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Introduction

In an endeavour to find a complete and comprehensive description of nature, elementary
particle physicists build theories which identify the basic building blocks of matter and
explain the interactions between them. It is fair to say that the major achievement
within the field of particle physics of the last century was the development of the
Standard Model of electroweak and strong interactions, successfully explaining close
to all experimental observations. However, gravity cannot be described within this
framework and there are further theoretical and experimental indications that the SM
cannot be the all-encompassing theory of nature but must be embedded within a more
fundamental theory. Out of a variety of miscellaneous models, supersymmetric (SUSY)
models are often considered to be the most natural and appealing extensions of the
SM. The widely presumed unification of the electroweak and the strong force at a high
energy scale occurs naturally in SUSY models and the new particles predicted in SUSY
theories cause a cancellation of the quadratic divergencies in the Higgs sector, thus
stabilizing the Higgs mass. The simplest supersymmetric extension of the SM is the
Minimal Supersymmetric Standard Model, which approximately doubles the particle
content of the SM.

There are in principle two possibilities by which one can probe models beyond the SM
such as the MSSM. On one hand one can directly search for the particles predicted by
the model. For many years physicist have been looking for SUSY particles at big par-
ticle accelerator experiments, especially at LEP and at Tevatron, but so far the search
was unsuccessful. Today we are at the brink of discovering new physics. The Large
Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN),
the world’s most powerful accelerator, started running last year, and if SUSY particles
exist they are expected to be observed there. The first search for supersymmetry, con-
ducted at the ATLAS and CMS detectors, did not show any significant deviation from
the SM, but set new limits on SUSY parameter space [1,2].

An alternative way to test models is to investigate the virtual effects of the predicted
particles on electroweak precision observables, e.g. the masses of the W and the Z boson
and the effective electroweak mixing angle. The electroweak precision observables are
sensitive to quantum effects from the entire particle spectrum of a model, including
particles that are too heavy for direct detection. Therefore they provide a powerful tool
by which one can distinguish between different models and derive indirect constraints
on the unknown parameters of a model. The strength of this method has been evident
since the discovery of the top quark with a measured mass in remarkable agreement
with the indirect prediction from electroweak precision observables. Furthermore the
precision observables provide a good cross-check, in case SUSY particles will be found in




Contents

the following years at LHC, and even if the search remains unsuccessful the electroweak
precision observables can help to determine the underlying physics.

We will focus on the prediction of the W boson mass, My, in terms of the Z boson
mass, the Fermi constant and the fine structure constant, which can be derived from
the decay of the muon. This relation constitutes one of the most important quantities
of a given model, since it is highly sensitive to quantum effects from all other particles
in the model.

The current experimental value of the W boson mass is 80.3994+0.023 GeV [3] (natural
units will be used throughout this thesis) and the current accuracy of 0.03% is expected
to improve further at LHC. It is reasonable to expect a reduction of the error down
to 15 MeV. In order to utilize the precise experimental determination of the W boson
mass and benefit from electroweak precision tests, a precise theoretical prediction for
Myy is essential, which can be achieved by calculating higher orders in perturbation
theory, corresponding to loop corrections to muon decay.

Within the SM the calculation of the W boson mass is quite sophisticated. The
full one-loop [4, 5] and two-loop [6-17], as well as the leading three-loop [18-22] and
four-loop [23,24] corrections are also known. In addition a convenient fitting formula
for My, containing all numerically relevant contributions has been developed which
approximates the result for My, to better than 0.5 MeV for a SM Higgs mass between 10
GeV and 1 TeV [25]. A comparable accuracy would also be desirable for SUSY models,
but so far the calculation is less advanced: In the MSSM the one-loop result [26-29] and
leading two-loop corrections have been calculated [30-33]. Recently also in the Next To
Minimal Supersymmetric Standard Model (NMSSM), the one-loop calculation [34,35]
and leading two-loop contributions [35] have been worked out.

In this thesis, we present the first step on the way towards a higher level of theoretical
accuracy for the electroweak precision observables beyond the SM. A full one-loop
calculation of the W boson mass in the SM and in the MSSM with complex parameters
is performed for the most general set of parameters without any restrictions on the SUSY
parameter space and taking the full phase dependence in the SUSY sectors into account.
Previous results have been checked and confirmed. Our one-loop result is combined
with all known higher order corrections, of SM and SUSY type, and consequently we
obtain the most precise prediction for the W boson mass in the MSSM. All one-loop and
higher order contributions are implemented in Mathematica which makes our result very
flexible with respect to modifications and extensions. This framework and the structure
of our calculation allow an easy extension to further models, like the NMSSM, models
with four fermion generations, the inert doublet model and many more, with the great
advantage of enabling a consistent comparison between them.

The thesis is organized as follows: In the next chapter a theoretical introduction to the
SM of particle physics is given, followed by an introduction to its minimal extension,
the MSSM, in chapter 2, focusing on its extended particle sector. Chapter 3 gives
the basic concepts of regularization and renormalization needed for loop calculations.
Technical details of our calculation, such as the programs used, are described in chapter
4. As already alluded to, the main topic of this thesis is the theoretical determination
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of W boson mass in the SM and the MSSM. Therefore this calculation is extensively
discussed in chapters 5, 6 and 7. In chapter 8 we show the numerical evaluation of our
results, before summarizing and concluding in chapter 9.







1. The Standard Model

1.1. Gauge groups and particle content

The Standard Model of particle physics [36-38] is a theory formulated (in its current
version) in the 1970s, which describes all elementary particles and their interactions,
apart from gravity, which have experimentally been discovered so far. It is a quantum
field theory that exhibits translation invariance and Lorentz invariance, two global sym-
metries following from special relativity. Further the SM is also locally gauge invariant
under the gauge group SU(3) ® SU(2) ® U(1). It is split into two parts, the quantum
theory of electroweak interactions and Quantum Chromo Dynamics (QCD), of which
the former one is based on SU(2) ® U(1) and the latter one on the SU(3) group. QCD
will only briefly be discussed here, for a review see Ref. [39].

The particles of the SM are classified into fermionic (half-integer spin) and bosonic
(integer spin) particles. Fermions account for the matter of the universe, a consequence
of the Pauli exclusion principle [40], and bosons carry the forces between them. A
special role among the bosons is played by the Higgs boson, the only SM particle that
has not been observed yet. Particles of the SM obtain masses by coupling to the Higgs
field. The different sectors of the SM will be outlined in the next section. We follow
predominantly Refs. [41,42].

1.1.1. Gauge sector

There are four fundamental interactions in nature, out of which three are described
within the SM: the electromagnetic interaction between charged particles, the weak
interaction that causes radioactive 5-decay and the strong interaction which binds pro-
tons and neutrons together. The fourth interaction, most apparent in everyday life, is
gravity. To this day, there is no possibility to describe gravity in a renormalizable (fur-
ther explanation in section 3.2) quantum field theory, such as the SM. Quantum gravity
effects are expected to be seen at energy scales of Mpp,ac = 1012 GeV, far beyond the
energy scales reachable in collider experiments. Its implications for particle physics is
therefore very limited and gravity is not further explored here.

Each of the tree SM forces has an associated coupling constant, which determines
the strength of the interaction, and is mediated by a (spin 1) gauge boson. The gauge
bosons are not put in the SM ’by hand’ but they result from requiring local gauge
invariance. Table 1.1 lists the gauge fields of the SM gauge group, with their particular
couplings. The gauge fields belonging to the color group SU(3)¢c are the eight gluons
g* (a = 1...8) and g, is the strong coupling constant. The three fields W* (a = 1,2, 3)




1. The Standard Model

belong to the weak isospin group SU(2);, and the B field to the weak hypercharge
group U(1)y; their couplings are denoted g and ¢’. The generators of the isospin group
are denoted I and the generator of the weak hypercharge Y. I3 is the third component
of the weak isospin operator and Q = I3 + % is the electric charge operator.

The Lagrangian of the Yang-Mills gauge sector is

1 a a abeyyrbyrsc) 2 1 2
Lyy = - (8, W5 = 0,W5 + ge™*WiWys)™ — 1 (0.B, —9,B,)" , (1.1)
where £9°¢ is the totally antisymmetric tensor in three dimensions, and a, b, c € {1,2,3}.
In this work the Einstein summation convention is used throughout. The physical gauge
boson states do not directly correspond to the electroweak gauge fields of Table 1.1 but
are mixtures of those. The observed fields are the charged W bosons

W* = (W FiW?), (1.2)

Sl

the neutral Z boson and the photon A

()% .

Here sy and ¢y are the sine and cosine of the weak mixing angle, which at tree level
are given by

/

g 9

The photon is the carrier of the electromagnetic force, and all charged particles are
subject to the electromagnetic interaction. The weak force is carried by the charged
gauge bosons W¥* and the neutral gauge boson Z. The neutral interaction involves all
(left- and right-handed) fermions, while W* couples only to left-handed fermions.

Sw = sin Oy = cw 1= cos Oy = (1.4)

Gauge group Gauge fields Coupling
SU(2); We (a=1..3) g
U(].)y B g/
SU(3)¢ Gluons ¢ (a = 1...8) Js

Table 1.1.: SM gauge fields and couplings.

1.1.2. Higgs sector

It can be shown that it is impossible to write down gauge-invariant explicit mass terms
for gauge fields. However, massive gauge bosons, with masses

My = 80.399 GeV , My = 91.1875 GeV (1.5)




1.1. Gauge groups and particle content

Figure 1.1.: Generic shape of the Higgs potential.

(from Ref. [3] and the LEP electroweak working group [43,44]) have been observed, so
the SU(2); ® U(1)y gauge symmetry must be broken. The breaking is accomplished
by the Higgs mechanism, which is furthermore also responsible for the generation of
fermion masses. In this framework, gauge boson masses are obtained by adding another
term

Litiggs = (Do) (D"¢) — V(|6°)) (1.6)
to the Lagrangian. The Higgs field is a complex scalar SU(2) doublet,

¢=<Z), (17)

and D, the covariant derivative

/

D, =, —igl“W" — z’%YBM . (1.8)
Requiring gauge invariance and renormalizability, the potential can be written as
A
V(16 = 16 + 1ol (19)

where A must be positive, so that the energy is bounded from below. For p? > 0, the
shape of the graph of this potential looks like a Mexican hat and is minimized on a
circle with non-vanishing radius. This is demonstrated in Figure 1.1. Its minimal value
is at
g 2 u2 B 1)2
o= =2
where v is the (non-zero) vacuum expectation value. After choosing one specific mini-
mum (out of all possible states on the circle)

w=(2). (111)

(1.10)
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this ground state does not reflect the symmetry of the potential anymore. This feature
is termed spontaneous symmetry breaking. The full scalar doublet can then be written
as an expansion around the ground state

¢ = ( 7 (v +¢;+ix) ) (1.12)

where ¢ and y are the unphysical degrees of freedom, called Goldstone bosons, that
give the longitudinal part of the gauge bosons. The Goldstone bosons can be elim-
inated by choosing a special gauge (the concept of gauge fixing will be explained in
section 1.1.4). The gauge in which the Goldstone fields vanish, is called unitary gauge.
H is the only physical field - the Higgs boson with a mass of

my = V2. (1.13)

In the later sections, when we talk about the SM and the MSSM simultaneously, we
will denote the SM Higgs boson as hgy, instead of H, to avoid confusions.

The masses of the physical particles can be extracted most easily in unitary gauge.
Therefore (1.12) with ¢ = x = 0 and (1.8) are inserted into the Lagrangian (1.6).
From the first term of (1.6) one finds terms where v couples to the W® and B fields
and thus generates the gauge boson masses

1
MW:CWMZzégU- (114)

1.1.3. Fermion sector

The fermions in the SM are divided into leptons and quarks. Leptons exist as free
particles, while quarks are always bound inside hadrons, such as protons and neutrons.
All fermions are listed in Table 1.2 with their corresponding quantum numbers. The
fermions can be divided into three generations, which have the same quantum numbers
and differ only by the mass of the particles. The number three is not given by the
theory but we know from experimental results that there must be at least three fermion
generations and not more than three light neutrinos. The left-handed fermions build

weak isospin doublets
vk uk
Lf:(li) : sz(di), (1.15)
j j

which implies that a (left-handed) fermion with quantum number I3 = 41/2 can in-
teract weakly with a W boson and a (left-handed) fermion with quantum number
I3 = —1/2. The right-handed fermions build weak isospin singlets

uee Wt dlib (1.16)




1.1. Gauge groups and particle content

In (1.15) and (1.16), j indicates the generation index, v a neutrino, [ a charged lepton,
u an up-type quark and d a down-type quark. There are no right-handed neutrinos in
the SM.

An explicit Dirac-type fermion mass term in the Lagrangian would not preserve gauge
invariance. Fermion masses are generated by so called Yukawa couplings of the Higgs
field to the fermion fields. The Lagrangian of the fermionic sector is

Lr=Y" (LFy"D,LF + Q" D,QF)
+ 3 (ifiy" D, + afiy" Dyul + dfiy" D, dl) (1.17)
-3 (LEGL G+ QE Gl + QLGS + he)
]

where ¢ = ig2¢* is the charge conjugated Higgs field and G!, G* and G? are the Yukawa
coupling matrices. The sums run over the three generations. The ~-matrices are defined
by

{1t =29 (1.18)

where g, denotes the Minkowski metric. Without right-handed neutrinos, no neutrino
Yukawa terms are possible and they remain massless in the SM.* The mass eigenstates
of the quarks do not correspond to their weak interaction eigenstates. The relation of
the weak interaction quark eigenstates to the mass eigenstates is

'L yrq,L L
q; =Ug q

; . (1.19)
q; = Ui qlﬁ2
with masses v
my; = ULFGL gl —_ 1.20
q, ik km™~ mi \/5 ( )
where ¢ € {u,d}. The product
Vij = U U (1.21)

is referred to as quark mixing matrix or Cabibbo-Kobayashi-Maskawa (CKM) matrix.
A complex phase in the quark mixing matrix gives the only source of CP-violation in
the SM. We neglect quark mixing throughout this work. Then V}; is a unit matrix.

1.1.4. Gauge fixing, ghost sector
The electroweak field theory is defined by the Lagrangian

Lewsy = Lym + Liggs + Lr (1.22)

*But neutrino masses have been observed, which shows that the SM in its current form cannot be
the full theory but is probably embedded in a more fundamental, so far unknown theory. More
indications for physics beyond the SM are given in section 2.1
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1. 2. 3. I Y O

Ve Yy Vr /2 -1 0

Leptons ( e >L ( 7 >L ( T >L -1/2 -1 -1
€RrR UR TR 0 -2 -1

( u ) ( c ) ( t ) 1/2 1/3 2/3

d L s L b r|-1/2 1/3 -1/3

Quarks " cr tr 0/ 4?3 2//3
dR SR bR 0 —2/3 —1/3

Table 1.2.: All SM fermions with associated quantum numbers. I3 is the third compo-
nent of the of the weak isospin, Y the weak hypercharge and @ = I3+Y/2
the electric charge.

For the incorporation of quantum effects, the SM needs to be quantized.

The propagators are the Green functions of the free field equations, which can be
derived from Feynman path integrals [45,46]. But naively applying the path integral
formalism to non-abelian gauge theories yields mathematical inconsistencies. This is
described in detail in Ref. [42]. For the quantization of the SM this problem, which is
due to the gauge invariance of the Lagrangian, must be solved.

This requires the insertion of additional, gauge fixing, terms in the Lagrangian. Using
the renormalizable 't Hooft gauge, in which the propagators behave like 1/k? for large
momentum k, the gauge fixing term is

Lpiw = _% (FY2 + (FZ? 4 2FV FV || (1.23)

with
FV* = () 20" W F iMy (¢)) 30
FZ = (€2)20"7, — My(£Z)2x (1.24)
FA= (&) 720"A, .

Here £V, &)V €2 €Z and &{* are the five gauge parameters. Mixing terms between gauge
boson fields and Goldstone fields arise from electroweak symmetry breaking. If &)V = ¢V
and &7 = &7 is chosen, these mixing terms are absent, since they are canceled by the
terms iMy (£V)2¢F and My (¢Z)z .

In these equations non-physical contributions appear, which can be canceled by intro-
ducing so called Faddeev-Popov ghost u®(z) and antighost @®(x) fields (o = W*, A, Z).
Ghosts are unphysical mathematical entities, which do not correspond to 'real’” exter-
nal particles and only appear as virtual particles in Feynman diagrams. The additional
Faddeev-Popov term we get in the Lagrangian is

Lrp= Y. ﬂa(x)éeﬂ(x)uﬁ(x). (1.25)

o,B=W= A, Z

10



1.1. Gauge groups and particle content

where the 0% are infinitesimal gauge transformations. From the variations of the in-
volved fields A, Z, W*, ¢ and y under the infinitesimal gauge transformations, the
variations of the gauge fixing operators ?T; can be determined. The resulting formulas
can be found in Ref. [42]. Including these additional terms Ly, and Lpp , the full

Lagrangian of the electroweak SM can be written as
Lesw = Lewsm + Lz + Lrp (1.26)

where GSW stands for Glashow-Salam-Weinberg Model. The parameters £ can be
chosen freely, however in the end the S-matrix element must be independent of the
gauge fixing. In this work the particularly simple Feynman-'t Hooft gauge is chosen,
where all £* are set equal 1. In the Feynman-'t Hooft gauge each ghost field acquires
the same mass as its associated gauge boson field.

In a scattering process, the probability for an incoming state |i) to transform into an
outgoing state |f) is related to the absolute square of the scattering matrix (S-matrix)
element (f|S]i). The relation between the S-matrix and the matrix element M is given
by

(f1S18) = (fli) +i(2m)"* 6 (p; — ps) M., (1.27)
and the four momenta are on the mass shell, so p?/ ;= E;/; where E; ¢ denotes the
energy of the incoming/outgoing particles.

In quantum field theories, where the coupling ¢ is small, the matrix element M (and
therewith observables O o |M]?) can be calculated perturbatively, i.e. M can be
expressed as a power series in g and for small enough ¢ higher orders can be truncated.
The series can be illustrated by Feynman diagrams with increasing number of loops
and vertices. In renormalizable theories only 3-point and 4-point interaction vertices
are allowed.

11






2. The Minimal Supersymmetric
Standard Model

2.1. Motivation

Though the SM is a very successful theory that describes nearly all experimental results
so far with high precision, there are a few open questions that cannot be answered
within the SM. The MSSM is the minimal supersymmetric extension of the SM which
addresses some of the problems and open questions. In this section we list the most
important shortcomings of the SM and briefly sketch possible solutions.

One important remaining issue in the SM is the hierarchy problem: The mass of the
Higgs boson is not given in the SM, but the highest possible value for my is about 1
TeV, since otherwise unitarity would be violated in certain scattering processes, and
the SM would become inconsistent. Electroweak precision observables favour a much
lower value of mpy &~ 100 GeV, whereas the lower mass limit from experimental searches
is 114.4 GeV [47]. As we mentioned before, the SM does not include gravity, therefore
it fails at least at Mpianac = 10 GeV, where quantum gravitational effects become
important. This implies that the SM must be the effective limit of a more fundamental
theory, so it can only be valid up to a cutoff scale A, at which new physics appear. The
Higgs mass can be calculated as

my = mi o+ Amj; (2.1)

where m%w is the bare mass that appears in the Lagrangian and Am? contains the
higher order corrections. Calculating one-loop corrections from a fermion loop to the
Higgs mass and cutting off the integrals at A yields
2 Ay (2.2)
Amiy = —A"+ ..., 2.2
B g2
where A is the coupling of the fermion to the Higgs field, which is &~ 1 for heavy quarks.
The ellipsis denote terms proportional to m% that grow at most logarithmically with
A. This means that for A = Mppna the corrections to the Higgs mass are of the
size Am?% =~ 10%® GeV?. But we know that that my < 1 TeV, so m% < 10° GeV?,
which means that immense cancellation between mj; , and Amj; is necessary (extreme
"fine-tuning’). This seems very unnatural and is known as the hierarchy problem.

13



2. The Minimal Supersymmetric Standard Model

In SUSY all fermions have superpartners which give additional corrections to the
Higgs mass

)\2
Ay = 25 (2.3)
With A4 = —\? the quadratic divergencies cancel and the Higgs mass is stable. In

unbroken supersymmetry the superpartners have the same mass as the fermions, then
the Higgs mass corrections cancel completely. But as we will argue in the next section,
supersymmetry must be a broken, which implies that the masses of the superpartners
differ from the mass of the SM particles: m?g = mj+A® This is not a problem, as long
as the relation between the couplings remains unchanged. Small logarithmic corrections
to the Higgs masses is acceptable. As long as the splitting between the masses of the
SM and the SUSY particles is not too large, SUSY provides an appealing solution of
the hierarchy problem.

So far there is no consistent quantum field theory describing all interactions includ-
ing gravitation, but the algebra of general relativity, the framework in which gravity
is described, is part of the local SUSY algebra, witch gives a natural connection be-
tween these two theories and makes the supersymmetry based approaches to describe
gravitation particularly promising.

Another striking quality of SUSY is that the unification of the couplings of the three
forces at a high energy scale, which is not possible in the SM, appears naturally in
electroweak scale SUSY, even though it was not specially constructed for that pur-
pose. Theories in which the three interactions merge are called Grand Unified Theories
(GUTs).

Finally we want to mention two more astrophysical observations, that indicate that
the SM cannot be the complete theory, but must be embedded in a more fundamental
theory, like the MSSM. This first observation is the baryon asymmetry in the universe.
This discrepancy cannot be explained by just the CP-violation from the CKM phase in
the SM alone and indicates, that further sources of CP-violation must exist. Secondly it
is required by cosmological measurements that 23% of the total energy in the universe
is in the form of cold dark matter. If elementary particles make up for dark matter
they can at most interact weakly with other particles and they have to be stable over
cosmological timescales. The SM does not provide any such candidate for dark matter,
while in the MSSM the lightest SUSY particle can be be a suitable candidate.

2.2. Theory

A supersymmetric transformation () acting on a fermionic state gives a bosonic state
and vice versa. The spin 1/2 fermions get spin 0 superpartners called sfermions. Left
and right handed fermions have different superpartners, resulting in two up-type squarks
ur, g, two down-type squarks (i,; r, two sleptons Z~L7R and a sneutrino © for each of
the three generations. The gauge bosons are assigned fermionic superpartners called

14



2.3. Particle content of the MSSM

gauginos, composed of a wino W#*, a zino Z, a photino 4 and a gluino §. Instead of one
Higgs doublet, as in the SM, the MSSM has two Higgs doublets, involving five physical
Higgs bosons. The fermionic superpartners of the Higgs bosons are the Higgsinos H.
Each particle and its superpartner have identical quantum numbers except for the spin.
This implies that, in an unbroken supersymmetric model, particles and antiparticles
have degenerate masses.

But since no superparticles have been observed experimentally yet, supersymmetry,
if existing, cannot be an exact symmetry and must be spontaneously broken. The
breaking is described by explicitly adding terms, called soft breaking terms, to the
Lagrangian density. Not to reintroduce quadratic divergencies and therewith the hi-
erarchy problem, the relation between the dimensionless couplings A and Ag must be
maintained, which is the meaning of the term ’soft’.

Lepton and baryon number conservation have experimentally been probed precisely
and have been confirmed. Whereas in the SM these symmetries result directly from
the theory requirements, in supersymmetric models lepton and baryon number can be
violated, which would lead to an unstable proton. This problem can be solved by
requiring that every coupling in the MSSM preserves R parity

+1 for SM particles

| (2.4)
—1 for SUSY particles

R = (_1)3B+L+2S — {

where B is the Baryon number (quarks have baryon number —i—% , the antiquarks have
baryon number —é), L the Lepton number (leptons have lepton number +1), the an-
tileptons have lepton number —1) and S is the spin. The conservation of R parity
implies that supersymmetric particles can only be produced in pairs and that the light-
est supersymmetric particle (LSP) is stable.

2.3. Particle content of the MSSM

In this section the particle sectors of the MSSM, that do not exist in the SM or differ
from it, are described. The conventions and notations are introduced and formulas
needed for the work in this thesis are presented.

2.3.1. Sfermion sector

In the MSSM Lagrangian the masses of the sfermions, f , superpartners of quarks and
leptons, are described by the mass term

1 o - f
_ T 7t _ L
Lo, = -5 (fLfL)M; ( P ) : (2.5)
M 7 is the sfermion mass matrix

M? +m? meX*
M= "t 07 I 2.6
< my Xy M§+m§) (2:6)
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2. The Minimal Supersymmetric Standard Model

with
M; = M?L + M2 cos28(1 — Qss%y)
M3 = M;R + M3 cos 28Q sy, (2.7)
Xy=Ap — p*{cot B, tan 5} ,

where in the last line cot 5 refers to up-type fermions and tan g to down-type fermions.
M;, and My, denote the soft SUSY breaking parameters. For right-handed fermions
the soft SUSY breaking parameters can be chosen independently for leptons, up-type
quarks and down-type quarks, whereas for left-handed fermions SU(2) gauge invariance
requires the soft SUSY breaking parameters for up- and down-type quarks to be equal.
Our calculation is done for the general case of five independent soft SUSY breaking
parameters, however in the numerical evaluation only scenarios in which all My and
M;, are set equal to Mgysy are considered. We are looking at the MSSM with complex
parameters, in the following often referred to as complex MSSM or ¢cMSSM. In this
extended model, the sfermion sector can have N+ 1 complex phases Ay = |Af|expida,
and p = |p| exp i, where Ny is the number of fermions.

The mass eigenstates of the sfermions arise from the left- and right-handed states f7,
and f r Via a rotation by an angle 67

7, B cosff sinfy fr
(72) =) ) (7))

In our convention fl is always lighter than fQ. It mp < mp we set fl = f’l and

(2)-(1)(7)

In terms of the sfermion masses m 7 and m 7 and the mixing angle 6 the mass ma-
1 2

fg = f’Q, otherwise

trix (2.6) can also be written as

1 2
2,.
f

M

f:

29 02 | 20 2 g 2 2
( cos Hfmf{ + sin Gfmfé sin 67 cos 07(m%, —m?) ) (28

sin 07 cos Hf(mfg{ — m2~é) sin? Hfmf;{ + cos® O ym
By comparison of the two descriptions one obtains expressions for the sfermion masses
and mixing angles.

The off-diagonal entries of M 7 see (2.6), are proportional to the mass of the associated
fermion. Therefore the effect of sfermion mixing is exiguous, apart from the stop and (for
large tan ) the sbottom sector. If mixing is neglected cos 0f =1 and Mp, =M, .
Our analytic results allow free choices of all Ay, while in the numerical analysis, we
choose Ay = A, for all sfermions.
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2.3. Particle content of the MSSM

2.3.2. Higgs sector

Unlike the Higgs sector of the SM, the Higgs sector of the MSSM cannot be of the
minimal type, but needs two Higgs doublets to give masses to up-type and down-type
fermions. The two Higgs doublets in the complex MSSM, with opposite hypercharge
—Yy, =Yy, =1, are

v+ 2= (¢} +ix?) i one
H, = V2 Hy, = €' , , 2.9

1 ( =) ’ vz + 75 (95 +1x3) (29)
where v, and vy are the vacuum expectation values of the two doublets. The Higgs
potential of the MSSM, the supersymmetric analogue to (1.10), is

V= m%Hlﬁl -+ mgHQHQ - m%Q(eabeHg + hC)

R (2.10)

8
where m}, = m7, + |u|* are the mass parameters and 77, and myy the soft breaking
parameters, of which mqs can be complex but its phase can be rotated away. €, is
the two-dimensional antisymmetric tensor and g and ¢’ the gauge couplings given in
Table 1.1.

In order to fulfill the minimum condition of the Higgs potential, the complex phase
¢ has to vanish at tree-level. First we will discuss the tree level case, where we have no
CP violation. There are eight degrees of freedom, from which five physical Higgs and 3
unphysical Goldstone bosons (which become the longitudinal mode of the Z° and W=
bosons) originate. The fields ¢ and ¢ mix and form the CP-even mass eigenstates H
and h. The neutral CP-odd state A and the neutral Goldstone boson G are obtained
from the mixing of the states ¥ and xJ. The mixing of ¢7 and ¢5 (¢] is defined as
(¢7)* and ¢; as (¢5)*) described by the same angle gives the charged Higgs H* and
the charged Goldstone bosons G*:

HY\ [ cosa sina @Y
h )\ —sina cosa 9
G\ cosf3  sinf b4t
<A)_<—sinﬁ Cosﬁ)<xé) (2.11)

G*\ cosf3  sinf o
H* |\ —sinfB cosp o7 )

The angles a and  are defined as

+

2
(HiH, — H2H2)2 + %|H1H2|2 )

2 2
v mj +m
tanf = —= , tan2a = ——Z tan24. (2.12)
2 2
vy m5 —my,

Corresponding to the SM case (2.13) the generated gauge boson masses are

1
My = cwMy = 59\/1)% + v3. (2.13)
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2. The Minimal Supersymmetric Standard Model

Expressing the Higgs doublets in terms of the mass eigenvalues and using that v; and
vo minimize the potential, one finds the tree-level mass relations

2
2miy

2
my = ——
A7 sin2p

1
m%ﬂh =5 (mi + Mz + \/(Tn?4 + M2)% — AM2Zm? cos? 26) (2.14)

2 2 2
mHi :mA+MW3t .

At tree level the MSSM Higgs sector is fully described by two new parameters, often
chosen as m,4 and tan 3.

Higher order corrections to the Higgs masses can be sizable and must be included.
Particularly important are the one- and two-loop contributions from the t/t sector.
Beyond tree-level CP-violating effects appear in the cMSSM. When loops are included,
the Higgs sector depends also on other SUSY parameters, some of which can be complex
(Ay and p), inducing a mixing between h, H and A. In that case usually m =+ instead
of m, is taken as input value. The Higgs masses in the cMSSM, including one- and
two-loop corrections, are calculated in FeynHiggs [48] (see section 4.2). For a detailed
discussion on the loop corrections in the Higgs sector of the cMSSM we refer to Ref. [49].

2.3.3. Chargino sector

The fermionic superpartners W=, Z, A and H of the SM gauge bosons and the Higgs
fields are not mass eigenstates. The charged Higgsinos and gauginos mix into charginos
sz, whose mass matrix is given by

B M. V2Myy sin B
X = ( \/iszcos/s p ) , (2.15)

with the soft breaking parameter M,. Using a singular value decomposition, the mass
matrix can be diagonalized with two unitary matrices U and V'

L0
U XV = ( m@ﬁ ) (2.16)

mig

and one finds the eigenvalues

M2 2 L 92 M2 2 4 902\ 2
ml. = 2+|“|2+ W:F\/( 2+|“|2+ W) M2 sin28 — p)* . (2.17)
1,2

18



2.3. Particle content of the MSSM

2.3.4. Neutralino sector

Neutralinos, ¥ (i € {1,2,3,4}), are fermions which evolve from the mixing of the
neutral Higgsinos, the Zino and the Photino (similar to the SM the latter two are
composed of Bino and Wino) via the matrix

M, 0 —Mysy cos 8 Mgsy sin 3
v _ 0 My Mgey cos 3 —Mgey sin 8 (2.18)
—Mysy cos 8 Mycey cos 3 0 —
Mzsysin3  —Mygcew sin 3 — 0

The neutralino masses are obtained by a diagonalization of the mass matrix with a
unitary transformation matrix N

0 mg O 0
* T X2
NYNT =T me 0 (2.19)
0 0 0 my

In our calculation the computation of the eigenvalues of a complex 4 x 4 matrix is done
in FeynHiggs (see section 4.2).

In the chargino and neutralino sector M; and M, can (in addition to u) be complex.
However, there are only two physical phases and one of the phases, usually M,, can be
rotated away.

2.3.5. Gluinos

Gluinos are the spin 1/2 superpartners of the gluons. Gluons exist in eight color states.
Correspondingly there are also eight gluinos that all get the same Majorana mass

In the cMSSM M3 can be complex, My = | Ms|e!®Ms
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3. Regularization and
renormalization

3.1. Regularization

For the perturbative evaluation of a quantum field theory, loops have to be included.
The loop diagrams contributing to a propagator are combined into a quantity called
the self-energy 3,

ir =

b
@
Il

+ O(e) (3.1)

which is the sum of all one-particle irreducible loop diagrams. Irreducible means that
the diagram cannot be cut into two (non-trivial) parts by cutting a single line. The full
propagator, D, can then be calculated by summing over all diagrams with an increasing
number of self-energy corrections to the tree-level propagator D

iD =1iD° +iD°(ix)iD’ +iD°(iX)iD’(ix)iD" + ...
=iD° (1-%D° 4 (D" - ..)

(3.2)
0 o 1
—iD’ ; (-xD%)" = uﬁm
with the result
(D)t =D+ 2. (3.3)
The self-energy of a gauge boson can be written as
S (p7) = <_guv + p;];l,) Sr (p7) - %EL (r*) (3.4)
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3. Regularization and renormalization

where Y7 (p?) is the transverse part and Yy (p?) the longitudinal part of the gauge
boson self-energy.

The fermion self-energy can be split into a vector, an axial vector, a scalar and a
pseudoscalar part

S(p) = v (07) +p°%a () + mpXs (p°) + me Se (p°) (3.5)
with 75 = 179919293 & €7 7y,7,7,7, or alternatively into left and right handed parts
1 1
2(p) =5 (1= 7°) S0 (%) + 59 (1 +7°) Sk (#7)
(3.6)
1 1
+5my (L=9") S (9°) + 5my (1+79°) Zw (1)
with
Sr(p°) = v () + 24 (p?) 37
(%) = 2 (07) = Za () |
and
Yr (p?) = s (p°) + Zp (p?
i 67) = 35 () + 50 () .

v (p*) =35 (p°) —Zp () -

To calculate the loop diagrams an integration over all four-momentum of the off-
shell particle in the loop must be performed, which generally yields UV-divergencies.
To get finite results the concepts of regularization and renormalization are needed.
Regularization introduces a new parameter J, in a way that the original theory is
retrieved for & — dp. The loop integral is finite for § # dp, but has a pole at § = dy.
Only after renormalization (see section 3.2) the limit 6 — Jy can be taken and finite
results (Green functions) in terms of renormalized parameters are obtained. There are
several different regularization schemes which do not necessarily yield the same result
for a specific loop diagram, but the results for physical observables must always be
independent of the regularization scheme. If a regularization scheme that breaks the
symmetry of the theory is chosen, this needs to be corrected by symmetry-restoring
terms. The three different regularization schemes used in our work will be introduced
in the next sections.

3.1.1. Dimensional Regularization

Dimensional Regularization (DR) [50] is a regularization method introduced by t’Hooft
and Veltman (1972) which features an elegant convenient formalism for simple loop
calculations. In DR the definition of momenta and Lorentz covariants is extended
from 4 to D = 4 — ¢ dimensions. Identities of metric tensors and Dirac matrices in D
dimensions are listed in appendix B.1.

22



3.1. Regularization

A difficulty arises in chiral theories, since =5 is a four-dimensional object with no
natural continuation to D dimensions. Ref. [51] introduces a naive scheme with an
anticommuting 7 in all dimensions that can be used for one-loop calculations.

With the extension of space-time dimensions also the integrals have to be calculated
in D = 4 — ¢ instead of 4 dimensions and the crucial point of DR is that the integrals
that are UV-divergent in 4 dimensions are convergent for ¢ # 0

/ % g (;f)‘g. (3.9)

An arbitrary energy scale p is introduced here to keep the couplings dimensionless.
At one-loop order any of these loop integrals can be decomposed into scalar one-loop
integrals, that do not contain any Lorentz index in the numerator. The scalar inte-
grals we used are derived and listed in appendix B.2. In the result, one finds terms
proportional to %, terms independent of € and terms proportional to €. By appropriate
renormalization, the terms with % can be subtracted and then the limit ¢ — 0 can be
taken.

3.1.2. Dimensional Reduction and Constrained Differential
Renormalization

Dimensional Regularization is known to give problems in supersymmetric models since
an action which is supersymmetric in 4 dimensions does not have to remain supersym-
metric in D # 4 dimensions [52].

For loop calculations in supersymmetric theories Dimensional Reduction [53, 54]
(DRED), a modified version of DR, is commonly used, in which supersymmetric iden-
tities have been verified up to the two-loop level [54,55]. In DRED the integration
momenta are D dimensional as in DR, while the Dirac algebra is kept four dimensional.
This method has successfully been used for many calculations in supersymmetric the-
ories.

For the calculation of diagrams containing SUSY particles we use Constrained Dif-
ferential Renormalization (CDR) [56], an alternative method for the calculation of loop
integrals in 4 dimensions, which preserves supersymmetry and gauge invariance at one-
loop level. In CDR the Feynman diagrams are reduced to a sum of (divergent) basic
functions and their derivatives. The renormalized diagram is described by the same
sum but with renormalized basic functions. CDR works in coordinate space, but us-
ing Fourier transformation it is possible to convert the basic functions into momentum
space, where they correspond to the tensor integrals of DR. This allows us to express
our results for SUSY diagrams, calculated in CDR, in the same way as our SM results,
meaning in terms of the standard one-loop integrals in appendix B.2.

In fact it has been shown that CDR is equivalent to Dimensional Reduction at one-
loop level [57].
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3. Regularization and renormalization

3.1.3. Pauli-Villars regularization

For one particular diagram that we will discuss below the calculation in D dimensions
is problematic and the Pauli-Villars Regularization is used instead. In this method an
additional propagator of a fictitious heavy photon is introduced which is subtracted
from the original photon propagator
1 1 1

A is the introduced mass regulator. After this replacement, the former divergent in-
tegrals can then be calculated in 4 dimensions and the original theory is regained for
A — 0.

3.2. Renormalization

Theories, like the SM or the MSSM, involve several free parameters that have to be
determined by experiments. At tree level the relation between these parameters and the
experimental quantities is often intuitive, but including radiative corrections alters this
relation and changes the physical interpretation of the parameters in the Lagrangian
density (’bare’ parameters). A redefinition (or renormalization) of the parameters is
then required.

The concept of renormalization (using the counter term approach) is the following:
The bare parameters are expressed in terms of renormalized parameters and renormal-
ization constants (= counter terms), where the renormalization constants contain the
divergencies and the renormalized parameters are finite. The counter terms are fixed
by renormalization conditions. Different renormalization conditions can be chosen, the
ones we use are given in the next section. The renormalized parameters can be related
to physical, measurable quantities and are fixed by experiments. In renormalizable the-
ories the divergencies have to cancel in relations between physical quantities. t” Hooft
showed that all nonabelian gauge theories with spontaneous symmetry breaking, as the
SM, are renormalizable [58].

For our work only the renormalization of the electroweak SM is needed, since we
calculate only one-loop corrections and the considered tree-level diagram contains only
SM particles. Therefore we will limit our discussion of renormalization in the following
to this part of the theory. Also the renormalization of the gauge-fixing sector and the
renormalization of tadpoles is not shown here, since they only contribute in higher
orders. For a comprehensive review of the renormalization of the SM, we refer to
Ref. [42]. Neglecting quark mixing the parameters of the electroweak SM can be chosen
as the gauge boson masses My, and M, the Higgs mass My, the fermion masses my,
and the electric charge e, which is defined by

/

e=—29 (3.11)
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3.2. Renormalization

3.2.1. On-shell renormalization

The renormalization of a theory is not unique and different approaches can be used.
It is fixed by a renormalization scheme, which gives the renormalization conditions.
The most prominent ones are the minimal subtraction MS (and the modified M S,
short MS) scheme, where only the UV-divergence is absorbed in the renormalization
constant, and the on-shell scheme. The on-shell scheme has the advantage, that all pa-
rameters have a direct physical meaning and can be determined directly in experiments,
which makes it suitable for many applications. The on-shell renormalization scheme is
used for this work and presented in this section.

Following the steps described in the previous section, the bare parameters are re-
placed by renormalized parameters and renormalization constants. The renormalized
parameters are finite, while the UV divergencies are contained in the renormalization
constants. The renormalized parameters and renormalization constants of the elec-
troweak SM are defined by

eo=Ze.e=(14+0dZ.)e

Mgy = My, + 6My,

M3, = Mg+ 6M;} (3.12)
Mp o = M} + 6ME,

myo = mys+ omy ,

where the bare parameters are denoted by the index 0. With these renormalization
constants the S-matrix elements are finite.
In order to get finite Green functions, it is useful to define renormalized fields

1
Wik = ZiPW* = (1 + 502w )W

2\ _ [ Zf; 2/; Z\ _ (1440222  10Zza Z
A Zil/ZQ Zi/j A %5ZAZ 1+%5ZAA A

1
Hy=27Z}H=(1+ 5% H (3.13)
1
fh= 201} = 6y + 02501}

1
Zl 2,f,R 7 R

Using the relations between bare and renormalized parameters and fields, given in (3.12)
and (3.13), the Lagrangian can be split into two parts

Lo=L+6L. (3.14)

25



3. Regularization and renormalization

The Lagrangian £ looks like the bare Lagrangian £, but with renormalized parameters,
and 6L contains the counter terms. From this Lagrangian we get an extended set of
Feynman rules, consisting of the ’original’ Feynman rules with renormalized parameters
and additionally new Feynman rules for the counter terms.

We fix the renormalization constants by the on-shell renormalization conditions, de-
manding that the renormalized mass parameters are equal to the real parts of the
propagator poles, that the residues of the renormalized propagators are equal to 1 and
that e is the elementary charge from Thomson-scattering, resulting in vanishing loop
contributions to the eeA vertex on-shell and for zero momentum transfer. From these
conditions the renormalization constants are calculated. At one loop level one finds
for the mass and field renormalization constants: (for a more detailed derivation see
Ref. [42])

M7, = Re XY (M3))

XM (k)
o |k2=nr2,

SMZ = Re X274 (M3)

5ZW = —Re

aZZZ k‘2
5ZZZ = —Re%‘kﬂ:M%
ZAZ(MQ)
0Zsz = —2Re TT%Z
EAZ
57,4 — 22t §O>
M2 (3.15)
6Zan = —11"4(0)
SM% = Re X (M)
oxH (k?
0Zy = —Re %MQM%
m
Smy = TfRe (zf(mi) + Sh(m}) + 2E§(mf2))
0
571 = —Re X (m?2) — m} 5 e [Ei(pz) + 3507 + 22§(p2)] [p2=m?
0
025 = —Re S} (m3) — mia—sze [2{@2) + L) + 2E£(p2)] |22 -
Here II is defined as $AA (12)
144 (k2) = TT’ (3.16)
SO
aagy _ P
H (O) _ W“;Q:O? (317)
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3.2. Renormalization

since X44(0) = 0.
The on-shell renormalization condition for the electric charge gives the renormaliza-

tion constant
1 syl 10344 (k?) sy D42 (0)

(5Ze: 5ZAA_—_5ZZA:_7|]¢2:0_—

- — . 3.1
2 Cw 2 2 8k2 Cw M% ( 8)

Sine and cosine of the weak mixing angle are not independent parameters in the on-shell
renormalization scheme. Their counter terms

SW,O = Sw + 5$W s CW70 = Cw + 5CW (319)

are fixed by the weak gauge boson mass counter terms. Since they are frequently used,
we list their counter terms here as well:

Sew 1 (5M5V 5M§) 1o <27W(M§V) - Z%Z(Mg))

v 2\ M? M? 2 M? M
v d " z (3.20)
dsw ct dew 1 C%VR SW(ME)  X27(M3)
——— =" = __Re — .
Sy sty cw 2s3, M, M2
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4. Technical aspects of the
calculations

4.1. FeynArts, FormCalc and LoopTools

For the determination of the W boson mass many Feynman diagrams have to be calcu-
lated. In the SM the one-loop calculation could still be done by hand with a reasonable
effort. However, the proliferation of contributing diagrams makes the same rather cum-
bersome in the MSSM. Therefore the calculations in this thesis for both the SM and
the MSSM are done by using the Mathematica based programs FeynArts* [59] and
FormCalc' [57]. FeynArts generates the amplitudes of the Feynman diagrams, which
are then calculated using FormCale. It returns the results in a way that is applicable
for further numerical evaluation. FormCalc has a Mathematica user interface but in-
ternally the actual computation is mainly done in FORM [60]. Our approach to the
calculation, using these programs, is presented in the following.
First the diagrams are produced in two steps by FeynArts:

1. To begin with the number of incoming and outgoing particles and the loop order of
the desired diagrams are defined. Then FeynArts creates all possible topologies,
meaning sets of lines (propagators) and connection points (vertices). The set
of topologies can be adjusted to a special purpose by demanding certain shapes
(triangle, box etc) or manually excluding the undesired topologies.

2. In the next step the incoming and outgoing fields are inserted into the topologies.
Restrictions on the intermediate particles can be imposed to obtain only the
diagrams that should be computed. For this step FeynArts needs a model file,
which specifies the particles and interactions in a certain model. We used the
FeynArts model files for the SM and the MSSM. FeynArts distinguishes between
three levels of fields: generic fields (e.g. fermions), class fields (e.g. leptons) or
particle fields (e.g. electron). Making use of this concept highly simplifies the
generation of all desired diagrams.

Once the diagrams have been created, FeynArts applies the Feynman rules to pro-
duce the actual amplitudes. The amplitude output has a complicated structure, which
provides the basis for further computation in FormCalc.

*Version FeynArts 3.5
TVersion FormCale 6
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4. Technical aspects of the calculations

Before FormCalc calculates the amplitude, the regularization scheme must be defined.
DR is used for SM diagrams and CDR for diagrams containing SUSY particles. In
addition we specify that fermion chains should be returned in Dirac notation. FormCalc
then contracts the indices, evaluates the fermion traces, simplifies open fermion chains
using the Dirac equation and finally performs the reduction of the tensor integrals (for
an explanation of tensor integrals see appendix B). More details about our calculation
are presented in sections 6 and 7. In the numerical analysis of our results, we use
LoopTools* [57] for the evaluation of the one-loop tensor integrals.

At this point we want to mention one peculiarity that must be considered when
working in both models, SM and MSSM, with FeynArts. For historical reasons, the
covariant derivative is defined differently in the two model files. In the SM model file
the covariant derivative is defined as in (1.8), but the first minus sign is replaced by a
plus sign in the MSSM model file. As a consequences, sy has to be replaced by —sy in
the Feynman rules and an additional minus sign must be added for every Higgs field in
a coupling. We adopt this convention, so that all formulas in this work are consistent
with FeynArts results.

4.2. FeynHiggs

All masses and mixing matrices in the SUSY sector are calculated in FeynHiggs® [48],
a FORTRAN code for the calculation of the Higgs masses and other parameters and
observables in the complex MSSM. For the calculation of the Higgs masses the full
one-loop result and leading two-loop corrections are taken into account.

The diagonalization of the neutralino mass matrix is done in FeynHiggs via the Takagi
factorization, a diagonalization method for complex symmetric matrices based on the
Jacobi algorithm [61].

Version LoopTools 2.5
§Version FeynHiggs 2.7.0
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5. Determination of the W-boson
mass

5.1. Muon decay

Muons decay via the weak interaction almost exclusively into er.rv,. The decay was
originally described in the Fermi model, which is an effective theory that evolves from
the SM in the limit of small momentum transfer. It is non-renormalizable and violates
the unitarity of the S-matrix at higher orders. Within the Fermi model the muon decay
is described by a local four-coupling of the four fermions, as depicted in Figure 5.1. The
tree-level matrix element for this decay is

MFermi = 4—55 (auu’Y)\w—uu) (ﬂﬂ)\w—vue) ’ (51)

where G, is the Fermi constant and wy = (1 & 75)/2 the projection operators. The
value of G, is not given in the Fermi model but can be obtained from the muon decay
width.

The differential width of this decay can be calculated from the matrix element via

o1 d’p; 1
APt = —— | My P20 0 (0~ oy —pe = 20) || ooise (52
u 2mu| F | ( 7T) (pu P w P P e) . (277')3 2Ef ( )
=Vp,Ve,€

where p = (F,p) denotes the four-momentum of the particles. Calculating dI" and
integrating over the phase space, one finds the tree-level decay width

o GPmd m?
FFBI‘H]I _ _H HF e 5.3
o 19273 (mi) ’ (5:3)
with
F(r)=1-8+82"—2*—122°Inx. (5.4)

When QED radiative corrections are factored into the decay width, (5.3) gets modified.
[} can then be written as

. G2m5 Tn2
Fermi __ nt e

r, = 1927T3F <m2) (1+ Agq) , (5.5)
o

where the added term Ag contains the electromagnetic corrections to the four-fermion
contact vertex. The exact first order corrections to Ag [62-64] and the second order
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5. Determination of the W-boson mass

Figure 5.1.: Muon decay in the Fermi model. Tree level diagram with four-fermion
vertex.

corrections in the limit m, — 0 [65-67] have been known for some time, and the second
order result has recently been extended to the case of finite m, [68].

The Fermi constant, G,,, is defined by (5.5) and therefore incorporates the QED
corrections. Thus, with the precisely calculated Aq and the alike precise measurement
of the muon life time, G, is determined with high accuracy. In this work we use the
currently most precise value [69]

G, = 1.1663788(7) x 107> GeV 2. 5.6
17

Nowadays the Fermi model is known to be inconsistent and the muon decay is de-
scribed in the electroweak SM. At lowest order the matrix element, called Born matrix
element, for the muon decay in the SM via a W-boson exchange (shown in Figure 5.2)
is

M < ie ) 1 ( ie )
orn — | Uy, == N\W-Uu Ue W_1,,
y Vasw ) @ Vs |
., (5.7)
N _ _ A
~ TR (t, Aw-u,) (Gey w-v,,) |

where the second line of (5.7) results from neglecting the momentum transfer ¢ and
hence the masses and momenta of the external particles. To legitimate this approxi-
mation, one expands the full result for small ¢* and finds that already the first term is
very small (& 107%). This factor is put into Aq and therefore already included in the
value of G, even though it is numerically insignificant. There is another contributing
tree-level diagrams in the SM with an exchange of an unphysical Goldstone boson. But
the Goldstone fermion coupling is proportional to the fermion mass, so this diagram is
also negligible.

As the electroweak SM reproduces the Fermi model for vanishing momentum transfer,
the second line of (5.7) has to coincide with (5.1) and a comparison yields

G e? T aM?

—F = 2 212 o2 2 2" (5.8)
V2 o 8sy My, 2 My, (M7 — My)
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5.2. Definition of Ar

Figure 5.2.: Muon decay in the electroweak SM. Tree level diagram with W boson
exchange.

This equation provides a tree-level relation between the W boson mass and the SM
quantities Mz, G, and the electroweak coupling ov = e*/47, which are all known with
a very high precision of better than 0.05 per thousand.

5.2. Definition of Ar

Aside from the already considered QED corrections, there are further loop contributions
that alter the relation between My, and other parameters of the SM (or other models
under consideration). We will study the effect of the additional loop diagrams, where
diagrams with Higgs-fermion interactions are omitted for light fermions, since the Higgs
fermion coupling is proportional to the small fermion mass.

After splitting off the Ag part, all other radiative corrections can be reduced to a
term proportional to the Born matrix element, if masses and momenta of the external
fermions are neglected. Each of these loop diagrams can be written in the form

Miop,i o (T, Diuy) (@el3v,,) | (5.9)
where I'! and I'? can be expressed in the orthonormal Dirac basis as
'y =auw_ +bywy + cpy’w +dy'wi + eupwpo”” (5.10)

where o”? is defined as " = i/2[y",~*]. For massless fermions the helicity (spin
component in momentum direction) is conserved and equivalent to chirality. Since the
W boson only couples to left-handed particles, all couplings have to be left-handed,
which means that b, d,, and e, are equal to zero. Additionally the term a,w_ has to
vanish, since if the momenta are neglected, the coefficients a, and ¢, can only depend
on masses, coupling constants and the metric ¢g"”, and it is impossible to form a vector
by combining scalars and tensors. Only the terms proportional to v”w_ survive and
the matrix element of the loop diagram can be written as a proportionality factor Ar;
times the Born matrix element

MLoop,i - AT@' MBorn . (511)
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5. Determination of the W-boson mass

Taking into account all non-QED loop contributions, the relation in (5.9) gets a
correction factor (1 + Ar)
G, e?
—=—-c(14+A 5.12
5 s LA (5.12)

where Ar represents the sum of all contributing loop diagrams. By rearranging for-
mula (5.12), the W boson mass can be calculated via

Y (I L
MW_MZ<2+ 1 ﬂGuM%(lJrAr) . (5.13)

In different models, different particles can occur as virtual particles in the loop con-
tributions to the muon decay. Therefore the quantity Ar depends on the specific model
parameters and (5.13) provides a model dependent prediction for the W boson mass.
The comparison of the theoretical My, prediction with the current experimental result
for the W boson mass can be used either to test a model, or to constrain the model
parameters. The second opportunity is particularly important in the SM where it can
be used to set bounds on the Higgs mass.

Of course, Ar also depends on My, itself, so practically My, is calculated iteratively,
using (5.13). In most cases this procedure converges quickly and only a few iterations
are needed.

5.3. Current status of the Ar calculation

The calculation of Ar in the SM is more advanced than in the MSSM and any other
model. Not only the complete one-loop [4,5] and two-loop [6-17] results are known, but
even leading three-loop [18-22] and four-loop [23,24] corrections have been obtained. In
the MSSM the one-loop result has been worked out completely [26-29], and additionally
some leading two-loop contributions [30-33] have been calculated.

We performed a new independent one-loop calculation in the SM and in the MSSM
with complex parameters, for a general set of MSSM parameters. SUSY-GUT relations
between the parameters are not assumed in the first place. Flavor violation, in the SM
and the MSSM, is not included in our calculation, but we plan to extend our result
also to models with a non-minimal flavor structure, where generation mixing is possible.
Furthermore we incorporated all known higher order corrections, of SM and SUSY type,
into our Ar formula and gain the most precise prediction for the W boson mass in the
MSSM. The details of our calculation will be presented next.
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5.4. Ar formula at one-loop order

5.4. Ar formula at one-loop order

The one-loop radiative corrections consist of the W boson self-energy, vertex and box
diagrams and the related counter terms (CT)

Ar = W Self-energy + W Self-energy CT + Vertex + Vertex CT + Box

_ I (0) OMyy

o’ S ') 5T —
M, *( VTR

) + Vertex (5.14)

) 1
+ <25Ze — Qﬂ + 02w + 5 (0ZF+0Z°+ 62" + 52”6)) + Box.
Sw

Since the W boson appears only as a virtual particle, its field renormalization constant
8 Zy drops out in the Ar formula. The self-energy of the W boson X"W (p?) has to be
calculated at p? = 0, as we are neglecting the momentum transfer. From (3.4) it can
be seen that the two terms with p? in the denominator must cancel in the limit p?> — 0
in order to retain a non divergent result for """ so

Sr(f=0) =% (7 =0) and S (7 =0)= 0.5 (=0 (519

The box diagrams are themselves finite, whereas the self-energy and vertex diagrams
are UV divergent, and their counter terms must be included to obtain a physical result.
For the determination of the counter terms the renormalization constants for the W
boson mass, the electric charge, the weak mixing angle and the fermion fields are needed,
which are given in (3.15)-(3.19). Inserting the (on-shell) renormalization constants (the
fermion field renormalization constants simplify to §Z] = —ReZ{(O) when the fermion
masses are neglected) we find

ZWW 0) — R EWW M2 2 ZZZ M2 ZWW M2
Ar =T (0) 82( T ( W))+HAA<O)_CTWR6 T(QZ)_ T (2 w)
My Sw My My,
¥47(0 1 ,
- S—WTiy + Vertex + Box — =Re (2,(0) + X7(0) + X7<(0) + £7(0)) .
Cw MZ 2
(5.16)

This formula only holds for Ar in the SM. Considering the MSSM, the sign of sy, has
to be changed, due to the different definition of the covariant derivative, as explained
in section 4.1. A modification of this formula for the MSSM will be given in section 7.1.
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6. Calculation of Ar in the SM

6.1. One-loop contributions

To obtain the first order result for Ar in the SM, the self-energy, vertex and box
diagrams in (5.16) need to be calculated at one-loop level. In doing so, the QED
corrections to the Fermi model have to be subtracted, according to the definition of
G,. For all SM one-loop diagrams, except for one box diagram that we will discuss
separately, the calculation is performed using DR.

In the following sections, the different types of SM one-loop diagrams will be shown,
the calculations will be described and, if possible, analytic results will be given.

6.1.1. Gauge boson self-energies

Apart from the treatment of the vacuum polarization 1144 (see below) the calculation
of the gauge boson self-energies is straightforward. The contributions to the gauge bo-
son self-energies can be divided into diagrams with fermions in the loop (Figure 6.1),
diagrams with gauge bosons, Higgs and Goldstone bosons in the loop (Figure 6.2) and
into diagrams with ghost loops (Figure 6.3). The full contribution of fermion loops to
the gauge boson self-energies in Ar is finite by itself, while the latter two contributions
only become finite together with the vertex and fermion self-energy contributions, dis-
cussed in the next sections. Analytic results for YWVW, $2% and ¥4 are lengthy and
will not be given here.

The term IT144 (0) arising from the charge renormalization needs special regard for

fo
Vs

Vi
S

Figure 6.1.: Generic SM one-loop gauge boson self-energy diagram with a fermion

lOOp; ‘/17 ‘/2:/77 Za W:t and f17 f2:I/7 l7 u, d.
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6. Calculation of Ar in the SM

Vs
Vi
M/MQ\W ‘/2
Vi Va Vi
Vs

(a) (b)
S1
///ﬁ\\ 52 ‘/3
\\ /l /// \\\ ‘/2 M
AN ANATEARANADNN A o~
Vi Vs Vi S Vi S
S1 S1

Figure 6.2.: Generic one-loop gauge boson self-energy diagrams with gauge bosons,
Higgs and Goldstone bosons in the loop.
SM: Vi, Vo, Vi, Vi =, Z, W and sy, 59 = hgu, 07T, X.
MSSM: Vi, Vo, Vs, Vi =, Z, W* and sy, sy = h, H, A, H*, G,G*.

loops with light fermions. To treat this part separately we split 1144 into three parts

A4 (0) = A2 - (0) +TI24(0) + I (0). (6.1)

top quark bosons light fermions
The function IT was defined in (3.16) and (3.17), and the parts II{0 . (0) and
A4 (0) can be obtained directly by calculating (9344 (k?)/0k?)|j2—o. More difficult
is the term for the light fermions, because the calculation of

HAA (0) — 82%14(]{:2)

light fermions k2 |k2:0,mf—>0

U2
Uy
(d)

Figure 6.3.: Generic SM one-loop gauge boson self-energy diagram with a ghost loop.
Vi, Vo ==, Z, WE and uy, us = u"", uZ, uA.

38



6.1. One-loop contributions

yields terms proportional to log(u?/m7) (the energy scale yu was introduced in (3.9)),
that diverge for vanishing fermion masses.

To solve this problem Hf?g‘?lt termions 15 €xpanded in the following way

I (0) = IIjis (0) — Re I (M3) + Re I (M3)

light fermions light fermions light fermions light fermions

= Aa + Re IIji; (M3) .

light fermions

(6.2)
The term Re Hﬁ‘é‘}‘m termions (M%) can be calculated straightforward by neglecting the light
fermion masses. The UV-finite quantity
AOJ = Hf?ﬁlt fermions (O) - Re Hf?ﬁlt fermions (M%)
n44 (MZ) (6.3)

_ T1TAA T light fermions
- Hlight fermions (O) — Re WE )
Z

describes the running of the electromagnetic coupling from ¢ = 0, where light fermion
masses set the scale, to the electroweak scale ¢> = M%. A« can directly be calculated
for the light leptons. The one-loop result can be expressed in the easy form

a M 5
AOfleptons = % Z <1Og ?12 - g) ) (64)
l=e,p, T

and the three-loop calculation of Ref. [70] gives
Ateptons = 0.0314976. (6.5)

The hadronic contribution cannot be calculated the same way, since the masses of
the light quarks are not known with sufficient accuracy. This makes a theoretical
determination impossible, and the hadronic contribution must instead be determined
from experimental measurements. Aq« is related to the measurable quantity

o(ete” — 4* — hadrons)

R(s) = 6.6
() olete” =" — ptu~) (66)
via the dispersion relation [71]
a o R(s)
A adrons — __M2R d ’ .
“had g 20 {/4,”% Ss(s — M2 — ie) (6.7)

which has been used in Ref. [72] to calculate the currently most accurate value for the

hadronic contribution
Ahadrons = (274.9 £1.0) x 107*. (6.8)

including new data from KLOE [73] and the available multi-hadron data from BABAR [74—
81]. Adding the leptonic and hadronic contributions, the final value for Aa is

Ac = 0.0590 + 0.0001. (6.9)
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6. Calculation of Ar in the SM

l,v

Figure 6.4.: Generic SM one-loop fermion self-energy diagram; V = Z, W=.

6.1.2. Fermion self-energies

The fermion self-energies contain contributions with photon exchange loops, which are
already included in the QED corrections to the Fermi model and therefore have to be
subtracted. With only this subtraction the result for Ar is not finite anymore. But, as
we will show in section 6.1.4, there is another box diagram with photon exchange that
has to be subtracted for the same reason. The two appearing UV divergencies cancel to
give a finite final result for Ar without QED corrections. A generic fermion self-energy
diagram is sketched in Figure 6.4.

For the calculation of Ar the left-handed parts of the fermion self-energies are needed
(see (5.16)). These are obtained using (3.5) and (3.8), where the vector and axial-vector
parts can be projected out of the full X/ (p) by the traces

Tr(pS(p)) = p* DSy (%)
(6.10)
Tr(p7°S(p?)) = —p*DTa(p?).

In Feynman-'t Hooft gauge, the result (calculated in DR) for the fermion-self energy
part in Ar is

—3Re (SE0) + S4(0) + S 0)+ 57(0) =

a 1 (Gl 3 Af(Mp)  (de — 4k +2) (M)
4 43, i, M, M2 ’

(6.11)

2
Cw

where Ay is the scalar one-loop one-point integral, defined in appendix B.2.

6.1.3. Vertex diagrams

Besides the self-energies, there are vertex and box diagrams contributing to the Ar
one-loop result in the SM, the former shown in Figure 6.5. The same vertex corrections
exist also for the other, Wer,, vertex, and since the external fermion masses have been
neglected the contributions of the two vertex corrections are equal. All diagrams have
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6.1. One-loop contributions

Figure 6.6.: Box diagrams in the SM.

been calculated in DR, and the result for the Ar contribution from the SM vertices can
be expressed in the compact form (in Feynman-t Hooft gauge)

2-3—Z 4

o
Vertex = — MI%V MI%V — M% ng

1 Mz 24(2ME, — M32) Ao(M3,)
4 A%,

(6.12)

2 (14M{}V — 3ME, MZ + Mé) Ao(M32)

e MR 273

Sy

6.1.4. Box diagrams

The box diagrams contributing to muon decay in the SM are depicted in Figure 6.6. We
start the discussion of box diagrams with the box diagrams including a neutral weak
current (Figure 6.6(a)), since the one diagram with a QED correction (Figure 6.6(b)) is
particularly difficult and has to be discussed separately. Each box diagram is finite by
itself and can be calculated in four dimensions. The spinor structure can be converted
to that one of the Born matrix element using the Chisholm identity

YV Vp = _ieuupo’7075 T GV T Gup Vi — Gup Vv
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6. Calculation of Ar in the SM

Figure 6.7.: Difference of the SM box diagram with photon exchange and the diagram
in the Fermi model with photon exchange.

where €,,,,, is the four-dimensional Levi-Civita tensor. In Feynman-'t Hooft gauge, the
result for all box diagrams, apart from the QED one, is

1 10 — 2083, + 4sfy [ Ao( M Ag(M?2
Box(a) = ~—— 3;[/* sw (Aol 2w) ~ Ao( 22) . (6.13)
4m 45y, Sy Mg, Mz,

This expression is finite, and the scalar integrals Ay have been introduced only to make
it easier to combine this result with the other terms in Ar. The inserted divergencies
cancel, since the UV divergent part of Ag(M?) is proportional to M?2.

The QED corrections to muon decay in the effective theory already contain a "box-
diagram’ with photon exchange, but the topologies differ. This diagram is included
in the definition of G, and has to be subtracted, therefore the QED SM box diagram
minus the QED ’box’ diagram in the Fermi model is needed for Ar. The difference
is shown in Figure 6.7. While the SM box diagram is IR-divergent but UV-finite, the
‘box’ diagram of the Fermi model is both IR- and UV-divergent, which makes the
calculation somewhat tricky. If one uses DR, the Chisholm identity, which holds only
in four dimensions (as it is given above), cannot be applied. The original analysis of
this calculation is given in Refs. [4,5]. We follow Ref. [82] and calculate the diagram
of the effective theory using Pauli-Villars Regularization. In the difference term the
IR-divergencies cancel each other, which can be achieved easiest using Pauli-Villars
Regularization also for the box diagram of the SM. Doing so, we find the result for the
difference term

a . M3
BOX(b) = E In F,

where A is the Pauli-Villars regulator, introduced in section 3.1.3. In order to put
this result into the rest of the calculation, performed in dimensional regularization,
we proceed as follows: From the difference term we subtract the photonic part of the
fermion field renormalization (also calculated with Pauli-Villars Regularization), so that
the result is UV-finite and does not contain the regulator anymore. Then we add the
same contribution again, this time calculated in DR, and obtain

« 3 A(](MI%V)
B = —|z———). 6.14

O (2 M, (6.14)
At first it might seem problematic that the subtraction of the QED correction of the
Fermi model results in a UV-divergent box term, but this UV-divergence cancels exactly
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6.2. One-loop result

the one from the subtraction of the photon contributions to the fermion self-energies
and together they yield a finite contribution to Ar.

6.2. One-loop result

Adding (6.11)-(6.14), we find the combined contribution of the vertex, box and fermion
self-energy corrections to Ar in Feynman-"t Hooft gauge

1 v
Vertex + Box — §Re (22(0) + 27(0) + Z7(0) + £7(0))

M2 7452, M2
S (A—log gV) = (6+ W Jog VZV)
TSty i 4 sy, 283y M?,

(6.15)

where A is defined in appendix B.2 and contains the UV-singularity. In the SM, the
UV-divergent term can coincidentally be expressed in terms of the photon-Z boson
mixing-energy at zero momentum transfer

Mg\ 2 337(0)
p? ) swew M3

«

<A —log , (6.16)

TSy
and thus the complete one-loop result for Ar in the SM can be written as

57 (0) — Re (S (M) SEA(ME) Sy (M)

2
’ M3, IO =5 Re | = M3,
»42(0 7 — 452 M2
v =7 g ) + a2 <6+ ;W log VQV)
sw M3 4msyy, 2siy M7,
(6.17)

The electroweak couplings are proportional to the electric charge e and hence the one-
loop results are proportional to o oc €. Therefore the one-loop results are typically
written with an («) index and referred to as order «, O(«), results.

Already at this point, we want to demonstrate some important features of the one-
loop result for Ar in the SM. The dominant contribution to this result comes from the
fermion sector. This can be seen in particular, if the one-loop result is split into three

parts
2

Ar = Aa — CTWAp + Arpem, (6.18)
s
w
as is typically done. The shift of the fine structure constant A«, defined in (6.3),
contains the contributions of the light fermions and is the numerically largest term with
~ 6%. Ap contains the fermion loop corrections to the p parameter, which describes
the ratio between the neutral and charged weak currents, and can be written as
_ X7(0) X7 (0)

Ap = . 6.1
p e 2, (6.19)
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6. Calculation of Ar in the SM

This quantity is sensitive to the mass splitting between the isospin partners in a dou-
blet [83], which leads to a sizable effect in particular from the heavy fermion doublet.
This contribution can be written in the form

Ap™ = MiﬁML%Fo(m?amg) ; (6.20)
with
Fo(z,y) =x+y— 2y In> (6.21)
r—y ¥
Since
Fo(x,z) =0 and Fy(z,0) ==z, (6.22)

the Ap contribution vanishes for degenerate masses and is proportional to m?, if the
bottom mass is neglected. Due to this dependency, Ap was important for predicting

the mass of the top quark, in agreement with the experimental detection achieved later.

The second term of (6.18) W Ap, accounts for about 3%. All other terms are contained
w

]
in the remainder term Aryey,, which is numerically smaller (< 1%) but contains the full
Higgs dependence and is therefore important to set bounds on the mass of the last

undetected particle of the SM.

6.3. Higher order corrections

We combine our SM one-loop results with known higher order corrections to muon
decay. Before we discuss the contributions included in our Ar calculation, we start by
commenting on the different definitions of the mass of the Z and the W boson and show
why one has to clearly distinguish between them from two-loop level onwards.

6.3.1. Mass of unstable particles

The physical mass of a particle is generally defined by the pole of its propagator. As
shown in section 3.1 the propagator gets a self-energy correction factor in the denomi-
nator when higher orders are included. For a stable particle the self-energy is real and
its mass is defined as the pole of the real propagator. But for an unstable particle,
like the Z or the W boson, the self-energy > is generally complex, so that the pole of
the propagator lies no longer on the real axis but in the complex plane. It has been
shown in Ref. [82] that from two-loop order on, the only gauge-parameter independent
way to specify the mass of an unstable particle is to define it as the real part of the
complex pole. Using this definition and expanding the gauge boson propagator around
the complex pole leads to a Breit-Wigner shape

—1iconstant

D(¢?) = —;———— + non-resonant terms (6.23)
q2 — M +iMT
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6.3. Higher order corrections

with constant decay width I'. We call this the fixed-width description and denote the
masses of the massive gauge bosons, defined by the complex pole of (6.23), by My and
Mz.

For historical reasons, the experimental values for the gauge boson masses, denoted
My, and My, are determined using a Breit-Wigner function with a running (energy-
dependent) width

—1

X EM? it /M

D(¢?) (6.24)
The experimental values for the W and Z Boson mass My, and My are given in ap-
pendix A. As will be discussed below, the electroweak two-loop contributions that we
incorporate into our result require the fixed width definition of the gauge boson masses,
MW and Mz.

The difference between these two descriptions is given by [84]

My g = My 5 + —2Z (6.25)

To obtain My from the experimental input parameter M, we use (6.25) with the
experimental value for the Z-width also given in appendix A. For the calculation of
My, the same formula, but with the theoretical prediction for the W boson width

3G, M3 20
Dyw=—~"W/(1+ ) 6.26
v 227 ( 3m (6.26)

is used. This shift between the values is of a relevant size and needs to be properly
accounted for when masses, defined differently, are compared.

6.3.2. Higher order Ar contributions

Our SM one-loop calculation is combined with all known relevant higher order correc-
tions, in order to obtain the most accurate result for Ar in the SM:

ArSM ZAp@) 4 Apleas) 4 Ap(eed) | Arﬁizn + Aréi)
(6.27)
+ Ap(Ghasmi) 4 Ap(GimE) 4 Ap(Gumial)

The contributions entering in (6.27) are:

e The two- [6-11] and three-loop [18-21] QCD corrections, Ar®®s and Ar®®:. a, =
g%/4m is the strong coupling constant. The large mass of the top quark allows
for a calculation of these contributions as an expansion in M%/M?, which has
been done in Ref. [85]. We use the two-loop O(aay) and three-loop O(aa?) order
results given in Ref. [85], consisting of the analytic functions for the first three
terms in the M%/m? expansion, whereof the third term in the expansion is used
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6. Calculation of Ar in the SM

to demonstrate its smallness: The third term results in an absolute shift in My
of about 1 MeV for order o, and about 0.2 MeV for order a? (for m; = 175 GeV)
and consequently justifies this expansion.

The fermionic AT?jrm [12-14] and purely bosonic Arf, [15-17] electroweak two-
loop corrections. For the combined result of these two contributions, a simple
parametrization is given in Ref. [86], which approximates the exact result for
Ar?‘;m (My, My, ..)+Are (My, My, ...) within maximal deviations of 2.7x 1075
for 10 GeV < mpy <1 TeV. As indicated by the argument of Arjc“;,m and Arg”
the two-loop result incorporated in the simple parametrization relies on the fixed-
width description of the heavy gauge boson masses, My and M.

The mixed QCD and electroweak three-loop contributions ArGiesmi and the
purely electroweak three-loop contribution ArGamt arising from the top quark
contributions to the p parameter, are given in Ref. [22]. The result is obtained
by expanding the contributions separately in different regions of the Higgs mass
and combining these partial results into a stable prediction for the three-loop Ap
corrections in the full mass range of my. An expansion for my > m; leads to
a good prediction for the Ap contribution down to mpy ~ 2m,, when five orders
in m?/m?, are considered. In the region of my around m; another expansion in
5, with my = my(1 4 6), is performed. This provides a stable approximation for
0 < mpyg =~ 2my, including five orders in §.

The non-singlet four-loop QCD correction to the p parameter, Ap(G“m?O‘g’), is em-
bedded into our Ar formula by Ar@emied) = —c2 /2 AplGumiod)  We adopted
the on-shell formula from Ref. [24], where many new master integrals needed for
this contribution were calculated and an earlier result [23] was confirmed.

For a consistent incorporation of the Ar®” result in the rest of our calculation, we

have to use My, and M, also as input parameters in our one-loop result and we do
the same in all other higher order contributions. Taking the full Ar result in terms of
My and Mz, and calculating the W boson mass iteratively using (5.13), the obtained
result is also given in fixed-width definition. This result has to be transformed into
My, using (6.25) in order to compare to experimental data. This is done in our work,
and the numerical results shown in section 8 always correspond to the running-width
description which can be compared directly to the experimental value My;".
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7. Calculation of Ar in the MSSM

7.1. One-loop contributions

Since the difference between My, z and My 7 is only important from two-loop order
onwards, we will, to simplify matters, not distinguish between them in this section.

Remembering the sign change in the covariant derivative of the MSSM compared
to the SM, the general formula for Ar looks slightly different. Instead of (5.16), the
expression

ZWW 0) — R ZWW M2 2 EZZ M2 EWW M2
Ar =T (0) 82( T ( W))_'_HAA(O)_CTWRG T(QZ)_ T (2 W)
Mg, Sy My Mg,
YAZ(0 1 Y
+ QS—WTiy + Vertex + Box — =Re (37,(0) + £7(0) + £7(0) + X7%(0)) .
Cw MZ 2

(7.1)

has to be used to determine Ar in the MSSM. To find the first order result, Ar(®), we
calculate the one-loop self-energy, vertex and box corrections and insert these into (7.1).
Comparing the MSSM with the SM calculation, the number of contributing diagrams
is considerably higher in the MSSM, due to the extended particle sector. Moreover the
couplings, containing the sfermion, gaugino and Higgsino mixing matrices, are much
more complicated. The regularization also has to be adjusted, since DR is known
to break supersymmetry. Nevertheless the MSSM calculation could be performed in
DR, if symmetry-restoring terms were added, but we choose instead to calculate the
diagrams containing SUSY particles in CDR. In the following, details about the one-loop
calculation will be presented. Instead of discussing different topology types separately,
as we did in section 6.1, we will sort the MSSM contributions according to which
particles occur in the loop.

7.1.1. Fermion sector

The quark and lepton sector in the MSSM is identical to the corresponding sector in
the SM, therefore no new types of diagrams have to be calculated. The fermion loop
contributions to the gauge boson self-energies are shown in Figure 6.1. Loop diagrams
containing fermions as well as gauge bosons, will be discussed as part of the gauge
boson sector.
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7. Calculation of Ar in the MSSM
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Figure 7.1.: Generic MSSM gauge boson self-energy diagrams with a sfermion loop;
Vi,Vo=~,Z, W* and fi, fo =1, [, 4, d.

7.1.2. Gauge boson and Higgs sector

The gauge boson sector of the MSSM is the same as the SM one, whereas the Higgs sec-
tor differs significantly and consists of three physical neutral Higgs bosons h, H and A,
a pair of charged Higgs bosons H* and the Goldstone bosons, as shown in section 2.3.2.
However, the vertex, box and fermion self-energy diagrams do not get any additional
contributions from the extended Higgs sector, since all Higgs-fermion couplings are pro-
portional to the fermion mass, and the masses of the external leptons are neglected in
our calculation. Therefore the MSSM gauge boson and Higgs sector contains the same
fermion self-energy, vertex and box diagrams as the SM one, which are depicted in
Figures 6.4, 6.5 and 6.6.

But the change in the Higgs sector affects the gauge boson self-energies, whose di-
agrams containing the MSSM Higgs bosons are shown in Figure 6.2. The calculation
of the new diagrams is straightforward. Similar to the SM, the divergencies of the
gauge boson self-energy contribution to Ar cancel the divergencies of the vertex and
the vertex counter term.

7.1.3. Sfermion sector

Sfermion loops, contributing to the gauge boson self-energies are pictured in Figure 7.1
and, as in the fermion sector, their contribution to Ar is finite by itself. The fermion self-
energy, vertex and box diagrams with virtual sfermions are presented in the discussion
of the chargino and neutralino sector.

7.1.4. Chargino and neutralino sector

In the MSSM many loop corrections to muon decay involve charginos and neutralinos.
The gauge boson self-energies contain diagrams with neutralino and chargino loops,
sketched in Figure 7.2. Neutralinos and charginos contribute also to the fermion self-
energies and to the vertex corrections by diagrams shown in Figures 7.3 and 7.4. The
same vertex corrections exist also for the other vertex. The vertex contribution from
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Figure 7.2.: Generic MSSM  gauge boson self-energy diagram with a
chargino /neutralino loop;
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Figure 7.3.: Generic MSSM fermion self-energy diagram with a chargino/neutralino
contribution. [ and 7 are the superpartners of the lepton [ and the
neutrino v; y* = )ZfQ and Y = )29727374.

the chargino and neutralino sector, together with the chargino/neutralino contributions
to the vertex counter term, containing gauge boson and fermion self-energies, is finite.

There are also box diagrams in the MSSM containing neutralinos and charginos
(Figure 7.5), whose calculations are more elaborate than the calculation of the self-
energy and vertex diagrams.

L
X’ .
.
J \2\? '
fi > .
W e
(b)

Figure 7.4.: Generic vertex diagrams in the MSSM; y* = X7, and Y° = x%,4,.
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Figure 7.5.: Generic box diagram in the MSSM; x* = ¥i, and X = {0, 4,.

In order to find the contribution to Ar from a particular loop diagram, the Born
amplitude has to be factored out of the result. While the SM boxes directly give the
structure Mpox = MBomATBox, it is Not so easy to obtain the same structure for the
boxes with SUSY particles in the loop. Performing the calculation of the box diagrams
in Figure 7.5 in FormCalc, the results for the diagrams in (a) and (b) are returned in
the form

Msusy Box(a) = (Ueyaw—u )(ﬂuﬁAW—Uue)b a
(a) 5 f (a) (7.2)

Msusy Box(v) = (al/ew*uﬂ><al/#w+ve)b(b) :

The expressions for b(,) and by are lengthy and not given here explicitly. To factor out
the Born amplitude

2o
2 172
sy My,

M Born —

(i, rw-tt) (B w-vs, )

the spinor chains in (7.2) have to be transformed into the same structure as the ones
appearing in Mpgy,. In order to carry out this transformation, in a first step the Fierz
identities (see for example Ref. [87]) are used and therewith the spinor structure of the
diagrams in (a) can be rewritten as

(ﬁefy,\w,uﬂ)(ﬂ,,#fy)‘w,vye) = — (ﬁ,,#fy,\w,uu) (ﬂefy)‘w,v,,e) ) (7.3)

For the spinor chain in Mgusy Box(s) We get

DO | —

(auew*uu>(auuw+ve) =2 (U, AW Ve) (au/Y)\quu)
(7.4)

(ﬂl,#fy,\w,uﬂ) (ﬁ,,efy)‘mrve) .

N | —

As desired, the spinor structure of (a) is now in the same form as the Born term, but to
achieve the same for (b) the second equation has to be further rearranged. We consider
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7.1. One-loop contributions

the case of massless Dirac spinors
i 0
N /p—€i¢P . O o T
0 , u_(p) = Vpe i , vx(p) = Cur(p), (7.5)
0 VP

with the charge conjugation matrix C' = —iy?4Y, p* = p® £ p? and

uy(p) =

prion _ PLED”

(7.6)
prpT
Using the charge conjugation relations,
_ u+(pj) Yun - Y1 v+(pi)  for n odd
e (Pi) Yt o Y v (pg) T (7.7)
—Ux (p]) Ypn -+ Ypl U+ (pz) for n even )

the definition of 7°, and the anti-commutation relation for y-matrices (1.18) we find
(U, YawsVe) = (Ueyaw_v,,). Therewith equation 7.4 reads,

_ _ L, _
(uuew*uﬂ)<ul/#w+ye> = 5 (uu#fY)\wfu,u) (uef)/)\wfvue) : (78)
By writing out the spinors and y-matrices component-by-component, we checked and
confirmed the result (7.8).

Inserting the relations (7.3) and (7.8) into the original equations of the box matrix
elements (7.2), gives

s, M2
MSUSY Box(a) — I/IZ/WOZW b(a) MBorn
(7.9)
sty Miy
MSUSY Box(b) — — A b(b) MBorn .

The result for Argusy Box(a) contains terms with mj;, — mgp, in the denominator,
but in the case of equal sneutrino masses also the numerators of the divergent terms
become zero. There is thus no physical problem but zero valued denominators may
cause troubles in the numerical evaluation (which we carry out in Mathematica). This
technical issue is solved by adding a distinction of cases: If the sneutrino masses differ,
the exact Argusy Box(a) is evaluated, and if they are identical we set m;, = m;, + € and
expand the result for € — 0. Thus we obtain a valid Ar result, for all possible input
parameters, and avoid the restriction to a special set of scenarios.

There are more terms, which contain differences of SUSY particle masses in the
denominator (e.g. chargino mass - sfermion mass) and could lead to divergencies for
certain input parameters. We plan to further investigate this issue and cure possible
numerical instabilities by adding special cases, similar to the one for equal sneutrino
masses described above.
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7. Calculation of Ar in the MSSM

7.2. SUSY higher order corrections

The theoretical calculation of Ar in the MSSM is not as sophisticated as the calculation
in the SM. To obtain the most accurate result for the W boson mass in the MSSM we
combine the SM result, containing the full one- and two-loop contributions plus leading
higher order corrections, with the known SUSY contributions. Therefore ArMSSM g
split into

AFMSSM _ ApSM A SUSY (7.10)

where Ar®™ is given by (6.27) and ArSYSY is the difference between Ar in the MSSM
and the SM, i.e. it only involves the contributions from the additional SUSY particles
and the extended Higgs sector. While for Ar®M the full SM result including all known
higher-order contributions is inserted, ArSUSY is calculated at the loop level at which

the MSSM contributions are known.

The splitting in (7.10) leads to a dependence of the MSSM Ar result on the SM
Higgs mass. In our calculation my,, is set equal to the mass of the MSSM Higgs boson
that couples most SM-like. The ratio of the MSSM hZZ coupling to the SM hgyZZ
coupling is sin(f — «), whereas the ratio of the MSSM H ZZ coupling to the same SM
coupling is cos(f — «). As introduced in section 2.3.2 h and H denote the neutral
CP-even Higgs bosons and § and « the mixing angles in the MSSM Higgs sector. So
we use the identification

— {mh for |sin(8 — )| > |cos(f — ) (7.11)

my otherwise .

For most allowed (meaning not ruled out by theoretical or experimental constraints)
parts of the MSSM parameter space, the lightest CP-even Higgs h has the most SM-like
Higgs-Z Z coupling.

The SUSY part ArSYSY consists of our calculated MSSM one-loop result from which
the SM one-loop result is subtracted, combined with all SUSY two-loop corrections that
are known to date. The SUSY higher order corrections will be discussed in the next
two sections.

It should be emphasized at this point that the approach followed in (7.10), i.e. com-
bining the most up-to-date SM prediction with the mew physics’ contributions from
supersymmetry, is well suited for extending it also to other scenarios of physics beyond
the SM. This provides a good framework to compare the My, prediction of different
models in a consistent way.
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7.2. SUSY higher order corrections

7.2.1. Reducible supersymmetric two loop corrections

In the ArSYSY contribution the leading reducible O(a?) two-loop corrections are in-
cluded, which are obtained from the resummation formula [88]

1

14+ Ar = 5
(1 —Aa)(1+ ZEAp) — Arpem
w

: (7.12)

which takes the terms of the type (Aa)?, (Ap)? and AaAp correctly into account, if
Ap is parametrized by G,. Performing the reparametrization from « to G, according
to relation (5.9), the SM contribution to Ap (6.20), parametrized by G, is

3 2G st M2\ 1 3G
Ap = P ) s Fy(mi m3) = 2 Fo(m2,mi) . (713
P 167s3,c3y < V2 M3 o(mi, my) 8272 o(my, my) (7.13)

Making use of the Fj formula (6.21), the SUSY contributions from the stop and sbottom
sector to Ap can also be written in a compact form,

3G,
84/272

ApSUSY — < — Sin2 85 COS2 QEFO (mtgl , mé) — SiIl2 QB COS2 HBFO(mgl ’ mlg)z)

+ cos? 0; cos® Hg)Fo(mtg1 , mgl) + cos? 0z sin® Hg)Fo(mtg1 , mli) (7.14)

L2 2p 2 2 S 2 2g 2 2
+ sin® 0; cos” 0 Fy (m7,, m; ) + sin” f; sin HbFO(mEQ,mBQ)) :

Expanding (7.12) we find the one-loop result plus the correct two-loop terms

2 4
Ar = Arl® — ETWAaAp + ETWApZ + Aa? | (7.15)
W W

of which the pure SM terms are already included in Ar®M. Thus, only the leading
two-loop terms with SUSY contributions,

ApSUSY(0) _ @AaApSUSY . @ApSUSw n 2@ApSUSYAp5M 7 (7.16)
red Slz/V S%V 8;1/[/

are additionally needed and inserted into our calculation.

7.2.2. Irreducible supersymmetric two loop contributions

The leading SUSY two-loop QCD corrections O(aay) to Ap, given in Ref. [30] and
Ref. [31], as well as the dominant Yukawa-enhanced electroweak corrections O(a?),
O(avap), O(a?) to Ap [32,33] are incorporated in our calculation.

The two-loop O(aay) contributions contain gauge boson self-energy corrections from
squark loops with gluon exchange and quark/squark loops with gluino exchange. The
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7. Calculation of Ar in the MSSM

Figure 7.6.: Generic O(aay) two-loop diagrams in the MSSM. g denotes a gluon and
g a gluino; V4,Vo = ~,Z W+,

generic diagrams are shown in Figure 7.6. While the formula for the gluino contribution
is very lengthy, a compact result for the gluon contributions to Ap, similar to the one-
loop squark contribution (7.14) was derived in Ref. [31],

ApSTSY — G ( — sin? ; cos 0F1(m m2)—sm 0; cos® O Fy (m? ,m?)

pgluon 4\/§7T3 b1’ by
2 (7.17)
+ cos? 0; cos® 0; Fl(m m~ )+cos O; sin® 0 F' (m? ;)
+ sin? 0 cos? 0 Fy (m7 ,m3 ) + sin® O sin® 6, Fy (m7 ,m} )
where the squark masses are on-shell (pole) masses, and
2xy x T, T
Fi(zy)=c+4+y— In—(2+—-In—
r—y Yy y oy (7.18)
+(az+y)x212x 2 Li (1 x) '
———In"— -2 —y)Lip (1 ——) .
(z—y)? "y y
Li, is the dilogarithmic function, defined as
dt
Liy (2) — — / L —ar), (7.19)
0

for |arg(1l — )| < w. Like Fj, the function F(z,y) vanishes for x = y. If one argument
of the function is zero, Fi(z,0) = x(1 + 72/3), so the Fy functions in (7.17) increase
with the heavy squark mass in the case of large mass splitting.

The SUSY Ap expressions depend on the physical masses of the squarks, which are
unknown and have to be calculated from the MSSM input parameters. As we have
shown in section 2.3.1, SU(2) gauge invariance requires that at tree-level M; = Mj ,
which results in a relation between the stop masses mg , m;,, the stop mixing angle
07, the sbottom masses m; , m; and the sbottom mixing angle ;. This means that
not all four masses are independent, but one mass can be expressed in terms of the
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7.2. SUSY higher order corrections

Figure 7.7.: Generic O(a?), O(qa), O(a?) two-loop diagrams in the MSSM. H
denotes a Higgsino and s a Higgs or Goldstone boson; V;,Vs = 7,2, W=,

other parameters. When higher order corrections are included, the masses have to
be renormalized which is done in the on-shell scheme. But because of this SU(2)
relation, one cannot choose independent renormalization conditions for all four masses.
This implies that for the dependent mass, typically mj , the mass parameter does not
coincide with the physical mass. The functions for the one-loop and two-loop SUSY
contributions, e.g. (7.14) and (7.17), require the physical (on-shell) masses as input, so
an additional correction Amy (if m; is chosen to be the dependent mass) has to be
included. This correction term is in the following referred to as mass-shift correction.

Whereas the effect of taking the tree-level instead of the one-loop corrected squark
masses is of third order for the two-loop Ap contributions, for the one-loop Ap the
effect is of two-loop order and has to be included if other SUSY two-loop corrections
are considered. This mass-shift correction is incorporated in our Ar calculation.

The O(a?), O(azap), O(a3) corrections are two-loop contributions involving quark
(top and bottom) loops with Higgs exchange, squark (stop and sbottom) loops with
Higgs exchange and mixed quark/squark loops with Higgsino exchange. The three type
of diagrams are sketched in Figure 7.7. These diagrams have to be calculated in the
gauge-less limit, in which the mass of the lightest CP-even Higgs my, vanishes. However,
it is shown in Ref. [33] that the result remains consistent if, despite this approximation,
the most accurate prediction for my, is used in the evaluation.
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8. Numerical analysis

8.1. SM result

We start the numerical evaluation of our results by showing the prediction for the W
boson mass in the SM. Figure 8.1(a) shows My, calculated iteratively using the SM
one-loop result for Ar, plotted against the SM Higgs mass for three different values of
the top mass: m; = 173 GeV, m; = 173+1.1 GeV (upper curve) and m; = 173—1.1 GeV
(lower curve). The most up-to-date experimental value for the W boson mass M;" =
80.399 £ 0.023 GeV [3], as well as the lower bound on the SM Higgs boson mass of
114.4 GeV, from Higgs searches at LEP [47] are indicated. The most accurate theory
prediction including all SM higher order corrections known at this point is plotted in
the same way and can be seen in Figure 8.1(b).

The top mass is meanwhile quite accurately known and the Tevatron electroweak
Working Group recently updated it to m; = 173.3 £ 1.1 GeV [89], combining different
CDF and DO measurements. With the current value for m;, the parametric uncertainty
in the prediction for the W boson mass induced by the experimental error of the top
mass is significantly smaller than the experimental error of the W boson mass, dM};” =
23 MeV, as we can see in Figure 8.1. Anyhow, the dominant theoretical uncertainty
still comes from the experimental error of m;, and will remain so even with the slightly
better LHC prospect of 0m; = 1 GeV [90,91]. A significant reduction of the parametric
uncertainty will be possible with an accuracy of dm; = 0.1 GeV, which can be achieved
at the International Linear Collider (ILC) [92-94]. Uncertainties from unknown higher
orders are significantly smaller and have been estimated to be around 4 MeV in the SM
for light Higgs bosons, myg,, < 300 GeV [25].

Comparing the two plots in Figure 8.1, we see that the corrections beyond the one-
loop order cause a downward shift in the W boson mass of more than 100 MeV, corre-
sponding to more than 40 with respect to the experimental error. The full SM results
clearly illustrates the preference for a small SM Higgs mass. It should be stressed that
the incorporation of the relevant two-loop corrections is crucial for arriving at this con-
clusion. Notable here is that with the best theoretical prediction and the improved
experimental measurements there is no overlap between the experimental 1o band and
the SM prediction.

The plots demonstrate that the total size of the contributions beyond one-loop order
is large compared to the experimental error, and their incorporation is necessary for
a W boson mass prediction in the SM. Next we investigate the size of the different
types of loop corrections, listed and commented on in section 6.3.2. Table 8.1 shows
the size of the particular Ar higher order corrections for a fixed value of W boson
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Figure 8.1.: W-boson mass prediction in the SM as a function of myg,, for m; =
173.3+1.1. The left plot shows the result of the one-loop calculation. The
right plot shows the result of the most accurate calculation, including
all known higher order SM corrections. The current experimental value
for My® = 80.399 £ 0.023 GeV [3] is indicated by a horizontal band,
and the experimental lower bound on the Higgs boson mass of the SM of
114.4 GeV from Higgs searches at LEP [47] is shown as a vertical dashed
line.

mass, My = My" = 80.399 GeV. For different values of my,,, their size relative to
the SM one-loop result, Ar(®_ is given. The dominant contributions are the two- and
three-loop QCD corrections, Ar(@@) + Ar@e)  which amount to about 11%-14% of
the one-loop contribution, followed by the likewise significant fermionic (plus bosonic)
two-loop corrections, Ar(®”) = A'r}(fzizn + Arégj ), reaching around 8 — 10% of Ar(®).
Both of these contributions have the same sign and are relatively larger for smaller
Higgs masses. The Ar(Giesmi) and Ar(@im?) corrections yield a slight reduction of the
two-loop corrections and become largest for heavy Higgs. Even for my,, = 1000 GeV
their effect for the W boson mass is only about 9 MeV. So the size of the three-loop
Ar(@iesmi) 4 Ap(Gim?) and also the four-loop Ar(@emiad) correction to the W boson
mass is smaller than the experimental error.

8.2. MSSM result

To study the W boson mass prediction in the MSSM, we discuss the one-loop and two-
loop contributions separately for the sfermion sector, the Higgs sector and the chargino
and neutralino sector and investigate in each case the impact of the particular SUSY
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8.2. MSSM result

Mgy, [GeV] || Ar@) [ Aplaas) 4 Aplead) | Ap(@Rasmi) 4 Ap(@m?) | Ap(Gumiol)
100 9.95 14.28 -0.48 0.42
400 9.34 12.12 -0.93 0.36
700 8.88 11.30 -1.23 0.34
1000 8.32 10.82 -1.55 0.32

Table 8.1.: Relative size of the higher order SM corrections compared to the size of the
one-loop result Ar(® (in %) for My, = 80.399 GeV and different values

of Mg, Ar@) stands for AP L AP,

ferm bos

parameters.

In the complex MSSM the uncertainty from unknown higher orders is a little larger
than in the SM and has been estimated to be 6 My, = (4.7—9.9) MeV [29,33], depending
on the SUSY mass scale.

8.2.1. Sfermion sector

First we analyze the sfermion sector and begin with the one-loop contribution where the
dominant effect comes from Ap, which is highly sensitive to the mass spitting between
the sfermions.

In the sfermion mass matrix, the partner fermion masses appear in the diagonal
entries and cause a linear dependence of the squared squark masses on the squared
quark masses. Since the mass splitting between top and bottom is significantly larger
than the mass splitting in the first two generations, also for squarks the splitting in
the third generation (stop/sbottom sector) dominates. The off-diagonal entries of the
sfermion mass matrix, defining the mixing in the sfermion sector, are proportional to
the partner fermion mass and therefore squark mixing is expected to be negligible in all
doublets associated to light fermions. In the stop and the sbottom sector a significant
splitting between the two states of one flavor is possible. Therefore we focus in our
discussion on the stop and sbottom sector which gives the main sfermion contribution
to Ar.

In order to examine the size and the parameter dependence of the pure one-loop
sfermion contribution, we begin by showing the My, prediction, calculated iteratively
using the full Ar®™ combined with the one-loop SUSY contributions.

In the sfermion sector complex phases can have sizable effects. A;, A, and u do
not appear explicitly in the one-loop Ar result, but only in the combinations X; =
Ay — peotf and X, = A, — ptan (2.7), the off-diagonal entries of the stop and
sbottom mass matrices. It has been shown in Ref. [29] that the full one-loop result is
independent of the phases ¢x, and ¢x,, therefore the phases ¢, ¢4, and ¢4, enter only
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Figure 8.2.: W-boson mass prediction using the full ArS* and all one-loop SUSY
contributions. The left plot shows My, as a function of Mgygy for two
values of the complex phase, ¢4, = 0 (red, solid line) and ¢4, = 7 (blue,
dashed line). The right plot shows My, as a function ¢4, for two values,
Msysy = 300 GeV (blue, dashed line) and Mgysy = 600 GeV (red, solid
line). The current experimental value for My, = 80.399 + 0.023 GeV
is indicated. The other SUSY parameters are: A; = 2Msysy, My =

500 GeV, myz = 500 GeV, p = 500 GeV, my = 500 GeV, tan 8 = 10.
via

1X:? = X\ X; = AAT + ppt cot? B — | Ay || cot Bel@acton) — | Ay || cot Be (@A tew)
= |Ad* + |ul* cot® B — 2| Ay||u] cot B cos(da, + @) .

(8.1)
and

|AXb|2 = Xp X; = A4, + pp” tan? B — | Ay||pe| tan ﬂei(¢Ab+¢“) — | Ay||] tanﬁeii((b"‘ber)“)
= |Ay|* + |p|* tan® B — 2| Ay||p| tan B cos(da, + @)

(8.2)

i.e. in the combinations (¢4, + ¢,) and (¢, + ¢,).

If |A¢|> and |u|? cot? B are of different size, one of these terms dominates in (8.1),
causing a suppression of the last term containing the phase dependence, and the same
argument holds also for (8.2). Hence the impact of the complex phase is largest if all
terms in (8.1) and (8.2) are of similar size. In the numerical evaluation we always set

|A¢| = |Ap| and ¢4, = P4,
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The one-loop effect of the sfermion phase ¢4, on the My prediction is shown in
Figure 8.2. In these plots A; = 2Msysy, i = 500 GeV and tan 5 = 10 is chosen, so the
phase dependence is more significant for relatively small values of Mgygy. Figure 8.2(a)
shows the W boson mass prediction as a function of the common scalar mass Msygy for
two different phases: The red, solid line corresponds to ¢4, = 0 and the blue, dashed
line to ¢4, = m. Independently of the phases, we see that for small Mgysy the sfermion
sector gives a sizable contribution to My, while and for large Mgsygy the sfermion
sector decouples and its contribution to My, vanishes. The shift in My, is significantly
larger for ¢4, = 7 than for ¢4, = 0. For Mgsysy < 350 MeV the difference in the W
boson mass prediction between the two phases accounts for more than 25 MeV, i.e.
it is larger than the experimental error. The full phase dependence can be seen in
Figure 8.2(b), where the My, prediction is plotted against ¢4, for Msysy = 300 GeV
(blue, dashed line) and Mgysy = 600 GeV (red, solid line). We see once more that the
phase dependence is stronger for light SUSY masses and that the two phases, shown in
Figure 8.2(a) correspond to the extrema, giving the maximal (¢4, = 7) and minimal
(¢4, = 0) contribution to My,. Both plots in Figure 8.2 contain also the experimental
value of My, with the 10 bounds. In the MSSM plots, it is important to keep in mind
that the curves depend sensitively also on the other, fixed SUSY parameters, and one
can not conclude that certain parameter points in the plots (e.g. in the upper plots
¢4, = m and Mgysy = 300 GeV) are in disagreement with experimental data because
they lie outside the 1o band. In the following we will not consider complex phases, all
phases are set to zero and will not be listed as separate input parameter.

As previously mentioned, the main contribution of the sfermion sector can be asso-
ciated with Ap and hence depends strongly on the squark mixing. In Figure 8.3 the W
boson mass prediction is shown as a function of X; = A; — pcot 3, for the two mass
scales Msysy = 300 GeV (blue, dashed line) and Mgysy = 600 GeV (red, solid line).
Going from X; = 0 to higher values of | X;| the contribution to My, decreases first and
increases again for high values of | X;|. This effect is visible for both mass values but is
more distinct for Mgysy = 300 GeV, where the shift in My, from varying X, can be up
to around 35 MeV.

For X; = 0 the mixing in the stop sector is minimal, and the splitting between stops
and sbottoms gives the dominant contribution to My,. Increasing |X;|, #; becomes
lighter and {5 heavier. Also in the sbottom sector the splitting between 51 and 52
increases, since we set A, = A;, but for the chosen tan 8 value the effect in the sbottom
sector is less pronounced. Increasing the splitting between the squarks of one flavor
enlarges the size of the Fyy functions in the first two terms of ApSUSY (7.14), which
enter with a negative sign and lead to a partial compensation. If the splitting is further
increased, the spitting between {1 and s (and between b1 and b2) dominates and raises
the predicted My, value.

To investigate the SUSY two-loop effects, we start by examining the shift in My,
caused by the two-loop QCD corrections O(acy). Therefore we calculate My, once,
using Ar™ together with only SUSY one-loop corrections. Then we add the SUSY
two-loop corrections under consideration, calculate My, and subtract the first result.

61



8. Numerical analysis

80.44
.
I. ‘\
80.42] ; R
4 "
1
¢ \
|l l’ ‘\ 1]
3 b i
O 80.40 i s
z W \ ]
= i 3
o N4
80.38! /“\ |
8036 ‘ ‘ ‘ .1
~1000  -500 0 500 1000
X

Figure 8.3.: W-boson mass prediction using the full Ar*™ and all one-loop SUSY
contributions as a function of X; = A; — u/ tan 8 for Msysy = 300 GeV
(blue, dashed line) and Mgysy = 600 GeV (red, solid line). The current
experimental value for My, = 80.399+0.023 GeV is indicated. The other
SUSY parameters are: A; = 2Mgysy, My = 500 GeV, mz; = 500 GeV,
1 =500 GeV, my = 500 GeV, tan § = 10.

In Figures 8.4 to 8.8 (explained in detail later), the shift in My, caused by the two-loop
corrections is plotted as a function of Msygy, starting with Msysy = 225 GeV, so that
all parameter points are compatible with the lower bound on the lightest CP-even Higgs
in the CP-conserving MSSM, my, 2 90 GeV [95]. There are no absolute limits on the
Higgs boson masses in CP-violating scenarios [95].

We investigate the effect of the gluon and gluino two-loop contributions, leaving out
the mass-shift corrections in a first step. Figure 8.4 shows the contribution to My, from
two-loop corrections, containing a squark loop with an additional gluon exchange, for
two values of the stop mixing, A; = 0 (blue, dashed line) and A; = 2Mgysy (red, solid
line). The gluonic two-loop correction has the same sign as the one-loop correction
and give rise to an increase of the predicted value of the W boson mass. Also the
dependence on Mgysy and the mixing A; is comparable to the one-loop case, since
the gluonic contribution has a similar structure (7.17) as the one-loop ApSUSY. The
shift in My, from the gluonic two-loop contribution can account for &~ 5.5 MeV in the
case A, = 0 and ~ 2.5 MeV in the case A; = 2Mgygy. If lower values for Mgygy are
considered, the gluonic contribution can be larger.

The gluino contributions depend sensitively on the SUSY mass scale, Mgygy, the
squark mixing, A;, and the gluino mass, m;. Figure 8.5 shows the shift caused by the
two-loop gluino contributions as a function of Mgygsy. In Figure 8.5(a) the sfermion
mixing A; = 0 is chosen, in Figure 8.5(b) A; = Mgysy and in Figure 8.5(c) A, =
2Msusy. In each plot the solid lines show the contributions from a gluino with mass
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Figure 8.4.: Shift in the W-boson mass from the gluon two-loop SUSY contributions
as a function of Mgysy for two different stop mixing values A; = 0
(blue, dashed line) and A; = 2Mgysy (red, solid line). The other SUSY
parameters are: M, = 500 GeV, myz = 500 GeV, my = 500 GeV,
1 =500 GeV, tan g = 5.

mg = 200 GeV, the dashed ones correspond to a gluino mass of m; = 500 GeV and the
dotted ones to a gluino mass of myz = 800 GeV.

It should be noted in this context that with the first LHC results the limits on the
gluino mass have already been strengthened. The CMS collaboration found that gluinos
below about 650 GeV [1,96] are excluded in certain parts of the MSUGRA/CMSSM
(minimal supergravity/constrained MSSM) [97-102] parameter space, and the ATLAS
collaboration excluded m; < 700 GeV at 95% confidence level for a specific scenario
with equal squark and gluino masses [2]. Nevertheless, there is no absolute lower bound
on the gluino mass in this mass range and it is therefore of interest to study the virtual
effects also of lighter gluinos.

It can be seen in the gluino plots that the contributions decrease for high my, as
a consequence of decoupling. Considering small to medium gluino masses, their con-
tributions can be of the same size as the gluon contribution or even larger, see in
particular in Figure 8.5(c). The sign of the gluino contributions changes depending
on the SUSY parameters. For vanishing squark mixing, A; = 0, the contributions are
negative and can cause a downward shift in the W boson mass of more than 7 MeV for
small Mgugy and small my. For A, = Mgygy the contributions are generally smaller.
For very light squarks and light gluinos the contributions are negative. Otherwise they
are positive and result in a shift in My, of about 1-2.5 MeV. Threshold effects appear
for light gluinos, m; = 200 GeV, and cause the kinks that can be seen in both plots, in
Figure 8.5(a) and in Figure 8.5(b).

If the squark mixing is large, A; = 2Msysy, the gluino contributions are positive and
significantly larger. Even for heavy gluinos, mj; = 800 GeV, the shift can be more than
6 MeV and for myz = 500 GeV the shift can be up to 10 MeV. For m; = 200 GeV, the
gluino contribution has a high peak of about 17 MeV for Mgysy = 225 GeV and then
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Figure 8.5.: Shift in the W-boson mass from gluino two-loop contributions as a func-
tion of Mgygy for three different gluino masses, mgz; = 200 GeV (solid
lines), mgz = 500 GeV (dashed lines) and m; = 800 GeV (dotted lines).
The upper left plot (a), (blue curves) corresponds to A; = 0, the up-
per right one (b), (green curves) to A; = Mgysy and the lower one
(c), (red curves) to Ay = 2Mgysy. The other SUSY parameters are:
My = 500 GeV, my4 = 500 GeV, u =500 GeV, tan § = 5.

falls off almost linearly with increasing Msusy. At Msysy = 500 GeV the shift in My,
caused by gluino contribution is still about 10 MeV.

The gluon and gluino two-loop contributions are directly related to the mass-shift
correction, which has to be incorporated in order to arrive at the complete result for
the O(aa,) contributions to ApSYSY. We will now show the impact of this additional
correction. The size and the shape of the gluino contribution for A; = 2Msysy and
mg = 200 GeV discussed above, may seem a little surprising at first sight, due to the
high peak. But looking at the full contribution, together with the mass-shift correction,
the high peak for small Mgygy is canceled. This can be seen in Figure 8.6, where
the pure gluino contribution (red, solid line) and the combined gluino plus mass-shift
contribution (orange, dotted line) are plotted against Mgysy for mgz = 200 GeV and
Ay = 2Msysy. Figure 8.7 shows only the mass-shift correction as a function of Mgysy
for an intermediate gluino mass of mg = 500 GeV. The blue, dashed line corresponds
to A; = 0 and the red, solid line to A; = 2Msysy. The size of the mass-shift correction
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Figure 8.6.: Shift in the W-boson mass from gluino two-loop contributions as a func-
tion of Mgysy for mz = 200 GeV and A, = 2Mgugy. The red, solid
line is the pure gluino contribution, while the orange, dotted curve con-
tains the gluino contribution and the mass-shift correction. The other
SUSY parameters are: My = 500 GeV, my = 500 GeV, p = 500 GeV,
tan § = 5.

is larger than the gluonic contribution and the correction enters with the opposite sign.

We finish the discussion of the sfermion sector by looking at the combined effect of
gluon, gluino and mass-shift corrections. In Figure 8.8 the effect of all O(aa,) SUSY
two-loop corrections is shown, again plotted against Mgysy for three different gluino
masses, mg = 200 GeV (solid lines), mgz = 500 GeV (dashed lines) and mz = 800 GeV
(dotted lines). In the left plot A; = 0, and in the right plot A; = 2Mgysy is chosen.
Depending on the squark mixing the SUSY two-loop corrections to the W boson mass
can be either negative (for My, plot with A, = 0) or positive (for My plot with
Ay = 2Msysy). For Ay = 0 the absolute size of the contribution is maximal for small
Msgysy. For heavy gluinos the total downward shift is larger than for light gluinos, more
than —17 MeV for mz = 800 GeV and about —10 MeV for mg = 200 GeV. The kink’
in the solid line of the left plot is caused by the threshold effect already observed in
the gluino contribution of Figure 8.5(a). For A; = 2Mgysy the characteristics of the
QCD two-loop contributions are very different. For mg = 500 GeV and mj; = 800 GeV
the shift in My, rises with Mgysy. The increase is larger for small values of Msysy
and reduces for high values of Msysy. For Mgsysy > 500 GeV (not shown here) the
shift in My, gets smaller. For Mgysy = 1000 GeV (and mz; = 500 GeV) the combined
O(aas) SUSY two-loop corrections result in a W boson mass shift of less than 5 MeV.
As we have shown before, the gluino and mass-shift corrections behave differently for a
high squark mixing and a small gluino mass. By adding the gluonic contribution to the
combined gluino/mass-shift corrections shown in the orange, dotted curve in Figure 8.6,
we find a maximum of the overall O(aas) contributions, of about 15 MeV, reached for
intermediate values of Msysy, while the shift in My, gets smaller both for decreasing
and increasing Mgygy. This behaviour can be understood from the shape of the gluon
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Figure 8.7.: Shift in the W-boson mass from the mass-shift correction of O(aay)
as a function of Mgysy for two different stop mixing values A; = 0
(blue, dashed line) and A; = 2Mgysy (red, solid line). The other SUSY
parameters are: mgz; = 500 GeV, My = 500 GeV, my = 500 GeV,
1 =500 GeV, tan g = 5.

contributions shown in Figure 8.4.

The anticipated experimental accuracy for the W boson mass at LHC is 15 MeV [103,
104] and even 7 MeV at ILC [103,104]. So a contribution of the size of the SUSY two-
loop corrections is very important for a precise calculation of the W boson mass, that
can be compared to the future measurements.

8.2.2. Higgs sector

To show the impact of the MSSM Higgs sector on the one-loop SUSY contribution to
Ar, the My, prediction is shown in Figure 8.9 as a function of the relevant parameters
in this sector, which are (at tree level) m4 and tan 3. For the two plots in Figure 8.9, we
do not use the full ArM55M byt *switch off’ the SUSY two-loop gaugino and higgsino
contributions, O(a?), O(a;say) and O(a}), since these contributions also depend on m 4.
So My is here calculated iteratively, using the full Ar°M  the SUSY one-loop result
and the SUSY O(aq;) two-loop contributions. In Figure 8.9(a) the My, prediction
is plotted against m, for three values of tan 5: The red, dotted curve corresponds to
tan § = 5, the blue, dashed curve to tan § = 10 and the green, solid one to tan § = 25.
It shows, that the effect of the MSSM Higgs sector is largest for small m, and can
contribute to a shift of about 20 MeV to the W boson mass, which is about the size of
the current experimental error.

The dependence of My, on tan  is not monotonic. To show this behavior more
clearly, we show the My, prediction as a function of tan 8 in Figure 8.9(b) for m4 =
250 GeV, which is approximately the m 4 value where the predicted My, is the same for
tan § = 25 and tan 8 = 10. Within the Higgs sector the strong tan 8 dependence can
not be explained. The Higgs masses depend on tan 3, but this effect is very small for
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Figure 8.8.: Shift in the W-boson mass from the combined O(aag) SUSY two-loop
corrections, containing the gluon, gluino and mass-shift correction as
a function of Mgygy for three different gluino masses, mz; = 200 GeV
(solid lines), mg = 500 GeV (dashed lines) and mz; = 800 GeV (dotted
lines). The left plot (blue curves) corresponds to A; = 0 and the right
one (red curves) to A; = 2Mgysy. The other SUSY parameters are:
My =500 GeV, my4 = 500 GeV, u =500 GeV, tan § = 5.

tan 8 > 10. We checked this and found, as we expected, that for large tan S the shift
in My, from the change in the Higgs masses is negligible and cannot explain the tan 3
dependence in Figure 8.9(b). In the two other sectors, the chargino and neutralino
sector and in the sfermion sector, tan 8 enters the calculation of My, as well. The
impact of varying tan  in the chargino and neutralino sector is smaller than 1 MeV
and does not explain the tan f dependence of My,. In the sfermion sector tan 3 also
appears in the squark mass matrices. Going to higher tan § values means increasing the
splitting between by and by, since X, = A, — " tan § changes linearly with tan 5 (2.7)
while the mixing in the stop sector X; = A; — u*/ tan 8 goes to X; = A, for large values
of tan 5. The change in the mass splittings between the stops and the sbottoms with
tan 3 enters the My, prediction via ApSYSY (7.14) and gives rise to the tan 3 behavior,
shown in Figure 8.9(b). For tan/ > 50 (not shown here) the mass splitting in the
sbottom sector gets very large and the curve showing the My, prediction rises very
steeply.

By ’switching on’ the O(a?), O(a;ap), O(a?) corrections the size of these two-loop
effects can be seen in Figure 8.10. The lower blue, dashed curve corresponds to the
blue, dashed (tan f = 10) curve in Figure 8.9(a), so it is calculated using, besides the
one-loop result, only the O(aa,) SUSY two-loop contributions. The upper red curve
is the My, prediction, when the complete ArMSSM including the two-loop Higgsino
corrections is used. The numerical effect of the O(a?),0(azap) and O(a?) SUSY two-
loop contributions is rather small, in this example it only accounts for a shift of about

0.5 MeV.
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Figure 8.9.: W-boson mass prediction in the MSSM as a function of m4 and tan (.
For the calculation the entire ArS™ and SUSY O(aaq;,) two-loop con-
tributions are taken into account. The left plot shows My, as a func-
tion of my for different values of tan . The right plot shows My, as a
function of tan 8 for my = 250 GeV. The other SUSY parameters are:
MSUSY = 500 GeV, At = ZMSUSYu MQ = 500 GeV, mg = 500 GeV,
=500 GeV.

8.2.3. Chargino and neutralino sector

The chargino and neutralino sector is governed by Mj, My and p. These three param-
eters can in general be complex, but the phase of M, can be rotated away. The effect
of varying |M,| is smaller than 2 MeV and its phase is insignificant, hence we use the
GUT relation [105] in our numerical evaluation and set

M1 - ——M2 . (83)

Also the dependence of the chargino and neutralino contributions on the phase of u is
small and will not be displayed here.

In the following we investigate the impact of the parameters M, and |u| on the
prediction for My, in the MSSM. Therefore the W-boson mass has been calculated, using
the complete ArMS5M containing all one-loop and higher-order contributions and the
results are shown in Figure 8.11. Only the one-loop diagrams containing charginos and
neutralinos depend on the parameter M,, so the effect in the W-boson mass obtained
by varying M, arises solely from these diagrams.

Figure 8.11(a) shows the My, prediction as a function of M, for three different values
of |p|: || = 800 GeV (green line), |u| = 400 GeV (blue, dashed line) and |u| = 200 GeV
(red, dotted line). My, as a function of |u| is shown in Figure 8.11(b), where the red
line corresponds to M, = 200 GeV and the blue, dashed line to M, = 600 GeV. For
both plots a small value for the SUSY mass scale, Msusy = 250 GeV, is chosen, since
the effect of the chargino and neutralino contributions is more pronounced for small
sfermion masses.
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Figure 8.11.: W-boson mass prediction as function of M, and |u|. For the calculation

the entire Ar°M and all SUSY one- and two-loop contributions are
taken into account. The left plot shows My, against M, for three
different values of |pu|. The right plots shows My, against || for My =
200 GeV (red, solid line) and M, = 600 GeV (blue, dashed line). The
other SUSY parameters are: Msysy = 250 GeV, tanf = 10, A, =
QMSUsy, mg = 500 GeV, ma = 500 GeV.
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For small M, the contribution arising from the chargino and neutralino sector can
be relevant. The impact is larger for small values of |u|. With |u] = 800 GeV this
contribution can shift My, by up to 8 MeV, and with |u| = 200 GeV even by up to
28 MeV, clearly an effect that should not be neglected.

In contrast to the shift of My, from varying Ms, the large impact on My, from choos-
ing different |u| values is not solely due to the chargino and neutralino contributions.
The strong |u| dependence comes both from the chargino-neutralino one-loop contri-
butions and from sfermion one- and two-loop contributions. As one can clearly see
in Figure 8.11(a), the effect on My, from different |u| remains considerable also for
large M,, where the chargino and neutralino contribution vanishes. Varying |u| from
200 GeV to 900 GeV yields a downward shift of more than 45 MeV for M, = 200 GeV,
and about 37 MeV for My = 600 GeV. For very high values of || the splitting in the
sbottom sector gets large, and the sfermion contribution pushes the My, prediction up
again. Increasing the value of tan 5 the minimum in the plot of Figure 8.11(b) moves to
the left, and accordingly it moves to the right when tan [ is decreased, which becomes
clear by looking at the formula for the off-diagonal sfermion matrix elements (2.7).

The purpose of the plots in Figure 8.11 is to demonstrate the size of the contributions
from the chargino and neutralino sector. The other parameters are chosen at a low scale
to illustrate that these contributions can be sizable. The fact that the MSSM prediction
for My, shown in Figure 8.11 turns out to be outside of the experimental 1o band for
small |u| is specific to the chosen set of SUSY parameters and should not be interpreted
as a general conclusion on the allowed range of |u|.

We furthermore analyze the difference between the My, calculation using the com-
plete Ar contribution of the chargino and neutralino sector and the My, calculation
using an approximation where only the chargino and neutralino contribution to Ap
is taken into account, as often done. Ap (6.19) contains only the W and Z boson
self-energies at zero momentum transfer. In order to investigate the impact of this ap-
proximation, we calculate the W boson mass prediction using all other SM and SUSY
one-loop and higher order contributions, combined with only the Ap, instead of the full
Ar, contribution from the chargino and neutralino sector. The result is shown in the
lower (blue, solid) curve of Figure 8.12. The same input values as before are used with
|| = 200 GeV. The red, dotted curve is our result using the full Ar chargino neutralino
contribution and corresponds to the red, dotted curve in Figure 8.11(a). The difference
between the full Ar chargino and neutralino contribution and the approximation via
Ap is small for large My but goes up to 10 MeV for My = 100 GeV.

8.3. Total result

In this section we show our final result for the My, prediction in the MSSM, including all
higher order contributions of SM- and SUSY-type, and compare it to the SM prediction.

Figure 8.13 shows the W boson mass prediction in the MSSM and the SM. The MSSM
prediction is calculated with the complete Ar™S9M and for the SM prediction Aro™
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Figure 8.12.: W-boson mass prediction as function of M,. For the calculation the
entire A7°M_ the one-loop contributions of all SUSY sectors, besides
the chargino/neutralino one, and all SUSY two-loop contributions to
Ar are taken into account. For the red, dotted curve the complete Ar
contribution from the chargino and neutralino sector is used. For the
blue, solid curve the contribution from the chargino neutralino sector
is instead approximated by Ap. The other SUSY parameters are: y =
200 GeV, MSUSY = 250 GeV, tanﬁ = 10, At = 2MSUSY7 mg = 500 GeV,
m4 = 500 GeV.

has been used. For the left plot Msysy = 300 GeV is chosen and for the right plot
a higher mass scale of Mgysy = 600 GeV. In both plots the red lines (cross markers)
show the prediction for tan f = 5 and the blue lines (point markers) for tan 8 = 10.
Further the solid lines indicate the MSSM prediction and the dashed ones the SM
prediction. Also the SM prediction depends on the SUSY parameters m,, tan S and
slightly on mgugy, due to the fact that the SM Higgs mass is set to the mass of the
MSSM Higgs which couples most SM-like. We calculate the Higgs masses in FeynHiggs
including one- and two-loop corrections, therefore they also depend on Mgysy. The
lower bound on a SM-like Higgs of 114.4 GeV [47] is not explicitly imposed here. For
our parameters, the CP-even Higgs h is lighter than 114.4 GeV for my < 170 GeV,
if Mguysy = 300 GeV is chosen, and m4 < 120 GeV, if Msygy = 600 GeV is chosen.
However, as mentioned before, this limit is not valid in the MSSM but Higgs masses
down to my, 2 90 GeV are allowed in the CP-conserving MSSM and the Higgs can be
even lighter in the CP-violating case.

Generally we see that the MSSM prediction is higher than the SM prediction and
lies, for this set of parameters, within the 1o interval of the experimental value M;,," =
80.399+0.023 GeV. For small values of m 4 both curves rise, indicating that the 20 MeV
effect in the W boson mass we showed in Figure 8.9(a) is not a pure SUSY effect, but
the shift in the SM My, prediction (for the corresponding Higgs masses) is of a similar
size. The difference between the SM prediction and the MSSM prediction is larger
for smaller values of Mgysy, since the sfermion contributions get larger in this mass
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Figure 8.13.: W-boson mass prediction in the MSSM and the SM as a function of m 4
for tan f = 5 (red curves, cross markers) and tan = 10 (blue curves,
point markers). For the SM prediction myg,, is chosen as the mass
of the MSSM Higgs that couples SM-like. The MSSM predictions are
shown as solid lines, the SM prediction as a dashed line. In the left plot
Msysy = 300 GeV is chosen and in the right plot Msysy = 600 GeV.
The experimental value M" = 80.399 + 0.023 GeV is indicated. The
other SUSY parameters are: A, = 2Mgusy, My = 500 GeV, my; =
500 GeV, p = 500 GeV.

range, as already shown in the previous section. The small ’kinks” in the MSSM My,
prediction for Msysy = 300 GeV are caused by a threshold effect.

Finally, we analyze the general behaviour of the W boson mass in the MSSM com-
pared to the SM by performing a random scan over the MSSM parameter space. We
scan over Msusy, A, it, tan 3, mg, my and M, in the following ranges:

Msysy = 100...2000 GeV
Ay = —2Msusy...2Msusy
1= —2000...2000 GeV

tan 3 = 1.1...60 (8.4)

mg = 200...1000 GeV

ma = 90...1000 GeV

My = 100...2000 GeV

We check the limit on the light MSSM Higgs mass my, 2 90 GeV, and if it is fulfilled
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Figure 8.14.: W-boson mass prediction in the MSSM (red points) and the SM (black
points) as function of Msysy. A random scan over the SUSY parameter
space is performed within the ranges given in the text. For the SM
prediction the SM Higgs mass is set to the value of the lightest CP-
even Higgs mass.

the W boson mass prediction in the MSSM and the SM is calculated. The result
can be seen in Figure 8.14 where the My, prediction in the MSSM is plotted in red
and the My, prediction in the SM on top in black. For the SM prediction we take
the mass for the lightest CP-even Higgs as input value for the Higgs mass, therefore
it also depends on the SUSY parameters. It should be mentioned that for the SM
points, the limit my,,, > 114.4 GeV is not imposed. The SM points in Figure 8.14 with
My, > 80.37 GeV correspond to parameters involving Higgs masses below this limit.

The prediction for the W boson mass in the MSSM is generally higher than the
prediction within the SM and hence favoured by the current experimental value of
My . The difference between the My, prediction in the MSSM and the SM can amount
to more than 20, showing that My, is highly sensitive to quantum effects of SUSY
particles.
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9. Summary, conclusions and
outlook

In this thesis we computed the one-loop result in the SM and the MSSM with complex
parameters. With the exception of one diagram, which required a specific treatment, we
calculated the SM diagrams using Dimensional Regularization and the SUSY diagrams
with Constrained Differential Renormalization. The renormalization was done in the
on-shell scheme.

We combined our one-loop results with all available higher order corrections. Since
the calculation of the W boson mass in the SM is more advanced than in the MSSM
we organized our result such that the sophisticated SM result can be used also for the
MSSM prediction. Therefore the MSSM result is split into a SM part, containing the
state-of-the-art SM prediction with all loop corrections, and a SUSY part, consisting
of our one-loop result and the known leading two-loop corrections. In this way the
MSSM result recovers the full SM result in the decoupling limit, where the lightest
MSSM Higgs becomes SM-like and all other SUSY particles are very heavy. Thus we
obtained the most accurate theoretical prediction of the W boson mass in the SM and
the MSSM.

The one-loop calculation has been performed in Mathematica (using FeynArts and
FormCalc) and we transcribed also all higher order contributions into Mathematica
form. With our stand-alone computer program one of the most important precision ob-
servables, ArSYSY | can be calculated, which is needed whenever a theoretical prediction
is parametrized in terms of G,. Mathematica provides the flexibility which allows us to
analyze the functions also at the analytical level and if threshold effects or numerical
instabilities appear in a future scan, an analytic treatment of special cases can easily
be added, as we did already for the case of degenerate sneutrino masses.

We have shown that in the SM case the higher order corrections lower the My,
prediction significantly. With the up-to-date experimental value and a state-of-the-art
theoretical prediction, the theoretical calculation shows more than 1o deviation from
the measured value in the entire range of allowed Higgs masses.

We have analyzed the impact of the different SUSY sectors and the size of higher
order corrections. If the parameters are chosen such that the masses of the SUSY
particles are heavy, their contributions to My, are small as expected from the decoupling
properties of supersymmetric theories. On the other hand the SUSY contributions can
get substantial at lower mass scales. The one-loop contributions are dominated by the
squark sector, but also the other SUSY sectors can give sizable effects. For light sleptons
the contribution from the chargino and neutralino sector can account for up to 28 MeV,
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a value that is larger than the current experimental error of 23 MeV. A comparison of
the full contribution to Ar with the Ap approximation shows differences for small SUSY
masses and demonstrates that this approximation may not be sufficiently accurate for
predicting My, in this parameter range.

We studied the numerical impact of SUSY two-loop contributions in detail. In con-
trast to the SM higher order corrections, the SUSY two-loop contributions can enter
with both signs. For a large squark mixing they are positive and can account for up
to 15 MeV, a significant effect which enhances the sensitivity in the search for squarks
through their virtual effects.

We compared the W boson mass prediction in the MSSM and the SM and found that
the SUSY contributions raise the predicted My, value, resulting in a MSSM value lying
above the SM result. The parameter region in which the predictions from the two models
overlap corresponds to the decoupling limit of the MSSM, i.e. heavy superpartner
masses, while the Higgs mass is bounded from below by the exclusion limit from LEP
my, > 114.4 GeV and from above by the upper limit on the light CP-even Higgs in the
MSSM of about 130 GeV. We demonstrated the feature that the MSSM gives rise to
a prediction for My, that tends to be higher than the prediction within the SM by a
random scan over the MSSM parameter space. The current experimental value of My,
therefore favours a non-zero SUSY contribution.

The very precise theoretical calculations allow to set limits on the SM and MSSM
parameters. The impact of the indirect theoretical constraints will be further enhanced
when the experimental measurements are improved in the next years at LHC and even
further at a future linear collider, such as the ILC.

A comparable calculation, as the one we did for the MSSM is desirable also for
other models beyond the SM and would help to distinguish between them and to find
out which models are preferred by the experimental results. Predicting their effect on
electroweak precision observables can help identify the nature of new physics at the
experiments.

As a first step in this direction we already started to extend our calculation of the W
boson mass also to the NMSSM as well as a model with a fourth fermion generation.
The theoretical framework set up in this thesis allows to easily extend the analysis also
to further models of new physics.
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A. Input parameters

For the numerical evaluation we used an up-to-date set of input values, given in Ta-

ble A.1.
Parameter Exp. value Reference

My, 80.399 £ 0.023 GeV 3]
My 91.1875 4+ 0.0021 GeV [43,44]
Iz 2.4952 £ 0.0023 GeV 3]
G, (1.1663788 + 0.0000007) x 10~°GeV 2 [69]
Q@ 1/137.035999679 3]

as(My) 0.1184 + 0.0007 [106]
my 173.3 £ 1.1 GeV [89]
mp 4.67 GeV 3]
me 1.286 GeV FeynHiggs default value
my 95 MeV FeynHiggs default value
My 3 MeV FeynHiggs default value
mq 6 MeV FeynHiggs default value
Me 0.510998902 MeV FeynHiggs default value
my, 105.658357 MeV FeynHiggs default value
my 1777.03 MeV FeynHiggs default value

Table A.1.: Experimental values for the relevant SM parameters needed in our calcu-

lation.

The value for G, includes the extra shift from a non-vanishing electron mass Ag(m.)
that has recently been calculated in [68].
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B. One-loop integrals

B.1. Rules for the calculation in D dimensions

The metric tensor in D dimensions,
g" with pu,v=0,1,....D—1, (B.1)
is defined by
9" g =06, =D . (B.2)
The Dirac matrices are defined by
{7} =2¢" with Trl1=4, (B.3)
and some useful relations for the calculation in D dimensions are:
= %{7“,%} =D

(B.4)
’}/u’}/u’)/,u = 29;11/’7# - ’V”W/u’yu = (2 - D)fyv .

B.2. Standard one-loop integrals

The general rank M tensor integral for a one-loop diagram with N legs with momenta
p; and

pr=py, P2=py+py , 5 PNo1 =Dy g+ Py (B.5)
is defined as
Tﬁm“M(pl, DN—1, Mg, ... MN_1)
@mu)*™" Qps -+ (B.6)

i /d e =mAlla+p)?—ma @+ v —mi ]

where m; (i = 1...N) are the masses of the particles in the loop. p is an arbitrary energy
scale needed to keep the argument of logarithms, occurring in the results, dimensionless.
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B. One-loop integrals

By convention the 7" (Tadpole) integral is called A, T? (Self-energy) is called B, T3
(vertex) is called C and so forth. The tensor integrals can be reduced into functions of
the scalar integrals Ag, By, Cy, Dy without Lorentz indices in the numerator. The basic
steps of the calculation of these scalar functions are described in the following.

Using Wick rotation and carrying out the D dimensional integration in polar coordi-
nates one finds (for D < 2n and M > 0)

D 1 — 4 n 2 5N
/d g e s M (B.7)

where I" is the Gamma function, which is defined for complex numbers with a positive
real part by

['(z) = /OO = te tdt . (B.8)
0
For positive integers this is equivalent to
I'(n)=(m-1)!, (B.9)
and expansion for small |z| gives
I(z) ~ % et O(2) | (B.10)

where vg is the Fuler constant. With this auxiliary integral and the Feynman param-
eters

[T =t 0T [ o st=3an(y ity B.11)

the calculation of the scalar integrals can be carried out. Expanding the results around
D — 4 gives the one-point function

2

1
where A is given by

2
A=—— — In4 B.13
1-D Ye + Indm ( )

and contains the UV-divergency. The two-point function is

1 2.1 02 2 2 2
B(](pl’mO’ml) = A _/ drln <?L‘ P1 !E(pl my +m0) +m0) —|—O(D _4) ’
0

112
(B.14)
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B.2. Standard one-loop integrals

and the UV-convergent three point function is

1 1—x
Co(p1,p2,m0,m1,m2) = —/ dl’/ dy
0 0

(2®p] + y*p3 + 2zypips — x(p; — mi +mg) — y(p3 — m3 +mg) +mg) ™" .

(B.15)
So the UV-divergent parts are
(D —4)Ag(mg) = —2m2 + O(D — 4)
(D —4)Bo(mg) = -2+ 0O(D —4) (B.16)

(D —4)Co(mo)

O(D —4).

To express the tensor integrals in terms of the scalar functions, they are first de-

composed into covariant expressions by constructing Tﬁ .y from all symmetric tensor
structures of rank M that can be formed out of pf, ... , py_, and ¢*”. For B* and B"
this gives
B" = pi'B,
(B.17)

B" = g™ Byo + i B11 ,

and Bj, By and By can then be expressed through scalar integrals. The reduction
formulas are obtained by contracting the decomposition (right side of (B.17)) and the
integral expression (B.6) with the external momentum p} and the metric g*”. Con-
tracting the first formula of (B.17) with p! yields

2 )P P1q
ZB _ ( /dD
P o) = [ g e
_ @ap)tP /qu 3l(a +p1)* — mi] — 3lg* — mg] — 5(pf —mi + mp)
im? > —mg][(q + p1)? — m7]
1 1 1 5 9 9
= 5140(7710) - §A0(m1) - 5(2?1 —mi + mg)Bo(p1, mo, m1)
(B.18)
SO
1
Bi(p1,mo, my) = 22 (Ao(mo) — Ao(mq) — (pf — mi + m%)BO(pl,mo,ml)) . (B.19)
1

Similarly one finds also By, and Bj;, and higher order scalar and tensor integrals can
be calculated.
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