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Chapter 1

Introduction

The discovery of neutrino masses and mixing by a combination oflao and atmospheric
neutrino observations, as well as reactor and accelerator expments [2{16] has now rmly
established the incompleteness of the Standard Model (SM). Bhéexperimental progress is
accompanied by a strong e®ort from theorists to explain the natand source of the neutrino
masses and their °avor transitions. The most elegant model for neuto mass generation is
the seesaw mechanism [17{19], in which very heavy right-handedutrinos are introduced to
the particle spectrum of the Standard Model. The seesaw mecham can naturally explain
the puzzling smallness of the left-handed neutrino masses, whaate suppressed by the heavy
masses of the right-handed neutrinosn. = (100 GeV)?=Mg. With neutrino masses of the
ordermo ¥ 0:1 eV, the mass scal®lr of the right-handed neutrinos is expected to be around
10" GeV, i.e. close to the scal ., ¥ 10'® GeV of Grand Uni ed Theories (GUTSs). This
means that the low energy neutrino observables can act as ariirect probe to physics at
the GUT scale.

A major drawback of the seesaw model is that it contains many feeparameters, which
can not be constrained by measurements of the light neutrino gec In principle, neutrino
mixing also implies charged lepton °avor violation (LFV), but this is strongly suppressed if
only right-handed neutrinos are added to the Standard Modelln the seesaw mechanism,
lepton °avor violating processes, like the decay ! e°, are vanishingly rare. Thus, charged
lepton °avor violating processes can not be used to probe the seesaschanism, leaving
the neutrino sector as the only source of information.

This picture changes dramatically if we supersymmetrize theneory. Independent from
neutrino physics, supersymmetry (SUSY) is a fascinating theoretitconcept, and is generally
considered as the most promising candidate for a theory of physiabove the TeV scale.
Among many other virtues, SUSY provides an answer to the potentidliggs mass instability
of the Standard Model and naturally permits the uni cation ofgauge couplings at the GUT
scale. Upcoming and planned future colliders, like the Large Hewh Collider (LHC) at
CERN or TESLA, are designed to look for SUSY signals and, if founth test the properties
of the supersymmetric particles.

Combining supersymmetry and seesaw mechanism crucially a®ects tenormalization
group equations (RGEs) of the theory. The slepton mass and tmilear coupling matrices



8 Chapter 1. Introduction

receive °avor violating corrections due to virtual e®ects ohe right-handed neutrinos. The
lepton °avor violation apparent in the neutrino sector is trarsmitted to the slepton sector, or
to put it more appropriately, both are generated by the same nohanism. Generically, decay
rates of the processés! e°and¢! *° can be expected close to their current experimental
limits. This is particularly interesting, since some of the exishg bounds will be improved
signi cantly in the near future. The above LFV processes have beestudied [20{48] in the
context of the SUSY seesaw model, all pointing out that rare degs, especially ! e°, can
considerably constrain the seesaw parameter space.

Rare decays are not the only possible observables for LFV, though main virtue of
experiments at ane" e linear collider (LC) is the clean environment allowing studés of
the production and decay of new particles with low backgrouh This not only enables
precision measurements of particle properties, but also searsHer very rare processes and
small e®ects. Phenomenological investigations have indicateow tests of LFV at a high-
energy LC could nicely complement searches for lepton °avorolating rare decays such as
1 1 e°. Previous work [49{63] has mainly focussed on slepton pair prection assuming
two-generation slepton mixing, whereas we include the fulhtee-generation °avor transi-
tions in all our calculations. There also exist correlations een LFV in the high-energy
e’ e collisions and the radiative lepton decays, which are relatly weakly a®ected by the
parameters of the neutrino sector, but very sensitive to the SUSparameters. Consequently,
they could play an important role in probing the class of modslof LFV studied here. In
addition, slepton masses can be measured with very high precisiohithough not a lepton
°avor violating e®ect, the inclusion of right-handed neutrine modi es the slepton masses.
Their determination can provide important information on the seesaw parameter space.

The main goals of this thesis are: First, to provide a reliableoenputational scheme
for the calculation of slepton mass corrections and their imga on the most important
experimental observables. To this end, we implement the fullimmal supersymmetric seesaw
model renormalization group equations to one-loop order.hIs basis is then used to analyze
in detail the connection between neutrino parameters, SUSY pameters of the mSUGRA
constrained minimal supersymmetric Standard Model (MSSM), #oretical assumptions on
the high energy seesaw model and the measurable observables. Easjshis put on the rare
decaysl; ! |;°, slepton pair production processes a®€ colliders and precision slepton
mass measurements, especially on their di®erent sensitivities amrelations. The ultimate
goal is to use all this information to determine the high eneygseesaw parameters from
observables at or below collider energies.

Following this introduction, we present in Chapter 2 the basig of the the minimal super-
symmetric Standard Model as far as needed for our discussion. Ih&pter 3, we discuss the
LFV observables and experiments, most importantly low energyare decays and slepton pair
production at linear colliders. Chapter 4 contains the theatical framework of the super-
symmetric seesaw model, together with a short review of leptogesis and neutrino physics.
These general results are then applied in Chapters 5 and 6 to twaderesting cases, namely
(quasi-)degenerate and hierarchical right-handed neutinmasses. In Chapter 7, we present
a general scheme that can be used to reconstruct the high energgssev parameters from
low energy observables. Finally, a conclusion is given in Chapt8.



Chapter 2

Supersymmetry

2.1 Beyond the Standard Model

The Standard Model of elementary particle physics is a highlguccessful theory of the
known particles and their interactions. The SM is a gauge theg in which the gauge group
SU(3). £ SU(2). £ U(1)y is spontaneously broken to SU(Q)E U(1)gy by the nonvanishing
vacuum expectation value (VEV) of a fundamental scalar eld, théliggs boson, at energies of
the order 100 Ge\f 1 TeV. Despite its success to describe non-gravitational and mascopic
phenomena, there are a number of theoretical and phenomewgital issues that the SM fails
to address properly:

Hierarchy problem. The mass of the Higgs boson associated with electroweak symmetry
breaking has to be in the electroweak range. However, radiai corrections to the
Higgs mass are quadratically dependent on the ultraviolet ca® scale @, since the
masses of fundamental scalar elds are not protected by chiral gauge symmetries.
The natural value of the Higgs mass is therefore @(x) rather than O(100 GeV),
leading to a destabilization of the mass scales hierarchy in ti&M, if the scale o of
new physics is much larger than the electroweak scale. In othesords, to achieve
my, ¥ O(100 GeV) it is necessary to ne-tune the scalar mass-squared paraeret
mZ ¥, a2 of the fundamental ultraviolet theory to a precision ofm2=x2 (= 107 % for
o =101% GeV andmy = 100 GeV).

Electroweak symmetry breaking (EWSB). In the SM, electroweak symmetry breaking
is parameterized by the Higgs bosoin and its potential V (h). However, the parameters
of the Higgs sector are not xed within the Standard Model, and thy must be put
into the theory by hand.

Gauge coupling uni cation. Precise measurements of the low energy values of the gauge
couplings have demonstrated that the SM cannot describe gaugeupling uni cation
[64] accurately enough. Uni cation would be desirable to embdble SM gauge theory
into a larger gauge group of a Grand Uni ed Theory (GUT), like SOL0).
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Generation structure and fermion masses. The SM does not explain the existence of
three generations and can only parameterize the strongly néchical values of the
fermion masses. The discovery of neutrino masses implies that tHesbry has to be
extended, as the neutrinos in the SM are strictly left-handednd massless.

Cosmological problems. Several dixculties are encountered when trying to build cosmo
logical models based solely on the SM particle content. The SMimot explain the
baryon asymmetry of the universe; although the Sakharov crite [65] for baryogenesis
can be met, the baryon asymmetry generated at the electrowegkase transition is
too small. The SM also does not provide a viable candidate forehcold dark matter
of the universe.

Therefore, the Standard Model has to be extended. Theoriegtwlow energy supersymmetry
have emerged as the strongest candidates for physics beyond 8M. There are various
reasons to expect that low energy supersymmetry is the probaldetcome of experimental
progress and that it will be directly con rmed at an upcoming ctider.

In the simplest supersymmetric world, each particle has a supemaer which di®ers in
spin by 1/2 and is related to the original particle by a supersymetry transformation. Since
supersymmetry relates the scalar and fermion sectors, the chimmetries which protect
the masses of the fermions also protect the masses of the scalamhfquadratic divergences,
leading to a solution of the hierarchy problem.

Supersymmetry is de ned as a symmetry relating bosonic and feromic degrees of free-
dom,

QjBi'j Fi; QjFi!j Bi; (2.2)
whereQ denotes the spin 1/2 generator of the supersymmetry algebra. M = 1 supersym-
metry (i.e. there is one such generator) in four dimensional spetime, the supersymmetry
algebra is given by the anti-commutator

fQe; Q-9 = 2%, P:; (2.2)

with the Pauli matrices %, spinor indices®;  and particle momentumP.. This shows
that the supersymmetry algebra includes the Poincare algebraf spacetime (momentum
and angular momentum generators have vanishing commutatovéith the supersymmetry
generators). The irreducible representations of the supersynetny algebra are called super-
multiplets, the two most important being:

Chiral supermultiplets, containing one complex scalaf, one two-component chiral fermion
A, and an auxiliary scalar eldF.

Vector supermultiplets, containing a spin 1 vector gauge bosow.?, a Majorana spinor
, 2 (called gaugino) and a scalar auxiliary eld? (ais the adjoint representation index
of the respective gauge group).

In the construction of supersymmetric theories, these supermuyitets (or their eld theoret-
ical counterparts, the super elds) are very convenient.
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Supersymmetry must be a broken symmetry, because exact SUSY woudldtate that
every superpartner is degenerate in mass with its correspondi8M particle, which is clearly
ruled out by experiment. Possible ways to achieve a spontanedugaking of supersymmetry
depend on the form of the high energy theory. Supersymmetry maven be explicitly broken
without losing its ability to solve the hierarchy problem as lag as the breaking is of a certain
type known as soft breaking. If supersymmetry is broken softlyhe superpartner masses can
be lifted to a phenomenologically acceptable range. The sealf the mass splitting between
the two partners should be of the order of 100 GeY 1 TeV because it then can be tied
to the scale of electroweak symmetry breaking. In any case, th®ective Lagrangian at the
electroweak scale is expected to be parameterized by a geheet of soft supersymmetry-
breaking (SSB) terms if the attractive features of supersymny are to be maintained, and
the Lagrangian can be separated as

L = Lsusy + Lsot; (2.3)

with the supersymmetric part Lsysy and the SUSY violating part L. If low energy
supersymmetry indeed o®ers the solution to the hierarchy probte direct evidence of the
existence of the superpartners should be discovered within thext decade, either at current
experiments at the upgradedpp Fermilab Tevatron collider or at the upcoming LHC at
CERN.
Low energy supersymmetry has long been considered the best-rvatiéd possibility for

new physics at the TeV scale not only for theoretical reasons, batiso for its successful
explanations and predictions:

Hierarchy problem. The SM Higgs sector has two 'naturalness' problems. One is the
technical naturalness problem associated with the absence of ansgyetry protecting
the Higgs mass at the electroweak scale when the natural cuto®lscs at or above
the GUT scale, as already mentioned above. The second problemassociated with
explaining the origin of the electroweak scale, when a morenflamental embedding
theory such as a GUT or string theory is typically de ned at a scalesout 10* times
larger than the electroweak scale. This is often referred tssahe gauge hierarchy
problem.

Supersymmetry provides a solution to the technical hierarchgroblem, as the Higgs
mass parameter is not renormalized as long as SUSY is unbrok&upersymmetry also
softens the gauge hierarchy problem by breaking the electremk symmetry radiatively
through logarithmic running, mitigating the e®ect of the lage number¥s 10*.

Radiative EWSB.  With plausible boundary conditions at a high scale, low energsuper-
symmetry can provide the explanation of the origin of electrweak symmetry breaking
[66]. Schematically, the SM e®ective Higgs potential has therfn V (h) = m?h?+ h*.
First, supersymmetry requires that the quartic coupling, is a function of the U(1),
and SU(2) gauge couplings, = (g? + g5)=2. Second, them? parameter runs to neg-
ative values at the electroweak scale, driven by the large taguark Yukawa coupling.
Thus the 'Mexican hat' potential with a minimum away from h = 0 emerges naturally.
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Gauge coupling uni cation. In contrast to the SM, the minimal supersymmetric Stan-
dard Model presented in the next section allows for the uni cabin of the gauge cou-
plings [67,68]. The extrapolation of the low energy values the gauge couplings using
renormalization group equations of the MSSM particle coni# show that the gauge
couplings unify at the scaleM,, ¥ 2 ¢10° GeV [69, 70]. Gauge coupling uni cation
and electroweak symmetry breaking depend on essentially the sauphysics since each
needs the SUSY breaking parameters and the Higgs mixing tefmto be of the order
of the electroweak scale.

Cold dark matter. In supersymmetric theories, the lightest superpartner (LSP) cabe
stable. It then provides a suitable cold dark matter candidatg71]. Estimates of its
relic density are of the right order of magnitude to provide tk observed amount.

2.2 The Minimal Supersymmetric Standard Model

The MSSM is de ned to be the minimal supersymmetric extension ohé SM, and hence
is a SU(3)E SU(2). £ U(1)y supersymmetric gauge theory together with the most general
set of soft supersymmetry-breaking terms. The known matter and gge elds of the SM
are promoted to super elds in the MSSM: each known particle has presently unobserved
superpartner. The superpartners of the SM chiral fermions argpin zero sfermions. The
superpartners of the gauge bosons are the spin 1/2 gauginos.

The Higgs sector of the MSSM di®ers from that of the SM. It consistd éwo Higgs
doublets H, and Hgy, which couple at tree level to up and down type chiral fermias sep-
arately. Both are required for the theory to be anomaly freerad the superpotential to be
holomorphic.

The complete particle content of the MSSM is shown in Table 2.1In the following,
symbols with hats denote super elds while those with tildes det® superpartner elds. The
MSSM superpotential is [72]

W =2TY,Q ¢l i YOy eTYL ¢eHy+ 11, ¢eHy; (2.4)

where the dot stands for SU(2) index contractionA ¢B = 2,-A®B , with the antisymmetric
tensor 2g- (21, = +1). The lepton and quark elds in (2.4) are three component bjects in
cavor space, e.g.LT = (e s C,). Consequently, the Yukawa termsY,; Yy; Y, are 3£ 3
matrices. There are additional renormalizable couplings 2y

We= i Gili& + O CiQd + | % ofdeds; ik =1;2:3; (2.5)

allowed by gauge invariance, which violate baryon and leptonumber. Such couplings could
lead to rapid proton decay and certain combinations are strgfy constrained. In the MSSM
a discrete symmetry calledR-parity (B: baryon number,L: lepton number, S: spin),

R =(j 1)3%Bi L2, (2.6)
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Super eld Boson Fermion Description

0 g 3] gluons/gluinos

W W W W bosons/winos

B B B B boson/bino

C (% e (% e) l.h. (s)neutrinos, ch. (s)leptons
&° CH el r.h. charged (s)leptons
o) (; @), (u; d), l.h. (s)quarks

ac bR uy r.h. up-type (s)quarks
g a e r.h. down-type (s)quarks
Mg (hQ;hi).  (Ag; A, down-type Higgs(inos)
A, (hi;h)L (M), up-type Higgs(inos)

Table 2.1: Particle content of the MSSM.

is imposed which forbids all couplings in (2.5). The usual Stalard Model particles have even
R-parity, R = +1, while their superpartners have oddR-parity, R = j 1. The conservation
of R has very important consequences:

2 The lightest sparticle with R = | 1 (the LSP) is stable, and hence a possible candidate
for cold dark matter.

2 Sparticles can only be produced in even numbers.

2 Each sparticle other than the lightest supersymmetric particlLSP) must nally decay
into a state with an odd number of LSPs.

The necessity of supersymmetry being broken at low energies imegl the appearance of
supersymmetry-breaking terms in the Lagrangian. In order ndb reintroduce the hierarchy

problem only a certain subset of all possible SUSY-breaking termsashd be implemented.

One then arrives at the soft SUSY-breaking (SSB) Lagrangian [{7Z2],

1
iL sot = 33_('\7|'1B-B-"' N, WW + NTs66)

+

TAQCH, i TAQCHyi €TAL ¢Hy+ BH, ¢Hy + h.c.
+ Q@mRQ+4¥mie + a¥mid® + CYmEC + €V mief
+ mZ jHgj?+ m2 jHuj%; (2.7)

whereNr1; NI,; M3 are bino, wino and gluino masses, respectively (the adjoint regsentation
gauge indices of the wino elds are omitted). The second line {2.7) consists of trilinear
(scalar)® couplings with arbitrary matrices A; Ac; Ay and the SSB Higgs mixing parameter
B. The third line contains soft SUSY-breaking contributions to he sfermion masses with the
3£ 3 hermitian matricesmé; mg,; m3; mZ; mg. Explicit Higgs mass contributions are found in
the last line. All parameters are completely arbitrary withinthe MSSM. If for example the
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entries ofmﬁ are all of comparable size, the induced lepton °avor and CP vation would be
disastrously large. This makes the need for an additional thestical framework apparent.

The terms in (2.7) explicitly contribute to masses and interattons of the superpartners
but not to their SM counterparts. The underlying supersymmetrybreaking is assumed to be
spontaneous, presumably taking place in a hidden sector as in teepergravity framework
to be discussed in Section 2.3. All the quantities ih s, receive radiative corrections and
thus are scale dependent, satisfying known renormalization wfions, which are given in
Appendix C.2 (for the MSSM without right-handed neutrinos).

The soft parameters clearly have a signi cant impact on the MSShass spectrum and
mixing. The mass matrices of the sfermions are generally notagjonal in the fermion mass
basis, giving rise to °avor violating terms. Gauginos and higgsisavith equal electric charges
mix, the mass eigenstates of the charged ones denoted as chrargiiand the neutral ones as
neutralinos. Details on the construction and diagonalizatio of sparticle mass matrices can
be found in Appendix B.

One of the most important successes of supersymmetry is that it camgpide a natural
mechanism for understanding Higgs physics and electroweak synimebreaking [66, 74].
This mechanism requires correlations among the Higgs soft SUSkeaking parameters and
the supersymmetric Higgs mass parametér. The two electroweak Higgs doublets in the

MSSM are Hh"ﬂ H ho‘ﬂ
Ho= % ; Hg= 9 ; 2.8
u h8 d h(lj ( )

with hypercharges§ 1=2, respectively. For successful electroweak symmetry breakirthe

neutral components of the doublets acquire nonzero vacuumpectation values,

M O‘H K,
P— . P d .
H_|UI - Vu y H_|d| - O ]

wherevy and v, can be chosen real and positive. The connection to the SM recgsrthat

2
2 2mg

(2.9)

Vi+ VE= vi= £ Y, (174 GeVY: (2.10)
O+ 9
The important SUSY parameter tan is de ned as the ratio of the VEVSs,
tan” = “u. (2.11)
Vd

Electroweak symmetry breaking takes place when the Higgs pat&l is minimized for
nonzerovy andv,. At tree level, the condition for this to happen can be expresdeas [72,75]

e 1i i _ _¢ ¢
it = Eltanz Imﬁu tan”j mj cot” | mZ ;
in2 i O
B = sz lmﬁd+mﬁu+21112: (2.12)

Although it is not necessary nor suxcient, EWSB generically occarif mﬁu in (2.7) is neg-
ative. A feature of the MSSM is that this up-type Higgs soft (mas$)parameter is driven
to negative values due to the large top quark Yukawa couplingven if it is positive at some
high energy scale. This is known as radiative electroweak syratry breaking.
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2.3 Minimal supergravity

For the theoretical treatment of spontaneous SUSY breaking is generally assumed that
the theory can be split into two sectors with no direct renormatable couplings between
them [76{78]:

2 An observable sectorgontaining the SM “elds plus superpartners.
2 A hidden sector,in which SUSY is spontaneously broken.

Within such a framework, supersymmetry breaking is communicatl from the hidden sector
to the observable sector via suppressed interactions.

As gravitational interactions are shared by all particles, gnatation is a popular candi-
date for the mediation of supersymmetry breaking. Also, promatg global SUSY to local
SUSY naturally leads to supergravity, an e®ective eld theory ajravitation. Supergravity
interactions are suppressed bWpan ¥4 10 GeV, leading to a gravitino (the spin 3/2
partner of the spin 2 graviton) mass of the order

M$

M Planck

M3 Va (213)
where Ms is the scale of spontaneous supersymmetry breaking. Generigath;-, sets the
scale of all soft SUSY-breaking parametersng,;. For viable phenomenology, this infers
Ma= ¥4 Mgoiy ¥4 O(1 TeV) and Mg ¥4 10 GeV.

In the minimal supergravity framework one assumes that the KAgr potential (an ingre-
dient from which the supergravity Lagrangian is constructedhas canonical form,

X
K®)= &3 (2.14)

where the®, are all MSSM chiral super elds and those hidden super elds that pécipate
in SUSY breaking. This leads to a common soft scalar masg, a common gaugino mass
mM1-,, and a common trilinear couplingA, in the soft SUSY-breaking Lagrangian. ¢ (2.7)*,

2 _ 2 _ 2 _
mg = M= m; =
2 _ 2 _ 2.
mp, = mp = mg;
Au= AoYu; Ad= AoYd; Ae= AogYe;

M= M= M3= M-, (215)

2 — 2 — 27
mZ = mg = mgl;

at the Planck scale, highly constraining the MSSM parameter spa. It is common practice to
adopt the above conditions aM,; rather than Mppnek, because the physics above the GUT
scale is not known without specifying a GUT group. Thus, the soft staxr mass matrices are
all diagonal, °avor degenerate and even universal among all sfeon species atM,; . The

Throughout this work, the 3 £ 3 identity matrix is denoted by 1.
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Figure 2.1: Running of the SUSY breaking parametersiti, m-, me, A; = (Ag)ss in the
MSUGRA scenario SPS1a.

universality and °avor degeneracy of the sfermion masses is noneerved at the electroweak
scale due to the MSSM RGEs in Appendix C.2. As an example, this is@shn in Figure 2.1
for one of the MSUGRA scenarios used in this work. On the other hanthe MSSM RGEs
do conserve the lepton °avor.

Through successful radiative electroweak symmetry breaking.{2), it is possible to trade
the Higgs parameters and B for the EW breaking parameter tan and the sign oft (we are
assuming that all parameters are real, otherwise, the phasetoivould remain undetermined).
This leaves us with the following set of independent paramete

Mo; M1=; Ag;tan ; sign?; (2.16)

in the MSUGRA constrained MSSM.

In this work we use mSUGRA benchmark scenarios proposed in [79Hamne Snowmass
scenario [80]. The sparticle spectra corresponding to these sa@®are consistent with all
experimental and cosmological constraints, in particular wit

2 direct sparticle searches,
2 p! s°,

2 cosmological relic density, with the lightest neutralino as ¢ihtest SUSY particle and
dark matter candidate,

2 Higgs searches.
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B' c G I' SPSla
M= 250 400 375 350 250
Mo 60 85 115 175 100
Ao 0 0 0 0 -100
tan 10 10 20 35 10
1 +333 +503 +471 +439 +352
ho 113 116 117 116 114
er;r 121 180 189 224 143
& 112 172 162 155 133
e;- 188 289 285 300 202
& 192 291 291 310 206
% 171 278 273 289 186
o 187 277 270 277 185
AD 98 163 153 143 96
AS 181 310 289 270 176
AJ 346 519 489 464 358
A 365 535 504 478 377
A3 180 309 290 270 176
A5 367 535 505 479 378

Table 2.2: Fundamental parameters and particle masses in the mSUGRA bechmark
scenarios used. All values are in GeV except for the dimensibess parameter tan .

The values of the mMSUGRA parameters (2.16) in the benchmark s@#ios used are listed
in Table 2.2, along with the most important particle masses at lo energies. The masses
have been calculated using the procedures presented in AppenBi We constrain ourselves
to those scenarios which lead to suxciently light sleptons, so thahe production of slepton
Bairs containing a large admixture of at least one left-handell component is possible at

s =500 GeV or at most 800 GeV. Also, we will mainly concentrate on thecenario SPS1a
which has become a standard within the SUSY collider physics camnity. Its sparticle
mass spectrum is shown in Figure 2.2. The other scenarios will bged to highlight possible
alternatives.
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Chapter 3

Slepton °avor violation

As has been noted in the preceding chapter, there exist in geakmany possible sources of
lepton °avor violation in the MSSM, in the form of °avor non-diagonal slepton mass terms
and trilinear couplings. Potentially, they can lead to disastously large LFV process rates.
The introduction of the mSUGRA constrained parameter space witits universal and °avor-
diagonal masses cured this problem by removing all o®-diagomaims. In this chapter we
introduce small deviations (trrfc)ij , concentrating on the left-handed slepton sector,

i (img)ll (img)lz (img)ml
mZ = diag (M2)11; (M2)22; (ME)as + @(#m2)5, (dm2)y, (2M2)eA (3.1)
(#m9)Ts (D)3 (2M)ss

Here, (mi.)n are the diagonal terms of the °avor-conserving mSUGRA framewar The
additional terms in (3.1) anticipate the contributions fram adding right-handed neutrinos
to the MSSM particle content in the supersymmetric seesaw mecham, as will be outlined
in Chapter 4. Constraints from LFV processes naturally lead to dunds on the quantities
(J_rmé)ij . In the following we review the most important processes that cabe used to limit
or determine these parameters.

It should be noted that the results of this chapter are model inebendent. We only assume
that the charged lepton °avor violation is generated by o®-dgonal left-handed slepton mass
terms as in (3.1). The actual process calculations do not evelepend on this assumption
but hold for arbitrary slepton mixing as described in Appendice B.3 and B.4.

3.1 Low energy loop processes

311 i1l

The classical probes, yielding the most stringent bounds, in the geh for °avor changing
neutral currents (FCNC) have been the processés! e°, ¢! 1° and¢ ! e°. The current
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A0
l r l
Figure 3.1: Diagrams forl{ ! I/ ° in the MSSM

limits on the branching ratios of these processes are:

Br(* ! e°) < 12¢101 [81,82]
Br(¢! 1°) < 31¢107 [83,84] (3.2)
Br(¢! e°) < 37¢107 [81]

The MEG experiment at PSI and data from B-factories are expéad to improve the sensi-
tivities on Br(* ! e®°)and Br (¢! 1°), respectively, in the near future:

Br(*! e°) % 101 [85]

Br(¢! °) Ya 108 [84,86] (3.3)

In addition, searches for;, ! *° at the LHC or SUPERKEKB may reach a level ofBr %
10 °.

In the MSSM, contributions to these processes can arise from diags with charged
sleptons or sneutrinos in the loop if there is a non-vanishing °av mixing in the slepton
sector. The Feynman diagrams for the process! |[;° are shown in Figure 3.1, from which
one obtains the following decay rate [35, 48],

€ i 2.  Ar2® \
i(h! ;%)= @pﬁ JAFIZ+JARE G m A my; (3.4)

where the coexcientsA- and AR are given in Appendix D.1. Becausen, A m; and mZ
is assumed to be diagonal (this will hold to a very high degree ithe SUSY seesaw, see
Chapter 4), one hasAR A Al [21,22]. The dominant contribution in (3.4) can then be
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approximated by* [87]

1
Al = W(Afj?R + AR (3.5)
! A !
1 gzm|. X x My mii
AR Y pP=— —5 (01) 41 (02) o (W) ()i Fy —5+ (3.6)
: 3247 2mwe oy MG ’ ) EA |
1 SEDN M 4o m,%o .
AR Y | =S 0tw —2Naz (Naz + Nattw) (Ui (Ui kF3' —= 5 (3.7)
3% ast ker ME me

the two parts AR, ANR corresponding to charginos/sneutrinos or neutralinos/chargeslep-
tons in the loop, respectively. F£(x) and F)Y(x) are loop functions (also given in Ap-
pendix D.1), which are of order unity in the mSUGRA scenarios ude O;-,, N, U- and U.

are the chargino, neutralino, charged slepton and sneutrinoiring matrices, respectively.
Their de nitions can be found in Appendix B. The numerical calalations discussed later
are performed with the full expressions foAﬁ and A{f of Appendix D.1.

Note that there is no di®erence between the rates f ! 1! > and I ! I ° at the one-
loop level [45,46]. We therefore do not distinguish betwedr (I ! I/ °)and Br (I ! 17°)
in the following.

For rough order of magnitude estimates, the branching ratio t¢3.4) can be further
approximated through the mass-insertion technique (an o®-diagal mass term in the °avor
basis is described by a two-leg vertex and inserted only to lowester in a Feynman diagram
[21,22]), yielding
_m_iﬂl(imﬁjij 12; 3.8)

m* m
wherem is the typical mass scale of SUSY particles in the loop and |s the total width of
lepton |;. This approximation is applicable if the o®-diagonal mass ters are small compared
to the diagonal masses, #n2); ¢ (m2)i (i 6 j).

Br(li! 1;°)va®tan?

3.1.2 Other rare LFV processes

The processes! ! IJ-i Iji Ij+ and*iN! e N (*j econversion in nuclei) are generated in
the MSSM by photon penguin diagrams (the photon in Figure 3.dlecays intolji Ij+ or q‘ q*,
respectively),Z penguins and box diagrams [20, 48, 88,89]. Current boundsar

Br(**! e'e'é) < 10¢10 !> [81]

REITI! €T < 61¢10'° [81,82] 39

with R denoting the cross section normalized to the total muon captarrate. The MECO
experiment aims at a sensitivity for i Al ! e AlbelowR % 10 6 [90]. In the farther future,
the PRISM project plans to provide beams of low energy muonstv an intensity increased

Throughout this work, trigonometric functions will often be abbreviated by thei r initials, s- = sin,

¢~ cos ,tw ~ tanpy, with the electroweak mixing angle py .
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by several orders of magnitude, so that it may become possible achBr (2 ! e°) %410 ¥°
[91],Br(** ! e'e'e ) %101 [92]andR(*I Ti! € Ti) %10 8

In the case of conserve®-parity, as considered in this work, the main contributions
the above processes arise from photon penguin diagrams. As a cousage, one has the
following model-independent relations [21, 48],

TRPR
Br(¢! 3¢ , ®8 m? 11 | .
m /4 8_]/4§ n mé' Z /47¢10 y (310)
RLIN! e@N) | ¥ N
/o 168 ——Z 5 ZjF ()j? 3.11
Bl’(l | eo) 4 icap e®ZJ (qz)J ( )
Y, 6¢10°  for Titanium; (3.12)

whereF (¢f) is a nuclear form factor,Z (Z.e) is the (e®ective) electric charge of the nucleus
and j cap the total muon capture rate [93{95]. From these relations andly comparing the
experimental limits in (3.2) and (3.9), one can see that the psent limits onBr(* ! 3e)
and R(*' N! €' N) are considerably less sensitive than the current bound @r (* ! e°).
However, a future measurement in the range &(* Ti ! e Ti) ¥4 10 ¥ [96] could provide
a more sensitive test than the corresponding future sensitivitgr (* ! e°) ¥ 10 *°,

3.1.3 Electric dipole moments

Although lepton °avor conserving observables, electric dipole aments (EDMs) of the elec-
tron and muon are correlated with LFV decays such as! e°. The electric dipole moment
of lepton |; is given by [46, 48]

g = Sm, AR ALY (3.13

with the same coezxcientsAR and Al as in (3.4) given in Appendix D.1. Neglecting the
lepton mass one arrives at [48]

~

A A ! A , !
_ € X i L ~re ®Ma e Ma L qra$Mag oy Mag )
di - 327 Im Cik;a Cik;a m2 I:2 m2 i Im Nik;aNik;a m2 I:2 m2 )
kia x K i Ti

(3.14)
where the sum extends over the appropriate slepton/sneutrinad chargino/neutralino mass
eigenstates. The factors INCj.., CR3) and Im(Nj., NR%) show that EDMs are CP violating
observables, sensitive to the imaginary parts of the slepton masatrices (see Appendix B.5
for the de nition of the vertex factors C-"R, N“R). The main emphasis in this work is
on lepton °avor violation rather than CP violation, though. Furthermore, EDMs are not
able to give signi cant constraints on the SUSY seesaw parameter spaas will be seen in
Chapters 5 and 6. Their current (expected future) limits beig to large,

de < 1:5¢10 ?7(10 3%) ecm [97,98]

d < 1:5¢10 810 26) ecm [92] (3.15)
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Figure 3.2: Feynman diagrams fore* el | ['1f 1 1715 AJA2. The arrows on scalar lines

refer to the lepton number °ow.

Nevertheless, as CP and lepton °avor violation are closely relatewe will brie®y comment on
these observables in the context of the SUSY seesaw model. For aeniiorough discussion
of EDMs in the context of the SUSY seesaw model, the reader is meéal to [48].

3.2 Slepton pair production

Future linear colliders, such as TESLA, will be able to measure syile properties to a very
high precision. Among many other things, a LC has the ability to@nstrain or determine the
o®-diagonal parts of the slepton mass matrix, complementingeéhsearch for LFV via rare
decays as outlined in the previous section. A natural channtd do this is the production of
slepton pairs, which decay into various Standard Model parties and two or more LSPs (in
our case, the LSP is always the lightest neutralino).

3.2.1 e*é collider

The slepton °avor mixing induced by o®-diagonal slepton mass matrentries (3.1) gives
rise to the lepton °avor violating processeg*e | ['If | 121, ADA, (i;j = 1;::;6). The
lowest-order Feynman diagrams are shown in Figure 3.2. More speally, the lepton °avor
violation in these processes is caused by the slepton mixing matti.- (B.19), which enters
both the slepton production and the decay vertices. As a consedque, factorization in
production cross section times branching ratios is not alwayeppropriate. One rather has
to coherently sum over all intermediate slepton states. In the lowing, we summarize our
analytical results on the amplitudes and cross sections for tlaove processes. The detailed
calculations have been carried out in [99].

The sleptons are produced either via s-channel exchange of sofmn or Z boson, or t-
channel exchange of neutralinos. The sleptons then decay irtteo leptons of di®ering °avor
and two neutralinos. From now on, we will concentrate on twodihtest neutralinosA? as they
constitute a stable "nal state. The signature of our processes is the*e ! %1 + E, as the
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neutralinos are not observable. Note that in the mSUGRA scenasode ned in Table 2.2,

the heavier neutralino statesA%; a = 2;3;4, do not contribute to these signals; either they
are too heavy and hence not or only rarely produced in the slept decays, or they are too
light in order to decay invisibly via A2 ! @ 1 A%0 Other open channels such ag iead

to more complicated nal states which are not considered here.

As already mentioned, the °avor violation can take place in theroduction and the decay,
caused by the LFV vertices of the type lepton-slepton-neutralo and Z-slepton-slepton
(Appendix B.5). The e®ect of the lepton °avor violatingZ vertex is rather subdominant
as it is additionally suppressed by left-right mixing of the slefpns. In addition, t-channel
exchange is roughly one order of magnitude larger than s-cheat exchange.

Signal cross section  The helicity amplitudes for our process, separated into prodtion

and decay, can be found in the Appendices D.2 and D.4. It is thestraightforward to derive
the cross sections for the complete2 4 processe*e | [If 1 IZ1,A)A. For the square
of the amplitudes summed over all possible intermediate sleptatates one nds [61]

WER (MM E)MIMEYM M )G Gy o L
= O M O e G e 1 2 i,
[Ulkl?’ -, 3 ih 3 . 3 i
£ £ pjim +=xpjm ipﬁimé ++pii mi o (3.16)
with
1 . 1
Cik = : > MMmjig = c(Mpi+mgj); ¢mi = mﬁi mﬁ: (3.17)
1+ ¢ i 2 k™ Tk i Kk
I2h’Tliiik

M, M| and M J+ are the amplitudes for the slepton production, and the positer and
negative slepton decay, respectively. As one can see in (3.16¢ have used the narrow
width approximation for the slepton propagators, which is weljusti ed since the slepton
widths j -, of order 1 GeV or less, are much smaller than the slepton masses afeor100 GeV.
For the product of two slepton propagators, this approximatia yields [49]

A A I h .
1 1 Yy !
. _ Y4 G — Hp*i m?)+ Hp?i m?) :
PPi m2+img i, P | mI2~k+|mrkirk K oMy i (pmi mp)+ Hp"i M)
(3.18)

In principle, it is necessary to include the interference bew®en the identical outgoing neu-
tralinos (which are Majorana particles). This e®ect is negiigle in the case of small slepton
decay widths. We checked this during the Monte-Carlo simulain of the signal.

Integrating over the slepton momenta squaredy; and pz, and using the de nitions (the
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particle four-momenta are de ned in Figure 3.2)

d*ps ®cp, MMy

3/ - 1 4+ . .
A% (2Y)"Hpr+ P2i Psi Pa) V)22, (3/)°2E, 25
d®ps d*p; Cik Co
Bk = (W'Hp:i psi MiMi©:
d ik ( /; (p3 | p5 | p7) (21@32E5 (2%32E7 2I,m| iik i k
d°ps d°pg G
) - 1N 4+ . . ) + +a,
the di®erential cross sections can be expressed in the intuitiarh
. o 1X X
d'°’/(e+ el |z |('@ + ZAg) = Z d%}m dBix dB“ : (3.20)

ikl pg=m2m2
]

p2=m2 ;m?2

As expected on general grounds, for large mass di®erences)2¢A hmjiy, i 6 k, the
factors Cy in (3.17) approachz,. Consequently, the coherent sum in (3.20) reduces to an
incoherent sum over products of production cross sections tisibranching ratios,

X
d¥e e | 1M1, +2A0) va  d¥e"e | FH)dBr(ff | 1LA)dBr(EF 1 IA): (3.21)

ij
Using the full slepton mixing matrix U. and summing over all intermediate slepton states,
(3.20) takes into account all possible °avor transitions. If the ®-diagonal entries in the
slepton mass matrix (or alternatively, the mixing angles irJ,) are small, the cross section is
dominated by one °avor transition. This is most easily formulatd within the mass-insertion
approximation, leading to

(+m2) 2

d¥ete | 1215 +2A9) 1/41(':%3/@* e ! Frm)Br( ! ILAYBr(K ! 1FAY); (3.22)
rr

for ® 6 ~, with the °avor-diagonal production cross sectior¥{e*e ! ['IT) and decay
branching ratios Br(rf;j ! I%:-A({). Care must be taken to include only those channels
that allow the °avor transition at hand through one mass insertio only, e.g. for® = 1
and = ¢ at least two °avor transitions would be necessary in the t-channeHence, only
the s-channel °avor diagonal production cross section should baken into account in the
¢ 11 case. Comparing (3.22) with the analogous approximation f@r (I ! 1-°) (3.8), one

immediately sees that both observables are highly correlatedth each other through the
o®-diagonal slepton mass terms,

Br(le! 1-°)/ ¥e"e | X1, +2A0) /] (#md)ej*: (3.23)

As is apparent in (3.17), the °avor correlation is highly sensiiie to the masses and total
widths of the sleptons. Whereas previous studies often used omggneric values of these
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quantities, we calculate the slepton decay widths,j in each scenario including the e®ects of
LFV. For all M\SUGRA benchmark scenarios used, the dominant sleptalecay channels are

Mo
!

i
®

> P

1=}

®
!

o

-
> N

with a combined branching ratio always larger than 99%. Thenclusion of these decays is
essential for the numerical stability of the °avor correlation &ctors (3.17). The calculation of
the two-body decays (3.24) is straightforward. The respectwwertices can be found in [100].

Background analysis  After having discussed the lepton °avor violating signals leading
to the signaturesl® Ii, + E, we now turn to the Standard Model and lepton °avor conserving
SUSY background. For the dominant SM reactions we also illust@the e+ciency of angular
and energy cuts in reducing this background. We are going tesume that at the time these
searches for LFV will be performed, SUSY has already been disead and the lighter
sparticle masses and main decay channels are known. In this cas® will be able to design
very speci ¢ cuts optimized to each channel of interest.

The background calculation was performed using the softwareagkage CompHEP [101].
For the Standard Model and lepton °avor conserving SUSY backguad processes the exist-
ing CompHEP model Tes were used. In order to study the impact of ¢sion the signal, we
implemented our own left-handed slepton °avor violating SUSY odel, i.e. enhancing the
standard SUSY model Te with LFV vertices generated by o®-diagahmass terms (3.1).

The dominant Standard Model background is produced by the flowing lepton °avor
conserving processes,

Bl) e'e | W*wWi | [fo-|ieg: ®6 ,
B2) e'e | W*e e, [fo-gia, ~ 81,
B3) ee | ¢l 7015 %, ®=1;2,

all with the signature 1* 1§, + E. It will turn out that these processes cause the dominant
background to our signals. In order to reduce it we adopt threei®erent types of cuts:

Beam-pipe cuts: jcos€®;13,)j < 0:966 ( 159

Cutting away small angles of the outgoing leptons partially laninates the large con-
tributions from the t-channel photon exchange in (B2), and small angi&/® (B1) and
¢, (B3) production. The angular distributions of the nal leptons in the signal are
relatively °at as the leptons are decay products of the heavyegptons. The value of
15* roughly optimizes the signal to background ratio for all mMSUGR scenarios used.
The signal rates themselves are only reduced B% 15%. Optimizing the angular cut
for each scenario is possible but does not have a large impact.
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Lepton-energy cuts: EI1 . E,%_f- Eag

We require that the lepton energies lie within the intervalorresponding to the decay
1 13 A in the signal,

) m? i mgo m? i mgo
gmin - _ T Aopmax - T AL 3.25
®= 2(Er+ p)’ © 2(Eri B’ ( :

wherelis the appropriate mother-slepton, and the momentum and engies are given
by r g

p.= is (s; m23; mé); E.= m$ + pzr; (3.26)
in the center of mass frame. The ideal lepton energy distributns of the signal are °at
between the limitsE™", EM™and vanish outside. The only problem is that there can
be up to six sleptons in the intermediate state, each with a di®ag mass, contributing
to the signal coherently. Conservatively, the minimum (maxiram) value of E™n (EMax)
of all sleptons would be used to achieve full conservation of teegnal cross section. To
enhance the signal to background ratio we go a step further. Asticed in the previous
section, the signal is dominated by one °avor transition and thua certain combination
of intermediate sleptons. In thel * e t-channel, the dominant intermediate states are
e e, and 5 €, as the °avor of the negatively charged lepton is conserved, dihe
right-handed selectrons couple more strongly to neutralino3.hey are also favored due
to their smaller masses (see Table 2.2). This allows the usage of arenarrow energy
interval without cutting too much of the signal, optimized fa each scenario and °avor
channell* 1.

Missing-energy cut:  2mpao - E - péi Eqin j gmin
The outgoing neutralinos of the signal are neutral and not obe&able. They can only
be traced through their missing energy, which must be larger tha2mz, but small
enough to allow production of two leptons with their minimalenergies. As in the
lepton energy cut, we optimizeE{™"™ for each scenario and °avor channel.

In Tables 3.1 and 3.2 we summarize the SM background cross setdido e"e | 1*e +
Eande'e | 710 + E, respectively, that remain after applying the above cuts. The
lepton °avor violating mass term (imé)ij is adjusted in each channel and scenario such that
the uncut signal cross section amounts to 1 fb, allowing an easyteenination of the cut
exciencies, which are also given in Tables 3.1 and 3.2. We do nainsider the channel
ete | ¢é + E, as it will normally be unobservably small in the SUSY seesaw model
be discussed later. Requiring a signal to background rat®= B & 2 leads to a minimal
uncut and observable signal of roughly:@; 0:3 fb inthe!* e -channel and 01; 0:3 fb in the
¢t 1i-channel for” s =500 GeV and a luminosity of 1000 fb®. An additional background
suppression may be achieved by applying selectron selection c|i82] on the acoplanarity,
lepton polar angle and missing transverse momentum, which aretrmossible (or only with
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| 1*e + E (SM) \
Scenario| 500 GeV | 800 GeV | Exciency
B' 9.8 8.1 70%
C' 4.2 8.4 50%
G' 51 10.0 60%
I 5.3 12.3 60%
SPSla 12.2 111 60%
Tatae 3.1: Cross sections in fb of the SM background ine*tel ! 1*e + E collisions
at = s = 500 GeV and 800 GeV including cuts. Also given is the exciency(signal after

cuts)/(uncut signal) of the applied cuts.

great dixculty) to implement in CompHEP. It has been shown that n ttH's way the SM

background to slepton pair production can be reduced to abo&-3 fb at

while the signal cross section shrinks only by a factor of three.

s = 500 GeV,

| i+ E (SM) |
Scenario| 500 GeV| 800 GeV | Exciency
B' 3.6 2.5 50%
C 1.3 1.6 40%
G' 2.1 2.2 50%
I 2.4 3.6 60%
SPSla 4.7 2.9 40%

Table 3.2:
at ?J s

Cross sections in fb of the SM background ine* el !

.+

1+ E collisions

s = 500 GeV and 800 GeV including cuts. Also given is the exciency(signal after
cuts)/(uncut signal) of the applied cuts.

In addition to the Standard Model background one also has to k& into account lepton
°avor conserving MSSM processes. The dominant production chamnare:

B4) e"e | [T,
B5) etel | &,
B6) e'e | AAL,
B7) et | Aled,

where the sparticles decay into

2 + A0. @ Af
I.id' ! Ii Al! |A11
AO. i At
2 a1 oAl | AL
At +q . 0
2 AL 1Py TEo,
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Tables 3.3, 3.4 and 3.5 list the MSSM background for the charleé *e', ¢*1i and ¢" €,
respectively. Again, the background was calculated using ComdgP, applying the above
cuts, which do not have as large an impact as in the SM case for whithey were optimized.
The background production channels B4 - B7 were calculatedpsegately and added only
incoherently.

| 17¢ + E (MSSM) |

B’ C G' § SPSla
ee | | 500 800| 800| 500 800| 800 | 500 800
M [%0 v%0|%0|0.02 0.050.08|¥%0 ¥%O0
&a. | 140 %0 |%0| - %0 |0.25|%0 %O
AA | %0 003 18| - 0.03] %0 | %0 0.05
Aled, |¥0 001 20| - 0.02| %40 |%0 0.01
Sum |%0 0.05] 3.8/0.02 0.1]0.33]%0 0.06

Taiﬁ)le 3.3: Cross sections in fb of the MSSM background ire*el ! 1*el + E collisions
at _ s=500 GeV and 800 GeV. In scenarios C' and I' the cross sectionare below 0.01 fb
at = s =500 GeV and are therefore omitted. Kinematically forbidden channels are marked
by a hyphen. Cross sections smaller than 0.01 fb are denotedyld/ 0.

| ¢t + E (MSSM) |

B' C G' I' [ SPSla
eel | | 500 800| 800 | 500 800| 800| 500 800
e[ 27 21|%0|%0 031526 22
4o |14 1.8|/006| - 01]09|18 19
AA %0 06| 43| - 12|07|%0 03
Sum |41 45| 49 [%0 16|31 44 44

Taie)le 3.4: Cross sections in fb of the MSSM background ire* el ! ¢*1i + E collisions
at D s =500 GeV and 800 GeV. In scenarios C' and I' the cross sectionare below 0.01 fb
at = s =500 GeV and are therefore omitted. Kinematically forbidden channels are marked

by a hyphen. Cross sections smaller than 0.01 fb are denotedyld/ 0.

The direct MSSM background to! *e + E is very small, below 0.2 fb in all scenarios
except for C' and I', where it amounts to 4 and 0.3 fb, respectely, at P s =800 GeV. With
2-5fbthe¢™ 17 background is considerably larger and comparable to the SMdkaground. In
Table 3.5 we now also show the MSSM background g € + E, as it can contribute to the
1*e channel via the decay* ! 1%°.¢,. If ¢ and A are light enough, as in the scenarios
B', I'and SPS1a, this background can be as large as 100 fb. Ttiearginos mainly originate
from selectron or°z pair production and decay almost exclusively into stausdi~! i @,.
However, such events typically contain two neutrinos in addibn to the two LSPs present also
in the signal events. Thus, after the;, decay one has altogether six invisible particles instead
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| ¢t e + E (MSSM) |

B' C G' I SPSla
ete | | 500 800| 800|500 800| 800 | 500 800
Fro | 294 281 ¥%0|05 1.7|10.0|239 24.0
&9 432 659 006 - 0.1 |27.7/352 56.1
AA |v%0 06|47 - 11|04]010 10
A'ed, | %40 002| 1.0 | - 0.03| %0 | %0 0.05
Sum | 726 946/ 58|05 29[381[59.2 811

TalE)Ie 3.5: Cross sections in fb of the MSSM background ire* el ! ¢*el + E collisions
at _ s=500 GeV and 800 GeV. In scenarios C' and I' the cross sectionare below 0.01 fb
at  s=500 GeV and are therefore omitted. Kinematically forbidden channels are marked
by a hyphen. Cross sections smaller than 0.01 fb are denotedyld/ 0.

of two, which should allow to discriminate the signal int e + E from this potentially
dangerous MSSM background by cutting on various distributius.

In a recent analysis [103], it was shown that a signal cross sectiohl fb would yield a
5%e®ect on the total cross sectionte*e ! 1*e + Ein SPSla ?5 =500 GeV, 500 fo !
luminosity, standard lepton selection criteria). For the¢*t i -channel, this is somewhat
reduced, with a signi cance of %for a signal cross section of 2 fb.

Polarized beams At a linear collider one has the possibility to polarize the inaming
beams. TESLA aims to reach a maximal electron (positron) polemation of jPs j = 0:8
(jPe+j = 0:6)%. It does not seem immediately apparent that this may help redie the
background. W pair production, a dominant contribution to it, is suppressed § right-
handed electron polarization, but so are our LFV signals, as theriginate from left-handed
slepton mass terms. It is worthwhile, though, to take a closer I&o In the 1*e LFV
signal, the lepton °avor violation takes place in the positivel charged lepton branch. The
signal is thus enhanced for right-handed positrond?{- > 0). To lowest order in the LFV
couplings, there is no lepton °avor violation in the negative anch of the t-channel diagram
of Figure 3.2. In fact, the contribution to the cross section &m incoming right-handed
electrons P > 0) is somewhat larger than from left-handed electrons. This nae seen in
Figure 3.3, where the signal cross sectig{e*e | 1*e +2A,) is plotted Bs a function of
the incoming electron and positron polarizations in the scena SPSla at s = 500 GeV.
The cross section can be maximally enhanced from 1 fb (unpolseed) to ¥4 2:3 fb by choosing
the polarizations Pe: = +0 :6 and P = +0 :8. Unfortunately, we are not able to calculate
polarized cross sections with CompHEP. On general grounds, thgly one can expect that
the W pair background is reduced at this polarization state by rougly one third compared
to the unpolarized case. This would result in a signal to backguad ratio enhancement of
almost one order of magnitude.

2For the denition of polarization, see Appendix D.2.
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Figure 3.3: Signal cross section fore* el ! 1*e +2A as function of the beam polar-
izations Py and P+ in scenario SPSla? s =500 GeV).

3.2.2 € e collider

Signal cross section The calculation of the electron-electron collider process e !
mror1t1,AAD is fully analogous to the electron-positron collider case. Ehhelicity
amplitudes, calculated in [104], for the production can be fmd in Appendix D.3. The
main di®erence is the missing photon and boson s-channel and the necessity to include an
u-channel exchange, as shown in Figure 3.4. An important conseqce of this is that the
processgi ti +2A7 is only possible with two or more LFV transitions, because there iso
s-channel stau or smuon production. As we only consider small LFV & corrections, we
will not discuss this channel. The construction of the total squad amplitude and the cross
section works exactly as in (3.16) and (3.20), respectively.

Background analysis ~ The main background processes with the signatufe e + E are
Bl) eée ! Wig?o ! [Lo-¢g 2. 61,

B2) ee ! 1

B3) e | Ae el

i.e. singleWi production, °avor-conserving charged slepton pair productio and single
chargino production, analogous to the&" e case. The dots refer to di®erent decay channels
given in the previous section. Th&V' pair production procese’ € | Wi Wi | [i]ie-eg
(®; 6 1) is in principle allowed in the seesaw model, but is highly sypessed due to the
very small admixture of heavy right-handed Majorana neutrios in the light neutrino mass
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Figure 3.4: Feynman diagrams forei ¢ ! 11 | 1115 AJAJ. The arrows on scalar lines
refer to the lepton number °ow.
| iTe + E(SM) |
Scenario| 500 GeV | 800 GeV | Exciency
B' 17.4 39.1 60%
C' 6.8 21.3 50%
G' 9.1 30.1 70%
I 11.2 34.3 60%
SPSla 19.2 45.9 50%
Tatae 3.6: Cross sections in fb of the SM background inei e | 1igel + E collisions
at = s = 500 GeV and 800 GeV including cuts. Also given is the exciency(signal after

cuts)/(uncut signal) of the applied cuts.

eigenstates [105]. The analogous argument holds for the SUS&fsion of this process, i.e.
chargino pair production viat-channel sneutrino exchange.

The Standard Model background toe' i + E, mainly originating from single Wi pro-
duction, is shown in Table 3.6. The same cuts as in the’ e case are applied. It can be
seen that the Background tends to be larger than for ag" € collider. Also, there is a strong
increase from s =500 GeV to 800 GeV due to the rise o¥NW! production with energy.

The total cross sections for the MSSM background processes are sarized in Tables 3.7
and 3.8. In all ve scenarios the MSSM background td' e + E is below 1 fb, while the
background to ¢’ € + E in scenarios B, I' and SPS1la is of the order of 100 fb. This is
similar to our ndings for e* e collisions.
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| 1T e + E (MSSM) |

B' c G' I SPSla
ee ! 500 800| 800| 500 800 800| 500 800
e e 0.01 0.01] a0 | 0.01 0.2 0.4 | 0.01 0.02
e A | %0 001/ 04| - 01|%0|%0 0.01
Sum | 0.01 0.02| 0.4|0.01 0.3| 0.4|0.01 0.03

TalBIe 3.7: Cross sections in fb of the MSSM background irei e | 1i el + E collisions
at D s =500 GeV and 800 GeV. In scenarios C' and I' the cross sectionare below 0.01 fb
at = s =500 GeV and are therefore omitted. Kinematically forbidden channels are marked

by a hyphen. Cross sections smaller than 0.01 fb are denotedyld/4 0.

| (e + E(MSSM) |
B' C' G' I SPSla
e e | 500 800 | 800| 500 800| 800 | 500 800
e € 120.8 1023 ¥%40| 0.2 8.1|60.0/91.3 85.6
e2A | %0 001|04| - 0.07|%0| %0 0.03
Sum | 120.8 102.3 0.4 |0.02 8.2|60.0/91.3 85.6

Taie)le 3.8: Cross sections in fb of the MSSM background irel e | (i e + E collisions
at _ s=500 GeV and 800 GeV. In scenarios C' and I' the cross sectionare below 0.01 fb
at = s =500 GeV and are therefore omitted. Kinematically forbidden channels are marked
by a hyphen. Cross sections smaller than 0.01 fb are denotedyld/ 0.

3.2.3 Precision mass measurements

Up to now, we only considered processes that are sensitive to o®-diag slepton mass terms,
which is of course the nature of slepton °avor violating processel$.is reasonable to assume
that any theoretical extension generating °avor violating tems also produces additional
diagonal slepton masses. Such diagonal contributions can carmportant information, as
will be the case in the supersymmetric seesaw.

The question now is just how such additional diagonal terms carebmeasured. The o®-
diagonal terms are small deviations from zero whereas diagdadditions are small deviations
from large MSUGRA mass terms. In principle, all three parameter(imﬁ)n in (3.1) are
measurable. This is not impossible as in mMSUGRA all sfermion masseas aonnected to
the common massn,, potentially making its determination highly redundant. Nevertheless,
it is very unlikely that all three quantities can be constraired or determined with enough
precision.

Hence, we have to try to construct quantities that vanish in the °&or-conserving mSUGRA
limit. Consider a typical mMSUGRA charged slepton mass spectrum (@dable 2.2),

My <Me, Yame, <Mg Yame, <M, (3.27)

i.e. selectrons and smuons (both left- and right-handed) arénaost degenerate. This imme-
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diately motivates the observable

mZ i mZ © omZi miYa2tmi(mg i mg); (3.28)
where mﬁs i mé Is actually more precise, using the proper mass eigenstate ireic The size
of this quantity can be easily determined from (3.1) by calcating the appropriate mass
eigenvalues. Again, we assume that the mass deviations are smallhem, it sutces to
consider only theer j *_ submatrix,

H 2 2 2\a ﬂ
mZ+(dmi)n (FMO)5
C C L ; 3.29
(M) 12 mZ + (2mZ)22 (3.29)
where the two diagonal MSUGRA contributions are equal. Thishds to
m2i m2= ((HM)zi (HM2)1)? +4j(=m2) i (3.30)

showing that this observable is sensitive to the hierarchy of thdiagonal contributions.
For example, in the case of a strong hierarchy and small o®-diagbrelements, (tmi)lz,
(#m2)11 ¢ (23mZ)2o, One simply hasm? j m?2 = (+m?)z.

Various methods are proposed to precisely measure slepton mas$6$6,[107]. One pos-
sibility [108,109] is to use the endpoints (3.25) of the leptoanergy distributions in slepton
pair production, which depend on the slepton mass. The exciency this method is a®ected
by the cuts to reduce the background. Alternatively, one can gasure the production cross
section near the threshold. The characteristic onset of the thshold allows a very precise
determination of the slepton masses. The expected experimentdcuracy for such mass
measurements i© (100 MeV). This necessitates the inclusion of beyond leading @emde®ects
in the theoretical predictions. With this method, one exped to determine the left-handed
selectron and smuon masses at the per mill level in scenario SPSI@/],

Me, +, ¥4 (202§ 0:2) GeV: (3.31)

We assume that a precision of the same order of magnitude may be iagled in the other
scenarios also.

It is desirable to arrive at an analogous quantity for the stau rass splitting. This is
not straightforward, because the staus are considerably sepagdtfrom the other sleptons in
°avor-conserving mSUGRA, due to

2 the large ¢, Yukawa coupling a®ecting the running Ofm§)33,

2 the strong left-right mixing between the staus (also caused by éhdominant ¢, Yukawa
coupling), leading to two mass eigenstatds = # Ya¢r andls ™ & Ya .

As can be seen in Table 2.2, this leads to mass di®erenwési mZ of the order of 2-10 GeV.
In this work, we take the optimistic viewpoint that a mass measwement of m,, relative to
the °avor-conserving mSUGRA value,

My | m”."azSUGRA : (3.32)
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may be possible at some time. This could be achieved by redundigntietermining the

MSUGRA parameters (2.16) through measurements of several spelg properties, thus al-
lowing a reconstruction of the expected mMSUGRA mass spectrum. @&lobservable (3.32)
would be directly sensitive to the slepton mass matrix contribubn (tm§)33.
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Chapter 4

Supersymmetric seesaw

4.1 Theoretical framework

A very attractive explanation of the apparent smallness of th@eutrino masses is provided
by the seesaw mechanism [17{19], which introduces heavy rigldnded Majorana neutrinos,
singlets under the SM gauge groups, to the SM particle contentWithout supersymmetry,
such massive fermions generate radiative corrections to the gggmass proportional to their
squared masses, worsening the hierarchy problem. In a softly brokEUSY model, such
contributions are cancelled to a high degree by those of theBUSY partners, the right-
handed sneutrinos.

The supersymmetric seesaw model is described by additional termghe superpotential
[22],

¢W =28"Y. [ ¢ry | Zangc (4.1)

where @ are the right-handed neutrino singlet “elds,’ denotes the left-handed lepton
doublets andH, is the Higgs doublet with hypercharge +1/2. The £ 3 matrix M contains
Majorana masses, which are allowed for the neutral right-handesinglets®, while Y. is the
matrix of neutrino Yukawa couplings, leading to the Dirac massnatrix

mp = Yohhi; (4.2)

after electroweak symmetry breaking. The soft SUSY-breaking beangian is modi ed ac-
cordingly,

1
¢ Loon = 2FME Of + (T AL OH, | 5o Boog +h.c); (4.3)

with additional SSB terms m?LR, A. and B.. In principle, these terms modify the sneutrino
mass matrix but as they are assumed to be of the order of 1 TeV, thewrc be neglected
(compared toM, which will be considered to contain masses of the order of'§0*® GeV) in
calculating the low energy sneutrino spectrum. See Appendix8for details.

Light neutrinos can be naturally explained if one assumes thahe Majorana scaleM
of M is much larger than the scale of the Dirac mass matrixnp, which is of the order
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of the electroweak scale. At energies much smaller thalr one then has an e®ective
superpotential [22]

¢ Wep= | %(lilu ¢CTYDHMI LY.L ¢Ry); (4.4)

with the right-handed neutrinos integrated out. After electoweak symmetry breaking, this
superpotential leads to an e®ective mass matrir. for the left-handed light neutrinos,

me = miMi tmp = (vsinT)2YIMi 1Yo, (4.5)

which is suppressed by the large scale of the right-handed neuaus as

3 M 1 1
A mp 2 Mg '
mo =0:1 eV 100 GaV 104 Gav : (4.6)

This result can also be obtained by expressing the superpotenti@.1) in matrix form,

1“0 mﬂ

T
= D 4.7
2 mp M’ 47
in the ((; @c) basis. The seesaw formulae (4.5) and (4.6) then immediately lts/ by diago-
nalizing the seesaw matrix (4.7) in the limitmp ¢ Mpg. In addition, this procedure shows
that the mixing between the left- and right-handed neutrinostates is suppressed by mixing
anglespir ¥a .

The symmetric light neutrino mass matrixmo. can be diagonalized by a unitary matrix
U,

U'mo U = diag(m1; m,; ms); (4.8)

that relates the neutrino °avor and mass eigenstates,
0 1 0,1

0e 1
@, A = y@,A . (4.9)
[0} [0}
é 3
In general, the Maki-Nakagawa-Sakata (MNS) matrixXJyns Which appears in neutrino os-
cillation observables is given by

UMNS = UUg, (410)

with the charged lepton mixing matrix Ue. In the following we work in the basis where
the charged lepton Yukawa coupling matrixY. and the Majorana mass matrixM of the
right-handed neutrinos are diagonal. This can always be aelved by rotating €z, ®z and [*
appropriately. Consequently, the MNS matrix is identical to he left-handed neutrino mixing
matrix U in this basis. A popular parameterization forU is

U=V ¢diage?t; €42; 1); (4.11)
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whereA;; A, are CP violating Majorana phases and/ can be written in the standard CKM
form, 0 _
C13C12 C13S12 S13€' *

V=@ cuspi 3235130123& C23C12 i 3235135129% Sp3Ciz A ; (4.12)
S23812 | C23S13C12€™ | S23C12i C23513512€  Cp3Ci3

with ¢ =cosp; andsj =sin 1y . L2, es and Py are the neutrino mixing angles measured
in oscillation experiments andt is the CP violating Dirac phase.

The experimental data on neutrino oscillations determine aat least constrain the mixing
matrix V. Using the results of recent neutrino ts (Section 4.5) and makip some further
necessary assumptions on the neutrino spectrum one can recondtrne from (4.8),

me. = U" ¢diagmy; my; m3) ¢UY: (4.13)

A major problem of the seesaw model is that it contains many frggarameters. This is
already obvious in (4.6), where it can be seen that a given ligheutrino mass scale may
be achieved by tuningmp and Mg. In the general three generation case, the seesaw model
contains 18 parameters: three Majorana massés = diagM; M,; M3) and 15 parameters
in the Yukawa coupling matrix Y. (Y. as an arbitrary 3£ 3 complex matrix contains 18
parameters but 3 phases can be rotated awdy) On the other hand, the (in principle)
observable light neutrino mass matrixm. contains 9 independent parameters (4.13). three
mass eigenvalues, three mixing angles and three CP violatingngses. Hence, it is not
possible to reconstruct the full theory from observable quaniis, even if all observables were
measured. Nevertheless, one can try to parameterize this amhiguInserting (4.13) into the
seesaw formula (4.5) and explicitly using a diagonal Majoranaatrix M = diagM; M;; M3)
leads t@

U® ¢diagm; ¢ = (v?sin? 7)Y, ¢diagM/ * ¢Yo; (4.14)
which is of the form
ATA= B'B: (4.15)
In general, this does not mean thatA = B. Instead, B = RA for any matrix R satisfying
R'R= 1, i.e. a complex orthogonal matrix. UsingR, Yo can be expressed as
i . _
Yo = ———diag M ¢R ¢diag” my ¢U: (4.16)

This shows that the high energy theory can be fully described ky, the light neutrino masses
m;, the right-handed Majorana masseM; and R. A possible parameterization oR is given

by [22] 0 1
CC3 | C1S3 i S1S52C3  S1S3i C1S2C3
R= @cs; CiCsi $1553 | SiCsi CiSaSsP (4.17)
S2 S$1C2 C1C

LIn total, the leptonic sector of the seesaw model contains 21 physical parameters addition to the 18
parameters mentioned above, there are 3 charged lepton masses (in the basis ahgthnal Ye).

2Throughout this work, we use the notation diagX; ~ diag(X 1; X »; X 3) for diagonal matrices. No sum-
mation over the index i is to be performed.
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with three complex anglegy = x; + ixj, ] =1;2;3 (¢ = cosl;, Si = sin ). Hence, there are
six real parameters inR. This can also be inferred by counting the necessary parametans
the theory:

18 = 6(U) + 3(m;) + 3(M;) + 6(R):

4.2 Renormalization group evolution

The addition of right-handed neutrinos crucially a®ects theenormalization group evolution
of the theory. The RGEs of the SUSY seesaw model can be found in Apdex C.3. The
method to apply them is outlined below.

Neutrino sector In the case of non-degenerate heavy neutrinos it is importatda decouple
the appropriate degrees of freedom at their respective scale$his is done by matching
conditions [110] at the Majorana mass scalé4,, M, and M3;. We here present the bottom-
up integration scheme, successively integrating in the rightamded neutrinos from bottom
to top.

Below the masaVl; of the lightest Majorana neutrino, the right-handed neutriros are all
decoupled and the e®ective superpotential (4.4) is in use. Thelydegrees of freedom are
the light neutrinos whose e®ective mass matrix. is subject to RG running ((C.27) below
the SUSY scale and (C.28) above). The input value at the experantal low energy scale
is determined (or rather: constrained) by the neutrino obseables. The RG evolution then
proceeds as follows:

1. At M4, the lightest right-handed neutrino is integrated in, and tke rst row of the
Yukawa matrix becomes active,
3

- -
T _ diag M, ¢Rediag” i cU . (418)
vsin iy

(Yo)ijiy,. = &

where the parameters on the right-hand side are evaluated ;. j, ., denotes a
value just above (below) the threshold. Accordingly, the lightheutrino matrix also
experiences a shift due to tree-level matching:

(Mo )i mae = (Me)i g i (Y2)aM{ M (Ye)jay, (4.19)

At this point, the RGE for the Majorana matrix M becomes active, causiniyl; to
evolve. AboveM, the full set of RGEs form., Yo and M is to be solved.

2. Analogously, atM, the second row ofY, representing®r,, is switched on,

3 —
P - -

(Yo)impe = (Yo)iily,; + %2 L_ diag M;¢Rediag” myel’ — ;  (4.20)
vsin i,

and accordingly,

(rn")ijjl\/lz"' = (m")iJjMzi i (YI)iZMZil(Y°)12_M2i : (421)
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3. At the third threshold there is a minor complication becaus# is no longer diagonal
due to the “avor mixing in (C.26). On the other hand, the mass egnvaluesM; are to
be inserted into the matching conditions. This demands a re-ajonalization,

Uy, MUy = diagM;; (4.22)
and a re-alignment ofY.,
Yo I Uy Ye; (4.23)

to be applied before the matching conditiofi
3

. . 1 b — . _
(Yo)iidy,e = (Yo)ijiy,, * tis———= diag M; ¢R¢d|agp m; ¢ . (4.24)
Vv Ssin i Mg

(Mo ) jma+ =0 (4.25)

Above M3, me vanishes; all right-handed neutrinos are now integrated in anthe full
high energy theory is applied.

4. Finally, Yo and M are evolved to the GUT scale, ready to be used for generating slept
°avor violation.

Slepton sector  The crucial property of the SUSY seesaw model is the transmissiontbé
apparent lepton °avor violation in the neutrino sector (i.e.Y.) to the slepton sector through
radiative corrections with®g =" in loops above the scale of the right-handed neutrinos. We
are mostly interested in corrections to the charged slepton argheutrino mass matrix which
are generated by (from Appendix C.3):

2 2
dmg _ dmg -
dlog? dlog*

. MSSM . ¢¢
+ 161% 'n_12yg/y,, + YIYom?Z +2 'YXmER Yo + mi YYYo + AYA;  (4.26)

dm? dm? _

e = e — (4.27)
dlog dlog “MSSM
dA.  _ dA. — 1] ¢
dogr = diogT .. T 2Y Y A + AYYYo (4.28)

These have to be solved from the GUT scale downwards to the eleetak scale. It is
natural to separate the solution of this running into mSUGRA andright-handed neutrino
contribution parts:

M2 = Mgl + (M) neucra + HME; (4.29)
mZ = mil+ (HMd),suera + M2 (4.30)
Ac = ApYet ( ﬂe)msueRA + HA; (4-31)

3Alternatively, one could continuously diagonalize M and align Y. during the RG evolution. This is not
necessary, as the RGEs are invariant under unitary transformations oPg [110].
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where ¢m2),suera » (HME)msucra N (FAe)msucra  denote the usual °avor-diagonal MSSM
renormalization group contributions with mSUGRA conditiors at the GUT scale. On the
other hand, img is the non-diagonal left-handed slepton mass matrix contriltion (3.1)
considered in the previous chapter, now calculated in the SUSS¢€esaw model. As can be
seen in (4.27)m2 remains diagonal, receiving no additional corrections due right-handed
neutrinos at one-loop ordersm?2 = 0. The trilinear coupling matrix A, is a®ected in the
SUSY seesaw model but the impact on LFV processes is subdominantthed order of 10%
at most. This is because left-right couplings of the sleptonsdtwhich A, contributes) are
always suppressed by the lepton masseas; =m;. The contribution +A. is included in the
numerical results but does not change the qualitative discussio

An approximate solution to the above RG equations would be exmely helpful for
discussion purposes. This can be achieved in the leading-logamic approximation, where
the RGEs are solved to lowest order in ¢(log ) from the starting point My, . Inserting the
mSUGRA conditions formZ, mé_, mf , A. and A, leads to [21]

1

2 = 81/:’(3m(2)+ A (YILYo); (4.32)
3A,
e = | — YLY.); :
+A, i 16L/£Ye¢(Y LY. ): (4.33)
wherel is a diagonal matrix,
H M )l
L = diag Iog% ; (4.34)

that describes the logarithmic running from the GUT scale to theMajorana scales, taking
into account a possible hierarchy between the right-handed resesM;. In this approxima-
tion, the slepton mass corrections, and thus all low energy obsables discussed in Chapter 3,
depend on the quantity (see (4.16)),

1 H M L
YILY. = U ¢diag” M ¢RY ¢diag M, log S R ¢diag” M ¢U:  (4.35)
For example, the approximation (3.8) for the branching raw ofl; ! |;° now reads
o 1 2_mﬁ rnli (Bm% + A%)Z 12,
Br (|| I Ij ) ]/4 M@f tan QTTJ(YXLYO)” J . (436)

4.3 Bi-unitary parameterization

As we have seen, the matriR and the massedV; parameterize the ambiguity in mapping
the e®ective low energy model to the full high energy theorym{; R;M;) ! (Y.;M;). Itis
not possible to reconstruct the high energy parameters from th{& principle) observablem.
alone.
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On the other hand, in the SUSY version of the seesaw model, one cagdin, in principle)
measure the quantities Y¥Y.); via their impact on the slepton mass matrig. As will be
shown, this additional information allows in principle to reonstruct the full high energy
theory from observable quantities: if%; Y¥Y.) ! (Yo; M;). To this end, we adopt a biunitary
diagonalization ofY. [33],

Yo = U} ¢diag; ¢U ; (4.37)

with unitary matrices U. and Ug. Such a diagonalization is always possible for an arbitrary
matrix Y. [111]. The eigenvalue¥; can be chosen real and positive by moving any phases
into U,

diagy;
) Y

diagjY;j ¢diage @9 Y (4.38)
U’ ¢diagjY;j ¢U?;  with U? = diage 29" ¢U,: (4.39)

The diagonalization expressions

Y{ Yo
Yo Y{

U ¢diagY;? Uy ; (4.40)
U% ¢diag;® ¢Ug; (4.41)

follow immediately from (4.37), which shows that the mixing matrix U_ and the eigenvalues
Y; can be determined ifY¥ Y. is known.
Now, we also take into accountm. through the seesaw formula (4.5), inserting (4.37),

— =M = Ul ¢diag; ¢U; ¢diagM; * ¢UY% ¢diag; ¢U, ; (4.42)
and separateUg; M; (which are unknown at this point),
1 _ : : . _ .
e diagY; * ¢Ui m. U ¢diagY; ' = Uy ¢diagM| * ¢U%: (4.43)

Ur and the right-handed neutrino masse$/; can be determined by diagonalizing the left-
hand side of (4.43). As this procedure is not trivial, we will otline it in detail. First, U_ is
determined via (4.40), yielding the Yukawa coupling eigemluesY;. These are inserted into
(4.42), which reads

X = Ug ¢diagM; * ¢UY%; (4.44)
with

1 o
X= o= diagy] Leuime U ¢diagy; *: (4.45)

Multiplying (4.44) with its hermitian conjugate leads to
XYX = Ug tdiagjM;ji 2 ¢UY%; (4.46)

4As can be seen in the leading-log approximations (4.32) and (4.33), the logiéhmic running between
Mgur and M; slightly modi es this behavior: Y{Y. ! YYLY.. For the moment, we neglect this e®ect. It
will be shown in Chapter 7 that the logarithmic enhancement can be correctly taken cee of through iterative
RG running.
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representing a standard diagonalization of a hermitian matxi XYX with a unitary matrix
Ur. To determine the phases of the eigenvaluds, *, we calculate (4.44)

UgXUg = diagM/ *: (4.47)

Any phases found in this matrix are absorbed intdJz ! Ug ¢diage =229M{ ", As the nal
result, we have two unitary matricesU,, Ug and the real, positive eigenvalue¥; and M;
which fully describe the seesaw model.

Ultimately, this proves that if Y{Y. and m. are completely known,Y. and M; can be
fully reconstructed. The number of independent parametersdds up correctly,

18 = 9(Y!Ys) + 9(me): (4.48)

In summary, we identi ed in this chapter three di®erent parametrizations of the SUSY
seesaw sector, each with its own advantages and drawbacks:

1. High energy basigY.;M;). This is the basis in which the high energy SUSY seesaw
model is de ned. The Yukawa coupling matrixY. and the right-handed neutrino
massesM; are naturally given at My, . Theoretical models and Yukawa textures
are most easily applied in this parameterization, but a phenoemologically viable low
energy theory in the form of correct neutrino oscillation paameters and allowed lepton
°avor violating process rates is not guaranteed.

2. Seesaw basigme; R; M;). This parameterization guarantees a successful light neutio
sector but not viable LFV process rates. Its main advantage is #t it allows one to
keep the important Majorana masse®!; as input while studying the in°uence of the
light neutrino parameters. A disadvantage is the appearancd the unknown matrix
R, which lacks a clear physical interpretation.

3. Low energy basigY{Y.; m.). Expressing the neutrino sector in these quantities, it is
possible to guarantee both viable light neutrino parametersnal slepton mass contri-
butions through LFV processes. It thus enables one to perform agper bottom-up
analysis with the possibility to reconstruct the high energy thery from the observables.

4.4 Leptogenesis

Another attractive feature of the seesaw model is that it provids a natural mechanism to
generate the observed baryon number asymmetry of the univerd8AU), which can be ex-
pressed in terms of the baryon to photon number densityg at the photon recombination
time. Observations of the Cosmic Microwave Background radi@in combined with observa-
tions of the large scale structure provide a precise measuremé¢ht2,113],

‘o= ”Br']—”é = (6:3§ 0:3) ¢10 °; (4.49)

There are three conditions that must be ful lled for successful mgogenesis:
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1. baryon number violation,
2. C and CP violation,
3. deviation from thermal equilibrium.

These are the famous Sakharov conditions [65], which can betrmrethe Standard Model,
but the experimental value of g is still too large to be explained. Therefore, the observed
baryon asymmetry requires new physics.

A detailed discussion of the BAU generation mechanism via leptegesis in the seesaw
model is beyond the scope of this work. We will only give a shoreview of the relevant
facts. For further details, the reader is referred to [48,114{6].

After the in°ationary phase, right-handed neutrinos are produaed, the number of which
depending on the cosmological scenario. These neutrinos decaglating CP and lepton
number and generating a lepton asymmetry, . Finally, the transformation of the lepton
asymmetry into a baryon asymmetry is performed byB + L violating sphaleron processes
[117], independent of the seesaw mechanism. The observed bargsymmetry is then given
by

3 3
B Yai chphfdil “ 129, (4.50)

where

2 2, is the CP asymmetry generated by the decays of the lightest righanded neutrino
°gr,. Here it is assumed that the masses of the right-handed neutrinoseasuzciently
hierarchical so that only the decays of the lightest one conbute to the asymmetry.
This is already the case for hierarchies as small 8,3 & 2M;. In the seesaw model,
2, is [118]

V|
1 1 £ a " M2
1= =——— I Yo¥¥)1ii (Yo Yy T —5 4.51
1= A m ( )1i ( )1 M2 (4.51)
with
p Moo 1+ X1
f(x)=" x X 1+In x : (4.52)

2 .; Is the exciency factor of washout processes (decays, inverse decayL = 1 and
¢ L = 2 processes), which dilute the generated asymmetry.; can be expressed as a
function of the e®ective neutrino mass

2—(Y° Yg)ll,

2
My = V2sin :
M1

(4.53)
that is a measure of the coupling of the right-handed neutrireoto the thermal bath,
and which generically lies in the rangen; < m; . mgs. - ¢ is determined by solving the
Boltzmann equations for theB | L asymmetry density and the density of the lightest
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. . : N . P— P—s
right-handed neutrinos. A reliable numerical tin the region ¢ m3,< m; < ¢ m3,
is [114]

H M ﬂ i 1.1 '
8:3¢10 4 eV ’
where ¢m2, and ¢ m2; are the solar and atmospheric mass di®erences measured in
neutrino oscillations. Thism-region of a mildly strong washout is preferred because,
on the one hand, it is largely independent of the initial conitions after in°ation and
has minimal theoretical uncertainties. On the other hand, itdoes not yield an unre-
coverable exciency loss. The above t for; was obtained in the non-SUSY seesaw
model, but is expected to hold true in the SUSY version also.

-1(my) ¥20:24 (4.54)

2 fg is the dilution factor between the currently observed baryorasymmetry and the
asymmetry at the time T % M;. This dilution is due to standard photon production
until the recombination of the photons [119]. Approximatelyone has

fgi ¥a0:017 (4.55)

2 cspn Is the factor for the conversion of theB | L asymmetry after leptogenesis into
the baryon asymmetry due to sphaleron processes. Sphalerons aoa-perturbative
transitions between di®erent SU(2) vacua that violate B + L and which occur at
temperatures above the scale of electroweak symmetry breafincs,, is in general a
number of orderO(1) and is

Csph = 8=23 (4.56)
in the MSSM.

3
In the case of hierarchical right-handed neutrino®? A M2, one hasf M, v 3M: in
1 1
(4.52) fori 6 1. Equation (4.51) can then be approximated as

£ o]
3 My X oIm (YoYd)E

2.1, = 4.57
174 81/4(Y0Y¥)11 61 M; ( )
In terms of the matrix R, this can be written as [120]
p
3 M ﬂ“?'m[(Rli)Z]
20 Yai — —— P 4.58
L7 g2 s i MijRyj? ( )
Similarly, m; is expressed as X
My = mijRuij?; (4.59)

i
which happens to be the denominator of (4.58). With the expénental value (4.49), we can
turn (4.58) around, and solve forM 4,

32/ sind T - ¢ (my)my
9 Csphfdil m|2|m[(Rll)2]

Mi% g (4.60)
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This relation can be interpreted as the condition onM; for successful baryogenesis via
thermal qutogenesis. (4.58) also yields an upper bound ¢j. Due to the orthogonality
condition ;(Ry)? = 1, one has [120]

.3 M
24 - L=(mgi my); (4.61)

8Yav2 sin?
which goes to zero for degenerate light neutrinos. Analogouséylower bound onM; can be
deduced from (4.60) [120],

M, > 10° 1° GeV; (4.62)

for hierarchical light neutrinos,m; = 0 eV.

There is a serious problem with leptogenesis in a mMSUGRA frameawalue to a possible
overabundance of gravitinos [121, 122]. If heavier than thieSP, which is generally the
case in MSUGRA, the gravitino can decay into energetic photondieéreby spoiling big-bang
nucleosynthesis. The number of gravitinos is proportional tohe reheating temperaturely
of in°ation. This results in an upper bound Tz < 107;10°; 10" GeV for gravitino masses
m3-, = 100; 100Q 3000 GeV, respectively [123]. If right-handed neutrinos ate be produced
thermally after in°ation, one then hasM, . Tgr. In order to meet this gravitino bound, M,
should not be much larger than 18 GeV. Compared with (4.62), it is clear that there is
not much room left.

4.5 Neutrino data

The favored interpretation of the experimental results on sal neutrinos suggest§. ! °.,
oscillations driven by the mass squared di®erencer, = m3; m3 in the range of the large
mixing angle (LMA) solution, while the results on atmospheric ngtrinos are interpreted by
°, I ©, oscillations driven by ¢m3, = m3i m3 in the case of three active neutrinos. For
the present analysis, we use the global ts in a three-neutrino fneework performed in [124].

Most likely, at the time when a linear collider will be in operéion, more precise measure-
ments of the neutrino parameters will be available than toda To take this into account, we
use the central values of the mass squared di®erencem§¢: mj2 i m? and mixing angles
i from the current global t to existing data [124] with errors that indicate the anticipated
2%con dence level (CL) intervals of running and proposed expenients.

The expected future improvements in the experimental errerof the light neutrino pa-
rameters are summarized below:

2 ¢ m2, and sin’2iy,: The long-baseline reactor experiment KAMLAND is designed
to test the LMA solution of the solar neutrino problem. Data takng was started
in 2002 and the solar neutrino parameters will be determinedithr an accuracy of
+¢ m2,)=¢ m2, = 10% and #(sin®2u,) = §0:1 within three years of measurement
[125].

2 ¢ m3, and sin’ 2ip3: Several long-baseline experiments based on neutrino beams, su-
perbeams and new reactor experiments are planned or undenstuction for the next
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decade. It is expected that their combined sensitivity can plee the atmospheric oscil-
lation parameters with an accuracy of{(¢ m3;)=¢ m2; = 6% and *ps = 0:81°%15 [126].

sin? 2ly3: The CHOOZ reactor experiment restricts the anglays to sin? 23 < 0:1
[127]. The long baseline experiment MINOS [128] can probe thange sif 2h3 &
0:02j 0:05. The combined sensitivity of MINOS and other neutrino beam ahreactor
experiments is expected to be(sin® 2u3) < 3¢10 3 [126].

Neutrino mass spectra:The inverse hierarchical spectrum with two heavy and a single
light state is disfavored according to an analysis [129,130]tbE neutrino spectrum from
supernova SN1987A, unless the mixing angle; is large (compare, however, [131]). We
therefore restrict our analysis to the direct (normal) hierachy.

Dirac CP phaset: At a neutrino factory, one will be able to distinguish maximal fom
minimal CP violation. Without an existing t, we vary =*in the full range 0<+ < 2%
[132].

Majorana CP phasesA;, A;: Some information about one Majorana phase may be
obtained by combining results of future double beta and tritm decay experiments
and neutrino mass bounds obtained from ts to the large scale strture of the universe
[133]. As this is very ditcult, we allow a variation of both phase in their full ranges,
O<Ai<2%i=1;2.

Neutrino mass scale:While neutrino oscillation experiments provide informatio on
the neutrino mass squared di®erencesmﬁ , the absolute scale of the neutrino masses
is not known so far. Upper bounds can be obtained from the neuto hot dark mat-
ter contribution to the cosmological large scale structure elation and the Cosmic
Microwave Background, tritium beta decay experiments and autrinoless double beta
decay experiments [134]. A next geq;eration double beta dgcexperiment like GE-
NIUSI will test the quantity mee = j ; VZ2€%m;j down to 10 2 eV. SinceV3 =
Sin? 2iys=4 < 0:025, the contribution of ms drops out and a boundme. < 10 2 eV will
imply m; < 10 2 eV/cos 2u,. Using the KAMLAND sensitivity *(sin®2u,) = §0:1,
one obtains the boundm; < 3¢10 ? eV. On the other hand, a large mass; could be
tested by future tritium beta decay projects. A positive signal aithe nal sensitivity
of the KATRIN experiment would imply m; =0:38 0:1 eV [135]. Such a value would
be compatible with the evidence claim for neutrinoless doubbeta decay [136].

The current best t and 23.CL ranges of the oscillation parameters are speci ed in Table4.
together with the future 2% uncertainty ranges, which are based on the expected results
from future experiments, that we will use in our numerical angkis. For the remaining light
neutrino parameters, currently no positive experimental sigals exist. As mentioned above,
the CP violating phasest, A; and A, will be very di+cult to determine and thus are allowed
to vary in their full ranges,

+£A=0 2% i=1;2 (4.63)
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best t present future
Sin” o 0.30 {o0s o0
SN
sin’ ph3 0.005 5005 ;0005
¢mi=10°eV’| 690 4% il
¢ m5,=10 3 eV? 2.3 [ bie [ bie

Table 4.1: 2% CL ts of neutrino oscillation parameters characterizing the present and
future uncertainties.

With the neutrino mass scale unknown, we use two di®erent neutdnmass spectra, charac-
terized by

m;=0j 0:.03 eV (4.64)

for a spectrum that includes hierarchical masses. For discussionrpases, this case will be
referred to as 'hierarchical'. For a (quasi-)degenerate sgaam, we use

— N-t0:11 .

(4.65)
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Chapter 5

Results for degenerate right-handed
neutrinos

The goal of this and the subsequent chapter is to present pattesrof observables that are
representative of the general outcome. To this end, we studydltases of (quasi-)degenerate
and strongly hierarchical right-handed neutrino masses. Thes&d cases are speci cally
chosen to be highly predictive with regard to the experimentabservables. In addition, the
impact of the light neutrino and mSUGRA parameters is analyztin detail. Adapting the
results of the previous chapter, the method of calculation ias follows:

1. We choose a speci c realization foR and the massedVl; that depends on as few
parameters as possible without being trivial.

2. Experimental results are used to constrain the neutrino matt m.. The neutrino oscil-
lation parameters are scattered within their expected futue Z4limits with a gaussian
distribution. The unknown phases+, A; and A, are varied linearly within their full
ranges. The undetermined neutrino mass scaim; is taken care of through the two
cases of hierarchical and degenerate neutrinos and scattereith a constant distribu-
tion, as outlined in Section 4.5.

3. The full one-loop seesaw RGEs are solved frady, to Mg, .

4. The full one-loop MSSM+seesaw RGEs are solved froMg,; to Mz, yielding the
low energy slepton mass corrections, which are used to calculdlte observables of
Chapter 3.

In this chapter, we assume that the right-handed Majorana massese highly degenerate,
My ¥aM, YaM3 YaMg; (5.1)

where MR is the common mass scale. The matriX¥LY. (4.35), responsible for generating
low energy LFV is then given by

M R MGUT .
—— 1o U ¢dia
V2 sin? 9M R g

P p

YYLY. = mi ¢R'R ¢diag™ m; ¢UY: (5.2)
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Due to R being complex orthogonal but not hermitian, the expression @&s still depend on
the arbitrary six parameters inR. Hence, we make the further assumption thaR is real, so
that it drops out of (5.2),

YILYo = VZ'Z:::Z_ log MI\;: U ¢diagm; ¢U: (5.3)
An immediate consequence is that the Majorana phases of the ligieutrino mixing matrix
U also drop out: U can be replaced withV. Also, the matrix Y{Y. is diagonalized byU,
which in the bi-unitary language of Section 4.3 means that #left-handed mixing matrix
U, can be identi ed with the hermitian conjugate ofU, U. = UY, making the left-hand side
of (4.43) diagonal. The right-handed mixing matrixUg can be chosen to be the unity matrix
and Y. is given by

P
Yo = diagy; ¢UY = diag Mgm; ¢UY; (5.4)

vsin
which can also be deduced from thR matrix representation (4.16) by settingR = | (it drops
out anyway) anddiagM; = Mgl. Expression (5.3) should be compared to the light neutrino
matrix (4.13),
m. = U" ¢diagm; ¢U: (5.5)

Neglecting CP violating e®ects, the pattern of LFV transmitted ¢ the sleptons is the same
as the light neutrino mixing. This is an immediate consequeroof our assumptions, namely
degenerate right-handed neutrinos and a red&® matrix, which exclude any other possible
in°uences. Therefore this class of models is highly predictivenaximally correlating neutral
and charged lepton °avor violation. Moreover, one obtains oservative upper bounds on
Mg for real R, because a complex matriR generically leads to larger values ofYLY. and
thus to larger branching ratiosBr (I; ! 1;°) (see (4.36)) [22,48].

As the scale of the lightest neutrino is unknown (Section 4.5),ewvill consider the cases
of hierarchical and degenerate neutrino masses. Typical mass pe can be parameterized
as follows:

1. hierarchical®: q q
m; %0, my¥% ¢m3,; mg¥% ¢ m3; (5.6)

2. quasi-degeneraté , [41]:

¢ m? ¢ m3

mi;; mp¥am;+ 2m12; ms Yam, + Zmis’ (5.7)
. i P P —
with m; A~ ¢m5; A ¢ mi,:

The product (5.3) of Yukawa couplings, can then be approximatl by [61]
y MR MGUT uq 2 o g 2 o
1. (Yo LYO)” ]/4 V2 Slnz_ M R ¢ mlz\/|2\/1 2 + ¢ m23\/|3\/J 3 ; (5.8)
K 1

Mr Mg 1 2 o 2 u¢ .
zsin2—|09 M: my%; + 2m; ¢ m,VioVi; + ¢ misVisVis  1(5.9)

2. (YXLYO)” 1/4V



53

In both cases the largest branching ratio, proportional ti(Y{LY.); j2, forl; ! 1;° is expected
in the channel¢, ! 1° because 0fiVasVysj ¥4 jVaoVasj and ¢m3; A ¢ m2,. The decays
11 e°and¢ ! e° are supprﬁssed by the s[pallness ofnd?, and V3. In case 2), there
is an additional suppression by ¢ m3,=m; or ¢ m2,=m; relative to case 1). All this is
immediately obvious when inserting the best t values (Sectio#.5) for 2, s, ¢ m%, and
¢ m3;,

H [P
MR 174 GeV MGUT
YYLY. V. — log ——
4&012 GeV vsin 9 Mg 1
2.5 o o
£ @ 2:6 +2:8x136* 30j 0:31x;3c0st o ® A, (5.10)

i 2:8+42:7x136* 23 i0:31x;38in+ 27 + 0:31x,3 COS*
in case 1) of hierarchical neutrinos withm; = 0 eV, and

0 1
H T2 300 g® g°o

101?& v 174'G_eV log MI\/TUT @ 0:036 + 0:25x,3€* 302 =°A: (5.11)
ev.vsin R i 0:038+024x,56t 211 302

for degenerate neutrinos withm; = 0:3 eV. The boxes denote the conjugate elements xed
by the hermiticity of YYLY.. In both numerical expressions, only the lowest order ipy3 is
retained with X135 being py3 normalized to the best tvalue,x;3 = 3=0:078. The expressions
(5.10) and (5.11) are only used for discussion purposes. In our nuioal calculations, we
perform the full RGE running and scatter the neutrino paramegrs as described in Section 4.5.

YILYo Y

Small deviations from degenerate Majorana masses Before analyzing the various
LFV observables, we would like to comment brie°y on the stabilityof the numerical results
in this scenario. Due to RG running (Section 4.2), even a pediy degenerate right-handed
mass spectrum atMg,; Wwill experience non-degeneracies. This e®ect is included ur o
analysis, i.e. even though we use (5.1) as input, the nal masses uged calculations are
non-degenerate at the 10-20% level. In addition, we also prad the stability of our signals
when using a relaxed parameter setup, namely:

iM1=3i M2j

2 Quasi-degenerate Majoranas with small perturbationsM;-; = —W,

2 full variation of the real mixing anglesx; in R (the imaginary partsy; are still zero),

2 full variation of the Majorana phasesA .

We found that the variation in any of the LFV observablesO (such asBr (* ! e°)) with
respect toxM,=3, X; and A is at most of the order
+0

0 (£My=3)%; (5.12)

which are to be expected due to the quadratic dependence oétbignal cross sections and rare
decays on the Majorana masses (see discussion below). Such a vanawas only performed
to check the stability but is not part of the following results.
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10" 10% 10" 10
Mg ¢ GeV

Figure 5.1: Br(* ! e®)as function of Mg for hierarchical (upper) and degenerate (lower)
light neutrinos in SPSl1a. The solid (dashed) line indicatesthe current (expected future)
experimental sensitivity of Br (* | e°).

Rare decays The dependence oBr(* ! e°) and Br(¢ ! 1°) on the right-handed
Majorana mass scaldMr is displayed in Figures 5.1 and 5.2, respectively, for both case
of neutrino mass spectrain the mSUGRA scenario SPSla. The most salient feature is
the typical rise of the branching ratios withj(Y{LY.);j2 / MZ. Due to the logarithmic
running, this proportionality is actually better approximated with Br / M 28 in the range
101 . Mg . 5010 The dependence slightly changes for largbty in the case of degenerate
light neutrinos. The current and expected future bounds on t branching ratios are denoted
by solid and dashed lines in the gures, respectively.

The sensitivity of Br(* ! e°) on My for all benchmark mSUGRA scenarios is sum-
marized in Table 5.1. The values should be interpreted as raugstimates, as the statistic
uncertainty is rather large (as shown in Figure 5.1), especialfor the upper value. The
present and future bounds omBr(¢, ! e°) and Br(¢, ! 1°) set no or relatively weak
constraints onMg and are therefore not included in Table 5.1 [87].

Comparing Figures 5.1 and 5.2, one can see thBt (* ! e°) is more strongly a®ected
by the uncertainties in the neutrino parameters thanBr (¢, ! 1°). This nding may be
understood qualitatively from (5.8) and (5.9), where one sedbkat Br(¢ ! 1°) mainly
depends on the large anglg:s while Br ( ! e°) involves the small quantitiespys and ¢ m2,.
The di®erence in the scatter range of the predictions f@&r (¢! *° )andBr(* ! e°) thus
re°ects the di®erent relative error of the quantitiegks; lys and ¢ m3, and also the complete
lack of knowledge ont. Furthermore, Figures 5.1 and 5.2 show that the experimental

Throughout this chapter, the hierarchical light neutrino case will be shown in dark (black), and the
degenerate case in light (red) in the "gures.
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Figure 5.2: Br (¢! *°)asfunction of Mg for hierarchical (upper) and degenerate (lower)
light neutrinos in SPSla. The dashed line indicates the expeted future experimental
sensitivity of Br(¢ ! ).

prospects favor the channet | e° over¢ ! 1° for testing small values ofMy. Larger
values ofMg would be probed more accurately ig, ! 1° . We nd for hierarchical neutrino
spectra that a future measurement oBr (¢,! 1° ) ¥ 10 8 would typically determine M up
to a factor of two given the uncertainties in the neutrino paameters. On the other hand, a
measurement ofBr (2 ! e°) ¥% 10 3 would determine the right-handed scale only within
one or two orders of magnitude, as can be seen in Table 5.1, eifdhe SUSY parameters are
known. Finally, assuming an exactly massless lightest neutrinogan some previous works,
e.g. [20,22,44]), the upper bounds oMl g improve by up to one order of magnitude.

The expected suppression for degenerate light neutrinos is allg visible in both the
“gures and the table. Br(l; ! 1;°) is suppressed by roughly two orders of magnitude as
compared to the case of hierarchical neutrino spectra, but eiklits a similar dependence on
Mg. At present, no bound can be obtained in any of the scenarios, seable 5.1. A lightest
neutrino with massm; % 0:3 eV could thus be a natural explanation for the yet unobserved
decay! ! e° in the light of the claimed evidence for neutrinoless doubleeta decay [136].

Contrary to our previous works [61{63], we nd a saturation of he branching ratios for
large My in case of degenerate neutrinos, which is clearly visible in kiges 5.1 and 5.2. This
e®ect only appears in a full one-loop RG evolution of the neuto sector. We did not see
such a saturation in our earlier work as it was based on a simpli ed Istion of the seesaw
RGEs.

We also nd that for a xed Mg the branching ratios forl; ! |;° depend strongly on the
particular mSUGRA scenario. The most stringent bounds oM are obtained in scenario
SPSla due to small sparticle masses and a non-vanishig whereas scenario C' with large
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Br(* ! e°) =1:2¢10 1! =101 B®
hier. ° deg.°_. hier. ° deg.°.

SPSla 4¢10% - 2¢10% - 4¢10 - 3¢10% | 8¢10% - 2¢10*

B' 2¢10% - 2¢10% - 1¢10'2 - 4¢10'° | 2¢102 - 2 ¢10M

c 3¢108 - 1¢10% - 2¢10* - 2¢10* 4¢10" -

G' 2¢10% - 3¢10t - 8¢10' - 1¢10" | 2¢10' - 2¢10*

I 7¢10 - 2¢10* - 4¢10M - 1¢10" | 1¢10% - 1¢10¢

Table 5.1: Uncertainty in Mg at the present and future sensitivities of Br (* ! e°) due

to variation of the neutrino parameters (values in GeV).

gaugino masses Yyields the weakest bounds.

As mentioned in Section 4.5, inverse hierarchical light neutro mass spectra are disfa-
vored. Therefore, we concentrated on the (normal) hieraridal and degenerate cases. An
analogous analysis of the inverse hierarchical case would beagjhtforward. It is expected
that LFV rates for inverse hierarchical schemes lie in the intenediate range between the
cases we discus8r (degenerate);, Br (inverse)< Br (hierarchical) [41].

In Chapter 3, we have seen that not only lepton °avor but also CP wiating e®ects
can be encoded into the slepton mass matrix, giving rise to eleéctdipole moments of the
electron or muon. In the case considered here, the only possiblerse of CP violation is
the Dirac phasexz of the light neutrino mixing matrix. It turns out that this do es not give
rise to measurable electric dipole moments. In scenario SPSlize taximally possible value
compatible with the current bound onBr(* ! e°) is do ¥ 10 33 ecm, barely approaching
the future sensitivity (3.15). The electric dipole moment of he muon is of the order of
10 3! ecm, far below the current and even the expected future sensity. This observation
holds true in all scenarios considered.

Predictions for €"e and e e collisions Figurss 5.3 and 5.4 show the&" e collider
cross sections fof *e + 2A% and ¢t +2A? at s = 500 GeV as a function of the
right-handed Majorana mass scaléy in scenario SPSla. Just like the branching ratios
Br(li ! 1;°), the cross sections exhibit the typical proportionality to (YXLYo)ﬁ I M3.
This behavior indicates that the signal cross sections are damated by Feynman graphs
involving the lepton °avor violating vertices to rst order as was assumed in Section 3.2.
The latter in turn implies that e*e | ¢*1i +2A0 is dominantly a s-channel process and
thus suppressed relative t@* e | 1*e +2AJ where boths- andt-channel contribute. For a
detailed breakdown of the dominant intermediate slepton stas, see the following paragraph
on the beam energy dependence.

Furthermore, the cross sections saturate for largelr, which is seen most clearly in the
1* ¢ -channel for hierarchical light neutrinos. This can be undstood by realizing that
for large M the mass di®erences of the sleptons with a dominant left-handedmponent
become comparable to the corresponding slepton widths. As memied in Section 3.2, in
this case the cross sections can be approximated by the incolgrgum (3.21). Focussing on
the 1 * e -channel, the dominant contribution is determined by thee—~*_ mixing angle or,
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Figure 5.3: ¥t*el +2A9) as fbmction of Mg for hierarchical (upper) and degenerate
(lower) light neutrinos in SPSla ( s =500 GeV).
more precisely, by

2(m? )12 y 2(YILY5)1,
4 )
(MZ)ui (M )2z~ (YLYe)wri (YYLYo)zo

tan 2pe. ¥4 (5.13)

where the second equality follows from (4.32) and (B.15), ihe lepton masses are neglected.
Using (5.8) one then sees that tani. and thus the cross section is independent Mg. In
the ¢*11 channel the saturation is less pronounced due to e®ects of thavier ¢, mass which
dominate the denominator in the expression analogous to (5)1&xcept for very large values
of Mr. The nite ¢ mass is also responsible for a suppression of all channels with lapton

in the nal state relative to the 1 * e channel, which can be seen comparing Figures 5.3 and
5.4.

Beside these di®erences, the dependence of the cross sections landbrtanching ratios
on the neutrino parameters andVig are very similar. Again, the impact of the neutrino
uncertainties is weaker in thes*ti than in the 1 *e channel. Also, the¢i*e channel
is unobservably small. Since this channel is unfavorable due the ¢ mass suppression
pointed out above and the comparably large MSSM backgroundye will concentrate on
the 1*e and ("1 "nal states. As already noted, the proportionality with jYYLY.j? is
also dominated by theM 3 (actually, M3®) dependence, and there is again a suppression
for degenerate light neutrinos. Such correlations betweewllider processes and rare decays
could be expected. Already in the context of general, albeit @afi, lepton °avor violating
slepton mass terms, we anticipated the relatiof{e* e ! b" I+ 2A 1/ Br(li! 1;°), see
(3.23). The correlation betweert{e*el | 1*e +2A0) at s=500 GeV andBr(t ! e°)
is illustrated in Figure 5.5. ForBr(* ! e°) . 10 13 this correlation is so accurate that
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Figure 5.4: ¢+t +2A9) as Emction of Mg for hierarchical (upper) and degenerate
(lower) light neutrinos in SPS1a ( s =500 GeV).

the neutrino uncertainties drop out almost completely. For kerarchical light neutrinos, the
correlation extends to values up to 10'*. Only for larger values ofMg the correlation is
washed out because of the saturation of the cross sections expggirabove which sets in at
di®erent values oMy depending on the precise values of the neutrino parameters. @re
other hand, in the case of degenerate neutrinos, the branchingtio in Figure 5.1 exhibits a
saturation for largeBr(* ! e°), leading to a breaking of the correlation with the collider
cross section. In the interesting intermediate range betweehd experimental sensitivities
10 B <Br (* ! e°) < 10 1, a collider has a better chance to see a signal for degenerate
rather than for hierarchical light neutrinos.

Figure 5.6 shows the analogous correlation betweéfe* e ! ¢*1i +2A% and Br (¢, !
1°), which is even stronger. It is accurate throughout the wholeange ofMg, allowing all
scenarios to be plotted. The degenerate case is also shown buldgezanishingly small¢™ 1
signal cross sections that are always smaller than 0.01 fb as irg&ie 5.4.

These correlations between low energy and collider processas be used to estimate the
LC cross sections that are allowed by bounds on or measurementdlee radiative decays.
Taking scenario SPS1la as an example, one can read o® from Fadub that the present bound
Br(* ! e°) < 1:2¢10 ¥ implies ¥e*e ! 1*e +2A?%) < 0:3 fb (0.9 fb for degenerate
neutrinos), while a measurement oBr (* ! e°) ¥ 10 '3 by the upcoming experiment at
PSI would predict ¥e*e ! 1*e +2A0) ¥ 3¢10 3 fb. In other words, ift ! e° will
not be detected at PSI, one does not expect an observaBlee signal at a 500 GeV LC
either. On the other hand, taking into account the backgroud discussion of Section 3.2, the
Bresently allowed cross section is in the observable range. Theach of ane” e collider at

s = 500 GeV in the di®erent scenarios is shown in Table 5.2, con rngrthe ndings on
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Figure 5.5: e°) for hierarchical (lower) and

yrtel +2A9) as function of I%r(1 !
degenerate (upper) light neutrinos in SPS1a ( s = 500 GeV). The solid (dashed) line
indicates the current (expected future) experimental sengivity of Br(* ! e°).

SPS1a for the other scenarios.

Br(*! e°) < 12¢10 M <10
hier. °, | deg.°_ | hier. °, | deg.°,
SPSla 0.3 0.8 0.005 0.01
B' 1.3 0.6 0.02 0.03
C' 1.2 0.2 0.07 0.03
G’ 0.8 0.4 0.01 0.01
I' <001 | <001| <001 | <001

gable 5.2:  Maximal expectation at an e* e collider for the signal ¥t *e +2A?) at
s =500 GeV, depending on the maximally allowed branching rato (values in fb).

Analogously, from Figure 5.6 one concludes that the present bmdi Br(¢, ! 1°) <
3:1¢10 7 provides no constraints onMg. More importantly, the sensitivity goal Br (¢, !
1°) %, 10 8 of future searches will not rule out sizable LC cross sections, naly %e* e !
¢t +2A%) v, 1 fb in scenarios SPS1 and B'. The other scenarios are heavily pugssed
by kinematics, making it necessary to go to higher beam energi@ee next paragraph). In
fact, in the ¢" 17 -channel LC experiments may reach farther than the ! 1° experiments
planned in the future. At any rate, here we have a good exampfer the complementarity
of low and high energy searches.

In principle, one has correlations also in channels which di®e °avor. This is exempli ed
in Figure 5.7 fory{etel | ¢*1i +2A% andBr(t ! e°). However, because of the di®erent
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Figure 5.6: ¥{¢*1i +2A) as function of Br (¢! 1° ) for hierarchical (dark points) and
degenelsate (light points, lower left) neutrinos in scenaros B', SPSla, C', G, I' (left to
right) (* s = 500 GeV). The solid (dashed) line indicates the current (expected future)
experimental sensitivity of Br (¢, ! 1°).

°avor violating couplings involved, this correlation su®ersansiderably from uncertainties in
the neutrino sector. Nevertheless, the experimental bourBr (1 ! e°) < 1:2¢10 ! yields

a stronger constraint on scenario SPSla than the one obtainedrn Fig. 5.6, excluding
et +2A9) of the order of 0.1 fb atp s =500 GeV already today. It must be emphasized
that such a °avor cross-correlation crucially depends on the seesparameters used. The
given bound here only applies in the case of degenerate Majoaa and a realR matrix.

We have also studied the prgspects fog € collisions. Figure 5.8 shows/4e' e !
tig +2A% in scenario SPSla at s =500 GeV. As has been mentioned in Section 3.2.2,
the ¢i 11 nal state is strongly suppressed because at least two °avor violatingouplings
are required due to the absence of the-channel (see Figure 3.4). Thg' € nal state is
disfavored for the same reasons as tg € channel ine" e collisions. Thus,! € remains
as the only promising channel.

The correlation betweeri4{ei ¢ | 1ie +2A%) andBr(t | e°)is plotted in Figure 5.9.
The reach of ane' @ colliderat™ s =500 GeV in the di®erent scenarios is given in Table 5.3.
We see that the cross section permitted by the present bound én! e° lies in the range
of 1-10 fb for scenarios SPS1a and B', which would make the detien comparatively easy,
especially in the case of degenerate neutrinos.
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Br(*! e°) < 12¢10 1 <10
hier. °, | deg.©_ | hier. °_ | deg.°,
SPSla 1.5 5.6 0.01 0.06
B' 7.9 4.3 0.1 0.2
cC 0.4 0.08 0.02 0.01
G' 0.2 0.2 0.003 0.004
I <001 | <001| <001 | <001

'Fl)'able 5.3: Maximal expectation at an e € collider for the signal %1 el +2AJ) at
s =500 GeV, depending on the maximally allowed branching rato (values in fb).
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Figure 5.9: 3¥ti e +2AY) as function of Br(* ! _ e°) for hierarchical (lower) and

degenerate (upper) neutrino masses in scenario SP81%£ =500 GeV). The solid (dashed)

line indicates the current (expected future) experimental sensitivity of Br(t ! e°).
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Figure 5.10: Largest Yukawa coupling eigenvaluejYsj at Mg, as function of the right-

handed Majorana mass scaléd/ir in the hierarchical (lower) and degenerate (quer) neu-
trino case. The solid line denotes the upper limit due to perurbativity, jY3j < 0:3¢4%

The dashed line shows the top Yukawa coupling atM gy .

Perturbativity For theoretical reasons, it is important that the seesaw model m@ains
perturbative, i.e. the largest neutrino Yukawa coupling eignvalue should approximately
ful'Tl
jYaj?
4y, -

Otherwise, any calculations performed in perturbation thery will be useless. Thﬁ practical
test for perturbativity is the stability of the RG running rout ines. AbovejY;j &  0:3 ¢4
the neutrino RGEs quickly explode and no consistent renormaktion group development is
possible. Figure 5.10 shows the largest Yukawa coupling llt;,; as a function ofMg. The
solid line gives the upper limit due to the perturbativity corstraint (5.14). As can be seen,
the scattering was performed such that the theory remains pentbative in all cases. This
holds true in all scenarios considered. In addition, the dashduhe in Figure 5.10 denotes
the top Yukawa coupling strength atM,; . Third generation Yukawa coupling uni cation
jYaj = Y; at Mg, , as favored in certain GUT uni cation models, would be achievetbr
a right-handed mass scale dfig ¥ 3 ¢10'* GeV for hierarchical andMg ¥4 5 ¢10' GeV
for degenerate neutrinos. With the upper bounds of Table 5.1noMg, this excludes the
possibility of Yukawa coupling uni cation for hierarchical naitrinos in SPS1a. On the other
hand, it is still possible for degenerate left- and right-handeneutrinos. Table 5.4 summarizes
the values ofMy for successful top Yukawa uni cation together with their compability with
the current bound Br(* ! e°) < 1:2¢10 ** in all scenarios. The small variation in the
values is only due to di®erent tan in the scenarios.

0:3: (5.14)
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hier. °. | deg.°,
SPSla| 3¢10* 5¢10°X

B' 1¢10"X | 6¢101X
c 2¢104X | 3¢103X
G' 2¢10M 4 ¢103X

I 2¢10M 5¢1083X

Table 5.4: Values of My (in GeV) for successful third generation Yukawa coupling un ca-
tion Y; = jY3j at Mgyr in the case of hierarchical and degenerate neutrinos. The @tkmark
denotes compatibility with the current bound on Mg from Br(* | e°) < 1:2¢10' ! (Ta-
ble 5.1).

Beam energy dependence  Up to now, we always considered a beam energy of 500 GeV
for the LFV collider signals. Generically, a di®erent beam ergyr will not change the lepton
°avor violating signals qualitatively. Its only e®ect is to chage the size of the total cross
section. A caveat to this description is the possibility to travese certain slepton mass
thresholds so that some sleptons are not produced at tree level @rtain energies, which
could a®ect the °avor transitions. In order to test the dependena# the collider processes on
the beam energy, we x the seesaw parameters. The neutrino ostitla parameters are at
their current best t values, m; = 0 eV, the CP violating phase is chosen to be zero, and for
Mg a generic value of 18 GeV is used. The resulting signal cross segtions for e +2A?,
¢tri +2A% andti e +2A? are plotted in Figure 5.11 as a function oﬁ S.

The threshold of the process* e +2A? in SPS1a is at a beam energy 8f§ = 345 GeV,
corresponding to the intermediate slepton statés~ e, and € €, (Table 2.2). In the Trst
case, the °avor transitione* ! ' occurs in the slepton production, whereas in the second
case, the produced right-handed selectron will decay into a o, & | 1%,

As has beeB noteds*ti +2A? is almost exclusively as-channel process. lIts threshold
in SPSlais at s =339 GeV, i.e. the onset of producing two staus¢;z . Nevertheless,
this channel is suppressed by the left-right mixing of the stausmhich, in addition, is only
possible inZ boson exch%'uge). The dominant contribution is from the prodiion of two
smuons,1+ ™ | starting at = s =404 GeV, of which one decays into a tau. This behavior is
clearly visible in Figure 5.11 as a pronounced knee just abovdbaam epergy of 400 GeV.

In the case ofe e ! 1ie +2A? the threshold in SPSla is atg§ = 345 GeV, as
needed for the production oft ~e. and et €; pairs. The main contribution, on the other
hand, is from™~ e and el € pairs, due to dominant couplings, again causing a visible bend
at = s %400 GeV. These observations for the threshold behavior apply dogously to the
other scenarios.

Because of th%larger sparticle masses, the scenarios C' and G' widagne t from a higher
beam energy. At" s = 500 GeV the beam energy is just above the production threshald
for the relevant sleptons in these two scenarios. This is espelyiatue for an € e collider,
where using 800 GeV would immensely enhance the signal rates ira@d G'. Unfortunately,
it would also enhance the singl&/ production background (Section 3.2). On the other hand,

2¢" (1) is the antiparticle to the left-handed slepton € (%1 ).
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Figure 5.11: ¥**e +2A9), %11 +2A9) and %1 i e +2A?) as function of P5inall
scenarios considered. The neutrino sector is xed: oscillaan parameters at their best 't
values,m; = 0 eV, vanishing CP phases,Mg = 1012 GeV.

for the signalst 8e , a beam energy of 500 GeV is almost ideal for the scenarios SPSid a
B' with regard to the total signal cross section. The cross sectidr{¢* 11 +2A?) is negligible
in absolute size just because of the relatively smallg = 102 GeV used. As noted above,
the sensitivity in this channel starts aroundMg = 10'* GeV.

Slepton mass measurements  As the last class of observables, we will discuss precision
measurements of slepton mass di®erences. As shown in Section 3skepton masses can
give valuable information that is complementary to LFV sign& in that they are sensitive

to the diagonal elements inY¥LY.. Figure 5.12 shows the mass di®erence between the
“fths (predominantly a left-handed selectron) and the fourth(left-handed smuon) slepton
correlated with theBr (* ! e°) in SPS1la. In the hierarchical neutrino case, mass di®erences
of up to 1 GeV are still allowed by the current boundBr (* ! e°) < 1:2¢10 1. On the other
hand, for degenerate neutrinos there is an upper limit on thmass di®erence of approximately
0.1 GeV, irrespective of the branching ratio bound. This can benderstood by rewriting
(3.30), using (4.32),

g "

i L2 . .
méi mé/ (YILYe)22i (YILYo)1s ~ +4j(YILYe)12j?; (5.15)
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Figure 5.12: m. j my as function of Br(* ! e°) in scenario SPSla for hierarchical

(dark) and degenerate (light) neutrinos. The solid (dashed line indicates the current

(expected future) experimental sensitivity of Br (* !

e°).

and inserting (5.10) or (5.11), respectively. In the degendmneutrino case, the diagonal
elements of YYLY. are also highly degenerate (a natural consequence), whereas D®-
diagonal elements are suppressed. The mass di®erence (5.15)gmnsitive to the hierarchy
of the diagonal elements is thus severely limited. In (5.10f hierarchical neutrinos, though,
there is a strong hierarchy betweenY¢LY.)2, and (Y{LY.),; leading to a sizeablee~j *_
mass di®erence. The approximate upper bounds on. j m,, are summarized in Table 5.5
for all scenarios, although the values are actually quite inssitive to the scenario. With the
precision estimate (3.31) oftm. % 0:2 GeV, the currently allowed mass di®erences are well
within the experimental possibilities in the case of hierarchal light neutrinos.

Table 5.5:

with the present and future bounds onBr (* !

Br(* | e°) < 12¢10 X [< 10 B3
SPSla 2 0.2
B' 1 0.1
C' 2 0.1
G' 1 0.1
I 1 0.1

Maximal expectation for the mass di®erencemr5 i mg, (in GeV) compatible
e°) in the case of hierarchical neutrinos.

For degenerate neutrinos, the mass di®erence is always snalthan 0.1 GeV.

In order to get a measurable observable in the degenerate casmalve have to resort to
absolute mass determination, or more exactly speaking, to massuviations from the °avor-



67

101 F

- Hing - Hing Lnsugral GV

102 |.

BrHn®egL

Figure 5.13: m | mpéSUGRA as function of Br (* ! e°) in scenario SPS1a for hierarchical

(lower) and degenerate (upper) neutrinos. The solid (dashé) line indicates the current
(expected future) experimental sensitivity of Br (1 | e®°).

conserving mMSUGRA limit. As noted in Section 3.2.3, we take theptimistic stance that
these might be measurable in the future. Figure 5.13 displaysehguantity m. j mI"_;SUGRA ,
i.e. the shift of the heavy stau mass from its mMSUGRA value, as a fation of Br(* ! e°)
in SPSla. The left-handed slepton mass matrix corrections ameostly negative (4.32) and
insert the numerical matrix (5.10) or (5.11)). Hence the abovenass di®erence turns out to
be negative also, i.e. the addition of right-handed neutrireogenerically drives the slepton
masses to lower values, which could make the sleptons to be degecimore easily.

Due to the large diagonal term ¥¥LY- )35 for degenerate neutrinos, the mass di®erence
is much larger than for hierarchical neutrinos, about one towo orders of magnitude. Dif-
ferences as much as 10 GeV are currently possible, compared touad 1 GeV in the hier-
archical case. We summarize the allowed mass di®erences in Tab& The upper bounds
are currently in the region of 2 GeV and 10 GeV for hierarchit@and degenerate neutrinos,
respectively, almost independent of the mSUGRA scenario. This because the mass di®er-

ences are mostly limited due to our perturbativity limit (5.14), rather than the bound on
Br(*! e°).

MSUGRA parameter dependence In our discussion, we took care of the variety in the
MSUGRA parameters only through using ve di®erent benchmark scamos. This is useful to
get a quick overview of the possible variations, but is insutcienb test the sensitivities of our
signals, especially the relative sensitivity between rare desgand LFV collider processes,
with regard to the mSUGRA parameters. We now X the seesaw paramete (best t,
m; = 0, no CP violation, Mg = 102 GeV), as we did for analyzing di®erent beam energies,
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Br(t! e°) < 1:2¢10 1 <1013

hier. °, | deg.°_ | hier. °_ | deg.°,
SPS1la 2 10 0.3 10
B' 2 6 0.4 5
C' 3 9 0.7 9
G' 3 11 0.2 11
I 2 11 0.2 9

o
the present and future bounds onBr (* ! e°). The values are in GeV.

Table 5.6: Maximal expectation for the mass di®erencen,. i mmeSUGRA compatible with
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Figure 5.14: Br(* ! e°) (left panel) and ¥ *e + 2A7) at Ps = 500 Gev (right
panel) as function of mg and m;—. Their values vary linearly in the ranges indicated
in the legends. The seesaw parameters are xed (best tm; = 0, no CP violation,
Mg = 1012 GeV), and the other mMSUGRA parameters are as in scenario SP$1(Ag =
i 100 GeV,signt =+ ;tan =10).

and study the dependence of our signals ang, m;-, and A,.

Figure 5.14 shows the branching ratio of ! e° and the cross section fot *e +2A?
(p s =500 GeV) as contours in themy-m;-, plane. The other mSUGRA parameters are at
their SPS1a valuesAp = j 100 GeV,sign! =+ ;tan = 10. The branching ratio falls o®
uniformly towards larger mg and m,-,, which can be expected due to the masses of sleptons
and gauginos in the loop (Figure 3.1) that correlate withmg and m,-,, respectively. The
cross section, on the other hand, has a more extensive reach itih® m;-, direction but
rapidly falls of for large mg, as this quickly drives the slepton masses beyond the produatio
threshold of 500 GeV. A certain correlation betweemg and m;-,, as displayed in the right
panel of Figure 5.14, is to be expected in order to get a sizealdross section, because the
produced sleptons have to be heavy enough to decay into thehligst neutralinos. The area
on the left-handed side is excluded by the lightest neutralinaot being the LSP. In this
region, the cross section is automatically zero, which is nobé case for the branching ratio.
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Figure 5.15: Br(* ! e°) (left panel) and ¥t * el +2A?) at P 5=500 Gev (right panel)
as function of mg and Ag. Their values vary linearly in the ranges indicated in the legends.
The seesaw parameters are xed (best t,m; = 0, no CP violation, Mg = 1013 GeV),
and the other mSUGRA parameters are as in scenario SPSlan(;-, = 250 GeV;sign! =
+;tan = 10).

The role of Ag has often been neglected in the available mSUGRA benchmark sagos.
Four of our ve scenarios use a zero value for this quantity whichan be quite important
in LFV processes. This is most easily seen in (4.32), whehg directly contributes to the
SUSY seesaw slepton mass corrections,

+mZ /[ (3mj+ Ad): (5.16)

Although the contribution of an equal sizemg will be three times larger, it will also quickly
drive the slepton masses to higher values suppressing our LFV signaDn the other hand,
the main non-LFV e®ect ofA, is the strengthening of the stau left-right mixing, which can
shift the heavy and dominantly left-handed stau to_larger massebut not as e®ectively as
mo. In Figure 5.15,Br (* | e°)and ¥ *e +2A)) (p s =500 GeV) are plotted as contours
in the mg-Ag plane. The remaining mMSUGRA parameters are xed at their SPSlenlues,
mi-, = 250 GeV, signt =+, tan = 10. As expected, the cross section strongly rises with
jAoj. The dependence is not perfectly symmetric aroundly = 0, an e®ect of the role oAy
in the slepton left-right mixing (B.17): If Ae / Ag is positive, it partially cancel with the
negative! term. The quick fall o® with large values oimg is the same as in Figure 5.14.
The increase of the branching ratio withjA,j is not as dramatic, especially in the positive
Ao direction. A strong positive trilinear coupling A; & 100 GeV would hence be favorable
for a collider.
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Chapter 6

Results for hierarchical right-handed
neutrinos

We now adopt the other extreme, assuming that the right-handed/ajorana masses are
strongly hierarchical, at least with respect to the heaviest rigt-handed neutrino,

MMz ¢ Ma: (6.1)

In this case, it is natural to consider only hierarchical lightneutrinos also, since the com-
bination of degenerate light neutrinos and hierarchical fay neutrinos would necessitate a
considerable ne-tuning betweerY. and M in the high energy theory.
To zero order injit, 2 and T2, Yo can be written as (4.16)
Msm;3 T 1

Y Vo diag0;0; 1) ¢R ¢diag O; m3e ;1 eV (6.2)

with m, % P ¢ m?, and mz Y4 P ¢ m%,. Also, we extracted the Majorgna phases from
U (4.11), showing that A; drops out and the e®ect of\, is suppressed by m,=ms. The
parameterization (4.17) of the matrix R(jy; [b; ks) is now very useful, because the angig
does not enter (6.2). Finally, one arrives at

M
Yo = 33 COSlb
v sin
0
0 0 0
£ @ -0 -0 -0 A (6.3)
si-ei BV, + Vi, sp-el f2Vo, + ¢V, sp-ei B2V, + ¢V,
with - = P m,=mz and ¢; = coS |y, etc. By inserting the oscillation parameter best t values
(Section 4.5) forpys, fes, ¢ m3, and ¢ m3;, we get the numerical result
r—
M; 174 GeV
Yo V. —
! (C)OSHZ 102 GeV vsin
0 0 0
£ @ 0 0 0 A (6.4)

1:65.6 A2 + 0:57x 136 5:2¢; + 1:7s,6 A2 4:9c, | 1:7s,€ A2
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Figure 6.1: logojf 12(x1+ iy1)j? (left panel) and log,q jf 23(x1 + iy1)j? (right panel). Their
values vary linearly in the ranges indicated in the legends.The other seesaw parameters
are xed (best T oscillation, m1 =0 eV, += %46, A, = ¥48).

As in the previous chapter,X;3 = 43=0:078, and only the lowest order inys is retained in

(6.4). The analogous analytic expression forYLY. has a complicated structure and is too
unwieldy to gain much insight from. Some important conclusias can be drawn from the
general dependence on the ve relevant, unknown seesaw paragneM s, X1, Xo, Y1, Y2,

MGUT
M3

(YILYo); / Msjcosis + iy2)j®log fij (X2 + iy1); (6.5)
wherex -, andy;-, are the real and imaginary parts of theR matrix anglesy-,, respectively.
f;j are functions offy = x4 + 1y4, also depending on the light neutrino parameters.

First, we see thatx,, y, and M3 only enter through the combinatiort M3j cos, + iy»)j2.
These three parameters are impossible to separate by measuring lenergy observables,
reducing the number of e®ective parameters by two. AlsM sj cosik, + iy»)j? is a priori not
bounded from below (forx, = ¥=2 andy, = 0, it is zero), which can be a problem, because if
M 3j coslkj? is of the order ofM, or smaller, the approximation (6.2) would make no sense, as
the neglected contributions proportional toM, or M, would have to be taken into account.
The assumption

M3j costbj? A M, (6.6)

is thus more apt thanMz A M, (6.1). As can be guessed from (6.3), the functiorfs,
are rather complicated. Figure 6.1 show§f 1»(x1 + iy1)j? and jf »3(X1 + iy1)j? (to which
Br(* ! e°)and Br(¢, ! 1°) are proportional, respectively) for a given set of neutrino
parameters (best T, m; = 0, + = %96, A, = ¥®8). The odd values for the CP phases
have only been chosen to give a generic result instead of a speceade likex = 0. Both
plots reveal a large variation ofifj j> within about eight orders of magnitude. Beyond the

LActually, there is again the additional log Mﬁ—”; dependence, which we neglect in the current discussion.
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depicted range, the functions are cyclic with respect t&; and rise exponentially withy;.
This behavior is easy to understand with

cosik + iy) = cosxcoshy i isinxsinhy; (6.7)
sin(x + iy) sin x coshy + i cosx sinhy: (6.8)

The pronounced minima in Figure 6.1, responsible for the largariation, are very narrow
(the plots are logarithmic injf; j?!), their positions being dependent on the the light neutrino
parameters. They are always located on or close to thg axis. It is thus expected that
the branching ratios and other LFV observables strongly depénon x;. In [48], analytic
expressions for the positions of these minima can be found forteém special cases.

This scenario of hierarchical right-handed neutrinos is a maral environment to include
leptogenesis by enforcing the condition (4.60) oWl to get a baryon asymmetry of g %
6:3¢10 1°. In order to satisfy the gravitino bound we use only those scattergints for which
M, < 10" GeV. In summary, the parameter space is explored as follows:

2 The light neutrino parameters are scattered as usually for théierarchical case as
outlined in Section 4.5.

2 The R matrix parametersx;, X, and xz are linearly varied in their full range, Q:::; 2%
whereas the imaginary parts/1, Y, and y; are linearly scattered within 10 3;:::;1 on a
logarithmic scale. Beyond thisy; range, the perturbativity of Y. is quickly lost [22,48].
On the other hand, all threey; have to be non-zero to make leptogenesis possible [48].

2 With the x; andy; thus given, M, is xed by the leptogenesis condition (4.60). We
only use those scatter points that generate a value df; < 10'* GeV to aBoroximater
Il the gravitino bound. In addition, we demand m; to lie between ¢ m2, and

¢ m2,, so that the t (4.54) for the washout factor - ; is appropriate.

2 Mj is scattered logarithmically between 181, and 1G'M;.

2 M, is varied betweenM; and 01M3. The lower value potentially violates the desired
hierarchy for leptogenesis, but it is rarely generated stochasally.

It is important to keep this procedure in mind as scatter plotscan be easily plagued by
non-physical artifacts.

Determination of M3 Figure 6.2 displays the branching ratio ot ! e° as a function
of the e®ective heaviest right-handed neutrino mad8sj cosipj? in SPSl1a. The typical rise
with jYYLY0j? / M2jcosiej* is the dominant feature. With the current limit Br(* ! e°) <
1:2¢10 1, an upper bound of roughlyMajcosi,j? . 10 GeV can be read of from the
“gure, although there is a considerable amount of uncertaintyA measurement ofBr (* !
e°) ¥4 10 13 would determine M j cosibj? within two orders of magnitude, M zj cosibj? Y4
10 2 GeV, analogous toM g in the previous chapter.
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10t 10% 10° 10 10"
MzEEoSpE » GeV
Figure 6.2: Br(* ! e°) as function of M3j cosppj? in SPS1a. See text for a description

of the scatter procedure. The solid (dashed) line indicateghe current (expected future)
experimental sensitivity of Br (* | e°).

The thinning of the points towards lower values oMj cosij? is in part an artifact of
the scattering proceduré. It also signi es the simple fact that the viable parameter space
compatible with successful leptogenesis is strongly limited femall M;. With a minimal
M of about 5¢1C° GeV (4.62), M3 must be larger than 5¢10'° GeV, which is close to the
reach of the future sensitivity oft ! e°.

Table 6.1 summarizes the uncertainty in determiningvisj cosij? for all scenarios. As
discussed above, a true bound oll; can not be made in general. Nevertheless, as will be
shown below,j cosij? is of order unity in case of successful leptogenesis. Hence, the losun
will roughly apply to M3 also.

Br(* | e°)] =1:2¢10 & =10 3

SPSia 1¢10 - 2¢10% | 2¢10M - 1¢10%
B' 9¢10 - 5¢10 | 1¢10'2 - 9 ¢10'°
c 3¢10° - 9¢10 | 2¢1012 - 2 ¢104
G' 8¢102 - 4¢101 | 9¢10M - 2 ¢10"
I 2¢1012 - 2¢101 | 5¢10' - 2 ¢10'

Table 6.1: Uncertainty in M j cospbpj? at the present and future sensitivities of Br (2 !
e°) due to variation of the remaining seesaw parameters (valug in GeV). See text for a
detailed description of the scatter procedure.

2The distribution of M is not linear on a logarithmic scale, but is more pronounced for largetM, ¥
10! GeV. This a®ects the distribution of M3 accordingly.
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Figure 6.3: Br(* ! e°)=Br(¢ ! *° ) as function of the R matrix parameter x; in SPS1a.
See text for a description of the scatter procedure. Superimosed are two curves for which
all seesaw parameters butx; are xed (best t oscillation values, m; = 0 eV and no CP

violating phases). The solid (dashed) curve is fory; = 0:01 (y1 = 0:1).

Determination of x; A lot of the residual variation in Figure 6.2 is generated by th
dependence orx;, as exempli ed in Figure 6.1, ify; is not too large. In order to extract
X1, we need an observable that does not scale wifsj cospj?. A natural choice is a
ratio of branching ratios, from which M sj cosi,j? drops out. Figure 6.3 displaysBr (* !
e’)=Br(¢ ! *°) as a function ofx; in SPSla. With only upper bounds orBr(* ! €°)
and Br(¢ ! 1°), no information on x; can be gained at the moment. Nevertheless, the
“gure shows that measuring both branching ratios would provida means to determine or
constrain the anglex;. In addition, it may give us a possibility to distinguish between
hierarchical and degenerate right-handed neutrinos. In thprevious section, we did not
discuss the ratioBr (* ! e°)=Br(¢,! *°), which is generically situated between 0.005 and
0.1 (for both hierarchical and degenerate light neutrinospys it does not provide much useful
information on its own. Comparing these numbers with Figure.8, it can be seen that there
is a signi cant di®erence to the presently discussed case. For valoés; ¥ ¥a2; 3¥42; there
is a huge enhancement dr (1 ! e°) overBr(¢ ! 1°) of up to 2-3 orders of magnitude as
compared to degenerate right-handed neutrinos.

Figure 6.3 also includes two curves for xed valueg, = 0:01 andy; = 0:1 (the other
neutrino parameters are also xed: best t oscillationm; = 0 eV and no light CP phases).
They demonstrate that there is a potential variation of over seen orders of magnitude in
Br(* ! e°)=Br(¢! 1°)ify;is small. This variation is caused by the minima off 1,j> and
jf23j% (Figure 6.1), Brio =Br;: / j f1,=f3j2. Due to their narrowness, it is rather improbable
to fall into these minima when scattering the seesaw parametersgrice there are only a few
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20 [ s

3pe2

Figure 6.4: Scatter points compatible with successful baryogenesis (80) and the grav-
itino bound M1 < 10 GeV in the x» i X3 plane for the mMSUGRA scenario SPSla. See
text for a description of the scatter procedure. Also shown & the contours for a constant
M1(x2;x3) = 10101512 GeV (inner to outer contours) with all other seesaw parametes
“xed (best t oscillation, m; =0, no CP phases,y; =0:1).

points in Figure 6.3 that exhibit the potential variation.

Leptogenesis The constraint to produce successful leptogenesis has no diretipact on
the low energy observables. It only gives us a range #dr; between %1% GeV and 16! GeV,
acting as a lower base to build the hierarchy of the right-haretl neutrinos. As we have seen
in (6.5), the low energy observables depend only on, y; and j cosf, + iy»)j? through the
R matrix elements Rs, and Rs3, in the limit of hierarchical right-handed neutrinos. On the
other hand, the CP asymmetry?; which drives the leptogenesis is dominated by tHe matrix
elementsRy;;i = 1;::;3 for hierarchical light neutrinos (4.58). This makes a coelation in
the case of arbitrary values for thex; and y; as considered here very dizcult.

Quite interestingly, we found that the upper bound onM ;, forced on us to cope with the
gravitino problem, can be a blessing in disguise. Figure 6.4 diap$ the viable scatter points
compatible with leptogenesis and the gravitino bound in the&, j X3 plane in SPSla. Itis
apparent that both x, and x5 are constrained around values of; X3 = 0; ¥4;2% The contours
of constantM 1(x»; X3) = 10191112 GeV, which are also displayed in the “gure, give the answer
to that puzzle. The gravitino constraint M, < 10! GeV pushes the parameter space into
regions around the absolute minimum o, for successful leptogenesis (4.62). These regions
are located aroundx,;x3 = n ¢¥for small y; = 0:001; 0:1. The exact locations of these
minima also depend on the other neutrino parameters, which isw many scatter points are
actually outside the M; = 10*! GeV contour. We thus see that our scenario of hierarchical
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10t 10% 10" 10" 10%
MzEogpE « GeV
Figure 6.5: Br(¢ ! ° ) as function of M3jcosipj? in SPSla. See text for a description

of the scatter procedure. The solid (dashed) line indicateghe current (expected future)
experimental sensitivity of Br (¢! 1°).

left- and right-handed neutrinos exhibits an intriguing conplementarity between low energy
observables and successful baryogenesis in mMSUGRA. Using low enetgservables, one
might be able to determine the anglex;, whereas viable leptogenesis constraing and Xs.
Indirectly, this also helps to determineM; more exactly. As discussed above, low energy
observables do not depend directly oM, but rather on Mijcosks, + iy,)j?. With X,
constrained by the gravitino bound, and fory, = 0:001j 1, it turns out that jcosik, + iy»)j?
lies between 0.6 and 1.3, thus a®ectingsj cosik, + iy,)j? only moderately.

Apart from these specialties, most correlations among observablend seesaw parameters
are at least qualitatively similar to the case of degenerate ifrhanded neutrinos discussed
in the previous chapter. In order to not repeat most of the disasion, we will shortly
summarize the various observables:

2 |n contrast to the degenerate right-handed neutrino case, the is a large uncertainty
in the correlation betweenBr (¢,! 1° ) and Msj costbj? (Figure 6.5) due to the strong
variation in x;. This uncertainty is even larger than in the analogous Fige 6.2 for
Br(*! e°).

2 There is again a strong correlation between the rare deca@s(l; ! 1;°) and the slepton
pair production collider processe&{e’e ) ! Ij+ li +2A9. These are shown Figure 6.6
forthe1*ée - and ;"1 -channel in SPS1la for a beam energy ofs = 500 GeV. The
correlation is the same as for degenerate right-handed neaiws and the reach of all
collider signals is in the same range as in the previous chapter
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Figure 6.6: ¥1*el +2AY) as function of Br(* ! e°) (left panel) and ¥{¢*ti +2A9)
as function of Br (¢, ! 1°) (right panel) in SPSla (" s = 500 GeV). The solid (dashed)
lines indicates the current (expected future) experimenta sensitivity of Br(* ! e°) and
Br(¢! 1°), respectively.

2 No large mass di®erence between the sleptdbsand I; can be measured. Intuitively,
this can be understood, because the hierarchy does not origimdrom YYLY. (which
generates the slepton mass di®erences) as in (5.10) but from tiglat-handed neutrinos.

A typical value for all scenarios ism. j m_ . 0:1 GeV as an upper limit compatible
with Br(* ! e°).

2 The left-handed stau mass shifim. i m;;SUGRA is generally of the same order as in

the hierarchical®, /degenerate®r case (Figure 5.13), i.e. about 1 GeV at the current
11 e° bound.

2 Despite the non-vanishingy; which give rise to CP violating e®ects (e.g. leptogenesis),
there is no large enhancement of the electric dipole momergempared to the case
considered in the previous chapter. In scenario SPS1la we nd axiraal viable value
of de ¥4 5¢10 33 ecm, which might be measurable in the future, see (3.15).

2 Mostly due to the strong variation with x;, the correlation between the largest Yukawa
coupling eigenvalue andV; (Figure 6.7) is not as clear as in the case of degenerate
right-handed neutrinos. Third generation Yukawa coupling oi cation jY3j = Y, at
M¢,: would be possible foM; & 3 ¢10" GeV. With the upper bounds in Table 6.1,
Yukawa coupling uni cation is disfavored for the scenarios SR8, G' and I'. The other
two scenarios are also on the brink of being excluded.

The mSUGRA bias At this point, a short comment on the theoretical bias adoptedy
using the mSUGRA framework of soft SUSY-breaking is in order. Espelty with its diag-
onal and universal soft SUSY masses at the GUT scale, mSUGRA is very stvaining and
could lead to predictions that are based on oversimpli ed assumiphs. The interpretation
of our LFV signals crucially depends on a clear correlation tveeen the seesaw parameters
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Figure 6.7: Largest Yukawa coupling eigenvalugYsj at Mg,r as function of the e®ective
heaviest neutrirﬁ massM sj cospbj?. The solid line denotes the upper limit due to pertur-
bativity, jY3j < = 0:3¢4% The dashed line shows the top Yukawa coupling atM ¢,; . See
text for a description of the scatter procedure.

and the o®-diagonal slepton mass elemerﬁmg. There are a couple of modi cations with
varying degrees of generalization that could be adopted:

Non-universal soft SUSY masses. Instead of identifying all scalar masses with onmg
at the GUT scale, this common scalar mass could be made speci ¢ toleapecies, e.qg.

2 — Ly. 2 — er. 2 — Qy.
mZ = mgl;  mg= mgl; mQ—mOI, etc.

Qualitatively, this will change nothing in our discussion, as & mainly consider only
the contributions to mé; mo would simply be replaced bym}. Quantitatively, it will
of course a®ect our results by modifying the SUSY particle speatnuat low energies,
with its impact on decay rates and signal and background crosscsens. Also, it would
reduce the redundancy in determiningni. Assuming perfect mMSUGRAm, could be
determined by many slepton and squark mass measurements, makitsgdetermination
more accurate.

Non-degenerate soft SUSY masses. On a step further, the soft SUSY masses could be
°avor dependent atMg,; , €.g.,

mz = diag(mg)3: (Mg)3: (M5)3);
keeping the o®-diagonal elements zero, and accordingly foettrilinear coupling Ae,

A = diag((Ag)1; (Ag)2i (Ag)s):
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Such a generalization could already seriously worsen our resule.g. the leading-log
mass correction (4.32) would be modi ed to

1
iméz i @(YXLYO),
with L now also containing the hierarchy of the di®erent soft masses andlimear
couplings,
i ui Ly2 2% Mour !
L= diag 3(mg)i +(Ag)i log M
i

It would therefore be impossible to separate the e®ect of the haechy in the right-
handed neutrino masse#; from the SUSY parameter hierarchy ifi5)? and (A});.

Non-diagonal soft SUSY masses. Allowing an arbitrary, non-diagonal (but compatible

with bounds on LFV) scalar mass matrix at the GUT scale would nally @stroy any
correlation between the LFV signals discussed so far and the seesaremeters.
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Chapter 7

Bottom-up approach

The previous two chapters demonstrated that it is possible to awe at predictions on low
energy LFV observables by making sensible assumptions to redube number of unknown
parameters. It seems obvious that théR matrix description (4.16) with its nine arbitrary
parametersM;, Xi, Vi, I = 1;2;3, is not able to provide a suitable means to probe the
whole viable parameter space of the SUSY seesaw mechanism. A scaigeover all nine
parameters (plus the partially constrained light neutrino setor) might be possible but is of
course highly inexcient. It is not possible to enforce a certainalue of, sayBr(* ! €°), to
simulate its measurement. This had to be expected, as tiematrix description is speci cally
constructed to ensure a viable light neutrino sector, but not reessarily experimentally viable
charged LFV process rates.

Parameter Observables

j(@m2) 1) Br(t! e°),%ele | 13¢ +2A0)
j(2m2) 1] Br(¢! e°), ¥ePe | ¢fe +2A)
J(EMD) 23] Br(¢c! ), %ele | 311 +2A))
(m2)11 ?7?

(#M)22i (EM2) mg i mg

(im§)33 mrgi m;nésueRA

Im(2m2); ;i 6 | de, d:

Table 7.1: Parameters of the left-handed slepton correction matriximé and the most
important observables which are potentially sensitive to them.

Chapter 3 provided an alternative in the form of the bi-unitay parameterization (4.37).
In this description, the in principle measurable quantitiesrYY. and m- are treated as input
from which the full high energy seesaw sectoiy{, M;) can be reconstructed, allowing the
simulation of any experimental situation, in order to determme its theoretical consequences.
With the current experimental situation unfortunately still being too vague, there are many
scenarios that could be discussed. We will focus on a few such sitaas to give a proof
of concept for a bottom-up reconstruction of the seesaw modelhieh, in general, works as
follows:
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1. Information on the neutrino sector is used to determine or ogtrain the light neutrino

mixing matrix m., as outlined in Section 4.5.

. Measurements (present or future) of LFV observables are useal determine or con-

strain the correctionsimé to the left-handed slepton matrixmé as departures from its
cavor-conserving mSUGRA value. Table 7.1 lists the parameters mmé, together with
the most important observables discussed in this work. See Chapt for a detailed
discussion. Even this rst step is not trivial. Apart from the ever pesent fact that
there are not enough observables to fully reconstrudiné, there is the problem that
the mapping of observables totmi is not always perfectly unique. For example, the
present bounds orBr (¢, ! e°)andBr (¢! 1°)aresoweak comparedt®r(* ! e°),
that they in general allow a signi cant (about 20-30%) spillingover of the e and &
mixing into +e. In other words, the mass-insertion approximation assuming smal®e
diagonal elements is not always applicable. In our opiniomhe best way to deal with
this is to rst apply the weakest bound and then successively move a@o the stronger
bounds, at each step taking into account the possible spilling avieom weaker bounds.
This could also be performed iteratively, until convergenc® a consistent pattern for
imi that satis es all experimental limits is achieved.

. The MSSM+seesaw RGEs are then solved from the experimentaWl@nergy scale to

Mgur . The bi-unitary procedure of Section 4.3 is used to calculatihe massesM;
of the right-handed neutrinos and the neutrino Yukawa couphg matrix Yo, allowing
the proper integration of the right-handed neutrinos at the respective mass scales.
The only problem is that the slepton mass corrections are notrictly proportional to
Y{Y. but also include the accumulated running fronM,; to the di®erentM;. In the
leading-logarithmic approximations, this is expressed as

M T
+mZ / Y{ ¢diag log M'\;“T ¢Yo: (7.1)

In order to separate this logarithmic enhancement, the RGE delopment can be per-
formed iteratively until the result converges with a small eror. In the rst run, we us
some intermediate value for the right-handed masses, ell; = 102 GeV, and solve
the RGEs from bottom to top. This results in a new set oM ® via (4.43), which in
general are too large as they e®ectively include a logarithsmunning enhancement,

MGUT .

M= M log M

(7.2)

Nevertheless, the RGEs are solved top-down with these new values dompare the
resulting (m2)qec With the desired input (m2).,, from experiment. As long as the
di®erence between the two is too large, this procedure is reped, at each step using
the M; calculated in the previous step. Once the error is acceptablee perform a nal
bottom-up running to produce a high energy seesaw parameter gpt(Y., M;) that is
consistent with all experimental constraints or measurements.
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A numerical example In order to show the ability of the above procedure to reconsta
the high energy seesaw parameters, we give a very speci ¢ examplthe mSUGRA scenario
SPSla. We assume that the branching ratios are measured with wvas

Br(*! e°) = 101, (7.3)
Br(¢! °) = 1019 (7.4)
Br(¢,! e°) = 10i° (7.5)

roughly corresponding to the expected future sensitivities dfiese observables (although the
value for Br (¢ ! €°) is rather wishful thinking at this moment). These branching atios
can be translated into corrections to the left-handed sleptomass matrixmé. Schematically,
this is done by inverting the mass-insertion approximation (8), yielding (jiméj)ij . For our
numerical results, we use the full branching ratio formula, nuerically inverting Br (I; !
1 °) (2] ). B

In addition, we choose a xed but arbitrary quasi-degenerate spgum of diagonal entries
in #mZ,

(#m2)i = i (180,181 182) GeV: (7.6)

These assumptions lead to a low energy left-handed slepton massnixa

0 1
180 06 136

w2 = | @06 181 136 GeV? (7.7)
136 136 182

where we additionally assumed that the phases of the o®-diagoréments vanish (the
branching ratios are only sensitive on the absolute valu¢$tm§)ij j). For the light neutrinos,

a degenerate mass spectrum witim; = 0:3 eV is used, where the oscillation parameters are
at their best t values (Section 4.5), and the CP violating phasg are put to zero. The light
neutrino mass matrix is then given by

1
30 0003 Q002

me = @0:003 302 Q02A 10 *° GeV: (7.8)
0:002 Q02 302

imi, and me. are inserted into the above iterative RG running procedure a& starting point.
After just two iterations, (mﬁ)RGE converges to within 5% of the input (7.7), producing a
fully reconstructed seesaw model parameterized as

diagM; = (8 ¢10'%2¢10';4¢10%) GeV; (7.9)
diagY;, = (8:22; 0:45,0:53); 1 (7.10)
0:95  0:30 j 0:0013
U = @21 068 071A; (7.11)
021 Q67 Q71 L
099 {5¢10° 1¢104
Us = @5¢10°5 0:99 | 3¢10°3A; (7.12)

i 1¢104 3¢103 0:99
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As can be seen, the right-handed neutrino masses are quasi-deggeewith a mass scale
Mg ¥ 10" GeV, and the °avor mixing is sizeable only in the left-handed ming matrix U,
whereasUg is almost diagonal. This example thus roughly belongs to thdass of quasi-
degenerate left- and right-handed neutrinos presented in @pter 5, which is not surprising
as it was intentionally constructed that way. Accordingly, the R matrix is close to the unity
matrix.

To lend more substance to this example, we now allow a variatiaf the diagonal entries
in imé in the range (j 4000::0 GeV?)! and include arbitrary phases for the o®-diagonal ele-
ments. This corresponds to the most general matrixmg which satis es (7.3-7.5). Also, the
light neutrino parameters are varied in their expected futte intervals for a quasi-degenerate
mass spectrum. Due to these uncertainties in the low energy inpthe right-handed neutrino
masses are no longer xed but are situated in the intervals

6:5¢10° < M ; < 1:5¢10"; (7.13)
1:2¢102 < M, < 1:6 ¢10*; (7.14)
6:3¢10" < M 5 < 3:1¢10%; (7.15)

and the hierarchy between the Majorana masses is constrained by

10< §* < 59¢10; (7.16)

1L0< i < 43¢104 (7.17)

12< Ms < 1:2¢10% (7.18)
M1

Consequently, bothM, and M3 are determined within two orders of magnitude around
10" GeV, whereasM; can be as small as 0 GeV. A quasi-degenerate mass spectrum is
a viable solution, as realized in the speci ¢ numerical exampébove. In fact, the hierarchy
between M3 and M, is constrained to be rather small. On the other handM; can be
detached from the other two masses by a considerable amouH{% Y4 O(10%). This can also

be seen in Figure 7.1, wher%—i is plotted againstM;. At M, ¥ 10" GeV, the Majorana
mass spectrum approaches degeneracy. It should be stressed thasth results have been
derived without making any assumptions on the high energy moljdike a real R matrix or

a speci ¢ right-handed neutrino spectrum. We only assume a speci @fpern of branching
ratio measurements (7.3-7.5) and a quasi-degenerate lightuteno mass spectrum. This
example also shows that full knowledge of the low energy inpwg hot necessary in order to
draw important conclusions.

No Slepton °avor violation Much has been said in this work about the connection
between neutrino and slepton °avor violation. There is one teéydre for the neutrino Yukawa
coupling matrix Y., where this correlation can be spoiled. No slepton °avor violatn will

P
!The diagonal elements ofY Y. are always positive, (¥ Yo)i =, jYij?. Hence, the elements m2);;,
i =1;2;3, are negative (4.32).
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Figure 7.1: M—f as function of M1 in SPSla. See text for a description of the scatter
procedure.

be observed ifY!Y. is diagonaf (in a basis whereY, and M are also diagonal),
YYY. = diagjV;j?; (7.19)

with the absolute squares of the Yukawa coupling eigenvalu&s as diagonal entries. No
o®-diagonal slepton mass matrix elements will be generated img case to one-loop order.
In the language of the bi-unitary parametrization, this meas that U_ can be identi ed with
the identity matrix (4.40),

U =1I: (7.20)

From (4.43), the right-handed masse$/; and the right-handed mixing matrix Ugr can be
calculated via the diagonalization
vzs# diagY;’ * ¢m. ¢diagY;i ' = Ug ¢diagM/ * ¢U%; (7.21)

where the only unknown parameters are the neutrino Yukawa apling eigenvalues. This
scenario is the most striking example of how precision measurertgeaf the slepton masses
are necessary to unambiguously determine the seesaw parameteexdose they are the only
observables known to us which are sensitive to the diagonal elems (Y Yo ); .

The simplest realization of (7.19) is given by choosing the Yuka coupling eigenvalues
to be degenerate,

diagY; = YlI: (7.22)

2We are neglecting the logarithmic running, YYYo ! YY¥LY., for discussion purposes. This does not
change the qualitative results. If YYY. is diagonal, so isYY LY., and vice versa.
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Although highly unlikely in the light of the strongly hierarchical Yukawa couplings of the
other fermions, it is a possibility. Equation (7.21) is then simly given by
. (YvsinT)? .
Ugrmo Ug = dmg% = diagm; (7.23)
which is nothing but the diagonalization (4.8) of the e®ect® light neutrino matrix me,
yielding the neutrino masseam;. Thus, Uz can be identi ed with the neutrino mixing
matrix U, and Y. is simply
Yo = YU (7.24)

In true seesaw spirit, the light neutrino masses are suppressedrag = (Yv,\jﬂ l.e. the
hierarchy of the light neutrino masses is exactly the inverse dfie right-handed neutrino
mass hierarchy. This scenario is thus not compatible with a vanishing mass scale,, as the
largest right-handed neutrino mass would have to approach inity. Also note that (7.24) is

intriguingly similar to (5.4),

P
Y. = diagy; ¢V = diag Mgm; ¢UY; (7.25)

vsin
which applies in the case of degenerald; with a real R matrix. Here, the hierarchy of the
light neutrino masses is correlated quadratically with the Ykawa coupling hierarchy,
v sin )2
P = M: (7.26)
Mg

Both cases coincide trivially if the light masses would be ped#y degenerate, which is of
course ruled out.

3The numbering of the mass eigenvalues will change if sorted in the usual fashiomn; <m, <ms.
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Chapter 8

Conclusions

We studied in great detail how the unknown parameters of the S¥YSseesaw model can
be determined from measurements of observables at or belovvlid?j energies, namely rare
LFV decayslg ! 1-°, slepton pair production processeg®e ! i rfn LIB1L + 2A9
at linear colliders and slepton mass di®erences. This is a chadjang task as there is an
intricate dependence of the observables on the unknown seeslayht neutrino and mMSUGRA
parameters. In order to separate these di®erent in°uences, we rstnsidered two classes of
seesaw models, namely quasi-degenerate and strongly hieramghigght-handed neutrinos.

In the case of degenerate right-handed neutrinos, and assuminglase correlation be-
tween lepton °avor violation in the neutrino sector and chargeé LFV, the common mass
scaleMgy of the right-handed neutrinos is the only unknown high eneggseesaw parameter
on which the observables are sensitive. For hierarchical lighieutrinos, a measurement of
Br(* ! e°) % 10 '3 would probe My in the range 5¢10' GeV to 10 GeV, depending
on the mSUGRA scenario, with an uncertainty of about two order®f magnitude in Mg.
As all lepton °avor violating observables are suppressed by two @as of magnitude for a
neutrino mass scale om; = 0:3 eV, compared to a hierarchical light neutrino spectrum, the
sensitivity on Mg decreases accordingly by about one order of magnitude.

There are strong correlations between the cross sections forpsten pair production at
linear colliders and the branching ratios for the correspoimy rare radiative decays. These
are largely una®ected by the uncertainties in the light neutno parameters. We have there-
fore investigated these correlations very thoroughly and ndhat they are the stronger, the
smaller the branching ratios for the radiative decays are d. the lowerMg. The correlations
are somewhat weakened for highly degenerate light neutrinos, which case the collider
process cross sections are favored compared to the rare decags.aThe present bounds on
Brig1 I e°)andBr (¢! 1°)still allow sizable signals at a linear collider of the order df fb
at s =500 GeV in the SUSY scenarios well accessible at that epergy.t It e° will not bp
observed at the new PSI experiment, the cross section fere ! G e + 2A?
is predicted not to exceed 0.1 fb.

In order to estimate the sensitivity of the collider processes, weave calculated the
dominant Standard Model and MSSM background. With appropsete cuts, which were
optimized for each scenario, anticipating the future knowltige on the sparticle mass spectra,
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the Standard Model and MSSM background to thé * e -channel amounts to 4-14 fb. At a
beam energy of 800 GeV, there can be a strong increase in the sigmas section for scenarios
with larger slepton masses. The overall discovery potential foepton °avor violation at a
linear collider is slightly increased by performing searches & e collisions in addition to
e' e collisions.

We also determined the general dependence of rare decay rated collider processes on
the mSUGRA parameterang, m;-, and Ag, going beyond the handful of benchmark scenarios
used. As loop processes, rare decays have a higher reach to largartighe masses and thus
to my and mi-,. Nevertheles% collider processes have a better sensitivity fop ¥4 100 GeV
and m;-, ¥4 200; 400 GeV at s =500 GeV. Their sensitivity is also signi cantly improved
compared to rare decays for positive values @&, & 100 GeV, a possibility not covered in
any of the benchmark scenarios available.

In case of hierarchical light neutrinos there can still be a msarable mass di®erence
between the left-handed smuon and selectron of the order of . 15eV. The determination of
such mass patterns incompatible with avor-conserving mSUGRA pdictions would provide
very useful information, as the mass di®erences are directly siive to the diagonal elements
of Y¥Y., which is not the case for any of the LFV signals.

For hierarchical left- and right-handed neutrinos, many oflie aforementioned properties,
like the strong correlation between rare decays and collid@rocesses, remain qualitatively
true. On the other hand, the now possible mixing between the ig-handed neutrinos, which
can be expressed by a complex orthogonal matrRR, does play a signi cant role, making
this scenario less predictive. As a remedy, we apply an additi@nconstraint by requiring
that our model successfully incorporates the generation of thabserved baryon number
asymmetry of the universe via leptogenesis. In this way we constted a realization of the
seesaw model that is compatible with current bounds on LFV brashing ratios as well as the
measurement of the baryon asymmetry. With the future sensitivit Br (2 ! e°) ¥ 10 13,
it is possible to probe the heaviest right-handed Majorana mad$d; in the range 16! GeV
- 10'* GeV (depending on the SUSY scenario), with an uncertainty of aut two orders of
magnitude inM 3. Consistency with successful leptogenesis restricts the lighteght-handed
neutrino massM; to be larger than¥4 5¢10° GeV. In order to avoid an overproduction of
gravitinos in mMSUGRA, the reheating temperature of in°ation shald be smaller than about
10" GeV, setting an approximate upper limit onM; of the same scale. This condition also
considerably constrains the real angles, and x; of the R matrix. The remaining angle
X; can be determined or constrained by measuring the ratiBr(* ! e°)=Br(¢, ! 1°),
which might also be utilized to roughly discriminate betweenhe cases of degenerate and
hierarchical right-handed neutrinos.

Finally, we presented a general method that can be used to reabruct the high energy
seesaw parameters, among them the heavy right-handed neutrin@asses, from low energy
observables alone. With a representative example for possiblaibching ratio measurements,
we demonstrated that right-handed neutrino masses can be deat@ned with an uncertainty
of two orders of magnitude if only the LFV branching ratios (o alternatively, LFV processes
at linear colliders) are measured, without making any furtheassumptions on the high energy
theory. This con rms and generalizes the above results for theéetermination of Mg for
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degenerate, andM; for hierarchical right-handed neutrinos. The procedure, fowhich a
proof of applicability was given, is expected to come into st own in the future if there
will be actual signals of charged lepton °avor violation. Ever new experimental piece of
information on the light neutrino sector and the slepton °avor volation processes can be
easily implemented and its impact on the unknown high energyhgsics analyzed. It is hoped
that this will allow a glimpse (or maybe more than that) on the gysics around the GUT
scale.
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Zusammenfassung

Das eleganteste Modell zur Erzeugung von Neutrinomassen ist deeSaw-Mechanismus, in
dem sehr schwere rechtshAndige Neutrinos zum TeilcheninhadtsdStandardmodells hinzu-
geffigt werden. Der Seesaw-Mechanismus kann auf natArlitfeise die kleinen Massen der
linkshAndigen Neutrinos erklAren, welche durch die schwerechtshAndigen Neutrinomassen
unterdrAickt sind, m. = (100 GeV)2=Mg. Mit Neutrinomassen von etwam. % 0; 1 eV sollte
die Massenskalair der rechtshAndigen Neutrinos um die ¥0GeV liegen.

Ein groYser Nachteil des Seesaw-Modells ist die Tatsache, dass ek \reie Parameter
enthAlt, die nicht durch Messungen im beobachtbaren leicteNeutrinosektor bestimmbar
sind. Obwohl prinzipiell mAglich, sind Prozesse mit geladenkeepton-Flavor-Verletzung im
Seesaw-Modell stark unterdriickt, und kAnnen nicht zur Eirenzung des Parameterraums
benutzt werden. Dies Andert sich drastisch, wenn das Modell supymmetrisiert wird.
Die Lepton-Flavor-Verletzung im Neutrinosektor wird in diesen Fall auf den Sleptonsek-
tor Abertragen, welcher Strahlungskorrekturen durch dieechtshAndigen Neutrinos erfAhrt.
Dadurch sind Zerfallsraten seltener ZerfAlle wie ! e° und ¢ ! 1° mAglich, die nahe
der jetzigen experimentellen Grenzen liegen. Neben solchewliativen ZerfAllen sind auch
Lepton-Flavor verletzende Prozesse an Teilchenbeschleumigerlaubt, wobei wir uns hier
auf Slepton-Paar-Produktion ane® e -Beschleunigern konzentrieren.

In dieser Arbeit wurde detailliert untersucht wie die unbekanten Parameter des super-
symmetrischen Seesaw-Modells durch Messung von niederenesgegn Observablen (Lepton-
Flavor verletzende seltene ZerfAlle ! 1-°, Slepton-Paar-Produktiones e ! i rfr, !

1315, + 2A? an Linearbeschleunigern und Sleptonmassen-Di®erenzen) besitrwerden kAn-
nen. Wegen des komplizierten Zusammenhangs zwischen diesersdgedYsen und den See-
saw-, Neutrino-, und SUSY-Parametern stellt dies eine gro¥%e Heraudérung dar. Um die
verschiedenen Ein°Aisse zu trennen, wurden zuerst zwei Klassen @eesaw-Modellen be-
trachtet, nAmlich solche die durch (quasi-)entartete und stk hierarchische rechtshAndige

Neutrinomassen charakterisiert sind.

Im Falle entarteter rechshAndiger Neutrinos wird zusAtzieine enge Korrelation zwis-
chen der Lepton-Verletzung im Slepton- und im Neutrino-Sekt angenommen. Unter diesen
Annahmen ist die gemeinsame Massenskaldg der rechtshAndigen Neutrinos der einzige
unbekannte Parameter der zugrundeliegenden Theorie, audridie oben genannten Observ-
ablen sensitiv sind. FAIr hierarchische leichte Neutrinos wAgrtz durch eine Messung von
Br(* ! e°) %10 3 im Bereich von 5¢10'* GeV bis 13* GeV mit einer Unsicherheit von
etwa zwei GrAYsenordnungen getestet werden, abhAngig vowdddten SUSY Szenario. Bei
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einem entarteten Massenspektrum der leichten Neutrinos mib, = 0:3 eV sind alle Lepton-
Flavor verletzenden Observablen um zwei GrAYsenordnungegegsiber dem hierarchischen
Fall unterdrAickt, wodurch die SensitivitAt aufMgz um etwa eine GrAYsenordnung sinkt.

Zwischen den Wirkungsquerschnitten von Slepton-Paar-Prodti@nsprozessen an Linear-
beschleunigern und den VerzweigungsverhAltnissen der entshe:mden seltenen ZerfAlle be-
steht eine enge Korrelation, welche nur schwach von den Unsicheiten in den Neutrinopa-
rametern beein°u¥st wird. Die Korrelation ist um so stArker, je &lner die Verzweigungs-
verhAltnisse der seltenen ZerfAlle sind. FAr stark entartéééchte Neutrinomassen wird die
Korrelation geschwAcht, wobei die Beschleunigerprozesseastvim Vorteil gegenfber den
ZerfAllen sind. Die jetzigen Grenzen aBr(* ! e°) und Br(¢, ! *°) erlauben messbare
Signale fAirr Lepton-Flavor verletzende Slepton-Paar-Ridaktion an Linearbeschleunigern in
der GrAssenordnung von 1 fb bei einer Strahlenergie von 500vVGEalls der Zerfallt | e°
nicht im ME Experiment am PSI gemessen werden wird, sollte der Mkungsquerschnitt
fArete | G THD 17e + 2A? nicht 0,1 fb Aibersteigen. Mittels geeigneter Schnitte,
die auf jedes SUSY Szenario angepasst sind, kann der Standardelbdund Lepton-Flavor
erhaltende SUSY-Hintergrund zum Beschleunigersigniaf e +2 A auf etwa 4-14 fb gedrAickt
werden.

FAIr hierarchische leichte Neutrinos ist eine messbare Massendé®erzwischen dem links-
hAndigen SmAion und Selektron im Bereich 0,1-1 GeV mAgliDie Messung solcher Massen-
di®erenzen, die in Lepton-Flavor erhaltender SUSY nicht erntat werden, wAre sehr inter-
essant, da die Massendi®erenzen direkt auf die Diagonalelemextie Y3 Y. sensitiv sind, was
fAr keine der anderen betrachteten Observablen gilt.

Im Falle hierarchischer links- und rechtshAndiger Neutrinosldiben viele der oben ge-
nannten Ergebnisse, wie etwa die Korrelation zwischen Beschhégerprozessen und seltenen
ZerfAllen, weiterhin bestehen. Andererseits spielt die Misahyi der rechtshAndigen Neutri-
nos, welche mittels einer komplex orthogonalen MatriR beschrieben werden kann, nun
eine gro%e Rolle. Dadurch nimmt die Vorhersagekraft dieses rgzes etwas ab. Um dies
auszugleichen, fordern wir zusAtzlich dass das Modell erfeigh die Bildung der Baryonzahl-
Asymmetrie des Universums mittels Leptogenese beschreibt. Damiturde ein Seesaw-
Modell realisiert, das mit den jetzigen Grenzen an den Lepteilavor verletzenden Verzwel-
gungsverhAltnissen und der Messung der Baryonzahl-Asymmetrigti@glich ist. Mittels
der zukAinftigen SensitivitABr (2 | e°) ¥4 10 '3 wAre es mAglich, die Mas$&; des schw-
ersten rechtshAndigen Neutrinos im Bereich #0GeV - 10 GeV (abhAngig vom SUSY
Szenario) mit einer Unsicherheit von etwa zwei GrAYsenordnangzu bestimmen. FAr er-
°ogreiche Leptogenese muss die leichteste Madde grAsser alé4 5 ¢1®° GeV sein, und
um eine ﬁberproduktion von Gravitinos in MSUGRA zu vermeiden, solltéM ; zudem unter
10'* GeV liegen. Diese Tatsache sorgt auch daffir, dass die reellemkél x, und x5 der R-
Matrix stark eingeschrAnkt sind. Der verbleibende Winket; kann durch eine Messung von
Br(* ! e°)=Br(¢! 1°) bestimmt oder eingeschrAnkt werden. Diese Observable k&nnt
auch dazu benutzt werden, um zwischen entarteten und hierdsischen rechtshAndigen Neu-
trinos zu unterscheiden.

Zur Verallgemeinerung der obigen Ergebnisse wurde zum Abschlegse allgemeine Meth-
ode prAsentiert, mittels der die zugrunde liegenden Hochegie-Parameter des Seesaw-
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Modells allein durch niederenergetische Observable rekonsart werden kAnnen. Mit Hilfe
eines reprAsentativen Beispiels wurde gezeigt, dass rechisligde Neutrinomassen mit einer
Unsicherheit von zwei GrAYzenordnungen bestimmbar sind, falls die VerzweigungsverhAlt-
nisseBr (lg ! [-°) (oder die entsprechenden Beschleuniger-Wirkungsquerschea)tbekannt
sind. Dies bestAtigt und verallgemeinert die oben genannteim GrenzfAllen ermittelten,
Ergebnisse. Das Verfahren sollte in der Zukunft voll zur Geltumkommen, wenn Signale fAr
geladene Lepton-Flavor-Verletzung tatsAchlich gemessenrden. Jede neue experimentelle
Information zum Neutrinosektor oder zu geladener Lepton-FH@ar-Verletzung kann auf ein-
fache Weise berMicksichtigt werden, um seinen Ein°uss auf die ekhnnte Hochenergie-
Physik des Seesaw-Modells zu bestimmen. Vielleicht gestattetedieinen kurzen Blick auf
die Physik am Rande der GUT-Skala.
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Appendix A

Numerical parameters

The following numerical parameters, taken from [81, 138], wee used throughout our nu-
merical calculations. Unless otherwise noted, all values are thie electroweak scalen, =
91:19 GeV.

® = 1=137036 “ne-structure constant
®&mz) = 1=127880 “ne-structure constant atm;
sirfpy = 0:2311 weak mixing angle
m; = 91:188 Z boson mass
my = 80:423 W boson mass
v = 174:19 Higgs VEV
® = 0:117 strong coupling constant
mee = 5:01(511)¢10 ¢ electron (pole) mass
mfe® = 1:04(106)¢10 ! muon (pole) mass
meee = 1:75(178) tau (pole) mass
i = 3:00¢10 '° muon decay width
i, = 2:126¢10 *? tau decay width
m, = 1:72¢10°3 u-quark mass
mg = 3:89¢10 3 d-quark mass
ms = 0:68¢10 2 s-quark mass
m, = 0:58 c-quark mass
m, = 2:91 b-quark mass
mg = 174:3 t-quark mass
Meyr = 1:5¢10% GUT scale
Table A.1: Numerical input parameters. Masses and widths are in GeV.
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Appendix B

MSSM notation and conventions

B.1 Neutralinos

The higgsinos and electroweak gauginos of the MSSM mix withaeother due to electroweak
symmetry breaking. The neutral higgsinosi§; 1°) and the neutral gauginos B; W°) com-
bine to form four neutral mass eigenstates called neutralinos.

In the gauge-eigenstate basid’ = (B; WO ng;n%)T, the neutralino mass term has the
form

1. ~
L = iEAWZA°+h£¢ (B.1)
where the neutralino mass matrix is given by [139]
0 1
T4 0 i MzSwC MzSwS-

- % 0 M,  mzowC | mZC\NS_g; (B.2)

i MzSwC MzCyC 0 il

MzSwS~ | MzCwS i1t 0

with the soft-SUSY breaking gaugino massdgr,, M, and the Higgs mixing parametert .
Diagonalization leads to the mass eigenstates

A= Ny RS =14 (B.3)

whereN is a unitary matrix satisfying:
3

N"ZN' = diag mgag; Mag; Mag; Mag (B.4)

N can be chosen such that the eigenvalues are real and positiveQ14By convention, they
are labelled with ascending mass valueng < ma < Mz < Mz. The easiest way to
determineN is to take the absolute square of (B.4),

N(ZYZ)N’ = diagm3,; (B.5)
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which is a straightforward unitary diagonalization ofZYZ. The proper Majorana spinors for
the neutralinos are TP

~

A = Q.O ; (B.6)

B.2 Charginos

Just like the neutral higgsinos and gauginos, the charged higgss (1 ;f,) and winos
(W*; Wi ) mix to form two mass eigenstates with charg& 1 called charginos. In the gauge
eigenstate basidA = (W* ;i ;Wi ;h},)T the chargino mass term has the form

1 u?

L= %ATCA+ h.c.: (B.7)
with the mass matrix Cin 2£ 2 block form [140]
C_“o xTﬂ_ X_“ NT, IOémws— (8.8)
X 0 - émw c- 1 .

The mass eigenstates are related to the gauge eigenstates by th®erent, unitary 2£ 2
matrices O; and Oy:

“A‘lﬂ_O“W‘ﬂ. uAIﬂ_Oqu_ -
A|2 - 1 H’i ’ A;- - 2 H; ’ .
which can be chosen such that
O[XOj = diag myas;mzs ; Mz <Mjs; (B.10)

with real positive mass eigenvalues in ascending order. For theactical calculation of O;-;,
it is useful to take the absolute squares of (B.10), yielding:

O XXO) = diagmﬁé ; (B.11)

O XYXOY = diagm% ; (B.12)

The Dirac spinors of the charginos are built from the particlantiparticle two-component
spinors as T

A= Q (B.13)

B.3 Charged Sleptons

In principle, any scalars with the same electric charg&-parity and color quantum numbers
can mix with each other. This means that the mass eigenstatestbe sleptons should be ob-
tained by diagonalizing a & 6 matrix for the charged sleptonsI{ ,; Tk, )=(€L; > ; 2L &R TR: 2R)
and a 3£ 3 matrix for the sneutrinos %x=(2¢; % ;%)L .
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The charged slepton (mas§)matrix has the following form (in the above °avor eigenstate
basis) [55] A !
e (g )

2 .
m2 = mﬁ o (B.14)
LR R
wherem? , m2 and m? are 3£ 3 matrices,m? , m? also being hermitian:
L R LR L R
mﬁL = mZ + diagm{) + ImZ cos(2)(j 1=2 + sin® ) (B.15)
mrz_R = mZ+ diagm?) i Im3 cos(2)sin® py (B.16)
m2 = Agvcos j diagm)? tan (B.17)

The contributions mi_; m2 are soft SUSY-breaking mass terms from the SSB Lagrangian (2.7),
while the lepton massesn,, re°ect the SUSY prediction,m,. = my;. The terms proportional
to m2 originate from so called D-terms generally given by

Co=m3(Ts, i Qe SIN?pw)cCoS(2); (B.18)

with T3, and Qg the third component of the weak isospin and the electric chargef the
supermultiplet to which the relevant particle belongs (for he right-handed sector this is the
anti-supermultiplet, Qg,, = +1). They arise from (slepton)?(Higgs)? quartic interactions
once the Higgses acquire vacuum expectation values.

In general the mass matrix (B.14) is not diagonal. It is diagaalized by a 6£ 6 unitary
matrix U,

WmU. = diagm? :::'mé); (B.19)

with the charged slepton mass elgenvaluaal?.2 i =1;:::;6. The slepton mass eigenstates are
expressed in terms of the gauge elgenstates by

T =(Waille + (UWergilke: ®=1;2,3: (B.20)

B.4 Sneutrinos
The sneutrino (massj matrix in the °avor eigenstate basis®z=(%¢; % ;%) is given by
mé = m2 + 1=2m3 cos(2)I; (B.21)

where the tiny masses of the light neutrinos are neglected. Timeass matrix is diagonalized
by a unitary 3£ 3 matrix U.:

UWmU. = diagmZ ; mZ ; m2): (B.22)
The mass eigenstate$; -are related to the gauge eigenstates by
0.1 0 1
CL
@12A = Ua @A (B.23)

% %
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In principle, the addition of right-handed sneutrinos as pdrof the SUSY seesaw model
induces left-right sneutrino mixing and sneutrino-antisneutno mixing [141] (4.3), in general
leading to a 12£ 12 sneutrino mass matrix. Such mixings are suppressed by the Maoa
mass scalér of the right-handed neutrinos, and can be neglectedMr, is large as is always
the case in our work. The same is true for the right-handed sneirps. They do not directly
contribute to low energy processes.

B.5 \ertices

Listed are all vertices, taken from [100], used in the calculat of our signal processes?_
and Pr are the chirality projection operators,

1 1
P|_ = §(1| 05); PR = §(1+ 05): (824)

Standard model vertices

e+
° +ie°’
e
o
Z i 50" (Qvi Ga°s)
al

with the coupling strengthg= —2— andgy = j 2 +2sinpy; ga = i .

Sin Py
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Slepton-slepton-gauge boson The de nition of the momentum °ow of the scalar par-
ticles is crucial in these vertices. We choose the momentum diten to be equal with the
particle arrow and opposite to the antiparticle arrow, so the mmenta always °ow out of the
vertex in the following cases.

pp T
A

AN +iek (pri P2)’

Z AN i 1o,z (Pri P2)’
H 1 P 3 2
with z; = 3 o (Ui (Ui + sy

Z \AANNK i 1ot (Pri P2)’

o
//
i -7 P i e
|® | 2|e Ni®;aPL + Ni®;aPR
A
with
Miy Nas N2 tw + N2,
NL. —® 2 (U)); | 22U B.25
i®;a 2Mvy Sw C*( r)|(®+3) l 25w ( r)|® ( )
N 1 m N 3 .
I\Iig;a = aa(ur)i(®+3) + m(ur)@, (B.26)
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Charged lepton-sneutrino-chargino

A%
//
li g P 'CL P+ CR_Pr
A
with
Cioa = giO—Z)al(Um)@ (B.27)
' 2Sw
m,. (O

Cla ; Mis(On)e2 1)""Z(Um)@ (B.28)

: 2myy C-Sw
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Appendix C

Renormalization Group Equations

Throughout this chapter, the logarithmic scale variable is de ned as
TR |
1 1

t= 16%"” o (C.1)
in order to get rid of factors 164. ! is the running scale whereak, is an arbitrary base scale.
In our numerical calculation, we used o = mz. The following RGEs are taken from [142],
including the sign conventions for the gaugino mass terms andlinear couplings. The SUSY
scale, i.e. the scale above which the sparticle degrees of feadare treated as active, is
de ned as [138]

Msusy = P Mg Mg, (C.2)

the geometric mean of the stop masses. This choice minimizes SU&¥eshold e®ects.

Cl SM

This section shows the full renormalization group equationsif the Yukawa coupling matrices
Ye; Yu; Yq and gauge couplingg, (a = 1;2;3), in the Standard Model to one loop order.
These RGEs are used below the SUSY scale and quark mixing e®ectsreaglected. In
addition, the top quark is integrated out belowm;.

‘U h Al .
dy 9 9 3
dte = Ye ngi zlg§+ Tr YYe+3YVY, +3YYYq |+ éYg\(e ; (C.3)
‘u h i
dy 17 9
dt“ = Yy i z)gfi 21ggi 805+ Tr YYYe+3Y)Y,+3YYy |
3 3 ’
+ éYﬁYui éYﬁYd ; (C4)
av, Moy 9 h i1
5 = Yq i ngfi Zggi 85+ Tr YYe+3YVY, +3Y Yy |
3 3 ’
+ éYﬁYdi EYﬁYu ; (C.5)
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K 1
dg. _ 3. - _ o4l 18 s
il (oNo with b= 0! ' 7 ; a=1;23 (C.6)
C.2 MSSM

In the following, we give the RG equations of the MSSM. They arused above the SUSY
scaleMsysy. The RGEs for the gauge couplingg, and the gaugino masselT, are given to
two-loop order for greater accuracy.

dy Mo h i1 ’
dte = Ye iggfi 3+ Tr Y¥e+3YYq 1+3YYY, ; (C.7)
u 1 .
dy 13 16 £ a
dt“ = Y, ;1—ngi 303 §g§+3Tr YIYy 1+3Y0Y,+ Y)Yy ; (C.8)
de_ .“.72. 2 . 162 hy yiﬂ y y >.
G - Yq ol 395 | §g3+Tr 3V Y+ YIYe  1+3YNYq+ VY, ;(C.9)
A !
da. _ 3 1 X 2 3. 1.9
e Baga+@ Banly Gny a=1;23; (C.10)
b=1
, ,
dnr 2
dta = Bag§Ma+ mgi Babgé Mg+ My ; a=1;23; (C.11)
b=1
with
0 1
Mag 1 19925 275 885
B = g;1;13 - B= @ 95 25  24A:

11=5 9 14

The RGEs for the soft SUSY breaking mass contributionsi?; mZ; mZ ; mg; mz; mi ;mg are

o
dmé — 2 \Y y 2 i Y 2 VARV, ¢
i ;TEYEYe + YeYem + 2 YemeYe + mp YeYe

| N+ 6V + OES €12
dg:i = 2 imﬁYng + Yngm§¢+ 4 iYeméYg + mi Yoy + Aequ;

u
24 . . 6
i ggﬁmﬂz [ ggfs l; (C.13)
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dmé — 2 Y y 2 2 Y y 2
+ 2 YIMiYg+ mi YiYg+ AjAg+ YIMEY, + mi YYY, + AYA,
vl
2 5. o, 32, ., 3
i 9NN+ BGNDI® + GNE® + SgiS I (C.14)
dm2 i ¢ ’
dt‘* = 2 MYV, + Y m2 +4 Yum%Yﬁ+ mz YuY! + AA)
V]
. 3_22'M'2+3_22'Nr'2+ﬂ'28 |- C.15
i WMt S GIM T g S L (C.15)
dm2 3 4 3
d—td‘ = 2 mY{Yq+ YiYqmi +4 YdmzcﬁYiﬁ ma YaY)+ AgAY
VI
8 50 5 32, o, 2
i UM gt + 2GS I (C.16)
dmﬁ h 2 2 2 |
dtd = 6Tr mQYé’Yd + Yé’mGYd + mhdYé’Yd + Aé/Ag
+ 2Tr M2YLYe+ YImEYe+ mi YiYe + AA.
6 5. . ., 3
i 9iM® i 6giM* i £rS; (C.17)
dmj h 2 2 2 |
dtu = 6Tr mgYYu+ YimaYy + mp YiYu + AlA,
6 .. . ., 3
i ggfllvrllzi 605 NT2j° | 5955; (C.18)
where S is a shorthand for
h i
S=Tr my+mii mii mi+m; i my o+ mp: (C.19)

Finally, the RGEs for the soft SUSY-breaking trilinear coupligs A¢; Ay; Aq are given as:

' h i
A
O = A i G 3R+ T 3VAYe VIV,
| 9 2 2 h y y "

+ AYCYA+5AYYYe;

dA, 13
= A
dt !

o

16 £
i 1—59%i 3% i §g§+3Tr Yy

1 1
+ 2V, 1_295'\”1"'393'\”24‘§Q§M3+3TrYﬁAu

(C.20)

(C.21)
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' h is
dAg 7 16
ot = A4 | 1—59§i 395 §g§+ Tr 3YYq+ YiYe |
7 ) ) 16 ) h y y | »
* 2Ya @M1+ 3N+ g5+ T 3Y(Ag+ YeAe
+ 4YdeAd + 5AdeYd + 2YdeAu + AdeYu: C.22
d d u u

C.3 SUSY seesaw

The RGEs for the supersymmetric seesaw model are given below tcedaop order. The
method to properly apply them in the case of non-degenerateghit-handed neutrinos is
given in Section 4.2. The scale dependence of the new addiibmatrices Yo, m&R, Ao, M
and m. is governed by

dYo _ .“.32. 2 £y yo‘” y o
at = Yo i ggl i 392 + Tr 3YuYu + YZYo | +3Y3Yo + YeYe ; (C23)
dm2 ' ¢ ¢
T 2 MY+ YoVimE 44 Yo Y+ mE Yo+ AAY S (C.24)
U f
Ao £ a
ddt = A ggfi 3g5+ Tr 3Y)Y,+ Y¥Yo
U 1
£ o
+ 2Yo gg§M1+3g§M2+ Tr 3YYA, + YIA
+ AYIYoAo +5AYYYo +2Yo YA + Ao YVY,; (C.25)
M
O('j—t = 2(Y2Yo)M +2M(Y-YY)T; (C.26)
dmo 3 3
. E(YéYe)Tmoi Emo(\(g\(e) i

+

2Tr YIYe+3YYY, +3Y Yy i 305+ ,n Mo; (C.27)

fort<M 4, and

dme
dt

(YY) Tmo + mo (YIYe) + ( YYYo)Tme + mo (YYYo)
"L E 56,
+  2Tr 3YY Y+ YIYe | ggli 6g5; mo; (C.28)
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fort>M g .

. h Is the Higgs quatrtic self-coupling, in the MSSM given by}, = Z(gf+ 93).

The following quantities are modi ed due to additional righthanded neutrino corrections:

dYe
dt
dy,
dt
ﬁ
dt
dn,
dt
dAe
dt

Yem L v Vive: (C.29)
dt “MSsM

Voo £ .

dve= Yo Tr Y2Yo ; (C.30)
dt ESSM

dm?—

i ¢
—E Mo+ YIYom? +2 'YYM2 Yo + m2 YIYe + AA ;(C.31)

MSSM

dmg, - +2Tr £m2YyYo FYIME Yo + MEYIYe + LA (C.32)
dt_ cve 2 M ha Yo ! '
_ MSSM
dA.—
d—te— +2Y YA + AYYYo: (C.33)

MSSM

Below their mass scale, the heavy Majorana neutrinos are integed out, which e®ectively
means thatY. and A. are zero in this regime.
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Appendix D

Processes

Given below are the amplitudes for the processes studied in thigrk. The vertex factors
NR=L and CR=t corresponding to neutralino/charged slepton and chargino/sutrino vertices
are given in Appendix B.5.

D.1 i1 |

The amplitude for the procesd! (1) !

l;(2)! °(3) is [20, 48]

M = iem, 827% o (Aj PL + APR)UL;

(D.1)

where ¥~ = §[°®; °-], q is the photon momentum and? is the polarization vector of the
photon. In the limit of a massless nal lepton,m;, = 0, this yields the decay rate [20, 48]

. e? .0
i( 1! ——my JA.,J + JAR?

Ijo —_
10)= 16%

(D.2)

The coeicientsA"“R are determined by calculating the photon penguin diagrams stvn in
Fig. 3.1 with charginos/sneutrinos or neutralinos/charged sfgons in the loop [20, 45, 48]:

32/ZA;

~

o A A ! A
1 NL NLU FN mAg + mAaNL NRU FN mAg
2 jk;a "Vik;a m2 m jk;a "Vik;a mz
k=1 a=1 Tk A A I | I A Ik ”
SED G 1 m%i Ma; m2,
C CLu FC AL A C C F AL
2 jk;a “ik;a mz m jkia “ik;a ' 2 mz
k=1 a=1 %% l %%
AL

;(D.3)

(D.4)
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with
FN(x) = 1j 6x+3é<(214;2)(x;i 6x2Inx; (D.5)
FY(x) = Li Zf:i;mx; (D.6)
. 2
Fo(x) = 2+3X | :z(li+;<;+6xlnx; 0.7)
FE(x) i 3+4(x1ii );2); 2Inx (D.8)

D2 e'ée ! 'R

The amplitude for the process" (1)e (2) ! rj* (3)I7 (4) is given by [99]:

My = M§+Mj;
e @z 1 .
M s = v o, . 1 =] + 1) . o Us:
i 1°1(Ps i ?4) S 22,51 Mzz(g\” 0a°s) Ug; ,
Xt i o CE+ Mag i ¢
M }] = | "/13 Nle;aPR + NjR]_;aPL W Nil?L;aPL + NiF\l’;aPR Uz' (D.g)
a=1 a

In comparison to the slepton and neutralino masses, and to the centof mass energy of a
linear collider the masses of the initial and nal state leptonsan be neglected regarding the
process kinematics. In terms of the Mandelstam variables= (p; + p2)%, t = (p1i P3)?
u=(pri ps)? the helicity amplitudes M j (he ;he ) (h = § 1) can be written as

_X4 N_R. N-LI.]
M (+34) = i 2ie?” s mag —=—122;
a tl mAO
a=1 A
_X4 NL _NR=
My (i) = i2ieps Mg — =22,
a tl mAO
a=1 A AQ |
9 — 4 ) X4 NR_NRe
M ij (+1l ) = 2ie2 tu pgpﬁ A4 i -Z” - szl,a ’
AS C\2/\/S| mz 4 ti Mm%, |
i Zij x4 N_L Rao

S S N
Mi(i:4) = +2 ie? tuj Sy Swi + =21 (D0
ij (I ) | pgpzzl S S\chev S m§ o t mig ( )

Arbitrarily polarized beams are described by polarization®s and Pe+ 2 [j 1;1] of the
incoming electrons and positrons, respectively. A polarizath of P = j 1(+1) corresponds
to a beam that entirely consists of particles with helicities +/2(+1/2). In the limit of

massless fermions, which is appropriate in our case, a negativegjive) electron helicity
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corresponds to left-handed (right-handed) chirality. For psitrons, this relation is reversed:
negative (positive) helicity$ right-h. (left-h.) chirality.
The squared amplitude for an arbitrarily polarized beams iseperally given by
. 1 X . .
Mj ?(Pe ;Pe) = 7 (1+ hg Pg )(1+ he Per )M (hgi ; hes )j: (D.11)

hes =i 11

D.3 ee | [II

1)

Analogously, the amplitude for the procesg' € ! T If reads [104]:
" #
e X ¢C g+ mao) i ¢
M j = i EIJ-E NleaPL NjF;_aPR t_—mzAa N|1aP|_ + NllaPR U->
a=1 | AQ
+ (t! wi$ j); (D.12)

where C is the charge conjugation operator, satisfying’ = C'*, C" = j C. This leads to

helicity amplitudes M j (he ; hei ),

_X NR.NR.
M (+:+) = 2ie?Ps mAgit'_l'amlzl’a+(t$ wis j);
a=1 I AQ
X NESRNE
My (i) = 2ie”” 5 mag—= L2+ (18 ui $ j);
a=1 tl mAO
g —Xx* NR_NL
My (i) = 2ie? tuj @ —S2 L2 (t$ wis j);
ot mg
c=1 Aa
q_— x4 NL_NR
MiGi;+) = i2e? tui pp 2% (t$ uis j): (D.13)
=1 t| mAg
§ AO
D4 1 I3AD
The amplitude for the decaylf (1) ! 15 (2)A%(3) is [99]
. e £ o}
Mi = i Pk Nig.aPL + N& PR Vs; (D.14)

or in helicity form, M { (h,, ), summed over the helicity of the outgoing neutralino,
Mi() = 2 neN.%aEp ps:
Mi(Gi) = 2ieNjga P20ps: (D.15)

The helicity amplitudes fort" | 13 A2 can be obtained from (D.15) by substitutingN R |
(N=F)°.
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