 687.54 GeV Mz, = 214.93 GeV
L

Mq(1,2) = 1466.69 GeV Ma(l,Q) = 1428.30 GeV Md~(1,2) = 1424.08 GeV
L R R

Mq(-g) =1224.25 GeV  M;, = 1104.50 GeV M, = 1239.66 GeV
L ,

A, =507.28 GeV A, = —466.89 GeV Ay = —503.83 GeV

Table 9.5: Soft SUSY-breaking on-shell parameters for the CMSSM scenario « [142]. Since
the bottom quark/squark and 7 sector is treated in the DR scheme, the trilinear coupling
of the bottom quark A, and A, remain DR values.

masses in this scenario are
mpo = 401.52GeV, m;z = 196.54 GeV, m;, = 684.51 GeV. (9.25)

Thus, only the decay channel H® — 7, 7} is kinematically accessible in this benchmark
scenario. Starting from this parameter point the CP-odd Higgs-boson mass is varied be-
tween 390 GeV < m 4o < 1000 GeV. In Fig. the partial decay width (left) and relative
corrections (right) for the decay H® — 7, 7; are shown in function of mpyo. The partial
decay width reaches zero when mpyo — 2mz =~ 400 GeV. For low values of mpyo the rela-
tive correction goes up to 0 ~ 3% and for values of myo > 500 GeV the relative correction
stabilizes at § ~ —2%.



9.5 Comparision with HFOLD 145

0.03

01} HO— 77 © tree | '\ ' ' T EW
ot Ew 0.02 ||

008} .
_ — 0.01 | |
9 0.06 | I < ol
= 0.04 1 -0.01 | \

0.02 | : 0.02 | ]

0 L : : : : : -0.03 L : : : : :
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
mgo [GeV] mgo [GeV]

Figure 9.10: Partial decay width in GeV (left) and relative corrections (right) for the decay
of the Higgs boson H® — 7} 7, in function of mpo. The other paramters are chosen as
described in the first paragraph of Subsection [0.4.4

9.5 Comparision with HFOLD

The HFOLD package [133] computes the strict one-loop EW and QCD corrections to Higgs-
boson decays within the MSSM. As in the SFOLD package the calculation is performed in
the DR scheme using on-shell masses for the kinematics. Hence, we use the same procedure
as in Section to obtain the soft-breaking parameters in the on-shell scheme (only the
trilinear couplings A, and A, are renormalized according to the DR scheme) used in our
calculation. As for the comparison with the SFOLD package we compare the decay widths
obtained with our code and with HFOLD at the SPS1a’ [55,123] benchmark point using
the SM parameters given in (ZI3]). The on-shell masses are given in Tab. [[14] and the
soft-breaking parameters in the DR and on-shell schemes are given in Tab. [[15l

The partial decay widths computed with HFOLD and with our Higgs-boson decay
code (HDC) are compared in Tab. 0.6 In order to be able to compare the results for
processes with small decay widths, all values are given in MeV. Since the computation
in HFOLD is performed in the DR scheme, whereas in our code for most parameters the
on-shell scheme is used, only the partial decay widths including the full corrections can be
compared. For the decay of the CP-even neutral Higgs boson H° and charged Higgs boson
H~ the difference between the partial decay widths computed with HFOLD and with our
code is mostly below 2%. Only for the decays into 7 the differences between the decay
widths computed with HFOLD and our code are between 5% and 10%. For the decays
of the CP-odd Higgs boson A" only the partial decay widths for the decays A° — y{ !
and A% — ¥ X3 are below 2%. The other partial decay widths show differences up to 11%
between the computation of HFOLD and our code. So far, the reason for this discrepancy
between the two computations has not been identified and needs further examination.
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HFOLD HDC HFOLD HDC
Process ['y [MeV] T [MeV] || Process [y [MeV] T [MeV]
HO— 00 14.01 13.86 | A — 00 20.54 20.53
HO > 0%9 4650 4543 | A 500 97.16 95.41
H— 9% 20.65 1991 || A°— 9%% 11657  104.88
HO = ¥fx7 5273 4945 | A= ¢Fyr 28620  255.32
H° - 0. v* 0.50 0.50 A — 7 75 59.37 55.02
HO = i, " 0.54 0.55
H° > &6 0.41 042 || H- - %7 %0 13058 127.96
H° — épey 0.45 0.44 H™ = X1 0.63 0.66
HO — 7 7 18.43 17.20 | H- = ¢, 5, 1.26 1.28
H° - 7 75 38.13 35.16 H =71, 64.32 59.97
H° — 773 3.51 3.32 H™ = 1o, 1.18 1.04

Table 9.6: Partial decay widths including the full NLO corrections computed with HFOLD
and with our code denoted as HDC. The decay widths of the neutral CP-even Higgs
boson H® computed with HDC also include higher-order corrections from the finite field-
renormalization factors.
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Conclusions

Supersymmetry (SUSY) is among the most promising extensions of the Standard Model of
elementary particles. It has the potential to solve important open questions, i.e. it is able
to solve the hierarchy problem, allows for unification of the electroweak and strong forces,
and provides a viable dark matter candidate.

If SUSY is realized at the TeV scale, there is a good chance to produce and detect
supersymmetric particles at the LHC. The particles with the generally largest production
cross section at the LHC are squarks and the gluino, the superpartners of quarks and the
gluon. Since they decay immediately after their production, precise knowledge of their
decay channels and corresponding decay rates is essential. The theoretical predictions
are significantly affected by higher-order contributions and therefore next-to-leading order
(NLO) corrections have to be included. Hence, decay rates and branching ratios of squarks
and gluino including QCD and electroweak NLO corrections are the first topic of this work.

Since the Yukawa couplings of the quarks of the first two generations are negligible at the
energy scale considered, there are no mixing effects for squarks of the first two generations
(light-flavor squarks) and the masses of left- and right-handed squarks are nearly degen-
erate. Hence, for light-flavor squarks we only considered decays into quark plus gluino,
quark plus neutralino and quark plus chargino. On the other hand, the Yukawa couplings
of the top and bottom quark cannot be neglected. This results in potentially large mixing
between left- and right-handed third-generation squarks and large mass splittings between
mass eigenstates are possible. Because of this potentially large difference between the mass
eigenstates, decays of the heavier squarks into lighter squarks plus electroweak gauge-boson
or Higgs-boson become possible. Thus, for third-generation squarks we considered in ad-
dition to the aforementioned decay channels the decays of the heavier top/bottom squark
into Z/W-boson plus lighter-squark and Higgs-boson plus lighter-squark.

Generally, we performed the calculation of the QCD and electroweak NLO corrections
in the on-shell renormalization scheme except for the bottom quark mass and the according
trilinear coupling which we renormalized in the DR scheme. This procedure cures numerical
instabilities in certain parameter regions. Furthermore, we also resummed tan S-enhanced
contributions into effective bottom Yukawa couplings. Since the masses of the left-handed
down-type squarks and the masses of the three heavier neutralinos can be chosen to depend
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on the other masses, finite shifts between the tree-level and on-shell values have to be
respected. This can alter the decay width by a few percent.

The computation has been performed within the framework of the Minimal Super-
symmetric Standard Model (MSSM). In order to study the numerical results the decay
widths and branching ratios including the NLO contributions have been evaluated at spe-
cific benchmark points which represent distinct characteristics (e.g. mass spectra). The
contributions from virtual and real QCD corrections to the total decay widths of squarks
lies between —5% and 20%. The QCD corrections to the total squark decay width grow
substantially in parameter regions, where the decay into quark plus gluino is dominat-
ing, i.e. when the gluino is lighter than the squarks. Otherwise, QCD corrections are of
the same order as the electroweak corrections, which lie between —5% and 5%, but often
have opposite sign than the QCD corrections. Hence, significant cancellations between
electroweak and QCD NLO contributions can occur and therefore, it is important to in-
clude both, electroweak and QCD corrections. Finally, we also examined effects of NLO
corrections on differential distributions. The real photon bremsstrahlung corrections alter
the pr distributions of the quark jet in light-flavor squark decays into quark plus neu-
tralino/chargino significantly. In contrast the distributions in the decays of the top squark
into top quark plus neutralino is not strongly altered by real QCD corrections because of
the reduced phase space. For the gluino decay into quark plus squark, the numerical study
at selected benchmark points show that the QCD corrections vary between —8% and —13%
and the electroweak corrections again have opposite sign and a value of approximately 4%.
Hence, cancellations between electroweak and QCD NLO contributions have again to be
taken into account.

In order to formulate a consistent supersymmetric Lagrangian, also the Higgs-sector
has to be extended. In the MSSM it consists of two scalar doublet fields, which after
spontaneous symmetry breaking, result in five physical Higgs bosons. Since the additional
Higgs bosons can have large masses, their decays into supersymmetric particles may have
sizeable branching fractions. Therefore, in the second part of this work we examined
NLO corrections to Higgs boson decays into supersymmetric particles. We considered
the decays of Higgs bosons into sfermions, neutralinos, and charginos. Furthermore, we
also analyze the invisible decay of the lightest Higgs boson into two lightest neutralinos.
This decay becomes relevant in scenarios with light neutralino LSPs, especially when the
universality condition M; = 5/3tan? Oy M, is relaxed. We adopted the same framework
as in squark and gluino decays to compute the QCD and electroweak corrections to the
aforementioned Higgs-boson decays. In order to study the decay width and the impact
of NLO contributions numerically, specific benchmark scenarios have been chosen. We
choose the maximal-mixing scenario, where the maximal possible Higgs-boson mass is
obtained. For the Higgs-boson decays into neutralinos and charginos, we found relative
electroweak corrections between 2% and 10%. For Higgs-boson decays into top squarks,
the QCD corrections lie between 5% and 20%, whereas the contributions from electroweak
corrections amount to —4% to 2%. Finally, the Higgs-boson decays into tau sleptons have
been studied in a benchmark scenario where this decay is kinematically accessible. Here,
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the electroweak corrections are of the order of —2%.

This work provides an important step in collecting all NLO corrections to two-body
squark decays in a consistent framework. Furthermore, the existing implementations of
NLO corrections to Higgs-boson decays into SM particles are complemented by the pre-
sented corrections to Higgs-boson decays into their supersymmetric partners.
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Appendix A

Bremsstrahlung integrals

For the processes t, — t; Z and t, — #; h° the real photon/gluon radiation decay widths
are also computed analytically. These decay widths are linear combinations of the brems-
strahlung integrals presented in this section using the notation of [30]. For a massive
particle with momentum py and mass mg decaying into two massive particles with momenta
p1, p2 and masses my, my and a photon with momentum ¢ the following phase-space
integrals need to be computed,

150 1 d*prd®pod’q
]‘?17---7:7m — 5 _ _ _
11,45t 71—2 2E1 2E2 2Eq (po pl p2 Q)

Ei=\/pi+mi, E;=+/q’+ X\,

where ) is the ficticious photon mass introduced to regularize the infrared divergences. For
bremsstrahlung integrals with no upper indices the scalar products in the numerator are
replaced by 1. With the phase-space function k = r(m?2, m3, m3) given in ([B.2) and the
dilogarithm Liy(z)

(+2gp;,) - - - (£2qpy,,)
(£2qpi,) - - - (£2qp;,,)

(A.1a)

Lig(x) = —/0 % log(1 — zt), (A.2)

and defining the abbreviations

2 2 2 2 2 2
mo—miy—m;+ K mg—my+m; —K

Bo =

) 51:

A3
le mo 2m0m2 ' ( a)

2 2 2
my+mj —m; — K

Bo = (A.3b)

2m0m1

compact expressions for the analytical integration of ([A.Jal) can be obtained. Since (A.Tal)
is symmetric under the exchange of the two external massive particles, the integrals with
the indices 1 and 2 interchanged are obtained by interchanging m; and ms. Omitting
integrals which can be obtained by interchanging indices, the IR-singular bremsstrahlung
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integrals are given by

2
Iy = ﬁ {ﬁ log (R—) — K= (m% - m%) log <%) - m(Q) log (ﬁo)} ) (A.da)

0 )\momlmg
I = L K log I{—2 — Kk — (m§ —mj3) log o _ m7log (81) (A.4Db)
4m2m? AMomyme 0 2 Bs ! '
1 Amomym
I =7 {—mog (Oﬁ—) log (82) + 2log” () — log? (o) — log” (1)
0
+2Liy (1 — B3) — Lip (1 — 57) — Lis (1 — 87)] , (A.4c)
Lo = —Io1 — oo (A.4d)

The other bremsstrahlung integrals are IR-finite. Again, omitting integrals which are
obtained by interchanging indices, the IR-finite bremsstrahlung integrals read

1 K
I = g [— (mg + m% + m%) + ngmf log (B2) + ngmg log (/1)
0

2
+ 2mim3log (5o)] , (A.5a)
1
Iy = 2 [—2m7log (Ba) — 2m3 log (61) — & , (A.5Db)
0
1 2 2
I, = 4_m% [—Qmo log (82) — 2m3log (By) — m} , (A.5c)
1
I = ye [milog (B2) — m3 (2mg — 2m7T + m3) log (51)
0
_ g (m2 — 3m2 + 5mg)] , (A.5d)
1
I = oo [mglog (B2) — m3 (2m] — 2mg + m3) log (o)
0
— g (mf —3mg + 5m§)} ; (A.5e)
72 _ 1 4] 4] K’ K 2 2 2 A
00 = gz [M1708 (B2) + mylog (1) + 6m2 + 1 (3m1 + 3my — mo) ’ (A-5g)
0 0
192 = 1 mglog (B2) + mjlog (Bo) + K + = (3mg + 3m3 — m7) (A.5h)
11 4mg 0 2 2 0 6m% 4 0 2 1 ) .
Iy = I = I}, (A.50)
Iog = =1y — Iy, (A.5))
Iy = —If = Ii}. (A.5k)



Appendix B

Renormalization constants

In Chapters [@ and [ the counterterm Lagrangian for squark—quark-neutralino/chargino,
squark—quark—gluino, squark—squark—gauge-boson, squark-squark—Higgs-boson, and Higgs-
boson—neutralino/chargino interactions are derived. In this section we list the renormal-
ization constants belonging to the couplings given in the Lagrangians.

B.1 ¢q¢x;
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— 00 (5,dh) e+ 6C, (d,dh) ca+0C, (d5,de) Savs+ Cy (d5,d2) carnch ot
(B.17)

e 0g omy  OM?2 .
5C (A%, a2, i) = (g—22+ T QMVEVV) C (A% a, i)

1.go My, o 0A, 083 A,
U u 6 o .~ _
+ 2 My, (Usl U ( K ts 55 2 5

o §A, Os A,
—ULUE <5M— . ——5<u—t—))) (B.18)
B Sp B

2
6C (A%, d2,dy) = <@ L 5MW) C (A2, 1)

» Ygo 2 » Qe
go My, 2 My,

1 go My s dca
2 My <U§l1 Us <5M —0A4tp — o (1 — Ag tb’))

+

R dc
- UL U8 (o= 04ats = 2 (= Aat)) ) (5.19)

M2
0C (115, ) = (@ _ M _ 5&) Co (i) + —2 [
E My sp

“) (UL US+ULUL) —2my 6my, (UL UL +US Ug) } . (B.20)

T 5 0gs  OMy, dcg T 7 92
ded,) = (=2 - W _ 25 dr,d
0Ca < * t) ( g 2MZ  cs Ca < * t) * My cs
Smg A A Pod i Pod dd
( e d) (U Ug + UL Ug) = 2mgoma (U4 U + U U;g)}, (B.21)

N dga  0m, du OME  dsp -
) = (22 o 0w 9% o (i B.22
ER ut) ( 92 + mu + //L 2 M‘%V 86 12 (U’s? ut) 9 ( )

5C,, (i

T 7\ 592 5md 6,“ (SM‘%V 56,3 S
5C, <ds,dt> - (g L v sl L (ds,dt> , (B.23)
L gy M2 o
o€, (i) = (224 50 ) ¢, i)
7\ 692 6MI%V 7
5C, (ds,dt> - (g—2 o) G (ds,dt>
— g2 My [(1+2Qu) US UfL = 2Qq UL UB| twr oty (B.25)
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B.4 Sxix;

SCH (R%) = 6CL (h°)" = 892 CE (%) + g2 (sina 6Q, + cosa dSy) (B.26)
SCH (H) = 6CE (H) =69 CF (H") — g2 (cos a6Ql), — sina 8SY) (B.27)
5C (A°) = 6Cy (AO)* =069y Ct (A%) — igo (sin B6Q0, — cos BSy) (B.28)
5Cy; (G°) = 5Cy, (G° " =69, CH (G°) +igo (cos B6Q, + sin 3Sy,) (B.29)
D (ho) = 0Dy (ho)* = 692 D, (ho) ’ (B.30)
0Dy, (H) = 6D}, (H®)" = b9, DY, (H°) , (B.31)
0D}, (A%) = 0D}, (A°)" =692 DL, (A°), (B.32)
0D, (G°) = 0Dy (G°)" = 092 Dy, (R°) (B.33)
OER (H™) =09, Eff (H™) — gasin S QT (B.34)
0Ej (H™) = b9 Eff (H™) — gocos B0Qs, (B.35)
OE (G7) = 092 By (G7) + g2 cos BOQi, (B.36)
Ej} (G7) =89, B} (G7) — gasin B 0Qy;. (B.37)
SQu = _LU@NM&W, SQi = iv,;N;;atW, (B.38)

V2 V2

1

1
0Q = b (N3N + NigNot) tw, oSy = 3 (NpaNip 4+ NigNpy ) 0ty (B.39)

n



Appendix C

Feynman rules

The Feynman rules including counterterms are deduced from the Lagrangians given in
Chapter [0l In the vertices all momenta are considered as incoming.

C.1 qs q/ )NC/C
Xk

/R =i (CtPL+ C"PyR),
(E/

OL) o Ei)
Ugyd, Xy | =
(e 1= (7

(BZRIGES + 02l Bl + 025 B ) + 6Bl

1
5 (I6ZL.15.D% + (023} DY + 02} DY) + 8Dk,

CL) 7 Fs%*

d87 u, )2; = <
(CR [ } cL
1
( OL) cr [CZ o 5 (DZE )P + B2 FiE + 525*};’,@*) 4R
Sy u7 Xk =
C’R

1
3 ([5Z§+]lszLI +[0Z7:sChi + 5ZuL*Cst> +0C%,
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(CL (G“§>
US,U Xk wlk
CR Gl
([6Z50]uGuf + [0 Za) s Gl + 0 ZE*Gul) 4 0GuE

1

GL CcT o 5

(OR) [u&u?Xg] - 1
5 ([52 ]lkGuL* [52 ]tSGuL* + 6zL*GuL*) + 5GuL*

([0Z50] G + [0 23] GEF* + 6 Z*Gaf) + 6Gaft*

1

CL CcT - 5
<OR> [d&d’ Xﬂ - 1 dL dL L dL dL
3 ([6Z50]5, G + [0 23)1s GIE* + 621 GUE*) + 6GaL~

Qs ___ :i(CLPL‘l'CRPR)a

CL _Ugs
70, 0,5% = =2, |
(CR) [q57 q,9 ] \/_gs ( U{IS

o1 T ]

_ a _ = 522} Uq o —5ZR*Uq

OL cT L . 5Z95U25 2[ qlts ¥ 2t 9 q 2s
( ) [q87qag ] - _\/igsT

T ] i
02, Uty + 51023y, Uty + 50257 Y,
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C3 qqV

C[Qs,q:,ZN]ZC( 7@?76&)7
~ o~ ~k o~ 1 ~ ~ 1 ~% o~
CM s, G 2] = 0C(2,47,5) + 5020 C (2,6 6) + 5025 C (A, G Gs)
1 . e 1 e~
+ 5 [5Zq]tu C (Z7 qu7 qs) + 5 [626}51) C <Z7 qt ) Q’U) ?

C i, d; Wi | = ¢ (W, di, ).

T iy, d;, W, | = 6 (W, di i) + %5ZW(J (W d i)

vz, (W da) + 62,0 (W .da).
C4 ¢qs

~
Qs - -«
N

1C

N
%k

4y
C [sty q~:> ho] =C (hoa (j;fka gs) )
~ o~y ~x ~ 1 * ~ ~ 1 ~x o~
CCT [QSv d; ho] =0C (h07 q; 5 QS) + 5 [5Zd]tu C (h07 qy» QS) + 5 [5ZQ]SU C (hoa 4y, QU)

+ %6Zh0h00 (hO,QN:;‘js) + %5Zh0HOC (Hoa(j;tkaq~5> )
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C g, 1] = € (H°,47,4) .
C (g, HY) = 0C (H',1,85) + 5 0231, C (H", G0 ) + 5 1024],, C (.5, 4.)
¥ 567 (Y, G, 0) + 36ZomoC (R,37.4.)
C g, @i, A% = O (A% 4)
C (40,1, A" = 6C (A, G5.0) + 5 92315, € (A%, 20,) + 5 2, C (4.7, 4.)
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+ %6ZH+HC (H—, d;, u) + %5ZHG+C (G‘, d;, U> :

C.5 Sxuxu
Xi
SO = §(C Py + C"Pp),
Xn

oL o cr (S0)>
SO 0 0] — nl S hO HO AO,
<CR) [ >Xn7Xl} (CRZ<SU) ) ) )

(15250, CEi(h%) + CH (1K) (6230,

1
2 mn ml

(CL)CT 70, 12, 9] = { 02 CE (1) + 6230 a0 CH(HD)) + 6CE () }

ChR TAnr A { % 5Z °CR /(%) + CE(h°) [6Z; 0] kl

mn ml X

520 CE(RY) F 6 ZyogoC R(H")) + 6CE(hO) }
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b (6231,, CL(HO) + OA(H) 7],
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H v = i(CT Py + CRPp),
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(6) 1 42)
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Appendix D

Input parameters

For the SPS1a’, SPS4, point.10.1.1 and point.40.1.1 benchmark scenarios, the low-energy
spectrum is defined by only five GUT scale parameters (M, My /2, Ao, tan 3, sgnpu). Using
the renormalization group running, the GUT parameters are evolved down to the SUSY
scale

Qsusy = 1 TeV (D.1)

according to the SPA convention [55]. Numerically, we use the program Softsusy 3.1.7 [128].
In order to translate the soft-breaking parameters in the DR scheme into the on-shell (OS)
scheme, sfermion masses, their mixing angles and the neutralino masses are computed in
the DR scheme using tree-level relations. A further subtlety is that the SM particle masses
in the squark mass matrix also need to be in DR scheme. Therefore, before computing the
squark masses, the SM masses are translated to the DR scheme.

After computing the masses and mixing angles in the DR scheme, they are translated
to the OS scheme using relations

(m2)°% = (m2)PR + (6m2)% — (9m2 )P, i=1,2, (D.2a)
095 = PR 4+ 5995 — 59PR (D.2b)
m%)s = m? + 5m%)s — 5m§, (D.2c)
mQE = mF 4+ omQ% — omPE, i=1.2. (D.2d)

The squark, chargino, and neutralino mass renormalization constants in the OS scheme are
given in (@47), [E34a)), and ([E95a). The according renormalization constants in the DR
scheme are obtained by taking the UV-divergent parts of the renormalization constants in
the OS scheme. The renormalization constant of the top squark mixing angle in the OS
scheme is given by

0Y;

2 52
mt~1 mEQ

6095 = det(Uy) (D.3)
with the renormalization constant §Y; defined in (L.G4D). Again, the top squark mixing
angle renormalization constant in the DR scheme is obtained by taking the UV-divergent
part of 0Y;.
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As mentioned in Subsection each generation of the light-flavor squarks has three
and the third-generation squark sector five input parameters Mg, , Mg,, M;, and the
trilinear couplings for the third generation A,, A,. Thus, the DR to on-shell transition
([D.2a) is performed for mg, ,, and mg_ (mg, , and mz, for third generation squarks). The
fourth dependent squark mass mg, (m; ) is computed via (L53) and ([fG5). Since in the
bottom-quark /squark sector the trilinear coupling A, is treated in the DR scheme, only
the mixing angle of the top squark is translated into the on-shell scheme.

Similarly, the chargino and neutralino sector is defined by the three parameters M,
My and 1 (Subsection EET3). Thus, the DR to on-shell transitions are performed for the
three masses My, and my,. The remaining three neutralino masses obtained with relation
(E.96).

In summary, the procedure to obtain soft-breaking input parameters in the on-shell
scheme is as follows:

1. Define CMSSM parameters (Mg, M /2, Ao, tan 3,sgnyu) at the GUT scale.
2. Evolve parameters at the GUT scale down to Qsusy.
3. Translate DR parameters at Qgysgy to the on-shell scheme:

Translate SM parameters into the DR scheme.
Compute sparticle masses and mixing angles using tree-level relations.
Translate sparticle masses and stop mixing angle into the on-shell scheme.

Compute soft-breaking parameters in the on-shell scheme using tree-level rela-
tions.

(e) Compute the dependent on-shell masses for the subset of squark and neutralino
masses mentioned above.
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