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Abstract

Supersymmetry is one of the most plausible extensions dtiedard Model,
since it is well motivated by the hierarchy problem, suppdrby measure-
ments of the gauge coupling strengths, consistent with tiggestion from
precision electroweak data that the Higgs boson may bevaiatlight, and
provides a ready-made candidate for astrophysical colld dfeatter. In the
rst lecture, constraints on supersymmetric models areeresd, the problems
of ne-tuning the electroweak scale and the dark matter ifi¢iase discussed,
and a number of benchmark scenarios are proposed. Thendbgepts for
discovering and measuring supersymmetry at the LHC, lineliders and in
non-accelerator experiments are presented. In the seechud, the evidence
for neutrino oscillations is recalled, and the parametercepof the seesaw
model is explained. It is shown how these parameters may plerexd in
a supersymmetric model via the avour-changing decays dectréc dipole
moments of charged leptons. It is shown that leptogeness dot relate the
baryon asymmetry of the Universe directly to CP violatiom&utrino oscilla-
tions. Finally, possible CERN projects beyond the LHC aratioaed.

Lectures given at the PSI Summer School, Zuoz, August 2002

1. Supersymmetry
1.1 Parameters and Problems of the Standard Model

The Standard Model agrees with all con rmed experimentah disom accelerators, but is theoretically
very unsatisfactory[]1]. It does not explain the particleuwgum numbers, such as the electric chapge
weak isospinl , hyperchargér and colour, and contains at least 19 arbitrary parametdrssdinclude
three independent gauge couplings and a possible CPiaplstrong-interaction parameter, six quark
and three charged-lepton masses, three generalized ©abidk mixing angles and the CP-violating
Kobayashi-Maskawa phase, as well as two independent miassesak bosons.

As if 19 parameters were insuf cient to appall you, at leasermore parameters must be intro-
duced to accommodate neutrino oscillations: three newutriasses, three real mixing angles, and three
CP-violating phases, of which one is in principle obsergahlneutrino-oscillation experiments and the
other two in neutrinoless double-beta decay experimentg&en Ehore parameters would be needed to
generate masses for all the neutrifds [2], as discusseccinnes2.

The Big Issues in physics beyond the Standard Model are o@antty grouped into three cate-
gories [1]. These include the problem idfass what is the origin of particle masses, are they due to a
Higgs boson, and, if so, why are the masses so stdallcation : is there a simple group framework
for unifying all the particle interactions, a so-called @dalJni ed Theory (GUT), andrlavour: why
are there so many different types of quarks and leptons aryddwhheir weak interactions mix in the
peculiar way observed? Solutions to all these problemsldlementually be incorporated in a Theory of
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Everything (TOE) that also includes gravity, reconcilewith quantum mechanics, explains the origin
of space-time and why it has four dimensions, etc. Stringrfheperhaps in its current incarnation of M
theory, is the best (only?) candidate we have for such a T{REb{B we do not yet understand it well

enough to make clear experimental predictions.

Supersymmetry is thought to play a role in solving many ekthproblems beyond the Standard
Model. The hierarchy of mass scales in physics, and paatiguthe fact thamyy mp, appears to
require relatively light supersymmetric particldd: < 1 TeV for its stabilization[[4]. As discussed later,
GUT predictions for the uni cation of gauge couplings worgsh if the effects of relatively light super-
symmetric particles are includeld [5]. Finally, supersyrtineeems to be essential for the consistency of
string theory [B], although this argument does not realtriet the mass scale at which supersymmetric
particles should appear.

Thus there are plenty of good reasons to study supersymiffrgo this is the subject of Lec-
ture 1, and it reappears in Lecture 2 in connection with treeplability of charged-lepton avour viola-
tion.

1.2 Why Supersymmetry?

The main theoretical reason to expect supersymmetry at@ssible energy scale is provided by the
hierarchy problemf]: why is myy ~ mp, or equivalently why isGg ~ 1=m3, Gy = 1=m3?
Another equivalent question is why the Coulomb potenti@nratom is so much greater than the Newton
potential:e> Gy m? = m2?=m3, wherem is a typical particle mass?

Your rst thought might simply be to sehp  my by hand, and forget about the problem. Life
is not so simple, because quantum correctionsitoand hencenyy are quadratically divergent in the
Standard Model:

miw O (-) % (1)

which is m\z,v if the cutoff , which represents the scale where new physics beyond tinelsgth
Model appears, is comparable to the GUT or Planck scale. ¥amgple, if the Standard Model were to
hold unscathed all the way up the Planck mags 10'° GeV, the radiative correctiof](1) would be 36
orders of magnitude greater than the physical valueeﬁg\f,\, !

In principle, this is not a problem from the mathematicalmpaif view of renormalization theory.
All one has to do is postulate a tree-level valuemﬁ that is (very nearly) equal and opposite to the
“correction' (1), and the correct physical value may be inieh However, this ne tuning strikes many
physicists as rather unnatural: they would prefer a meshattiat keeps the “correctioff] (1) comparable
at most to the physical valug [4].

This is possible in a supersymmetric theory, in which theee equal numbers of bosons and
fermions with identical couplings. Since bosonic and femitc loops have opposite signs, the residual
one-loop correction is of the form

méw 'O (-)(m3 md); 2)

which is < mﬁ,;w and hence naturally small if the supersymmetric partneot®B and fermiong-
have similar masses:

jmd  mZj < 1TevZ (3)
This is the best motivation we have for nding supersymmettyelatively low energieq][4]. In addition
to this rst supersymmetric miracle of removing] (2) the qetit divergence[{1), many logarithmic
divergences are also absent in a supersymmetric th¢pna[Btoperty that also plays a role in the
construction of supersymmetric GUTS$ [1].

Could any of the known particles in the Standard Model begglaimp in supermultiplets? Unfor-
tunately, none of the known fermions " can be paired with any of the “known' boson®v  Z%:g; H,



because their internal quantum numbers do not mgjch [9]efample, quarks sit in triplet represen-
tations of colour, whereas the known bosons are eitheredmgk octets of colour. Then again, leptons
* have non-zero lepton numbkr = 1, whereas the known bosons hdve= 0. Thus, the only pos-
sibility seems to be to introduce new supersymmetric pest{goartners) for all the known particles:
quark! squark, lepton slepton, photont photino, Z! Zino, W! Wino, gluon! gluino, Higgs

I Higgsino. The best that one can say for supersymmetry isittie@gbnomizes on principle, not on
particles!

1.3 Hints of Supersymmetry

There are some phenomenological hints that supersymmetyyindeed, appear at the Tev scale. One
is provided by the strengths of the different gauge intéwast as measured at LER [5]. These may be
run up to high energy scales using the renormalizationfgreguations, to see whether they unify as
predicted in a GUT. The answer is no, if supersymmetry ismdtided in the calculations. In that case,
GUTs would require

sin® w = 0:214 0:004 (4)

whereas the experimental value of the effective neutrakweiging parameter at the° peak issin®> =
0:23149 0:00017[Ld]. On the other hand, minimal supersymmetric GUTs ptedic

sin? w ' 0:232 (5)

where the error depends on the assumed sparticle masspsefitieed value being around 1 TelY [5], as
suggested completely independently by the naturalnessedadlectroweak mass hierarchy.

A second hint is the fact that precision electroweak datdepra relatively light Higgs boson
weighing less than about 200 Gel][10]. This is perfectly ¢stest with calculations in the minimal
supersymmetric extension of the Standard Model (MSSM), hickvthe lightest Higgs boson weighs
less than about 130 GeY J11].

A third hint is provided by the astrophysical necessity dfiatark matter. This could be provided
by a neutral, weakly-interacting particle weighing lesarttabout 1 TeV, such as the lightest supersym-
metric particle (LSP) [[L2].

1.4 Building Supersymmetric Models

Any supersymmetric model is based on a Lagrangian that ic@dissupersymmetric part and a supersym-
metry-breaking par{]31d] 7]:
L = Lsusy + Lsusy : (6)

We concentrate here on the supersymmetric party. The minimal supersymmetric extension of the
Standard Model (MSSM) has the same gauge interactions &tanelard Model, and Yukawa interac-
tions that are closely related. They are based on a supetj@®/ that is a cubic function of complex
super elds corresponding to left-handed fermion elds.r@entional left-handed lepton and quark dou-
blets are denoted; Q, and right-handed fermions are introduced via their comjegelds, which are
left-handeder ! ECur! U%%dgr! DEC. Interms of these,

W = LEc LLECH]_ + Q.ue UQUCHZ + QD¢ DQDCH]_ + H 1H2: (7)

A few words of explanation are warranted. The rst three teim(7) yield masses for the charged lep-
tons, chargé+2 =3) quarks and charge- 1=3) quarks respectively. All of the Yukawa couplingsu:.p
are3 3 matrices in avour space, whose diagonalizations yield riness eigenstates and Cabibbo-
Kobayashi-Maskawa mixing angles for quarks.

Note that two distinct Higgs doublet$;., have been introduced, for two important reasons. One
reason is that the superpotential must be an analytic poliaio it cannot contain botid andH ,



whereas the Standard Model uses both of these to give masa#dhe quarks and leptons with just a
single Higgs doublet. The other reason for introducing twggd doubletdH 1.5 is to cancel the triangle
anomalies that destroy the renormalizability of a gaugertheOrdinary Higgs boson doublets do not
contribute to these anomalies, but the fermions in Higgesupltiplets do, and pairs of doublets are
required to cancel each others' contributions. Once twagkligupermultiplets have been introduced,
there must in general be a bilinear terrh 1H» coupling them together.

In general, the supersymmetric partners of\the and charged Higgs bosohks (the “charginos'
) mix, as do those of the Z % andH{,, (the “neutralinos' ?): see [L]. The lightest neutralinois a
likely candidate to be the Lightest Supersymmetric Pa&{icEP), and hence constitute the astrophysical
cold dark matter[[12].

Once the MSSM superpotentid] (7) has been speci ed, thetdftepotential is also xed:

ow
@

where the sums run over the different chiral eldand theSU(3); SU(2) andU (1) gauge-group factors
a. Thus, the quartic terms in the effective Higgs potenti@ eompletely xed, which leads to the
prediction that the lightest Higgs boson should wefgh30GeV [17].

In addition to the supersymmetric pard,sy of the lagrangian[{6) above, there is also the superym-
metry-breaking piecé& sysy . The origin of this piece is unclear, and in these lecturesshail just
assume a suitable phenomenological parameterizatiomdér oot to undo the supersymmetric miracles
mentioned above, the breaking of supersymmetry shouldifié i the sense that it does not reintroduce
any unwanted quadratic or logarithmic divergences. Thdidates for such soft superymmetry breaking
are gaugino masseéd ; for each of the gauge group factarsn the Standard Model, scalar masses-
squaredm3 that should be regarded as matrices in the avour indeX the matter supermultiplets,
and trilinear scalar coupling&jjx corresponding to each of the Yukawa couplingg in the Standard
Model.

There are very many such soft superymmetry-breaking telipper limits on avour-changing
neutral interactions suggest [14] that the scalar masgesradm$ are (approximately) independent of
generation for particles with the same quantum numbers, slgptons, and that th&; are related
to the jjk by a universal constant of proportionaliy. In these lectures, for de niteness, we assume
universality at the input GUT scale for all the gaugino masse
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and likewise for the scalar masses-squared and trilinganpzeters:

m(z) = m% J-I; Aijk = A ijk: (10)
This is known as the constrained MSSM (CMSSM). The valueshefdoft supersymmetry-breaking
parameters at observable energiesl TeV are renormalized by calculable factofs][15], in a simila
manner to the gauge couplings and fermion masses. Thesenaimation factors are included in the
subsequent discussions, and play a key rdle in Lecture & phjsical value of is xed up to a sign in
the CMSSM, as is the pseudoscalar Higgs nmags by the electroweak vacuum conditions.

1.5 Constraints on the MSSM

Important experimental constraints on the MSSM parameiaces are provided by direct searches at
LEP and the Tevatron collider, as compiled in {me;-,; mg) planes for different values dan and
the sign of in Fig.[]. One of these is the limin > 103.5 GeV provided by chargino searches
at LEP [16], where the fourth signi cant gure depends on @fCMSSM parameters. LEP has also
provided lower limits on slepton masses, of which the stestigsme > 99 GeV [1F], again depending



only sightly on the other CMSSM parameters, as longreas m = 10 GeV. The most important
constraints on tha; d; s; ¢; bsquarks and gluinos are provided by the FNAL Tevatron ocadlidor equal
massesng = Mg ~ 300 GeV. In the case of tHe LEP provides the most stringent limit when, m

is small, and the Tevatron for larger. m [[L§].

Another important constraint is provided by the LEP lowarition the Higgs massny > 114.4
GeV [L9]. This holds in the Standard Model, for the lightesgdi$ bosorh in the general MSSM for
tan < 8, and almost always in the CMSSM for &in , at least as long as CP is conserﬂe(Since
mp, is sensitive to sparticle masses, particularly, via loop corrections:
!
mé m?2
mg/ —In =5 +: (11)
My mi
the Higgs limit also imposes important constraints on tHesgersymmetry-breaking CMSSM param-
eters, principallyn,-, [23] as seen in Fig. 1. The constraints are here evaluatad EsynHiggs [24],
which is estimated to have a residual uncertainty of a coop&eV inmy,.

Also shown in Fig. 1 is the constraint imposed by measuresnadiit! s [20]. These agree with
the Standard Model, and therefore provide bounds on MSShtles, such as the chargino and charged
Higgs masses, in particular. Typically, thd s constraint is more important for< 0, as seen in
Fig. la and c, but it is also relevant for 0, particularly whertan is large as seen in Fig. 1d.

The nal experimental constraint we consider is that duehi® theasurement of the anomolous
magnetic moment of the muon. Following its rst result lastay [25], the BNL E821 experiment has
recently reported a new measurement [264 of %(g 2), which deviates by 3.0 standard deviations
from the best available Standard Model predictions basetbwrenergye* e ! hadrons data [27].
On the other hand, the discrepancy is more like 1.6 standartibns if one uses ! hadrons data
to calculate the Standard Model prediction. Faced with¢higfusion, and remembering the chequered
history of previous theoretical calculations [28], it isasenable to defer judgement whether there is
a signi cant discrepancy with the Standard Model. Howewdther way, the measurement af is a
signi cant constraint on the CMSSM, favouring> 0in general, and a speci ¢ region of tlim—,; mg)
plane if one accepts the theoretical prediction basesf @ ! hadrons data [29]. The regions preferred
by the curreny 2 experimental data and tlee ! hadrons data are shown in Fig. 1.

Fig. 1 also displays the regions where the supersymmetiiic density = critical falls
within the preferred range
0l< h?<03 (12)

The upper limit on the relic density is rigorous, since gdtgsics and cosmology tell us that the total
matter density » < 0:4[30], and the Hubble expansion rdte 1= 2 to within about 10 % (in units
of 100 km/s/Mpc). On the other hand, the lower limit in (12)ojstional, since there could be other
important contributions to the overall matter density. 8enavalues of h? correspond to smaller
values of(mq-,; mg), in general.

As is seen in Fig. 1, there are generic regions of the CMSSMrmpater space where the relic
density falls within the preferred range (12). What goes thie calculation of the relic density? It is
controlled by the annihilation cross section [12]:

1
=mn ; n : 13
ann( I o :) ( )
where the typical annihilation cross sectioghn 1=m?. For this reason, the relic density typically
increases with the relic mass, and this combined with theuppund in (12) then leads to the common
expectation tham < O(1) GeV.

1The lower bound on the lightest MSSM Higgs boson may be rellaigni cantly if CP violation feeds into the MSSM
Higgs sector [22].




Fig. 1: Compilations of phenomenological constraints on the CM$&Ma)tan = 10; < 0, (b)tan =10; > O,
(c)tan =35; < Oand(d)tan =50; > 0, assumingdo = 0;m; = 175 GeV andmb(mb)ﬁ = 4:25 GeV [18].
The near-vertical lines are the LEP limits = 103:5 GeV (dashed and black) [16], shown in (b) only, and = 114 GeV
(dotted and red) [19]. Also, in the lower left corner of (b)ewhow theme = 99 GeV contour [17]. In the dark (brick red)
shaded regions, the LSP is the chargedso this region is excluded. The light (turquoise) shadedsaiare the cosmologically
preferred regions witl®:1 h?  0:3[18]. The medium (dark green) shaded regions that are mashjirent in panels (a)
and (c) are excluded by! s [20]. The shaded (pink) regions in the upper right regionswltthe 2 ranges ofg 2.
For > 0,the 2(1) contours are also shown as solid (dashed) black lines [21].



Fig. 2: (@) The largem-, “tail' of the ~ coannihilation region fotan = 10,A =0 and < 0 [32], superimposed
on the disallowed dark (brick red) shaded region wherg <m , and (b) the  ti coannihilation region fotan = 10,
A = 2000 GeV and > 0 [34], exhibiting a largem, “tail’, again with a dark (brick red) shaded region excludedcause
the LSP is charged.

However, there are various ways in which the generic uppend@nm can be increased along
laments in the(m=;; mg) plane. For example, if the next-to-lightest sparticle (W)$s not much
heavier than : m=m < 0:1, the relic density may be suppressed by coannihilatiqn:+ NLSP!

7)) [31]. In this way, the allowed CMSSM region may acquire al"&itending to larger sparticle
masses. An example of this possibility is the case where tt®MNs the lighter stau~ andm

m , as seen in Figs. 1(a) and (b) and extended to lamggp in Fig. 2(a) [32]. Another example is
coannihilation when the NLSP is the lighter stop [38], andm; ~ m , which may be important in
the general MSSM or in the CMSSM whénis large, as seen in Fig. 2(b) [34]. In the cases studied, the
upper limit onm is not affected by stop coannihilation.

Another mechanism for extending the allowed CMSSM regiolatgem is rapid annihilation
via a direct-channel pole whan %mHiggs;z [35, 18]. This may yield a “funnel' extending to large
m,— andmg at largetan , as seen in panels (c) and (d) of Fig. 1 [18]. Yet another abtbwegion
at largem-, andmg is the “focus-point' region [36], which is adjacent to theubdary of the region
where electroweak symmetry breaking is possible, as sdeig.i. The lightest supersymmetric particle
is relatively light in this region.

1.6 Fine Tuning

The above-mentioned laments extending the preferred CM$&rameter space are clearly exceptional
in some sense, so it is important to understand the sehgit¥ithe relic density to input parameters,
unknown higher-order effects, etc. One proposal is the-dgnsity ne-tuning measure [37]

Vv
u

X h2) 2
‘ @réln aj : (14)

where the sum runs over the input parameters, which mightdeq(relatively) poorly-known Standard
Model quantities such as; andmy, as well as the CMSSM parameteng; m;-,, etc. As seenin Fig. 4,
the sensitivity  (14) is relatively small in the “bulk' region at lom;-,, mg, andtan . However, it



Fig. 3: An expanded view of the,-, mo parameter plane showing the focus-point regions [36] agéam, for (a)
tan =10, and (b)tan =50 [21]. In the shaded (mauve) region in the upper left corneeré are no solutions with proper
electroweak symmetry breaking, so these are excluded @M®SM. Note that we have chosan= 171 GeV, in which case
the focus-point region is at lowen, than wherm; = 175 GeV, as assumed in the other gures. The position of thioreg
very sensitive ton;. The black contours (both dashed and solid) are as in Fig.eldanot shade the preferrgd 2 region.

is somewhat higher in the  ~ coannihilation “tail', and at largéan in general. The sensitivity
measure  (14) is particularly high in the rapid-annihilation “fuihand in the “focus-point' region.
This explains why published relic-density calculationsyndiffer in these regions [38], whereas they
agree well when is small: differences may arise because of small differerninethe values and
treatments of the inputs.

It is important to note that the relic-density ne-tuning aseire (14) is distinct from the traditional
measure of the ne-tuning of the electroweak scale [39]:

S x
2. @n my
' @n g

(15)

: |
Sample contours of the electroweak ne-tuning measure lawevs (15) are shown in Figs. 5 [34]. This
electroweak ne tuning is logically different from the cosiogical ne tuning, and values of are
not necessarily related to values of , as is apparent when comparing the contours in Figs. 4 and
5. Electroweak ne-tuning is sometimes used as a criterimnréstricting the CMSSM parameters.
However, the interpretation of (15) is unclear. How large a value of is tolerable? Different people
may well have different pain thresholds. Moreover, cotietes between input parameters may reduce its
value in speci ¢ models, and the regions allowed by the déffee constraints can become very different
when we relax some of the CMSSM assumptions, e.g., the wailigr between the input Higgs masses
and those of the squarks and sleptons, a subject beyonddpe stthese Lectures.

1.7 Benchmark Supersymmetric Scenarios

As seen in Fig. 1, all the experimental, cosmological andrisical constraints on the MSSM are mu-
tually compatible. As an aid to understanding better thesjgisycapabilities of the LHC, variows e
linear collider designs and non-accelerator experimentset of benchmark supersymmetric scenarios



Fig. 4: Contours of the total sensitivity (14) of the relic density in thém;-,; mo) planes for (atan =10; > 0O;m; =
175GeV, (b)tan = 35; < O;m; = 175 GeV, (c)tan =50; > O;m; = 175 GeV, and (dtan = 10; >
0;m; = 171 GeV, all forAp = 0 [37]. The light (turquoise) shaded areas are the cosmolaifjcpreferred regions with
01 h?  0:3. In the dark (brick red) shaded regions, the LSP is the chairge so these regions are excluded. In panel
(d), the medium shaded (mauve) region is excluded by the@leak vacuum conditions.



Fig. 5: Contours of the electroweak ne-tuning measurg(15) in the(mi=,; mo) planes for (atan =10; > O;m; =
175 GeV, (b)ytan = 35; < O;m; = 175 GeV, (c)tan = 50; > O;m; = 175 GeV, and (dtan = 10; >
O;m; = 171 GeV, all forAp = 0 [21]. The light (turquoise) shaded areas are the cosmolaiiycpreferred regions with
01 h?  0:3. In the dark (brick red) shaded regions, the LSP is the ctirge so this region is excluded. In panel (d),
the medium shaded (mauve) region is excluded by the elestovacuum conditions.



Fig. 6: The locations of the benchmark points proposed in [40] inrugon of the(m;-,; mo) plane where h? falls within
the range preferred by cosmology (shaded blue). Note tlatlments of the allowed parameter space extending to large
m;=, and/ormg are sampled.

have been proposed [40]. Their distribution in {ine;-,; Mmg) plane is sketched in Fig. 6. These bench-
mark scenarios are compatible with all the acceleratortcaings mentioned above, including the LEP
searches andd! s , and yield relic densities of LSPs in the range suggestedbgnology and astro-
physics. The benchmarks are not intended to sample “fdivg/allowed parameter space, but rather to
illustrate the range of possibilities currently allowed.

In addition to a number of benchmark points falling in thelkbvegion of parameter space at
relatively low values of the supersymmetric particle masas see in Fig. 6, we also proposed [40] some
points out along the “tails' of parameter space extendingalarger masses. These clearly require some
degree of ne-tuning to obtain the required relic densitgln the correcWW mass, and some are also
disfavoured by the supersymmetric interpretation ofghe 2 anomaly, but all are logically consistent
possibilities.

1.8 Prospects for Discovering Supersymmetry

Inthe CMSSM discussed here, there are just a few prospeadssfiovering supersymmetry at the FNAL
Tevatron collider{40], but these could be increased in other supersymmewitets [41]. Fig. 7 shows
the physics reach for observing pairs of supersymmetritighes at theLHC. The signature for super-
symmetry - multiple jets (and/or leptons) with a large antafrmissing energy - is quite distinctive, as
seen in Fig. 8 [42, 43]. Therefore, the detection of the ssypemetric partners of quarks and gluons
at the LHC is expected to be quite easy if they weigh less thanta2.5 TeV [44]. Moreover, in many
scenarios one should be able to observe their cascade datayighter supersymmetric particles, as
seen in Fig. 9 [45]. As seen in Fig. 10, large fractions of theessymmetric spectrum should be seen
in most of the benchmark scenarios, although there are decadere only the lightest supersymmetric
Higgs boson would be seen [40], as seen in Fig. 10.

Electron-positron collidergprovide very clean experimental environments, with egaih pro-
duction of all the new patrticles that are kinematically asdgle, including those that have only weak
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Fig. 8: The distribution expected at the LHC in the variable that combines the jet energies with the missing energy [46,
42, 43].

Fig. 9: The dilepton mass distributions expected at the LHC due ddisfe decays in two different supersymmetric scenar-
ios [46, 44, 43].



CMSSM Benchmarks
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interactions. Moreover, polarized beams provide a usefalyais tool, ance , ande e colliders
are readily available at relatively low marginal costs.

Theete ! tt threshold is known to be d& cy 350 GeV. Moreover, if the Higgs boson
indeed weighs less than 200 GeV, as suggested by the preekdotroweak data, its production and
study would also be easy at ehe collider withEcy ~ 500GeV. With a luminosity ofL0®* cm 2s 1
or more, many decay modes of the Higgs boson could be meagerg@ccurately, and one might be
able to nd a hint whether its properties were modi ed by stgygnmetry [47, 48].

However, the direct production of supersymmetric parsic@désuch a collider cannot be guaran-
teed [49]. We do not yet know what the supersymmetric thigskaergy may be (or even if there
is one!). We may well not know before the operation of the Li{houghg 2 might provide an
indication [29], if the uncertainties in the Standard Modalculation can be reduced.

If an €" e collider is above the supersymmetric threshold, it will Indesto measure very accu-
rately the sparticle masses. By comparing their massestote of different sparticles produced at the
LHC, one would be able to make interesting tests of string@dd models of supersymmetry breaking,
as seenin Fig. 11 [50]. However, independently from thei@aer benchmark scenarios proposed, a lin-
eare" e collider withEcy < 1 TeV would not cover all the supersymmetric parameter sphoeed
by cosmology [49, 40].

Nevertheless, there are compelling physics argumentsiébralineae™ e collider, which would
be very complementary to the LHC in terms of its explorataswer and precision [47]. Itis to be hoped
that the world community will converge on a single projecthwthe widest possible energy range.

CERN and collaborating institutes are studying the posdillowing step in lineae* e collid-
ers, a multi-TeV machine called CLIC [51, 52]. This would asdouble-beam technique to attain accel-
erating gradients as high as 150 MV/m, and the viability afederating structures capable of achieving
this eld has been demonstrated in the CLIC test facility][5Barameter sets have been calculated for
CLIC designs witrEcy = 3;5 TeV and luminosities 010°® cm 2s 1 or more [51].

In many of the proposed benchmark supersymmetric scen&id€ would be able to complete
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Fig. 12: Like lower-energye* e colliders, CLIC enables very accurate measurements oftigmmasses to be made, in this
case the supersymmetric partner of the muon and the lightestalino ° [54].

the supersymmetric spectrum and/or measure in much moaé deavy sparticles found previously at
the LHC, as seen in Fig. 10 [40]. CLIC produces more beanstngtthan lower-energy line&" e col-
liders, but the supersymmetric missing-energy signatweldavstill be easy to distinguish, and accurate
measurements of masses and decay modes could still be rsedsrain Fig. 12 [54].

1.9 Searches for Dark Matter Particles

In the above discussion, we have paid particular attentotiné region of parameter space where the
lightest supersymmetric particle could constitute thed atdrk matter in the Universe [12]. How easy
would this be to detect? Fig. 13 shows rates for the elastizisgdependent scattering of supersymmet-
ric relics [55], including the projected sensitivities f8DMS Il [56] and CRESST [57] (solid) and GE-
NIUS [58] (dashed). Also shown are the cross sections caledlin the proposed benchmark scenarios
discussed in the previous section, which are considerastybthe DAMA [59] range {0 > 10 © pb),

but may be within reach of future projects. The prospectsléecting elastic spin-independent scatter-
ing are less bright, as also shown in Fig. 13. Indirect seardébr supersymmetric dark matter via the
products of annihilations in the galactic halo or inside $um also have prospects in some of the bench-
mark scenarios [55], as seen in Fig. 14.

2. Lepton Flavour Violation
2.1 Why not?

There is no good reason why either the total lepton nurhber the individual lepton avourd e..
should be conserved [61]. We have learnt that the only ceadeguantum numbers are those associated
with exact gauge symmetries, just as the conservation ofreleagnetic charge is associated wikfi)
gauge invariance. On the other hand, there is no exact ggugeetry associated with any of the lepton
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numbers.

Moreover, neutrinos have been seen to oscillate betweardifferent avours [62, 63], showing
that the separate lepton avouks.. are indeed not conserved, though the conservation of &&dmh
numberL is still an open question. The observation of such osailfetistrongly suggests that the
neutrinos have different masses. Again, massless partike generally associated with exact gauge
symmetries, e.g., the photon with thH1) symmetry of the Standard Model, and the gluons with its
SU(3) symmetry. In the absence of any leptonic gauge symmetry.zeom lepton masses are to be
expected, in general.

The conservation of lepton number is an accidental symnuéttige renormalizable terms in the
Standard Model lagrangian. However, one could easily addgdstandard Model non-renormalizable
terms that would generate neutrino masses, even withagatiunting a ‘right-handed' neutrino eld. For
example, a non-renormalizable term of the form [64]

1

M H H; (16)
whereM is some large mass beyond the scale of the Standard Modell wenerate a neutrino mass
term:

hOjH j0i 2
—
Of course, a non-renormalizable interaction such as (1&nseunlikely to be fundamental, and one
should like to understand the origin of the large mass ddale

The minimal renormalizable model of neutrino masses reguine introduction of weak-singlet
‘right-handed' neutrinodl . These will in general couple to the conventional weak-detuleft-handed
neutrinos via Yukawa couplingé that yield Dirac massesp  my . In addition, these “right-handed'
neutrinosN can couple to themselves via Majorana maddethat may be myy, since they do not
require electroweak summetry breaking. Combining the fpes of mass term, one obtains the seesaw
mass matrix [65]:

m 'm = a7

! !
: 0 Mp L.

where each of the entries should be understood as a matrenergtion space.

In order to provide the two measured differences in neutmasses-squared, there must be at least
two non-zero masses, and hence at least two heavy singlginosiN; [66, 67]. Presumably, all three
light neutrino masses are non-zero, in which case there bsuat least thredl;. This is indeed what
happens in simple GUT models such as SO(10), but some md@3}lkdve more singlet neutrinos [69].

In this Lecture, for simplicity we consider just thrbk.

As we discuss in the next Section, this seesaw model can agodate the neutrino mixing seen
experimentally, and naturally explains the small diffexemnin the masses-squared of the light neutrinos.
By itself, it would lead to unobservably small transitioretuseen the different charged-lepton avours.
However, supersymmetry may enhance greatly the rates émepses violating the different charged-
lepton avours, rendering them potentially observablewasdiscuss in subsequent Sections.

2.2 Neutrino Masses and Mixing in the Seesaw Model

The effective mass matrix for light neutrinos in the seesasd@hmay be written as:
1 h i
M = YT Y v2 sin? (19)

where we have used the relatiomy = Y vi[sin Jwithv h OjH]jOi, and the factors o§in appear
in the supersymmetric version of the seesaw model. It isexmiewnt to work in the eld basis where the



charged-lepton masses and the heavy singlet-neutrino madésare real and diagonal. The seesaw
neutrino mass matrikl  (19) may then be diagonalized by a unitary transformation

UM U= M% (20)

This diagonalization is reminiscent of that required fag fuark mass matrices in the Standard Model.
In that case, it is well known that one can rede ne the phasdéiseoquark elds [70] so that the mixing
matrix Uckm has just one CP-violating phase [71]. However, in the neatdase, there are fewer
independent eld phases, and one is left with three physigiviolating parameters:

U= PVPy: Py Diag € ;€ 2;1 : (21)

HereP, = Diag € 1;€ 2;€ 3 contains three phases that can be removed by phase rotatidrese

unobservable in light-neutrino physicg, is the light-neutrino mixing matrix rst considered by Maki
Nakagawa and Sakata (MNS) [72], aRg contains 2 observable CP-violating phasgs. The MNS

matrix describes neutrino oscillations

0 0 10 1 0 0 10 0 1
Ci2  S12 C13 S13
V = % S12 Ci2 0 X % 0 Co3 So3 X % 0 _ 1 0 _ X : (22)
0 0 1 0 Sp3 (23 S13€ ! 0 ci3e !

The Majorana phases;., are in principle observable in neutrinoless doublelecay, whose matrix
element is proportional to

Later we discuss how other observable quantities might hsitsee indirectly to the Majorana phases.

The rst matrix factor in (22) is measurable in solar neutriexperiments. As seen in Fig. 15,
the recent data from SNO [63] and Super-Kamiokande [73fgprgdite strongly the large-mixing-angle
(LMA) solution to the solar neutrino problem withm?, 6 10 5 eV?, though the LOW solution
with lower m 2 cannot yet be ruled out. The data favour large but non-maxmaeng: 1>  3C°.
The second matrix factor in (22) is measurable in atmosphanitrino experiments. As seen in Fig. 16,
the data from Super-Kamiokande in particular [62] favourximeal mixing of atmospheric neutrinos:

23 45°and m3; 25 10 3 eV2 The third matrix factor in (22) is basically unknown, with
experiments such as Chooz [74] and Super-Kamiokande otdpleshing upper limits on 13, anda
fortiori no information on the CP-violating phase

The phase could in principle be measured by comparing the oscillagimbabilities for neutrinos
and antineutrinos and computing the CP-violating asymyies:

P(e! ) P(e! ) = 1651201251,30%3523023 sin | | (24)
2 2 2
. m . m _ m
sin 12 sin B sin 4E23 L

as seen in Fig. 17 [76, 77]. This is possible only ifn?, ands;, are large enough - as now suggested
by the success of the LMA solution to the solar neutrino mohland ifs;3 is large enough - which
remains an open question.

We have seen above that the effective low-energy mass niatrtke light neutrinos contains 9
parameters, 3 mass eigenvalues, 3 real mixing angles anevB{2fing phases. However, these are not
all the parameters in the minimal seesaw model. As showrgnif8, this model has a total of 18 param-
eters [78, 2]. Most of the rest of this Lecture is devoted tdarstanding better the origins and possible
manifestations of the remaining parameters, many of whial have controlled the generation of mat-
ter in the Universe via leptogenesis [79] and may be obs&rwah renormalization in supersymmetric
models [80, 2, 81, 82].
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Fig. 16: A t to the Super-Kamiokande data on atmospheric neutring2] indicates near-maximal mixing with
m? 25 10 e\



Fig. 17: Correlations in a simultaneous t ofi3 and , using a neutrino energy threshold of about 10 GeV. Usinghglsi
baseline correlations are very strong, but can be largejueed by combining information from different baselines detector
techniques [76], enabling the CP-violating phas& be extracted.

To see how the extra 9 parameters appear [2], we reconsildéulthepton sector, assuming that
we have diagonalized the charged-lepton mass matrix:

)y = Y9y (25)
as well as that of the heavy singlet neutrinos:
Mj = Mid ij - (26)

We can then parametrize the neutrino Dirac coupling madrixn terms of its real and diagonal eigen-
values and unitary rotation matrices:
Y = Z Yixy (27)

whereX has 3 mixing angles and one CP-violating phase, just likeCli® matrix, and we can write
Z in the form
Z = P]_ZPZ; (28)

whereZ also resembles the CKM matrix, with 3 mixing angles and onevidRiting phase, and the
diagonal matrice®;., each have two CP-violating phases:

P, = Diag € 1%;€ 24,1 : (29)

In this parametrization, we see explicitly that the newtsector has 18 parameters: the 3 heavy-neutrino
mass eigenvaluggl id, the 3 real eigenvalues M'?, the6 = 3 + 3 real mixing angles itX andZ, and
the6 = 1 +5 CP-violating phases iX andZ [2].

As we discuss later in more detail, leptogenesis [79] is priopnal to the product

2
YYY =P,z YYZTPy; (30)
1
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Fig. 18: Roadmap for the physical observables derived fionandN; [83].

which depends on 13 of the real parameters and 3 CP-violpliages, whilst the leading renormalization
of soft supersymmetry-breaking masses depends on the catitni

2
YYY = X Y9 "XV (31)

which depends on just 1 CP-violating phase, with two moresesappearing in higher orders, when one
allows the heavy singlet neutrinos to be non-degenerate [81

In order to see how the low-energy sector is embedded indHipdrametrization, we rst recall
that the 3 phases iR, (21) become observable when one also considers high-eqesgytities. Next,
we introduce a complex orthogonal matrix

P— 1 P—11
R Md YU MY “[vsin ]; (32)

which has 3 real mixing angles and 3 phade$R = 1. These 6 additional parameters may be used to
characterizey , by inverting (32):

P— P
MdR" M duY
Y = _ ; 33
[vsin ] (33)
giving us the same grand total b8 = 9 + 3+ 6 parameters [2]. The leptogenesis observable (30) may
now be written in the form p 4P
d y d
yyy = MIRM R M (34)

v2 sin?

which depends on the 3 phaseRinbutnotthe 3 low-energy phases 1.2, nor the 3 real MNS mixing



angles [2]! Conversely, the leading renormalization obagle (31) may be written in the form

o J— (o J—
MIRYMIR M d
v2 sin?

Y¥Yy = U uY; (35)
which depends explicitly on the MNS matrix, including the-@Blating phases and 1.2, but only one
of the three phases P [2].

2.3 Renormalization of Soft Supersymmetry-Breaking Pararaters

Let us now discuss the renormalization of soft supersymygtaking parametersa andA in more
detail, assuming that the input values at the GUT scale areuaindependent. If they are not, there
will be additional sources of avour-changing processesydnd those discussed in this and subsequent
sections [14, 84]. In the leading-logarithmic approxiroafi and assuming degenerate heavy singlet
neutrinos, one nds the following radiative correctionsthe soft supersymmetry-breaking terms for
sleptons:

1 M
2 _ 2 2 y GUT
1 Mg

where we have intially assumed that the heavy singlet magare approximately degenerate viith
MguT . In this case, there is a single analogue of the Jarlskogiamteof the Standard Model [85]:
h i
2 2 :

Je Im  mg o ME mg a1 (37)
which depends on the single phase that is observable in ppio@mation. There are other Jarlskog
invariants de ned analogously in terms of various comhorad with theA-, but these are all propor-
tional [2].

There are additional contributions if the heavy singlettrieas are not degenerate:
!
1 M

2 - = 2 2 y . mo
mE gz dMrAE VLY il oLnogoy (38)

whereM P M1M>M3, with A+  being de ned analogously. These new contributions contain
i

the matrix factor
YILY = XY 9P,zTLZ P,ydXY; (39)

which introduces dependences on the phas@sin though notP1. In this way, the renormalization of
the soft supersymmetry-breaking parameters becomegigetsia total of 3 CP-violating phases [81].

2.4 Exploration of Parameter Space

Now that we have seen how the 18 parameters in the minimaksupeetric seesaw model might
in principle be observable, we would like to explore the & possibilities in this parameter space.
This requires confronting two issues: the unwieldy largaatisionality of the parameter space, and the
inclusion of the experimental information already obtdirfer obtainable) from low-energy studies of
neutrinos. Of the 9 parameters accessible to these expgsmm ,;m ,;m ,; 12; 23; 31;; 1 and

2, we have measurements of 4 combinationm%z; m§3; 12 and »3, and upper limits on the overall
light-neutrino mass scale;3 and the double- decay observable (23).



The remaining 9 parameters not measurable in low-energyineyphysics may be characterized
by an auxiliary Hermitean matrix of the following form [802B

H  YYDY; (40)

whereD is an arbitrary real and diagonal matrix. Possible choioe®fincludeDiag( 1; 1; 1) and
the logarithmic matriX. de ned in (38). Once one speci es the 9 parameterklineither in a statistical
survey or in some de nite model, one can calculate

HO T MAUYHU M9 (41)

which can then be diagonalized by a complex orthogonal mRfi
HO = RYM ®R%: RTRO=1: (42)

In this way, we can calculate all the remaining physical peirs:
M H)E M MERY L (Y M) (43)

and then go on to calculate leptogenesis, charged-leptdatian, etc [80, 82].

A freely chosen model will in general violate the experinanipper limiton ! e [86]. Itis
easy to avoid this problem using the parametrization (48).[8 one choose® = L and requires the
entryH,, = 0, the leading contribution to ! e from renormalization of the soft supersymmetry-
breaking masses will be suppressed. To suppreks e still further, one may impose the constraint
H13H23 = 0. This condition evidently has two solutions: eithdiz = 0, in which case ! e is
suppressed but not! , or alternativelyH »3 = 0, which favours ! e over ! . Thus we
may de ne two generic texturdsl L andH 2

1 1
a 0 O aOd
H1 E‘@o b dX:H?2 E‘@o b 0% (44)
0O & c @& 0 c

We use these as guides in the following, whilst recalling thay represent extremes, and the truth may
not favour one ! ° decay mode so strongly over the other.

2.5 Leptogenesis

In addition to the low-energy neutrino constraints, we frently employ the constraint that the model
parameters be compatible with the leptogenesis scenariwdating the baryon asymmetry of the Uni-
verse [79]. We recall that the baryon-to-entropy ratioin the Universe today is found to be in the range
10 1 <Yz < 3 10 19, This is believed to have evolved from a similar asymmetrshim relative
abundances of quarks and antiquarks before they becameesinside hadrons when the temperature
of the Universe was about00 MeV. In the leptogenesis scenario [79], non-perturbatilexteoweak
interactions caused this small asymmetry to evolve out ohdas small asymmetry in the relative abun-
dances of leptons and antileptons that had been generateg kiplation in the decays of heavy singlet
neutrinos.

The total decay rate of such a heavy neutiihomay be written in the form

1
i = 3 Y YY iiMi: (45)

One-loop CP-violating diagrams involving the exchangees\y neutrind\; would generate an asym-
metry inN; decay of the form:
1 1 2 M
j = ————Im YYY f L .
8 Y Yy ) ij M;

(46)



wheref (M;j =M;) is a known kinematic function.
As already remarked, the relevant combination

[ J— [
YYY = MIRMIRY Md (47)

is independent df) and hence of the light neutrino mixing angles and CP-viagfphases The basic
reason for this is that one makes a unitary sum over all the lapton species in evaluating the asym-
metry j; . Itis easy to derive a compact expression fpiin terms of the heavy neutrino masses and the
complex orthogonal matriR:

2

dRy
1.Mjlm RMRij

M; (RM 9RY).

(48)

This depends explicitly on the extra phase&irhow can we measure them?

The basic principle of a strategy to do this is the followirzg 81, 82]. The renormalization of
soft supersymmetry-breaking parameters, and hence asloainging interactions and CP violation in
the lepton sector, depend on the leptogenesis parametesslass the low-energy neutrino parameters
; 1.2. If one measures the latter in neutrino experiments, andioeepancy in the soft supersymmetry-
breaking determines the leptogenesis parameters.

An example how this could work is provided by the two-gerieraversion of the supersymmetric
seesaw model [2]. In this case, we havwe! = Diag(m ,;m ,) andM 9 = Diag(M1; M>), and we
may parameterize

!
cos(y+i i) sin(r+ij)

R= sin( +i1) cos(r+ii) (49)

In this case, the leptogenesis decay asymmetry is propattio

21 2 m2. m2 MM
Im Y YY = e 1 2sinh2 sin2 (50)

We see that this is related explicitly to the CP-violatingagh and mixing angle iR (49), and is
independent of the low-energy neutrino parameters. Tgrniow to the renormalization of the soft
supersymmetry-breaking parameters, assuming for siityplicaximal mixing in the MNS matrixv/
and setting the diagonal Majorana phase magx Diag(e ' ;1), we nd that

12 (m m )
Re YYY = —=2 - 1°(M1+ Mj)cosh2; + ;
wes? (Mt M) '
m Yy = m .M (M1 + My)sinh2 ;cos + . (51)
- 2v2sin? e e ! '

In this case, the strategy for relating leptogenesis todoergy observables would be: (i) use double-
12
decay to determine, (ii) use low-energy observables sensitiveReg Im  YYY to determine ,

and ; (51), which then (iii) determine the leptogenesis asymyng0) in this two-generation model.

In general, one may formulate the following strategy forcakdting leptogenesis in terms of lab-
oratory observables:
Measure the neutrino oscillation phasand the Majorana phaseg.»,

Measure observables related to the renormalization ofssgféersymmetry-breaking parameters,
that are functions of 1., and the leptogenesis phases,

Extract the effects of the known values oand .2, and isolate the leptogenesis parameters.



Fig. 19: Heavy singlet neutrino decay may exhibit a CP-violatingnas\etry, leading to leptogenesis and hence baryogenesis,
even if the neutrino oscillation phasevanishes [83].

In the absence of complete information on the rst two stepsva, we are currently at the stage of
preliminary explorations of the multi-dimensional pardenespace. As seen in Fig. 19, the amount of
the leptogenesis asymmetry is explicitly independent [&3]. An important observation is that there is

a non-trivial lower bound on the mass of the lightest heamglsi neutrinaN :

My, > 10 GeV (52)
if the light neutrinos have the conventional hierarchy ofses, and
My, > 10" Gev (53)

if they have an inverted hierarchy of masses [83]. This ofadiem is potentially important for the
cosmological abundance of gravitinos, which would be pwtatic if the cosmological temperature was
once high enough for leptogenesis by thermally-producedledi neutrinos weighing as much as (52,
53) [87]. However, these bounds could be relaxed if the tgbtéstN; were near-degenerate, as seen
in Fig. 20 [88]. Striking aspects of this scenario include fluppression of ! e , the relatively large
value of ! , and a preferred value for the neutrinoless doubtiecay observable:
(© [
hMi ee m2 . sin® 1 (54)

solar

2.6 Flavour-Violating Decays of Charged Leptons

Several such decays can be studied within this framewoelydmg ! e; ! e; ! ; | 3g
and ! 3=e [89].



108~

M, \GeWN

107

| | | | | |
-15 -12.5 -10 -7.5 -5 -2.5

Ln(M,/M;-1)

Fig. 20: The lower limit on the mass of the lightest heavy singletmeumay be signi cantly reduced if the two lightest singlet
neutrinos are almost degenerate [88].

The effective Lagrangian for! e and ! 3ecan be written in the form [90, 2]:
L = flpG%fm AR R eF +mA.— erF

+g1(TreL)(BreL) + (T Ler)(BLER)
+B(R e&)ER &)+ u(r e)e e)
+05(rR er)(E e)+ g(r e)er er)+ hcg (55)

The decay ! e isrelated directly to the coef cientd R :
Br( *! € )=384 2 jALj?+]AR[® ; (56)

and the branching ratio for! 3eis given by

2

m
B( ! €)= 2(Cr#Co)t Cs#Cat32 I Tl (Cst Cel#16(Cr+ Co)#8(Cot Cao); (57)

mZ
where
- .2 - 2
Cr= "+ g Co= B + o
Cs = jO5j%; Ca = jgsj%; Cs = jeArj% Cs = jeALj?; C7 = Re(eAryy);
Cs = Re(eAL03); Co = Re(eArgs); Cio = Re(eALgs) :: (58)

These coef cients may easily be calculated using the reabration-group equations for soft supersymmetry-
breaking parameters [2, 82].



Fig. 21: Scatter plot of the branching ratio for! e in the supersymmetric seesaw model for various values ohkeown
parameters [82].

Fig. 21 displays a scatter plot &( ! e ) in the textureH! mentioned earlier, as a function
of the singlet neutrino madd n,. We see that | e may well have a branching ratio close to the
present experimental upper limit, particularly for lardég,. Predictions for ! and ! e
decays are shown in Figs. 22 and 23 for the text#tésandH 2, respectively. As advertized earlier,
theH ! texture favours ! and theH 2 texture favours ! e . We see that the branching ratios
decrease with increasing sparticle masses, but that tiye idure to variations in the neutrino parameters
is considerably larger than that due to the sparticle masBks present experimental upper limits on

! , in particular, already exclude signi cant numbers of paeder choices.

The branching ratio for ! 3eis usually dominated by the photonic penguin diagram, which
contributes theCs.¢ terms in (57), yielding an essentially constant ratioBar ! 3e)=B( ! e ).
However, if ! e decay is parametrically suppressed, as it may have to bed&r ¢o respect the
experimental upper bound on this decay, then other diagnaaysbecome important in !  3e decay.
Inthis case, theratiB( ! 3e)=B( ! e ) may be enhanced, as seen in Fig. 24.

As a result, interference between the photonic penguinramgnd the other diagrams may in
principle generate a measurable T-odd asymmetrylin 3e decay. This is sensitive to the CP-violating
parameters in the supersymmetric seesaw model, and isrinigleé observable in polarized™ !

e*e €' decay:

3
At ( 1 oe'e e+) = E(ZZOC:LI 1:6C10); (59)

where
Ci1=Im(eArgs + eAL0;);Ci2 = Im( eArOs + €ALTs5); (60)

andB isthe ! 3ebranching ratio with an optimized cutoff for the more endigpositron:
B=1:8(C1+ Cy)+0:96(C3+ Cy4)+88(Cs+ Cg)+14(C7+ Cg) +8(Cq+ Cqp): (61)

As seen in Fig. 25, the T-odd asymmetry is enhanced in regibparameter space wheBy ! e )



Fig. 22: Scatter plot of the branching ratio for ! in one variant of the supersymmetric seesaw model for vanalues
of its unknown parameters [82].

Fig. 23: Scatter plot of the branching ratio for! e in a variant the supersymmetric seesaw model for variougsegbf its
unknown parameters [82].



Fig. 24: The branching ratiofor ! e may be suppressed for some particular values of the modahpeters, in which case
the branching ratio for ! 3e gets signi cant contributions form other diagrams besidles photonic penguin diagram [2].
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Fig. 25: The T-violating asymmetr in ! 3edecay is enhanced in the regions of parameter space showig.i@4where

the branching ratio for ! e is suppressed, and different diagrams may interfere in the 3e decay amplitude [2].

is suppressed [2]. Ifiwhen! e and/or ! 3edecays are observed, measurig (59) may provide
an interesting window on CP violation in the seesaw model.

2.7 Lepton Electric Dipole Moments

This CP violation may also be visible in electric dipole mansefor the electron and muash and

d [91]. Itis usually thought that these are unobservably Emdhe minimal supersymmetric seesaw
model, and thajde=d j = me=m . However,d. andd may be strongly enhanced if the heavy singlet
neutrinos are not degenerate [81], and depend on new pHeatesontribute to leptogenests The
leading contributions tde andd in the presence of non-degenerate heavy-singlet neuttreqeroduced
by the following terms in the renormalization of soft supensnetry-breaking parameters:

18 M
2 _ 2 2 . ) GUT
™E T mg+ Az fYYLY ;YYY gjlIn T. ;
1 " ' Mgur
Rey = Ao LIFYILY ;YYY g+7[YILY ;YYY] I ;. (62)
ij (4 )% i M
where the mean heavy-neutrino mads P M1M>M3 and the matrixL In(M=M;) j; were

introduced in (38).

It should be emphasized that non-degenerate heavy-simgl#tinos are actually expected in most
models of neutrino masses. Typical examples are texturelnodthe form
0 1
0 c3 d3
Y Yo®c® a? b2k
d3 b? ¢

2This effect makes lepton electric dipole moments possités én a two-generation model.
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Fig. 26: The electric dipole moments of the electron and mderandd , may be enhanced if the heavy singlet neutrinos are
non-degenerate. The horizontal axis parameterizes thakbrg of their degeneracy, and the vertical strip indicatesange
favoured in certain models [81].

whereYj is an overall scale, characterizes the hierarchy,b; candd areO(1) complex numbers, and
is an arbitrary phase. For example, there is an SO(10) GUTehwidthis form withd = 0 and a
avour SU(3) model witha = bandc = d. The hierarchy of heavy-neutrino masses in such a model is

Mi:Ma:Mz = §: 81 (63)
and indicative ranges of the hierarchy parameters are
s —
—sdlar - 0:1to 0:2 (64)
matmo

Fig. 26 shows how muckd. andd may be increased as soon as the degeneracy between the heavy
neutrinos is broken: 6 1. We also see thgd =d,j m =me When y 0:1 to 0:2. Scatter

plots of de andd are shown in Fig. 27, where we see that values as large as 10 27 e.cm and

de 3 10 3% e.cm are possible. For comparison, the present experimgger limits ared < 1:6

10 ?" e.cm [92] andd < 10 18 e.cm [25]. An ongoing series of experiments might be ablessxin

de < 3 10 30 e.cm, and a type of solid-state experiment that might betsen® de 10 33 e.cm has

been proposed [93]. Alsal 10 2% e.cm might be accessible with the PRISM experiment proposed
for the JHF [94], andl 5 10 26 e.cm might be attainable at the front end of a neutrino fgd@s].

It therefore seems thak, might be measurable with foreseeable experiments, wihilstould present

more of a challenge.

2.8 (Not so) Rare Sparticle Decays

The suppression of rare lepton- avour-violating (LFV)and decays in the supersymmetric seesaw
model is due to loop effects and the small masses of the Iepdative to the sparticle mass scale. The



Fig. 27: Scatter plots ofde and d in variants of the supersymmetric seesaw model, for diffevalues of the unknown
parameters [82].

intrinsic slepton mixing may not be very small, in which céisere might be relatively Iarge amounts of
LFV observable in sparticle decays. An example that mighidtectable atthe LHCis, ! 0,
where 1( ») denotes the (next-to-)lightest neutralino [96]. The latde-V effects might be in 5 !

1 and 5! 1 e [97],though »! qe would be easier to detect.

As shown in Fig. 28 [97], these decays are likely to be enhéirca region of CMSSM parameter
space complementary to that wheré e= decys are most copious. This is because the interesting
2 | 1 and ! 1 e decays are mediated by slepton exchange, which is maximized
when the slepton mass is closeno,. This happens in the coannihilation region where the LSie rel
density may be in the range preferred by astrophysics anuaogy, even ifm | is relatively large.
Thus searches for LFV, ! 4 and »! 1 e decays are quite complementary to those for
I e=

2.9 Possible CERN Projects beyond the LHC

What might come after the LHC at CERN? One possibility is tih#CLitself, in the form of an energy
or luminosity upgrade [98]. It seems that the possibilifsthe former are very limited: a substantial
energy upgrade would require a completely new machine irLH€ tunnel, with even higher- eld
magnets and new techniques for dealing with synchrotroiatiad. On the other hand, a substantial
increase in luminosity seems quite feasible, though it @aequire some rebuilding of (at least the
central parts of) the LHC detectors.

The mainstream project for CERN after the LHC is CLIC, thetinT#V lineare™ e collider [51].
CERN is continuing R&D on this project, with a view to beindato assess its feasibility when the LHC
starts to produce data, e.g., specifying the energy scademdrsymmetry or extra dimensions. CLIC
would complement the work of the LHC and any rst-generatiub-TeV lineare* e collider, e.g.,
by detailed studies of heavier sparticles such as heavagrios, neutralinos and strongly-interacting
sparticles [54, 52].

A possible alternative that has attracted considerableusigism in Europe is to develop neutrino
physics beyond the current CNGS project [99]. A rst step tige an off-axis experiment in the CNGS
beam, which could have interesting sensitivity i@ [100]. A second might be a super-beam produced
by the SPL [101] at CERN and sent to a large detector in tilﬁFEunneI [77]. A third step could be a
storage ring for unstable ions, whose decays would producebg@am' of pure ¢ or ¢ neutrinos that
could also be observed in a Fréjus experiment. These exeets might be able to measurervia CP
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Fig. 28: Contours of the possible ratio of the branching ratios for! 1 and ! (black lines) and of the
branching ratio for ! (near-vertical grey/blue lines). [97].

and/or T violation in neutrino oscillations [102]. A fourtttep could be a full- edged neutrino factory
based on a muon storage ring, which would produce purand ¢ (or ¢ and beams and provide
a greatly enhanced capability to search for or measwia CP violation in neutrino oscillations [95].
Further steps might then includef colliders with various centre-of-mass energies, from ttessn
of the lightest Higgs boson, through those of the heavier M$8ggs bosondH; A, to the multi-TeV
energy frontier [103].

This is an ambitious programme that requires consideralB.FCERN currently does not have
the nancial resources to support this, but it is hoped thihepEuropean laboratories and the European
Union might support a network of interested physicists. isaile ambitious neutrino programme would
also require wide support in the physics community. In adidito the neutrino physics itself, many
might nd enticing the other experimental possibilitiedayed by the type of intense proton driver re-
quired. These could include some of the topics discussedudr_ecture, including rare decays of slow
or stopped muons [95], such ad e and anomalous ! e conversion on a nucleus, measurements
of g 2 andd , rare K decays [104], short-baseline deep-inelastic meuExperiments with very
intense beams [105], muonic atoms, etc., etc.. Physiciseisted in such a programme, which nicely
complements the “core business' of the neutrino factomuishget together and see how a coalition of
interested parties could be assembled. A large investmeareutrino physics will require a broad range
of support.
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