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ILC: Physics Scenarios

W. Kilian and P. M. Zerwas
Deutsches Elektronen-Synchrotron DESY, D-22603 Hamburg, GermanyExperiments in the energy range from the s
ale of ele
troweak symmetry breaking to the TeV s
ale are ex-pe
ted to be 
ru
ial for unraveling the mi
ros
opi
 stru
ture of matter and for
es. The high pre
ision whi
hshould be a
hieved in experiments at lepton 
olliders, is a ne
essary ingredient for providing a 
omprehen-sive pi
ture of the me
hanism breaking the ele
troweak symmetries and generating mass, the uni�
ationof for
es, involving most likely supersymmetry, and the stru
ture of spa
e-time at small distan
es. In ad-dition, 
larifying the nature of the parti
les whi
h build up 
old dark matter in the universe, needs alepton 
ollider to mat
h the high experimental pre
ision whi
h will be rea
hed in 
osmology experiments.

1. INTRODUCTIONHigh-energy physi
s has been tremendously su

essful in unraveling the basi
 laws of nature in the mi
ro
osm.With the Standard Model of parti
le physi
s a pi
ture has emerged whi
h adequately des
ribes the stru
ture of matterand for
es. However, this pi
ture is still in
omplete internally, and externally, driven by theoreti
al arguments andexperimental observations, the model should be embedded in a more 
omprehensive theory whi
h uni�es the di�erentdegrees of freedom. These points lead us in a natural way to a set of 
ru
ial experimental questions. Answering thesequestions will unify our view of the mi
ros
opi
 world and thus deepen our understanding of the universe enormously.Derived from our present knowledge of parti
le physi
s, solutions to the following problems, whi
h are 
entral tophysi
s in general, must be approa
hed experimentally:{ the me
hanism responsible for breaking the ele
troweak symmetries and generating mass;{ the uni�
ation of for
es, in
luding gravity in the end;{ the stru
ture of spa
e-time at small distan
es.This set of fundamental problems is 
omplemented by a new bran
h in the development of parti
le physi
s:{ the 
onne
tion to 
osmology.Besides the nature of parti
les whi
h may form 
omponents of 
old dark matter in the universe, several other problems
onne
t mi
ros
opi
 physi
s and 
osmology, the baryon asymmetry in the universe being a prominent example.PLEN0003



Based on the present pi
ture of physi
s, the s
ienti�
 value of any new a

elerator is determined by the unique
ontributions the fa
ility 
an o�er in approa
hing solutions to these problems.We are in the fortunate position that the next generation of a

elerators holds the promise of providing answers tothese questions indeed. They will greatly advan
e the understanding of the mi
ros
opi
 world in parti
ular and theuniverse as a whole. With the Large Hadron Collider LHC, to be 
ompleted at CERN in a 
ouple of years, a �rstde
isive step will be taken. From this ma
hine whi
h will operate at the TeV energy frontier, we expe
t breakthroughdis
overies in the 
omplex of ele
troweak symmetry breaking and in the physi
s area beyond the Standard Model.However, this hadron fa
ility must be 
omplemented with a lepton 
ollider whi
h will play a key role in drawing a
omprehensive and high-resolution pi
ture of ele
troweak symmetry breaking and of the physi
s layer underneaththe Standard Model. Our present knowledge of physi
s is expe
ted to 
onverge to a uni�ed pi
ture in this layer.The e+e� Linear Collider ILC, whi
h is now in the design phase, would be the 
ounterpart in the tandem withLHC, 
f. Refs. [1, 2, 3℄. In analogy to the relation between LEP and Tevatron, the ILC energy of 1 TeV in thelepton se
tor is equivalent in many aspe
ts to the higher LHC energy, e�e
tively about 5 TeV in the quark se
tor.Moreover, by in
luding the 
hara
teristi
 s
ale of ele
troweak symmetry breaking, the ILC 
overs one of the most
ru
ial energy ranges in parti
le physi
s. Dis
overies at LHC may also point to physi
s s
ales beyond the rea
h ofILC; this area 
ould be a

essed later by a multi-TeV e+e� fa
ility [4℄.
1.1. Physics ScenariosEle
troweak Symmetry Breaking and Higgs Me
hanismThe me
hanism whi
h breaks the ele
troweak symmetries, is the still missing 
ornerstone of the Standard Model.High-pre
ision analyses strongly suggest the Higgs me
hanism, in
luding a light Higgs boson, to be responsible for thebreaking of the ele
troweak symmetries and for generating the masses of the fundamental parti
les [5℄. If the Higgsboson will be dis
overed at LHC, it must be established experimentally that this me
hanism is indeed responsiblefor generating the masses of the parti
les. The pre
ision with whi
h this question 
an be answered at ILC, ex
eedsthe LHC by an order of magnitude. In addition, in the most probable light mass range ILC provides the uniqueopportunity for establishing the Higgs self-energy potential, whi
h is the essential agens for indu
ing the symmetrybreaking.In extensions of the Standard Model, like supersymmetri
 theories or Little Higgs theories, the Higgs se
tor ismu
h more 
omplex. A spe
trum of Higgs parti
les will in general be realized, demanding pre
ision studies ofmasses, mixing and 
ouplings to explore the stru
ture of the Higgs se
tor.If the standard Higgs me
hanism, in
luding a set of Higgs parti
les, were not realized in nature, but alternatively ahiggs-less theory as suggested, for example, in theories of ele
troweak symmetry breaking by new strong intera
tionsat low s
ales, 
f. Ref. [6℄, su
h a s
enario 
ould be explored in the s
attering of ele
troweak bosons at LHC and ILC.However, taking advantage of the less 
omplex �nal-state topology at the lepton 
ollider ILC, experiments at thisma
hine 
an 
over the entire threshold region of the new strong intera
tions and open the door to an arena of novelintera
tions. Other higgs-less s
enarios, as formulated in some theories of extra spa
e dimensions, also give rise tonew intera
tions between the standard ele
troweak gauge bosons mediated by new TeV s
ale resonan
es.Uni�
ation and SupersymmetryProgress in parti
le physi
s has opened the path to the truly uni�ed understanding of nature. The uni�
ation ofthe ele
tromagneti
, weak and strong intera
tions is strongly indi
ated by the evolution of the 
ouplings mergingat high energies, 
f. Refs. [7℄ , and expe
ted to be joined by gravity in the ultimate uni�
ation near the Plan
ks
ale. A key role in the evolution is played by supersymmetry, 
f. Ref. [8℄. LHC has the potential to dis
oversupersymmetry in the next few years, and the theoreti
al 
on
ept 
an be veri�ed in 
onjun
tion with ILC whi
h isan essential instrument in this pro
ess.Supersymmetry embra
es several of the fundamental points introdu
ed at the beginning { providing a stable bridgePLEN0003



between the s
ale of ele
troweak symmetry breaking and the Plan
k s
ale; leading to the uni�
ation of the standard
ouplings and paving the path for in
luding gravity in parti
le physi
s. In addition, the lightest supersymmetri
parti
le is a 
ompelling 
andidate for forming a 
omponent of the large amount of 
old dark matter observed in theuniverse. Thus, this theory 
ould not only play a fundamental role in parti
le physi
s but also links parti
le physi
s
losely with 
osmology.In fa
t, high-pre
ision measurements of ele
troweak observables, 
ombined with 
onstraints from the observationof the 
old dark matter density by WMAP, allow for a large area of fairly low-s
ale supersymmetry parameters,though no �rm 
on
lusions 
an be drawn as yet. In the favorable 
ase a signi�
ant fra
tion of the non-
oloredsupersymmetri
 parti
les, i.e., partners of the photon, of the ele
tron et
, should be observed at ILC operating in the�rst phase at 500 GeV, and more in the upgraded 1 TeV phase of the ma
hine. LHC would play the 
omplementaryrole for 
olored parti
les, the supersymmetri
 partners of the quarks and gluons.Quite generally, apart from ex
eptional 
orners of parameter spa
e, LHC experiments will dis
over supersymmetri
parti
les if this symmetry is realized in nature not far above the ele
troweak s
ale. However, the spe
trum of parti
lesin this new world that 
an be dete
ted at LHC will remain in
omplete, parti
ularly in the light non-
olored se
tor.Moreover, the pre
ision in the determination of their properties, like masses, mixings and 
ouplings, remains limited.Operating ILC will, �rst, lead to a 
omprehensive view of the spe
trum of light parti
les and, se
ond, improve thea

ura
y in measuring their properties by one to two orders of magnitude.Both points are very important for several reasons. Foremost, the 
ompleteness of the spe
trum and the greatlyimproved a

ura
ies will allow us to extrapolate the parameters to the uni�
ation s
ale where the fundamentalsupersymmetri
 theory and the mi
ros
opi
 pi
ture of its breaking me
hanism 
an be re
onstru
ted.This way we 
an study the stru
ture of physi
s at s
ales 
lose to the Plan
k s
ale. This provides us with theunique opportunity to shed light on an energy domain where the roots of parti
le physi
s in parti
ular, and physi
sin general, may be lo
ated. Information on this area from other bran
hes of parti
le physi
s, potentially proton de
ayexperiments et
, will remain very s
ar
e so that the teles
ope 
hara
ter of high-pre
ision high-energy experiments,in 
oherent LHC+ILC analyses, is of ex
eptionally high value.High pre
ision is also required in exploring the properties of the lightest supersymmetri
 parti
le whi
h may
ontribute to the observed density of 
old dark matter in the universe. Anti
ipating improved results from 
olddark matter measurements in the near future, the a

ura
y of a lepton 
ollider will be needed for masses, mixingsand 
ouplings to mat
h eventually the a

ura
y of 
osmology data. In addition, on
e the parti
le properties aredetermined a

urately, observed 
uxes in astroparti
le sear
h experiments 
an be exploited to map the distributionof 
old dark matter in the universe. Thus ILC experimental results 
ould rea
h far beyond the domain of parti
lephysi
s.Extra Spa
e DimensionsIf extra spa
e dimensions in the universe, 
f. Refs. [9, 10, 11℄, are realized already at low energies, the experimentaldetermination of the fundamental s
ale of gravity and the number of dimensions are of 
entral interest. Startingthese analyses with LHC, the pi
ture 
an be re�ned 
onsiderably at ILC. By varying the energy of the 
ollider, thesetwo 
hara
teristi
s of gravity and spa
e-time at short distan
es 
an be disentangled. By observing masses and widthsof ex
ited graviton states in other s
enarios, the length s
ale and the 
urvature in an additional �fth dimension ofspa
e-time 
an be determined.Many other measurements 
ould be performed in this area, e.g., measurements of the spin of gravity �elds, mixingsof s
alar �elds et
, so that a large set of observables 
ould be exploited at ILC whi
h, joined with LHC results, wouldenable us to zoom in on the underlying theoreti
al pi
ture.
1.2. Basic Experimental ParametersIt is generally assumed that the International Linear Collider ILC will be operated in two phases. In the �rstphase the 
m energy will rea
h ps = 500 GeV, in the se
ond phase 1 TeV. In ea
h of the phases a total integratedPLEN0003



luminosity of 1 ab�1 is expe
ted to be a

umulated when the runs are 
ompleted. The �rst phase gives a

ess tolight Higgs bosons, the top quark, light supersymmetri
 parti
les, the se
ond phase to strong ele
troweak symmetrybreaking, heavy new parti
les in the Higgs and supersymmetri
 se
tors, extra spa
e dimensions and other high-s
alephenomena. Some s
enarios may suggest extensions of the linear 
ollider program beyond the TeV energy.Experiments at ILC will fo
us on high-pre
ision analyses. If the ele
tron and positron beams are polarized,typi
ally Pe� � 90% and Pe+ � 60%, the experimental potential of the ma
hine 
an truly be exhausted, 
f. Ref. [12℄.In addition to longitudinally polarized beams, spin rotators 
an generate transversely polarized ele
tron/positronbeams. The polarization of the ele
tron beam is a ne
essary 
ondition for many experimental analyses while thepolarization of the positron beam is generally viewed as an auxiliary tool whi
h however may turn out to be 
ru
ialin some spe
ial physi
s s
enarios.The luminosity in running the ma
hine as an e�e� 
ollider is signi�
antly smaller as the ele
trons repel ea
h otherwhen the bun
hes of the two 
olliding beams traverse ea
h other.In addition to the high-energy ele
tron-positron 
ollider mode, the ma
hine 
an be operated in the GigaZ mode.Running at low energies on top of the Z-boson resonan
e, some 1 billion events, i.e., a fa
tor �fty more than at LEP,may be 
olle
ted within a few months. Combined with W and top threshold analyses, this leads to the ultimatepre
ision in the ele
troweak se
tor in the foreseeable future. Both ele
tron and positron polarization is essential forthese analyses.Finally, by means of Compton ba
k-s
attering of laser light, a fra
tion of 80% of the in
oming ele
tron/positronenergy 
an be transferred to the �nal-state photon, 
f. Ref. [13℄. The spe
trum is maximal at the upper edge if thein
oming e�=e+ beam and the laser photon beam are longitudinally polarized with opposite heli
ities. In this way
olliding e
 and 

 experiments 
an be performed with 90% and 80% of the total e+e� energy, respe
tively, and aboutone third of the luminosity a

umulating in a 20% margin below the maximum possible energy. In some s
enariosthese modes open up unique dis
overy 
hannels for parti
les, in the Higgs and slepton se
tors of supersymmetri
theories, or in the parti
le towers of 
ompositeness models, for example.
2. ELECTROWEAK SYMMETRY BREAKINGUnraveling the me
hanism whi
h breaks the ele
troweak symmetries and generates the masses of the fundamentalstandard parti
les | ele
troweak gauge bosons, leptons and quarks | is one of the key problems of parti
le physi
s,
f. Refs. [14, 15℄. Theoreti
al realizations span a wide range of s
enarios extending from weak to strong break-ing me
hanisms. Examples on one side are the Standard Model and its supersymmetri
 extension involving lightfundamental Higgs �elds, and new strong intera
tion models without a fundamental Higgs �eld on the other side.Little-Higgs models are lo
ated in the transition zone. Symmetry breaking by spe
i�
 boundary 
onditions for gauge�elds in the 
ompa
ti�
ation of extra spa
e dimensions gives rise to higgs-less models. The forth
oming experimentsat LHC will lead to a breakthrough in revealing the breaking me
hanism and in making the �rst steps into the newterritory while ILC should provide the 
omprehensive understanding of the theory underlying the breaking of theele
troweak symmetries and the generation of mass. Thus the experimental solution of this problem at LHC andILC will unravel one of the fundamental laws of nature.
2.1. Higgs Mechanism in the Standard ModelThe analysis of the pre
ision ele
troweak data from LEP, SLC and elsewhere points 
learly to a light mass valueof the Higgs parti
le [16℄, if the ele
troweak symmetries are broken by the Higgs me
hanism in the framework of theStandard Model: MH = 91+45�32 GeV and MH < 186 GeV (95%CL): (1)The dire
t sear
h for the SM Higgs boson at LEP has set a lower limit of 114 GeV on the Higgs mass [17℄.PLEN0003



The Higgs parti
le of the Standard Model is guaranteed to be dis
overed at LHC, 
f. Ref. [18℄. The 
ombination ofseveral 
hannels in di�erent mass ranges gives rise to a large signi�
an
e for the dete
tion, i.e., > 5� for an integratedluminosity of 30 fb�1.After the dis
overy of the Higgs parti
le, it must be established experimentally that the Higgs me
hanism isresponsible indeed for breaking the ele
troweak symmetries and for generating the masses of the fundamental parti
les.This requires the pre
ise determination of the pro�le of the Higgs parti
le. First steps in model-independent analysesof its properties 
an be taken at LHC by performing pre
ision measurements of the Higgs mass, the ratios of someof the Higgs 
ouplings, and bounds on 
ouplings [19℄.At ILC a 
lean sample of Higgs events 
an be generated in Higgs-strahlung, e+e� ! ZH, and WW fusion,e+e� ! ���H. The 
lear signals above small ba
kgrounds, 
f. Fig. 1, allow the model-independent high-pre
isiondetermination of the Higgs pro�le, besides the mass, the spin of the parti
le and, most important, its 
ouplings,
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Figure 1: Signal and ba
kground of in
lusive Higgs boson produ
tion in Higgs-strahlung; Ref. [20℄.in
luding the trilinear self-
oupling in double-Higgs produ
tion. This information will be extra
ted from a set ofprodu
tion 
ross se
tions and angular distributions, and from de
ay bran
hing ratios. Below a Higgs mass of 140GeV a ri
h ensemble of �nal states 
an be studied; the ensemble of 
hannels is redu
ed for heavier Higgs masses.Higgs CouplingsIf the masses of the fundamental parti
les p are generated by the intera
tion with the Higgs �eld in the va
uum,the Higgs 
ouplings must grow with the parti
le masses:g(Hpp) = (p2GF )1=2mp: (2)From the produ
tion 
ross se
tions for Higgs-strahlung and WW fusion the absolute values of the Higgs 
ouplingsto the ele
troweak gauge bosons Z and W 
an be determined in a model-independent way. Measuring the ratios ofbran
hing ratios involving quarks and leptons on one side, and the ele
troweak gauge bosons on the other side, alsoHiggs 
ouplings to quarks and leptons 
an be determined in a model-independent way. A spe
ial 
ase is the Higgs-top
oupling whi
h 
an be measured in Higgs radiation o� top-quark pairs produ
ed in e+e� annihilation. The a

ura
ywhi
h 
an be a
hieved for various 
ouplings is predi
ted at the per-
ent level [21℄. How well the Higgs 
oupling {PLEN0003
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Figure 2: The relation between the Higgs 
oupling of a parti
le and its mass in the Standard Model; Ref. [22℄. The error bars
orrespond to the a

ura
y expe
ted from ILC data.mass relation 
an be tested, is apparent from Fig. 2 whi
h 
learly demonstrates the linear relation between the Higgs
ouplings and the masses for typi
al parti
le spe
ies in the Standard Model { ele
troweak gauge bosons, quarks andleptons, up and down types.Higgs PotentialThe spe
i�
 form of the Higgs potential, V � [j�j2 � v2=2℄2 shifts the ground state of the Higgs system to anon-zero �eld strength, v=p2. Spe
ifying the dire
tion of the �eld strength in 
harge spa
e breaks the ele
troweaksymmetries. The gauge and Yukawa intera
tion energy of other �elds with the non-zero Higgs �eld in the va
uum
an be reinterpreted as the mass of these parti
les. Expanding the potential about the minimum,V = 12M2H H2 + 12M2Hv H3 + 18M2Hv2 H4 (3)the trilinear 
oupling plays the 
ru
ial role for the non-trivial shape of the potential. This parameter 
an be measuredin the pro
ess of double-Higgs produ
tion, e+e� ! ZHH and ���HH, as exempli�ed in Fig. 3. The produ
t ofsmall 
ouplings and the large fra
tion of phase spa
e absorbed by the masses render the produ
tion 
ross se
tionssmall. Nevertheless, the trilinear 
oupling is expe
ted to be measured at ILC at a level of 15% for Higgs massesbelow about 140 GeV. The less 
ru
ial quarti
 
oupling in the Standard Model seems out of rea
h for any 
olliderin the foreseeable future. Thus the element in the Higgs potential whi
h is most 
ru
ial for generating the Higgsmedium in the ground state, 
an be re
onstru
ted at ILC. In the upper intermediate Higgs mass range a

ess to thetrilinear 
oupling 
ould be given by SLHC [24℄.Dire
t measurements of the ZZH 
oupling to an a

ura
y of 1%, and of theHHH 
oupling to about 10%, 
onstrains
ales of new physi
s to about 3 and 1 TeV, respe
tively [25℄. Sin
e the mi
ros
opi
 dynami
s of ele
troweak symmetrybreaking is one of the 
entral problems in parti
le physi
s, establishing these values would be a valuable and uniqueresult of experiments at ILC | and even more so if deviations from the SM predi
tions would be dis
overed.PLEN0003
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●Figure 3: Cross se
tion of Higgs pair produ
tion for measurements of the triple Higgs 
oupling; Ref. [23℄. The error bars
orrespond to the a

ura
y expe
ted from ILC data.
2.2. SUSY Higgs BosonsIn supersymmetri
 theories the Higgs se
tor must be extended to at least two iso-doublet �elds so that �ve or morephysi
al Higgs parti
les are predi
ted. In the minimal extension the mass of the lightest neutral s
alar Higgs parti
leh0 is bounded to about 140 GeV, while the masses of the heavy neutral s
alar and pseudos
alar Higgs bosons, H0and A0, as well as the pair of 
harged Higgs bosons, H�, may range from the ele
troweak s
ale to the (multi-)TeVregion. The four heavy Higgs bosons tend to be nearly mass-degenerate. The upper bound on the lightest Higgsmass is relaxed to about 200 GeV in more general s
enarios if the �elds remain weakly intera
ting up to the Plan
ks
ale as naturally assumed in supersymmetri
 theories.Minimal Supersymmetri
 TheoryWhile sear
h and study of the light h0 Higgs boson follows the pattern summarized above for the SM Higgs bosonin most of the parameter spa
e, the heavy s
alar and pseudos
alar Higgs bosons are produ
ed in mixed pairs, in thesame way as the 
harged Higgs bosons: e+e� ! H0A0 and H+H� : (4)For masses of the heavy Higgs bosons beyond about 200 GeV they 
annot be dete
ted at LHC in a wedge inMA= tan �parameter spa
e that is 
entered around the medium mixing angle tan� � 7 and opens up to high Higgs masses.The wedge 
an be 
overed by pair produ
tion in e+e� 
ollisions for masses MH;A � ps=2, i.e., up to 500 GeV in theTeV phase of the ma
hine. However, beyond this range, single produ
tion in photon-photon 
ollisions,

 ! H0 and A0 (5)
an 
over the wedge up to Higgs masses of 800 GeV if a fra
tion of 80% of the total e+e� energy is transferred tothe 

 system by Compton ba
k-s
attering of laser light [26℄. Thus, a 

 
ollider may be the only fa
ility in whi
h,beyond the SM-type light Higgs boson, heavy Higgs bosons may be dis
overed before a multi-TeV linear 
ollider 
anbe operated. It is demonstrated in Fig. 4 how well the Higgs bosons 
an be dete
ted in the two 
ollider modes.PLEN0003
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Figure 4: Left: Pair produ
tion of MSSM Higgs bosons HA in e+e� 
ollisions; Ref. [27℄; Right: Single Higgs produ
tion Hand A in 

 fusion at a photon 
ollider; Ref. [28℄.High-pre
ision measurements of the light Higgs mass 
an be exploited to determine parameters in the theory whi
hare diÆ
ult to measure otherwise. By evaluating quantum 
orre
tions, the trilinear 
oupling At, for example, maybe 
al
ulated from the Higgs mass, Fig. 5. For an error on the top mass of Æmt = 100 MeV, 
f. Ref. [30℄, and an
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Figure 5: Extra
ting the trilinear 
oupling At from radiative 
orre
tions to the light MSSM Higgs mass; Ref. [29℄.error on the Higgs mass of Æmh = 50 MeV, 
f. Ref. [15℄, At 
an be determined at an a

ura
y of about 10%.Extended Supersymmetri
 TheoriesA large variety of theories, grand uni�ed theories, string theories, et
., suggest additional Higgs �elds beyondthe minimal set in supersymmetri
 theories. Adding a 
omplex iso-s
alar to the iso-doublets, an additional pair ofs
alar and pseudos
alar Higgs parti
les is predi
ted. The axion-type 
hara
ter of the pseudos
alar boson renders thisparti
le preferentially light. In general, the standard set of light and heavy Higgs bosons is expe
ted in analogy tothe MSSM, augmented however by a light s
alar and a pseudos
alar Higgs boson, 
f. Ref. [31℄ and Fig. 6.PLEN0003
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Figure 6: Typi
al Higgs mass spe
trum in the non-minimal supersymmetri
 model NMSSM; Ref. [31℄.If the light pseudos
alar Higgs boson de
ays to b-quarks, a fan of b-jets is expe
ted in Higgs-strahlung as thes
alar Higgs bosons may de
ay to a pair of light pseudos
alar Higgs bosons, generating at least four b's in the �nalstate [32℄. Nevertheless, a no-lose theorem for dis
overing at least one Higgs boson has been established for ILCwhile the situation is presently less 
lear for LHC [33℄.
2.3. Strong Electroweak Symmetry BreakingWithin the Standard Model and its supersymmetri
 extensions, the Higgs �eld is introdu
ed as a fundamentaldegree of freedom. Dynami
al ele
troweak symmetry breaking is rooted in new strong intera
tions, not ne
essarilyinvolving a Higgs boson. If global symmetries of these intera
tions are broken spontaneously, a set of Goldstonebosons will be generated, su
h as pions after breaking 
hiral symmetries in QCD. By absorbing these Goldstonebosons, longitudinal degrees of freedom and masses are generated for gauge bosons. Several s
enarios have beendeveloped along this path quite early [6, 34℄ as an alternative to the standard Higgs me
hanism and more re
entlyin a variant responding to the su

ess of the light Higgs pi
ture in a

ounting for the high-pre
ision data in theele
troweak se
tor.Little-Higgs ModelsThese models [35℄ are based on new unspe
i�ed intera
tions that are 
hara
terized by a s
ale � of order 10 TeV ormore. The breaking of a huge global symmetry, e.g., SU(5)! SO(5), generates a set of pseudo-Goldstone bosons withproperties 
hara
terized by the s
ale F � �=4� whi
h is 
lose to a TeV. Colle
tive breaking of the global symmetryrenders the would-be Goldstone bosons massive; some of the Goldstone bosons however a
quire mass only at the levelof v � F=4�. Intera
tions in the top-quark se
tor indu
e a negative mass squared for at least one s
alar isodoublet,whi
h is thus identi�ed with the standard Higgs degrees, while the ele
troweak mass s
ale is set by v = (p2GF )�1=2.While the new (multi-)TeV s
alars and ve
tors may be sear
hed for at LHC, at ILC their properties 
an bedetermined very pre
isely even if they remain virtual at the available energies [36, 37℄, 
f. Fig. 7. Moreover, theentire parameter range of the model, as expe
ted on general grounds, 
an be 
overed in sear
hing for deviations fromthe Standard Model predi
tions in pro
esses su
h as e+e� ! f �f ; W+W�; ZH, and 

 ! H.Little-Higgs models predi
t a ri
h spe
trum of new parti
les not only at the TeV s
ale, but new states may alsobe realized at low s
ales. Axion-type pseudos
alar bosons may be asso
iated with the spontaneous breaking of U (1)PLEN0003



fa
tors in the extra global symmetries. These parti
les have properties analogous to Higgs bosons [38℄. They areprodu
ed parallel to Higgs bosons and their de
ay modes may be b-jet pairs:e+e� ! t�t� with �! b�b : (6)Thus, instead of one Higgs resonan
e peak in the invariant b�b mass in addition to the Z resonan
e, two peakswould be observed experimentally, Fig. 7. In 

 
ollisions the two states 
ould be disentangled by using linearlypolarized photon beams; s
alars are generated in 
ollisions of photons with parallel, pseudos
alars with perpendi
ularpolarization ve
tors.Strongly intera
ting W;Z BosonsIf no Higgs boson will be observed with mass below 1 TeV, quantum-me
hani
al unitarity demands strong inter-a
tions between the ele
troweak gauge bosons, be
oming e�e
tive at energies (8�=p2GF )1=2 ' 1:2 TeV to dampthe growth of the amplitudes for (quasi-)elasti
 WW s
attering pro
esses. To a
hieve 
ompatibility with the S; Tparameters extra
ted from the pre
ision ele
troweak data at low energies, the underlying theory must deviate fromthe template of QCD as a strongly-intera
ting theory, whi
h exhibits similar symmetries at energies below a GeV.The new intera
tions between the ele
troweak bosons, generi
ally 
alled W , 
an be expanded in a series of e�e
-tive intera
tion terms with rising dimensions [39℄. S
attering amplitudes are expanded 
orrespondingly in a series
hara
terized by the energy 
oeÆ
ients s=�2�. Demanding CP-invarian
e and isospin-invarian
e, as suggested bythe � parameter value very 
lose to one, two new dimension-4 intera
tion terms must be in
luded in the expansion,L4 = �4hW�W�i2 and L5 = �5hW�W�i2, with 
oeÆ
ients �4;5 = v2=�2�4;5 expressed in the new strong intera
tions
ales ��, 
f. Ref. [40℄. To 
ompensate the growth of the s
attering amplitudes in the perturbative expansion, thenew 
ontributions must mat
h the perturbative loop fa
tor 1=16�2, i.e., the s
ale parameters are bounded from aboveby the value 4�v.Quasi-elasti
 WW s
attering, WW !WW and ZZ (7)
an be measured in the pro
esses e+e� ! ���WW and ���ZZ. The new intera
tion terms a�e
t the total 
rossse
tions and the �nal-state distributions [40℄. The re
onstru
tion and separation ofW and Z bosons in these analysesis a ne
essary 
ondition, whi
h 
an be ful�lled indeed in the 
lean environment of a lepton 
ollider [41, 42℄. Sin
e theimpa
t of the new intera
tions grows with the energy, ILC in the 1 TeV phase provides the most sensitive instrument
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Figure 8: Measurement of parameters in new strong intera
tions of ele
troweak W bosons; Ref. [42℄.for these studies. In fa
t, 
f. Fig. 8, the entire range of �� values 
an be 
overed experimentally:�� � 4�v ' 3TeV : (8)The �� values determine the masses of the resonan
es asso
iated with the new intera
tions. The predi
tions 
an behelpful in the sear
h for these resonan
es at LHC.
2.4. Extra Space DimensionsA plethora of di�erent models have been 
onstru
ted whi
h 
an break the ele
troweak symmetries in s
enarios ofextra spa
e dimensions. We will fo
us on a few 
hara
teristi
 aspe
ts.(i) In Randall-Sundrummodels, a s
alar radion �eld is introdu
ed to stabilize the distan
e between the SM and thegravity brane. Carrying the same quantum numbers as the Higgs �eld, these two �elds 
an mix and the propertiesof the Higgs boson will be altered [43℄. In parti
ular the bran
hing ratio for Higgs de
ays to gluon jets may in
reasedramati
ally due to dominating radion de
ays to gluons, 
f. [44℄.(ii) Kaluza-Klein states 
an a�e
t the 

 
oupling and other loop-indu
ed 
ouplings of the Higgs �eld. Sin
e the

 width of the Higgs parti
le 
an be determined with an a

ura
y of 2% in the 

 fusion pro
ess at a photon-photon 
ollider, the measurement provides the opportunity to study the parti
le se
tor asso
iated with universalextra dimensions, for example, 
f. Ref. [45℄.(iii) Without introdu
ing a s
alar Higgs �eld, ele
troweak symmetries 
an be broken by 
hoosing appropriateboundary 
onditions for the gauge �elds in the 
ompa
ti�ed �fth dimension. Can
ellations whi
h delay unitarityviolations at high energies in WW s
attering, are a
hieved by the ex
hange of Kaluza-Klein �elds [46℄. Sum rules
onne
t the quarti
 
ouplings of the gauge �elds with the 
ouplings between gauge �elds and Kaluza-Klein �elds. TheKaluza-Klein states 
an be sear
hed for at LHC and ILC [47℄. At ILC the 
ouplings are expe
ted to be measured,even for the ex
hange of virtual Kaluza-Klein �elds, quite a

urately.
3. SUPERSYMMETRY AND UNIFICATIONIf supersymmetry is realized in nature, 
f. Ref. [48℄, this fundamental symmetry will have an impa
t a
ross all areasin mi
ros
opi
 physi
s and 
osmology. In the Higgs se
tor, supersymmetry would be 
ru
ial for generating a lightPLEN0003



Higgs boson and stabilizing the ele
troweak s
ale in the ba
kground of the grand uni�
ation and Plan
k s
ales. The
ontribution of the supersymmetri
 parti
le spe
trum to the evolution is essential for the ele
tromagneti
, weak andstrong gauge 
ouplings to approa
h ea
h other at a high s
ale, a ne
essary 
ondition for the uni�
ation of all threegauge intera
tions. In addition, lo
al supersymmetry provides a rationale for gravity by demanding the existen
e ofspin-2 gravitons.No �rm predi
tion is possible for the mass s
ale of supersymmetry. However, for moderate values of the Higgsmixing parameter tan � a fairly low mass spe
trum is indi
ated in the 
onstrained minimal supersymmetri
 modelby 
ombining results from radiative 
orre
tions to ele
troweak pre
ision observables, (g� � 2)=2 and b ! s
, withthe measurement of the 
old dark matter density at WMAP, 
f. Fig. 9. The spe
trum 
orresponding to a parameterset with 
lose to maximal probability is depi
ted in Fig. 9. This spe
trum had been 
hosen as a ben
hmark set fora minimal supergravity s
enario in the SPS1a0 proje
t [50℄. For the large tan � range, the quality of the �t is worse
0 200 400 600 800 1000

m1/2 [GeV]

0

2

4

6

8

10

χ2  (
to

da
y)

CMSSM, µ > 0, mt = 172.7

tanβ = 10, A0 = 0

tanβ = 10, A0 = +m1/2

tanβ = 10, A0 = -m1/2

tanβ = 10, A0 = +2 m1/2

tanβ = 10, A0 = -2 m1/2

0

100

200

300

400

500

600

700

m [GeV]
mSUGRA SPS 1a′/SPA

l̃R

l̃L
ν̃l

τ̃1

τ̃2
ν̃τ

χ̃0
1

χ̃0
2

χ̃0
3

χ̃0
4

χ̃±

1

χ̃±

2

q̃R

q̃L

g̃

t̃1

t̃2

b̃1

b̃2

h0

H0, A0 H±

Figure 9: Left: Probability distribution of supersymmetry parameters (CMSSM) from pre
ision data for tan � = 10; Ref. [49℄.Right: The 
orresponding mass spe
trum near the maximum, en
oded in the ben
hmark point SPS1a0 ; Ref. [50℄.and the typi
al mass s
ale shifts to somewhat larger values.The hadron 
ollider LHC and an e+e� linear 
ollider are a perfe
t tandem for exploring supersymmetry, 
f.Ref. [51℄. The heavy 
olored supersymmetri
 parti
les, squarks and gluinos, 
an be dis
overed for masses up to3 TeV with large rates at LHC. Subsequent 
as
ade de
ays give a

ess to lower mass parti
les. The properties ofthe potentially lighter non-
olored parti
les, 
harginos/neutralinos and sleptons, 
an be studied very pre
isely at ane+e� linear 
ollider by exploiting in parti
ular polarization phenomena at su
h a fa
ility. After the properties of thelight parti
les are determined pre
isely, the heavier parti
les 
an subsequently be studied in the 
as
ade de
ays withsimilar pre
ision.Coherent hadron and lepton analyses will provide a 
omprehensive and high-pre
ision pi
ture of supersymmetryat the ele
troweak s
ale, 
f. Refs.[52, 53℄. In parti
ular linear-
ollider experiments will �nally prove supersymmetryto be the origin of the observed new parti
les. Moreover, the emerging pi
ture de�nes, on one side, a solid basisfor the re
onstru
tion of the fundamental supersymmetri
 theory near the Plan
k s
ale, and for the 
onne
tion ofparti
le physi
s with 
osmology on the other side.
3.1. Properties of Supersymmetric ParticlesFor illustration the parameters of the mSUGRA referen
e point SPS1a0 [50℄, a derivative of the Snowmass pointSPS1a [54℄, will be adopted. This point gives a 
omprehensive pi
ture of the potential whi
h is o�ered by 
oherentanalyses at high energy hadron and e+e� 
olliders. It is 
hara
terized by the following values of the soft parametersPLEN0003



at the grand uni�
ation s
ale: M1=2 = 250 GeV M0 = 70 GeVA0 = �300 GeV sign(�) = +tan � = 10 (9)The universal gaugino mass is denoted by M1=2, the s
alar mass by M0 and the trilinear 
oupling by A0; the signof the higgsino mass parameter � is 
hosen positive and tan �, the ratio of the va
uum-expe
tation values of thetwo Higgs �elds, in the medium range. The modulus of the higgsino mass parameter is �xed by requiring radiativeele
troweak symmetry breaking so that � = +396 GeV. As shown by the supersymmetri
 parti
le spe
trum in Fig. 9,the squarks and gluinos 
an be studied very well at the LHC while the non-
olored gauginos and sleptons 
an beanalyzed partly at LHC and in 
omprehensive and pre
ise form at an e+e� linear 
ollider operating at a total energyup to 1 TeV.MassesAt LHC, the masses 
an best be obtained by analyzing edge e�e
ts in the 
as
ade de
ay spe
tra, 
f. Ref. [55℄.The basi
 starting point is the identi�
ation of a sequen
e of two-body de
ays: ~qL ! ~�02q ! ~̀R`q ! ~�01``q. Thekinemati
 edges and thresholds predi
ted in the invariant mass distributions of the two leptons and the jet determinethe masses in a model-independent way. The four sparti
le masses [~qL, ~�02, ~̀R and ~�01℄ are used subsequently as inputfor additional de
ay 
hains like ~g! ~b1b! ~�02bb, and the shorter 
hains ~qR ! q~�01 and ~�04 ! ~̀̀ , whi
h all requirethe knowledge of the sparti
le masses downstream of the 
as
ades. Residual ambiguities and the strong 
orrelationsbetween the heavier masses and the LSP mass are resolved by adding the results from ILC measurements whi
himprove the pi
ture signi�
antly.At ILC, very pre
ise mass values 
an be extra
ted from threshold s
ans and de
ay spe
tra. The ex
itation 
urvesfor 
hargino ~��1;2 produ
tion in S-waves rise steeply with the velo
ity of the parti
les near the thresholds,� �qs � ( ~Mi + ~Mj)2 (10)and they are thus very sensitive to their mass values. The same holds true for mixed-
hiral sele
tron pairs ine+e� ! ~e+R~e�L and for diagonal pairs in e�e� ! ~e�R~e�R; ~e�L ~e�L 
ollisions, 
f. Fig. 10. Other s
alar sfermions, as well
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s [GeV]Figure 10: Left: Mass measurement in sele
tron ~e�~e� pair produ
tion; Ref. [56℄; Right: Smuon and neutralino edges in smuonde
ays; Ref. [57℄.as neutralinos, are produ
ed generally in P-waves, with a less steep threshold behavior proportional to the thirdpower of the velo
ity. Additional information, in parti
ular on the lightest neutralino ~�01, 
an be obtained from thePLEN0003



sharp edges of 2-body de
ay spe
tra, su
h as ~l�R ! l� ~�01. Denoting maximumand minimumedge of the de
ay leptonspe
trum by E�, 
f. Fig. 10, slepton and ~�01 masses 
an be derived fromm~̀ = ps [E+E�℄ 12 =(E+ +E�)m~�01 = m~̀ [1� 2(E+ +E�)=ps℄ 12 (11)The a

ura
y in the measurement of the LSP ~�01 mass 
an be improved at ILC by two orders of magnitude 
omparedwith LHC.The values of typi
al mass parameters and their related measurement errors are presented in Tab. I: \LHC" fromLHC analyses and \ILC" from ILC analyses; the third 
olumn \LHC+ILC" presents the 
orresponding errors if theexperimental analyses are performed 
oherently, i.e., the light parti
le spe
trum, studied at ILC with high pre
ision,is used as input set for the LHC analysis.Parti
le Mass \LHC" \ILC" \LHC+ILC"h0 116:9 0:25 0:05 0:05H0 425:0 1:5 1:5~�01 97:7 4:8 0:05 0:05~�02 183:9 4:7 1:2 0:08~�04 413:9 5:1 3� 5 2:5~��1 183:7 0:55 0:55~eR 125:3 4:8 0:05 0:05~eL 189:9 5:0 0:18 0:18~�1 107:9 5� 8 0:24 0:24~qR 547:2 7� 12 � 5� 11~qL 564:7 8:7 � 4:9~t1 366:5 1:9 1:9~b1 506:3 7:5 � 5:7~g 607:1 8:0 � 6:5Table I: A

ura
ies for representative mass measurements of SUSY parti
les in individual LHC, ILC and 
oherent \LHC+ILC"analyses for the referen
e point SPS1a0 [masses in GeV℄. ~qR and ~qL represent the 
avors q = u; d; 
; s; 
f. Ref. [52℄.SpinsDetermining the spin of new parti
les is an important measurement to 
larify the nature of the parti
les and theunderlying theory. This is ne
essary to dis
riminate the supersymmetri
 interpretation of new parti
les from othermodels. A well-known example is the distin
tion between supersymmetri
 theories and theories of universal extraspa
e dimensions in whi
h new Kaluza-Klein states 
arry spins di�erent from supersymmetri
 parti
les.The measurement of spins in parti
le 
as
ades at LHC is an experimental 
hallenge [58℄. Spin measurement atILC, on the other hand, is quite easy. The polar angular distribution of smuon pairs, for example, approa
hes the
hara
teristi
 sin2 � law for energies suÆ
iently above threshold. The smuons 
an be re
onstru
ted up to a dis
reteambiguity; false solutions in the re
onstru
tion generate a 
at ba
kground underneath the signal [1℄.MixingsMixing parameters must be extra
ted from measurements of 
ross se
tions and polarization asymmetries. In theprodu
tion of 
harginos and neutralinos, both diagonal or mixed pairs 
an be exploited: e+e� ! ~�+i ~��j [i,j = 1,2℄and ~�0i ~�0j [i,j = 1,: : :,4℄. The produ
tion 
ross se
tions for 
harginos are binomials in 
os 2�L;R, the mixing anglesPLEN0003



rotating 
urrent to mass eigenstates. Using polarized ele
tron and positron beams, the mixings 
an be determinedin a model-independent way [59, 60℄.The same methods 
an be applied to determine the mixings in the s
alar sfermion se
tor. The produ
tion 
rossse
tions for stop parti
le pairs, e+e� ! ~ti~t
j [i,j = 1,2℄, depend on the mixing parameters 
os=sin 2�~t whi
h 
an bedetermined with high a

ura
y by making use of polarized ele
tron beams [61℄.The measurement of the dis
rete quantum numbers of s
alar sfermions is another basi
 pro
ess. Using polarizedele
tron and positron beams, the L/R quantum numbers of sele
trons and positrons 
an be identi�ed unambiguouslyeven if the masses are nearly degenerate [12℄.CouplingsSupersymmetry predi
ts the identity of Yukawa and gauge 
ouplings among parti
le partners, in generi
 notation,V ~V ~V = V V V and F ~F ~V = FFV (12)for gauge bosons V and gauginos ~V , and for fermions F and their s
alar partners ~F . These fundamental relations 
anbe studied experimentally in pair produ
tion of 
harginos and neutralinos whi
h is partly mediated by the ex
hangeof sneutrinos and sele
trons in the t-
hannel, as well as sele
tron and sneutrino pair produ
tion whi
h is partlymediated by neutralino and 
hargino t-
hannel ex
hanges.An example is presented in Fig. 11 for the sensitivity whi
h 
an be a
hieved at ILC in testing the identity of Yukawaand gauge 
ouplings in sele
tron pair produ
tion. The separation of the ele
troweak SU(2) and U(1) 
ouplings is
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Figure 11: Relating the SU(2) and U(1) ` ~̀~V Yukawa 
ouplings experimentally to the 
orresponding gauge 
ouplings ``V insele
tron pair produ
tion; Ref. [56℄.possible if polarized ele
tron beams are available. At the end of 
ourse an overall analysis is required whi
h takesinto a

ount the measurements of the masses and gaugino/higgsino mixing parameters of the neutralinos ex
hangedin the t-
hannel.
3.2. Fundamental Supersymmetric TheoryThe measurements des
ribed in the previous se
tion provide the initial values for the evolution of the gauge
ouplings and the soft SUSY breaking parameters in the Lagrangian to the grand uni�
ation s
ale, 
f. Ref. [62℄,where in many s
enarios the fundamental supersymmetri
 theory is de�ned. The values at the ele
troweak s
ale are
onne
ted to the fundamental parameters at the GUT s
ale MU by the renormalization group equations; to leadingorder,PLEN0003



Present/\LHC" GigaZ/\LHC+ILC"MU (2:36� 0:06) � 1016 GeV (2:360� 0:016) � 1016 GeV��1U 24:19 � 0:10 24:19 � 0:05��13 � ��1U 0:97 � 0:45 0:95 � 0:12Table II: Pre
ision in extra
ting the uni�ed gauge 
oupling �U , derived from the meeting point of �1 with �2, and the strong
oupling �3 at the GUT s
ale MU . The 
olumns demonstrate the results for the expe
ted pre
ision from LEP and LHC data,as well as the improvement due to a GigaZ linear 
ollider analysis, 
f. Ref. [52℄.gauge 
ouplings : �i = Zi �Ugaugino masses : Mi = ZiM1=2s
alar masses : M2~j = M20 + 
jM21=2 +P2�=1 
0j��M2�trilinear 
ouplings : Ak = dkA0 + d0kM1=2The index i runs over the gauge groups i = SU(3), SU(2), U(1). To this order, the gauge 
ouplings, and thegaugino and s
alar mass parameters of soft supersymmetry breaking depend on the Z transporters Z�1i = 1 +bi�U=(4�) log(M2U=M2Z). The s
alar mass parameters M2~j depend also on the Yukawa 
ouplings. Beyond theseapproximate solutions, the evolution equations have been solved numeri
ally.Gauge Coupling Uni�
ationMeasurements of the gauge 
ouplings at the ele
troweak s
ale support very strongly the uni�
ation of the 
ouplings[63℄ at a s
ale MU ' 2 � 1016 GeV, with a pre
ision at the per-
ent level. The 
ouplings do not meet exa
tly, 
f.
102 106 1010 1014

Q [GeV]

0

10

20

30

40

50

60
1
- 1

2
- 1

3
- 1

LHC  &
LC/GigaZ

1015 1016

Q [GeV]

24

25Figure 12: Gauge 
oupling uni�
ation at GigaZ; Ref. [52℄.Fig. 12 and Tab. II, most evident after taking into a

ount results from GigaZ runs. The di�eren
es are to beattributed to high-threshold e�e
ts at the uni�
ation s
ale MU , and the quantitative evaluation implies important
onstraints on the parti
le 
ontent at MU .Gaugino and S
alar Mass ParametersThe results for the evolution of the mass parameters from the ele
troweak s
ale to the GUT s
ale MU are shown inFig. 13. On the left of Fig. 13 the evolution is presented for the gaugino parameters M�1i . The model-independentre
onstru
tion of the fundamental parameters and the test of universality in the SU(3)�SU(2)�U(1) group spa
e are
learly under ex
ellent 
ontrol.PLEN0003



1=M i[GeV�1 ℄ M2 ~ f[103 GeV2 ℄
Q [GeV℄ Q [GeV℄M�13M�12M�11

Figure 13: Uni�
ation of gaugino and s
alar mass parameters; Ref. [52℄.In the same way the evolution of the s
alar mass parameters 
an be studied, presented on the right of Fig. 13 forthe �rst/se
ond generation. While the slepton parameters 
an be determined very pre
isely, the a

ura
y deterioratesfor the squark parameters and the Higgs parameter M2H2 .The evolution of the s
alar mass parameters is quite distin
t from s
enarios in whi
h supersymmetry is brokenby a di�erent me
hanism. A typi
al example is gauge mediated supersymmetry breaking GMSB where regularitiesare predi
ted at an intermediate energy s
ale but extrapolations to Plan
k s
ale energies lead to markedly non-universal mass parameters [62℄. Thus the mi
ros
opi
 pi
ture of supersymmetry breaking 
an be explored this wayexperimentally.These examples demonstrate that high-pre
ision experiments at high-energy 
olliders allow us to re
onstru
t phys-i
al s
enarios near the Plan
k s
ale. They shed light on a domain where in many theoreti
al approa
hes the roots ofphysi
s are lo
ated in
luding gravity.
3.3. Left-Right Symmetric ExtensionThe 
omplex stru
ture observed in the neutrino se
tor requires the extension of the minimal supersymmetri
Standard Model MSSM, e.g., by a super�eld in
luding the right-handed neutrino �eld and its s
alar partner. If thesmall neutrino masses are generated by the seesaw me
hanism [64℄, a similar type of spe
trum is indu
ed in thes
alar sneutrino se
tor, splitting into light TeV-s
ale and very heavy masses. The intermediate seesaw s
ales willa�e
t the evolution of the soft mass terms whi
h break the supersymmetry at the high (GUT) s
ale, parti
ularly inthe third generation with large Yukawa 
ouplings. This will provide us with the opportunity to measure, indire
tly,the intermediate seesaw s
ale of the third generation [65℄.If sneutrinos are lighter than 
harginos and the se
ond lightest neutralino, as en
oded in SPS1a0, they de
ay onlyto invisible � ~�01 �nal states. However, in this 
on�guration sneutrino masses 
an be measured in 
hargino de
aysto sneutrinos and leptons. These two-parti
le de
ays develop sharp edges at the endpoints of the lepton energyspe
trum for 
harginos produ
ed in e+e� annihilation. Sneutrinos of all three generations 
an be explored this way[65℄. The errors for the �rst and se
ond generation sneutrinos are expe
ted at the level of 400 MeV, doubling for themore involved analysis of the third generation.The measurement of the seesaw s
ale 
an be illustrated in an SO(10) model [66℄ in whi
h the Yukawa 
ouplings in theneutrino se
tor are proportional to the up-type quark mass matrix. The masses of the physi
al right-handed MajoranaPLEN0003



neutrinos are hierar
hi
al, very roughly / m2up, and the mass of the heaviest neutrino is given by MR3 � m2t=m�3whi
h, for m�3 � 5� 10�2 eV, amounts to � 6� 1014 GeV, i.e., a value 
lose to the grand uni�
ation s
ale MU .Sin
e the �R is unfrozen only beyond Q = M�R the impa
t of the LR extension be
omes visible in the evolutionof the s
alar mass parameters only at very high s
ales. The e�e
t of �R 
an be manifest only in the third generationwhere the Yukawa 
oupling is large enough; the evolution in the �rst two generations 
an thus be used to 
alibratethe assumption of universality for the s
alar mass parameters at the uni�
ation s
ale [62℄. In Fig. 14 the evolutionof the s
alar mass parameters in the third generation and the Higgs mass parameter are displayed. The lines in
lude
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L3 E3 H2Figure 14: Impa
t of the heavy right-handed neutrino mass on the evolution of the s
alar mass parameters in LR symmetri
theories; Refs. [62, 65℄.the e�e
ts of the right-handed neutrino whi
h indu
e the kinks. Only the pi
ture in
luding �R, ~�R is 
ompatible withthe assumption of uni�
ation.The kinks in the evolution of M2~L3 shift the physi
al masses [squared℄ of the ~�L and ~��L parti
les of the thirdgeneration by the amount ��[MR℄ 
ompared with the slepton masses of the �rst two generations. The measurementof ��[MR3 ℄ / m�3MR3 log(M2GUT=M2R3) (13)
an be exploited to determine the neutrino seesaw s
ale of the third generation [65℄,MR3 = 3:7 to 6:9� 1014GeV (14)in the LR extended SPS1a0 s
enario with an initial value of 6 � 1014 GeV. Thus, this analysis provides us with aunique estimate of the high-s
ale �R seesaw mass parameter MR3 .
3.4. Split SupersymmetryFor a su

essful uni�
ation of for
es at the GUT s
ale the sfermion mass s
ale M0 is irrelevant, sin
e ea
h genera-tion of sfermions furnishes a 
omplete representation of SU(5) [or SO(10), if right-handed sneutrinos are in
luded℄.Likewise, the dark-matter predi
tion of the MSSM and its extensions does not rely on the value of M0, but ratheron the existen
e of a 
onserved dis
rete quantum number, R parity. These fa
ts are 
ompatible with the spe
ulationthat the sfermion mass s
ale may a
tually be mu
h higher than the gaugino mass s
ale, e�e
tively removing all s
alarpartners of the matter �elds and the extra heavy Higgs states of the MSSM from the low-energy spe
trum [67℄.Su
h a s
enario has the attra
tive feature that sour
es of 
avor violation besides CKM mixing are naturallyabsent, removing the requirement of sfermion-mass degenera
y from the me
hanism of supersymmetry breaking. Onthe other hand, the Higgs potential is �ne-tuned as in the non-supersymmetri
 SM. Explanations for this fa
t mayPLEN0003



be tra
ed ba
k to the property of string theories to provide a huge lands
ape of a

eptable va
uum states. Thequantum-me
hani
al stability of the Higgs-�eld ground state would be related to the quantum-me
hani
al stabilityof the va
uum energy, i.e., the 
osmologi
al 
onstant.With a suÆ
iently high sfermion mass s
ale, e.g., M0 � 109 GeV, the gluino a
quires a ma
ros
opi
 lifetime and,for the purpose of 
ollider experiments, behaves like a massive, stable 
olor-o
tet parton. This leads to 
hara
teristi
signatures at LHC. Dete
tion of su
h a parti
le is possible up to m~g = 1 � 2 TeV [68, 69℄. The Higgs boson massis expe
ted to be above the 
onventional MSSM mass range, so four-fermion de
ays of the Higgs parti
le dominateover two-fermion de
ays. However, due to the absen
e of 
as
ade de
ays, produ
tion of the non-
olored gauginos andhiggsinos at LHC pro
eeds only via ele
troweak annihilation pro
esses, and the produ
tion rates are thus 
onsiderablysuppressed 
ompared to 
onventional MSSM s
enarios.In this situation, the analysis of 
hargino and neutralino pair-produ
tion at ILC provides the information ne
essaryto dedu
e the supersymmetri
 nature of the model. Extra
ting the values of 
hargino/neutralino Yukawa 
ouplings,responsible for the mixing of gaugino and higgsino states, reveals the anomalous e�e
ts due to the splitting of gauginoand sfermion mass s
ales [68℄. Furthermore, these parameters determine the higgsino 
ontent of the LSP and thusthe reli
 dark-matter density predi
ted by the Split Supersymmetry model [70℄.
3.5. String Effective TheoriesHeteroti
 string theories give rise to a set of 4-dimensional dilaton S and moduli T super�elds after 
ompa
ti�
ation.The va
uum expe
tation values of S and T , generated by genuinely non{perturbative e�e
ts, determine the softsupersymmetry breaking parameters.The properties of the supersymmetri
 theories are quite di�erent for dilaton and moduli dominated s
enarios,quanti�ed by the mixing angle �. This angle � 
hara
terizes the ~S and ~T 
omponents of the wave fun
tion of theGoldstino, whi
h is asso
iated with the breaking of supersymmetry. The mass s
ale is set by the se
ond parameterof the theory, the gravitino mass m3=2.

STRING EFFECTIVE THEORY: SCALAR MASSESM2~j = m23=2[1 + n~j 
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Figure 15: The linear relation between integer modular weights and s
alar mass parameters in string e�e
tive theories; 
f.Ref. [62℄.In leading order, the masses [71℄ are given byMi = �g2im3=2hSip3 sin � + ::: (15)M2~j = m23=2 �1 + nj 
os2 �� + ::: (16)for the gaugino se
tor and the s
alar se
tor, respe
tively. A dilaton dominated s
enario, sin � ! 1, leads to universalboundary 
onditions of the soft supersymmetry breaking parameters. On the other hand, in moduli dominatedPLEN0003



s
enarios, 
os � ! 1, the gaugino mass parameters are universal, but universality is not realized for the s
alar massparameters. The breaking is 
hara
terized by integer modular weights nj whi
h quantify the 
ouplings between thematter and the moduli �elds. Within one generation signi�
ant di�eren
es between left and right �eld 
omponentsand between sleptons and squarks 
an o

ur.The results [62℄ for the analysis of a mixed dilaton/moduli superstring s
enario with dominating dilaton 
omponent,sin2 � = 0:9, and with di�erent 
ouplings of the moduli �eld to the (L,R) sleptons, the (L,R) squarks and to theHiggs �elds 
orresponding to the O{I representation nLi = �3, nEi = �1, nH1 = nH2 = �1, nQi = 0, nDi = 1and nUi = �2, are presented in Fig. 15. The gravitino mass is 
hosen to be 180 GeV in this analysis. Given thisset of superstring indu
ed parameters, the evolution of the gaugino and s
alar mass parameters 
an be exploited todetermine the modular weights n. Fig. 15 demonstrates how stringently this theory 
an be tested by analyzing theinteger 
hara
ter of the entire set of modular weights.Thus, high-pre
ision measurements at high energy proton and lepton 
olliders may provide a

ess to 
ru
ial deriva-tive parameters in string theories.
3.6. Intermediate Gauge BosonsGauge bosons at the intermediate TeV s
ale are motivated by many theoreti
al approa
hes, 
f. Ref. [72℄. Thebreaking of GUT theories, based on SO(10) or E(6) symmetries for example, may leave one or several U(1) remnantsunbroken down to TeV energies, before the symmetry is redu
ed �nally to the SM symmetry:SO(10) ! SM�U(1) (17)E(6) ! SO(10)� U(1)! SM �U(1) �U(1)! SM�U(1) (18)The �nal U(1) remnant of E(6) is a linear 
ombination �,  or � of the U(1)'s generated in the two-step symmetrybreaking me
hanism.
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Figure 16: Z0 masses and 
ouplings in extended SO(10) and E(6) gauge theories; Ref. [73℄.Su
h intermediate gauge bosons 
an be sear
hed for at LHC for masses up to about 5 TeV. The role of ILC istwofold. First, by analyzing the e�e
t of virtual Z0 s-
hannel ex
hange on the 
ross se
tions and angular distributionsPLEN0003



of fermion pair produ
tion, e+e� ! f �f , the sensitivity to new gauge boson s
ales 
an be extended signi�
antly, 
f.Fig. 16, in SO(10) LR symmetri
 theories up to ' 15 TeV at ILC (and up to ' 35 TeV at CLIC [74℄). Se
ond, the
ouplings of the new Z0 boson to SM fermions 
an be determined very pre
isely, Fig. 16. The various models 
anobviously be dis
riminated quite 
learly and the nature of the underlying gauge symmetry 
an be identi�ed.
4. EXTRA SPACE DIMENSIONSA large variety of models have been developed in whi
h the ordinary 4-dimensional spa
e-time is extended tohigher dimensions already at energies of order 1 TeV. The ILC potential in analyzing su
h models, in whi
h the extradimensions are 
ompa
ti�ed at low s
ales, will be illustrated in two examples.ADD S
enarioIn the ADD s
enario [10℄ gravity extends from the brane on whi
h the �elds of the Standard Model are lo
ated,to the higher D = 4 + Æ dimensions. It be
omes strong in the extended spa
e already at the fundamental Plan
ks
ale �D of order TeV, mu
h below the e�e
tive standard Plan
k s
ale �Pl of order 1019 GeV, and it appears weakonly if proje
ted onto the 4-dimensional SM brane. The radii of the 
ompa
ti�ed higher dimensions are related tothe Plan
k s
ale by �2Pl = RÆ�2+ÆD . The asso
iated Kaluza-Klein states with masses � n=R densely populate a towerwith energy spa
ings of a small fra
tion of eV up to a few MeV, depending on the number of extra spa
e dimensions.At e+e� linear 
olliders the two 
ru
ial parameters of the ADD model, the fundamental Plan
k s
ale �D and thenumber Æ of extra spa
e dimensions, 
an be measured by varying the 
m energy of the 
ollider. The 
ross se
tion forthe pro
ess of single 
 produ
tion, e+e� ! 
 +GKK (19)where GKK denotes the sum over the invisible graviton states of the Kaluza-Klein tower, depends on these twoparameters in the form [75℄ �(e+e� ! 
 + E= ) = 
Æ�2D �ps�D�Æ : (20)Thus, the larger the number of extra dimensions the stronger would be the rise of the 
ross se
tion for single isolatedphotons with the 
ollider energy, Fig. 17.RS S
enarioWhile in the previous model spa
e is 
at in the extra dimensions, it is 
urved in the RS model [11℄. The 
urvaturein the extra �fth dimension is des
ribed by an exponential warp fa
tor exp(�2kr
�), 
hara
terized by the 
ompa
t-i�
ation radius r
 and the 
urvature k. The 
oordinate � spans the distan
e between the gravity brane lo
atedat � = 0 and the SM brane lo
ated at � = �. Sin
e the s
ale of physi
al pro
esses on the SM brane is given by�SM = �Pl exp(�kr
�) � 1 TeV, the 
ompa
ti�
ation radius r
 is estimated to be, roughly, one order of magnitudelarger than the 
urvature radius k�1, while k itself is of the order of the e�e
tive 4-dimensional Plan
k s
ale. The
hara
teristi
s of our eigen-world on the 4-dimensional SM brane are des
ribed by the two parameters k and r
, withthe se
ond parameter generally substituted by �SM.The Kaluza-Klein tower of the gravitons on the SM brane is 
hara
teristi
ally di�erent from towers asso
iatedwith 
at spa
es, the sequen
e of masses [77℄ given byMn = xn k exp(�kr
�) = xn�SM k =�Pl (21)where xn are the roots of the �rst-order Bessel fun
tions. Su
h states 
an be sear
hed for in fermion pair produ
tione+e� ! �+��, a�e
ting this pro
ess by resonant s-
hannel ex
hanges. Fixing the lowest KK state to a mass of 600PLEN0003
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k s
ale and the number of dimensions in ADD s
enarios; Ref. [76℄. Right: Kaluza-Kleinex
itations in RS s
enarios for various values of the 
urvature k; Ref. [77℄.GeV, the sequen
e of KK ex
itations is displayed in Fig. 17. The width of the KK states depends on the 
urvaturek � �Pl in the �fth dimension. The 
ross se
tions turn out to be very large if the parameters are su
h that the lowestKK states 
an be generated at the 
ollider as an s-
hannel resonan
e.
5. COSMOLOGY CONNECTIONCollider physi
s programs fo
us in 
onne
tion with 
osmology presently on two fundamental problems, 
f. Ref. [78℄:{ the me
hanism responsible for the baryon asymmetry: �B = 4:0� 0:4%{ the parti
le 
hara
ter of 
old dark matter: �CDM = 23� 4%These 
entral problems of physi
s 
annot be solved within the framework of the Standard Model. Various solutionshave been worked out whi
h require experiments at high energy 
olliders to establish the proposed me
hanism forgenerating the baryon asymmetry in the universe and for 
larifying the nature of 
old dark matter. Even if a singleparti
le spe
ies were the main 
omponent of 
old dark matter in the universe, the theoreti
al origin will in generalbe so 
omplex that laboratory experiments are required to a
hieve the proper understanding of this phenomenon.
5.1. Baryon AsymmetryTwo approa
hes for generating the baryon asymmetry are widely dis
ussed in the literature: baryogenesis mediatedby leptogenesis, and ele
troweak baryogenesis based on the supersymmetri
 extension of the Standard Model.LeptogenesisIf leptogenesis [79℄ is the origin of the observed baryon asymmetry, the roots of this phenomenon are lo
atednear the Plan
k s
ale. CP-violating de
ays of heavy right-handed Majorana neutrinos generate a lepton asymmetrywhi
h is transferred to the quark/baryon se
tor by sphaleron pro
esses. Heavy neutrino mass s
ales as introdu
edin the seesaw me
hanism for generating light neutrino masses and the size of the light neutrino masses needed forleptogenesis de�ne a self-
onsistent frame whi
h is 
ompatible with all experimental observations [80℄.As shown in the pre
eding 
hapter, in some SUSY models the size of the heavy seesaw s
ales 
an be related tothe values of the 
harged and neutral slepton masses [65℄. A sum rule relates the di�eren
e between the sleptonPLEN0003



masses of the �rst two and the third generation to the mass of the heavy right-handed Majorana neutrino in thethird generation within SO(10) based supergravity theories. In this way the size of the seesaw s
ale 
an well beestimated.Ele
troweak Baryogenesis in SupersymmetryOne of Sakharov's 
onditions for generating the baryon asymmetry of the universe requires a departure from thermalequilibrium. If triggered by sphaleron pro
esses at the ele
troweak phase transition, the transition must be suÆ
ientlystrong of �rst order. Given the present bounds on the Higgs mass, this 
annot be realized in the Standard Model.However, sin
e top and stop �elds modify the Higgs potential strongly through radiative 
orre
tions, supersymmetrys
enarios 
an give rise to �rst-order transitions, 
f. Ref. [81℄. The parameter spa
e of the MSSM is tightly 
onstrainedin this 
ase: The mass of the light Higgs boson is bounded by 120 GeV from above, and the mass of the light stopquark is required to be smaller than the top quark mass, 
f. Ref. [82℄.This s
enario suggests that the mass of the stop quark is only slightly larger than the lightest neutralino (LSP) mass.The 
orre
t density of 
old dark matter is generated by stop-neutralino 
oannihilation in this region of parameterspa
e, leading to tight 
onstraints for the masses of the two parti
les.While studies of the light stop quark are very diÆ
ult at hadron 
olliders if the main de
ay 
hannel is the two-bodyde
ay ~t1 ! 
~�01 with a low-energy 
harm jet in the �nal state, the 
lean environment of an e+e� 
ollider allows for
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Figure 18: ILC 
overage of stop/neutralino parameter spa
e, dark grey points, in the MSSM based ele
troweak phase transition;Ref. [82℄.pre
ision studies of the system also in su
h 
on�gurations. This is demonstrated in Fig. 18 whi
h proves that a linear
ollider 
overs 
ompletely the region of dark gray points whi
h are 
ompatible with pre
ision measurements of the
old dark matter density.
5.2. Cold Dark MatterCold dark matter (CDM) is the dominant 
omponent of matter in the universe. So far it has not been possibleyet to reveal its mi
ros
opi
 nature. Attempts to solve this problem form an intimate link between 
osmology andparti
le physi
s. CDM may be a 
omplex stru
ture and a mixture of several 
omponents. Theoreti
al parti
lephysi
s o�ers hypotheti
al parti
le 
andidates whi
h 
ould be dis
overed, if realized in nature, in the next generationof a

elerators. After determining the properties of 
andidate parti
les in laboratory experiments, their density inPLEN0003



the universe 
an be predi
ted and the predi
tion 
an be 
onfronted with 
osmologi
al pre
ision measurements. Inaddition, 
ompatibility with dire
t and indire
t sear
h experiments must be 
he
ked. In this way a 
losed 
ir
le mayevolve whi
h provides a self-
onsistent pi
ture of the nature of 
old dark matter and its distribution in the universe.Theories whi
h provide a CDM 
andidate must have a 
onserved parity quantum number. Examples are R parityin supersymmetri
 models, KK parity in extra-dimensional models, or T parity in Little-Higgs theories. The lightestparti
le with odd parity is then stable, must be 
harge- and 
olor-neutral, and thus provides a CDM 
andidate. Ifthis parti
le is in or below the TeV mass range and intera
ts with matter, it will be seen via missing-energy signaturesat LHC. At ILC, a pre
ise determination of its mass and intera
tions is possible due to kinemati
al hermeti
ity andlow ba
kground, independently of the embedding theory.Among the 
andidate theories, two spe
i�
 examples will be summarized brie
y to illuminate the ILC potentialin 
larifying the nature of 
old dark matter parti
les. The examples 
hosen are the supersymmetri
 extension of theStandard Model embedded in minimal supergravity (
onstrained MSSM) in whi
h the lightest neutralino is the 
olddark matter parti
le, and a supergravity theory in whi
h the gravitino is identi�ed with this parti
le. In the �rstexample, the 
hara
teristi
 parameters are the gravitino mass, with a value near the ele
troweak s
ale, and the weakintera
tions of CDM. In the se
ond example, CDM intera
ts only through gravity.Neutralino Cold Dark MatterIn the mSUGRA parameter range four 
hara
teristi
 areas have been identi�ed in whi
h the observed reli
 den-sity [83℄ 
an be a

ommodated, 
f. Fig. 19, and they have re
ently been studied systemati
ally [84, 85, 86℄.
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Figure 19: Left: Chara
teristi
s of mSUGRA parameter regions 
onstrained by pre
ision data on the reli
 density; 
f. Ref. [78℄.Right: Sensitivity of the predi
tion for the reli
 density from parameter measurements in the fo
us point region; Ref. [84℄, seealso Refs. [85℄.(i) In the bulk region the gaugino mass parameter M1=2 and the s
alar mass parameter M0 are both in the areasurrounding the ele
troweak s
ale. Neutralino pairs annihilate into fermion pairs. This area, in
luding the ben
hmarkpoint SPS1a0, has been studied very thoroughly for LHC as well as ILC experiments. From the ILC studies the CDMdensity is expe
ted to be determined within an a

ura
y of about 2%, thus mat
hing the pre
ision expe
ted frommeasurements of the Plan
k satellite in the near future.(ii) In the fo
us point region the gaugino mass parameter remains moderate but the s
alar mass parameter is verylarge. While the spe
trum of 
harginos and neutralinos appears a

essible at ILC, sleptons 
an be produ
ed, if at all,only at a multi-TeV 
ollider. Split Supersymmetry, where sleptons are 
ompletely ina

essible, is an extreme 
ase ofthis s
enario. Neutralino pairs annihilate primarily to gauge bosons. The predi
tion of the reli
 density is strongly
orrelated with the mass di�eren
e between the lightest 
hargino and neutralino. At the spe
i�
 point studied inPLEN0003



detail, 
f. Fig. 19, the reli
 density is predi
ted [84℄ at a level of 3.5%.(iii) The ~� ~� 
oannihilation region with moderate to largeM1=2 and moderate M0 is diÆ
ult to explore experimen-tally as ~� ! � ~�01 de
ays must be studied in whi
h stau and neutralino are 
lose in mass so that the visible � in the�nal state 
arries only a small amount of energy and is hard to dete
t.(iv) In the funnel region neutralino annihilation is mediated by an s-
hannel Higgs boson. This s
enario has re
eivedsome attention in 
onne
tion with an astrophysi
al observation: Gala
ti
 photon spe
tra measured with the EGRETinstrument appear to be in ex
ess over the 
onventionally expe
ted yield. Neutral pions emerging from neutralinoannihilation to b-jet pairs have been proposed as an explanation of the ex
ess [87℄. Neutralino masses in the rangebetween 50 and 100 GeV and sfermion masses around 1 TeV would be predi
ted this 
ontext. The size and theshape of the ex
ess however depend on the modeling of 
onventional ba
kground sour
es while ex
lusive neutralinoannihilation into a pair of photons 
ould provide a peak in the 2-photon energy that would be a model-independentobservation of the annihilation of two CDM parti
les.Gravitino Cold Dark MatterIn supergravity models the gravitino ~G itself may be the lightest supersymmetri
 parti
le, building up the dominantCDM 
omponent, 
f. Ref. [88℄. In su
h a s
enario, with a gravitino mass in the range of 100 GeV [in 
ontrast to gauge-mediated supersymmetry breaking with very light gravitino mass℄, the lifetime of the next-to-lightest supersymmetri
parti
le 
an be
ome ma
ros
opi
 as the gravitino 
oupling is only of gravitational strength. The lifetime of the NLSP~� , � [~� ! � + ~G℄ = 
onst � M2~GM2Pl=M5~� (22)
an extend up to several months, suggesting spe
ial experimental e�orts to 
at
h the long-lived ~� 's and to measuretheir lifetime [89℄. Produ
tion in e+e� annihilation determines the ~� mass, the observation of the � energy in the ~�de
ay the gravitino mass. The measurement of the lifetime 
an subsequently be exploited to determine the Plan
ks
ale MPl, a unique opportunity in a laboratory experiment.
6. SUMMARYThe ILC 
an 
ontribute to solutions of key questions in physi
s,{ Ele
troweak Symmetry Breaking: The Higgs me
hanism sui generis 
an be established for breaking the ele
-troweak symmetries and generating the masses of the fundamental parti
les.{ Grand and Ultimate Uni�
ation: A 
omprehensive and high-resolution pi
ture of supersymmetry 
an be drawnby 
oherent analyses of hadron and lepton 
ollider experiments. Thus the 
olliders may be
ome teles
opes tothe physi
s s
enario near the Plan
k s
ale where parti
le physi
s is linked with gravity and where the basi
roots of physi
s are expe
ted to be lo
ated.{ Extra Spa
e Dimensions: The parameters of an extended spa
e-time pi
ture 
an be determined, the fundamentalPlan
k s
ale and the number of extra dimensions. New Kaluza-Klein states 
an either be generated dire
tly ortheir e�e
t on Standard Model pro
esses 
an be explored.{ Cosmology Conne
tion: Drawing a mi
ros
opi
 pi
ture of parti
les building up 
old dark matter, the basisne
essary for the understanding of matter in the universe 
an be provided by 
ollider experiments. In addition,
ru
ial elements for explaining the baryon asymmetry in the universe 
an be re
onstru
ted.Collider experiments will thus be essential instruments for unraveling the fundamental laws of nature.PLEN0003
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