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Abstract

Theselecturesprovide a phenomenologicaintroductionto supersymmetry
concentratingntheminimal supersymmetriextensionof theStandardiodel
(MSSM). In the rst lecture,motivationsareprovidedfor thinking thatsuper
symmetrymightappeartthe TeV scale ncludingthe naturalnessf themass
hierarchy gaugeuni cation andthe probablemassof the Higgsboson.In the
secondecture,simpleglobally supersymmetriceld theoriesareintroduced,
with the emphasion featuresmportantfor model-hiilding. Supersymmetry
breakingandlocal supersymmetrysupegravity) areintroducedin the third
lecture,andthe structureof sparticlemassmatricesandmixing arereviewed.
Finally, the available experimentaland cosmologicalconstaints on MSSM
parameterarediscusseéndcombinedn thefourthlecture,andtheprospects
for discoveringsupersymmetrin future experimentsarepreviewed.

1. GETTING MOTIVATED
1.1 Defectsof the Standard Model

The StandardViodel agreeswith all con rmed experimentaldatafrom acceleratorshut is theoretically
very unsatisfactory It doesnot explain the particle quantumnumbers suchas the electricchage Q,
weakisospinl , hyperchageY andcolour, andcontainsatleast19 arbitrary parametersTheseinclude
threeindependengaugecouplingsanda possibleCP-violatingstrong-interactiorparametersix quark
andthreechaged-leptonmassesthreegeneralizedCabibboweak mixing anglesandthe CP-violating
Kobayashi-Maskaa phaseaswell astwo independentnassegor weakbosons.

As if 19 parametersvereinsufcient to appallyou, at leastnine more parametersnustbe intro-
ducedto accommodat@aeutrinooscillations:threeneutrinomassesthreereal mixing angles andthree
CP-violatingphasesof which oneis in principle obsenablein neutrino-oscillatbn experimentsandthe
othertwo in neutrinolesslouble-betadecayexperiments. Even more parametersvould be neededo
generateneutrinomassesn a credibleway, associatedvith a heary-neutrinosectorand/oradditional
Higgsparticles.

Eventually onewould like to includegravity in auni ed theoryalongwith the otherparticlein-
teractionswhich involvesintroducingat leasttwo moreparameterdNewton's constantGy = 1:m§, :
mp 10 GeV thatcharacterizethe strengthof gravitationalinteractions andthe cosmologicakon-
stant or sometime-varying form of vacuumenepgy as seemgo be requiredby recentcosmological
data. A completetheoryof cosmologywill presumablyalsoneedparameterso characterizehe early
in ation of the Universeandto generatdts baryonasymmetrywhich cannotbe explainedwithin the
StandardModel.

The Big Issuesin physicsbeyond the StandardModel are corveniently groupedinto threecate-
gories[fll]. Theseincludethe problemof Uni cation : is therea simplegroupframework for unifying all
the particleinteractionsa so-calledGrandUni ed Theory(GUT), Flavour: why aretheresomary dif-
ferenttypesof quarksandleptonsandwhy do their weakinteractionamix in the peculiarway obsenred,
andMass whatis the origin of particle massesare they dueto a Higgs boson,why arethe masses


http://arXiv.org/abs/hep-ph/0203114

so small? Solutionsto all theseproblemsshouldeventuallybe incorporatedn a Theoryof Everything

(TOE) thatalsoincludesgravity, reconcilest with quantunmechanicsexplainstheorigin of space-time
andwhy it hasfour dimensionsetc. Stringtheory perhapsn its currentincarnationof M theory is the

best(only?) candidateve have for sucha TOE [J], but we do notyet understandt well enoughto make

clearexperimentalpredictions.

Supersymmetrys thoughtto play a rdle in solvingmary of theseproblemsbeyond the Standard
Model. As discussedater, GUT predictionsfor the uni cation of gaugecouplingswork bestif the
effectsof relatively light supersymmetriparticlesareincluded[f]. Also, the hierarchyof massscales
in physics,andparticularlythe factthatmyy mp, appeargo requirerelatively light supersymmetric
particles: M < 1 TeV for its stabilization[f]. Finally, supersymmetrgeemsto be essentiafor the
consisteng of stringtheory[H], althoughthis agumentdoesnot really restrictthe massscaleat which
supersymmetriparticlesshouldappear

Thusthereareplenty of goodreasongo studysupersymmetryandwe returnlaterto examinein
moredetailthe motivationsprovidedby uni cation andthe masshierarchyproblem.

1.2 The ElectroweakVacuum

Generatingparticle masseswithin the Standardviodel requiresbreakingits gaugesymmetry andthe
only consistentvay to do this is by breakingthe symmetryof the electraveakvacuum:

mwz 6 0 $ < 0jX;,,j0>86 0 1)

wherethesymbolsl ; | 3 denotetheweakisospinquantunrnmumbersof whateser objectX hasanon-zero
vacuumexpectationvalue. Therearea coupleof goodreasongo think thatX musthave (predominantly)
isospinl = 1=2. Oneis theratio of theW andZ bosonmasse$f]:
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andtheotherreasoris to provide non-zerdermionmassesSinceleft-handedermionsf | havel = 1=2,
right-handedermionsf g havel = 0 andfermionmasstermscouplethemtogetherm; f _f g, we must
breakisospinsymmetryby 1/2 a unit:

Mg 6 0% < OleZZ; l:2j0> 6 O (3)

Thenext questions, whatis the natureof X ? Is it elementaryor compaositen theinitial formu-
lation of the StandardModel, it wasassumedhatX shouldbeanelementanHiggs-Brout-Englerff,
eld H: < 0jH %0 >6 0, whichwouldhave aphysicalexcitationthatmanifestedtself asaneutralscalar
Higgsbosonfd]. However, asdiscussedn moredetaillater, anelementaryHiggs eld hasproblemswith
guantum(loop) corrections.Thosedueto StandardModel particlesarequadraticallydivergent,resulting
in a large cutoff-dependentontribution to the physicalmasse®f the Higgs boson,W; Z bosonsand
otherparticles:

mg * O(-) % (4)
where representshescaleatwhich new physicsappears.

Thesensitvity (@) disturbstheoristsandoneof thesuggestionso avoid it wasto postulatereplac-
ing an elementaryHiggs-Brout-Englerteld H by a compositeeld suchasacondensatef fermions:
< QjFFjO >6 0. This possibility wasmademoreappealingby the fact that fermion condensateare
well knownin solid-statehysicswhereCoopempairsof electronsareresponsibldor conventionalsuper
conductvity, andin strong-interactiophysics wherequarkscondensén thevacuum:< 0jggj0>6 0.

In orderto breaktheelectraveaksymmetryatalargeenougtscale fermionswith new interactions
that becomestrongat a higher massscalewould be required. One suggestiorwas that the Yukawva



interactionsof the top quark might be strongenoughto condensghem: < 0jttj0 >6 0 [B], but this
would haverequiredthetop quarkto weighmorethan200GeV, in simplemodels.Alternatively, theorists
proposedheexistenceof new fermionsheldtogethetby completelynew interactionghatbecamestrong
atascale 1 TeV, commonlycalledTedhnicolourmodels[fL{].

Speci cally, thetechnicolourconceptwasto clonethe QCD quark-antiquarlcondensate

< OjQLQRj0> %CD . QCD 1GeV; (5)

onamuchlargerscale postulatinga condensatef new massive fermions< 0jQ Qrj0 > %C where

TC 1 TeV. Assigningthe techniquarkgo the sameweak representationas corventionalquarks,
I, = 1=2;1r = 0, the technicondensatbreakselectraveak symmetryin just the way requiredto
reproduceherelation(). JustasQCD with two masslessa vourswould have threemasslespionsand
a massve scalarmeson this simplestversionof technicoloumwould predictthreemasslessechnipions
thatareeaterbytheW andz 9 to providetheirmassesia theHiggs-Brout-Englertnechanismleaving
over a single physicalscalarstateweighingaboutl TeV, thatwould behae in somewayslike a heary
Higgsboson.

Unfortunately this simple technicolourpicture mustbe complicated,n orderto canceltriangle
anomaliesandto give masseso fermions[fLT], sothe minimal defaultoptionhasbecomea modelwith
asingletechnigeneration:
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|
d 1;2;3 . L D (6)
Onemaythenstudymodelswith differenthumberdN ¢ of technicoloursandalsodifferentnumbersof
techni avoursN t¢ if onewishes. The single-technigeneratiomodel () abore hasNtg = 4, corre-
spondingto thetechnileptordoublet(N ; L) andthethreecolouredtechniquarkdoubletyU;D)1.2:3.

Theabsencef ary light technipionds alreadya problemfor this scenaridfLZ], asis theobsered
suppressiof avour-changingneutralinteractions[fL3]. Another constraintis provided by precision
electraveakdata,which limit the possiblemagnitudesof one-loopradiative correctionsdueto virtual
techniparticles. Thesemay corveniently be parameterizedn termsof threecombinationsof vacuum
polarizationsfor example[fL4]

T2 — (7)
where 0 0 0
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leadingto thefollowing approximatexpression:
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Thereareanalogougxpressiongor the othertwo combinationof vacuumpolarizations:
4sin? 1. mf
———— 3= —In(—=-) + :::
S 3T 15 In( m§) (10)
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Theelectraveakdatamaythenbe usedto constrain 1.2-3 (or, equivalently, S; T; U), andtherebyexten-
sionsof the StandardModel with thesameSU(2) U(1) gaugegroupandextra matterparticlesthat
do not have importantotherinteractionswith ordinary matter This approachdoesnot include vertex
correctionssothe mostimportantone,thatfor Z9 1 b, is treatedby introducinganothemparametery,.
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Fig. 1: Therangeof thevacuum-polarizatioparametersi.,.3 allowedby the precisionelectr(weakdata[E] arecompared
with the predictionsof the Standardviodel, asfunctionsof the masse®f thet quarkandthe Higgsboson.

Thissimpleparameterizatiois perfectlysuf cient to provide big headachefor thesimpletechni-
colourmodelsdescribedabove. Fig. fll compareghe valuesof the parameters; extractedfrom the nal
LEP datawith the valuescalculatedn the Standardviodel for m; within the rangemeasuredy CDF
andDO, andfor 113GeV < my < 1 TeV. We seethatthe agreementis quite good, which doesnot
leave muchroom for new physicsbeyond the StandardViodel to contrituteto the ;. Fig. j compares
thesemeasuredaluesalsowith the predictionsof the simplestone-generatiotechnicolourmodel,with
Ntc = 2andotherassumptionslescribedn [[LH].

We seethatthe dataseento disagreajuite stronglywith theseechnicoloumpredictions.Doesthis
meanthattechnicolouris dead?Not quite [[[7], but it hasmotivatedtechnicolourenthusiast$o pursue
epigyclic variationson the original idea, suchaswalking technicolour{Lg], in which the technicolour
dynamicsis not scaledup from QCD in suchanaive way.

1.3 It Quackslike Supersymmetry

Electroveakradiative correctionanaybebadnews for technicoloummodels but they do seento provide
hintsfor supersymmetryaswe now discuss.

Fig.d summarizesheindirectinformationaboutthe possiblemassof the Standardviodel Higgs
bosonprovidedby ts to the precisionelectraveakdata,including the bestavailable estimateof lead-
ing multi-loop effects, etc. Dependingon the estimateof the hadroniccontributionsto  ¢m(myz) that
one usesthe preferredvalueof my is around100GeV [I9]. Includingall the available electraveak
dataexceptthe mostrecentNuTeV resulton deep-inelastic scatteringandtakingthevalue phaq =
0:02747 0:00012for the hadroniccontributionto the effective valueof em(mz), one nds [fL9]

my = 98" GeV: (12)

Also shavn in Fig. B is thelower limit my > 1141 GeV provided by directsearchesit LEP [P{]. We
seethat the mostlikely valueof my is 115 GeV, a point madegraphicallyin Fig. i, whereprecision
electraveak dataare combinedwith the lower limit coming from direct experimentalsearcheqp1].
Valuesof the Higgs massup to 199 GeV are allowed at the 99 % con dencelevel, so ary assertion
that LEP hasexcludedthe majority of the rangeallowed by the precisionelectraveak t is grotesquely
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Fig. 2: Two-dimensionaprojectionsccomparingheallowedrangesf the ; shovnin Fig.with thepredictionsof theStandard
Model (hatchedegions)anda minimal one-generatiotechnicolormodel(chicken-powegions)[E].

premature. On the other hand, ary resemblancdetweenthe mostlikely value andthe massmy
115GeV hintedby directsearchesluringthe dying daysof LEP is surelycoincidental?).

If my isindeedaslow asaboutl15GeV, this would be primafacie evidencefor physicsbeyond
theStandardModel atarelatively low enegy scale[p7], asseerin Fig.§. If my islargerthanthecentral
rangemarkedin Fig. B [23], thelarge Higgs self-couplingin the renormalization-groupunning of the
effective Higgspotentialcausedt to blow upatsomescalebelow thecorrespondingcaleof markedon
the horizontalaxis. Corversely if my is below the centralband,thelarger Higgs-topYukawva coupling
overwhelmsthe relatively small Higgs self-coupling,driving the effective Higgs potentialnegative at
somescalebelow the correspondingalueof . As aresult,our presenklectraveakvacuumwould be
unstablepr atleastmetastablavith a lifetime thatmight belongerthanthe ageof the Universe[p4]. In
thespecialcasemy  115GeV, this potentialdisastecouldbeavertedonly by postulatingnew physics
atsomescale < 10° GeV.

Thisnew physicsshouldbebosonidPZ], in orderto counteracthenegative effect of thefermionic
top quark. Let us considerintroducingN, isomultipletsof bosons with isospinl, coupledto the
corventionalHiggsbosonby

22jHJ%) % (13)
It turnsout[RJ] thatthe coupledrenormalization-groupquationgor theH; systemarevery sensitie
to thechosernvalueof ; in ([L3J). As seenin Fig. B, if thecoupling

MZ < QjHj0>? (14)

is too large, the effective Higgs potentialblows up, but it collapsesf M§ is too small, andthe typical
amountof ne-tuning requiredis 1 in 10°! Radiatie correctionsmay easily upsetthis ne-tuning, as
seernin Fig.[d. The ne-tuning is maintainechaturallyin asupersymmetritheory butis destroyedf one
hastop quarksandtheir supersymmetripartnerst; but notthe supersymmetripartnerdd of theHiggs
bosons.

If thenew physicsbelon 10° GeV is notsupersymmetryit mustquackvery muchlike it!
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Fig. 3: The 2 function for the massof the Higgs bosonin the StandardVodel provided by precisionelectraveakdata, for
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Fig. 4: The probability distribution for the massof the Higgs bosonin the Standardviodel obtainedby combiningprecision
electraveakdatawith thelower limit comingfrom directexperimentabearche@].
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Fig. 5: Rangeof my allowed in the Standardviodel if it is to remainvalid up to a scale [E]. Whenmy is too large,

renormalizatiorof theHiggsself-couplingcausest to blow up atsomescalebelovn . Whenmy istoosmall,renormalization
of the effective Higgs potentialby the t-quark Yukawa couplingdrivesit negative, renderingthe presentlectraveakvacuum
unstable.
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Fig. 6: Renormalizatiorof the effective Higgs self-couplingfor differentvaluesof the couplingM ¢ to new bosons . It is seen
thatthe coupledsystemmustbetunedvery ®nely in orderfor the potentialnotto collapseor blow up ].
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Fig. 7: An exampleof therole playedby fermionic superpartner the running of the Higgs self-coupling. The solid line
correspondgo a supersymetrianodel, whereasthe dotted line gives the running of the quartic Higgs coupling when the
contributionsfrom fermionicHiggsinoandgauginasuperpartnerfave beenremoved [E].

1.4 Why Supersymmetry?

The main theoreticalreasonto expectsupersymmetrat an accessibleenegy scaleis provided by the
hierarchy problem[d]: whyismyw  mp, or equivalentlywhy is Ge~ 1=m3, Gy = 1=m3?
Anotherequivalentquestioris why the Coulombpotentialin anatomis somuchgreateithantheNewton
potential:e? Gy m?2 = m2=m3, wherem is atypical particlemass?

Your rst thoughtmight simply be to setmp my by hand,andforget aboutthe problem.
Life is not so simple, becauseasalreadymentioned,guantumcorrectionsto my andhencem,y are
guadraticallydivergentin the StandardModel:

miw ' O() % (15)

whichis ~ mg, if thecutoff , which representshe scalewherenew physicsbeyond the Standard
Model appearsis comparabldo the GUT or Planckscale.For example,if the StandardVodel wereto

hold unscathedll theway up the Planckmassmp ~ 10'°® GeV, theradiative correction(fL§) would be

36 ordersof magnitudegreaterthanthe physicalvaluesof mﬁ w!

In principle, thisis not a problemfrom the mathematicapoint of view of renormalizatiortheory
All onehasto do is postulatea tree-level valueof m2 thatis (very nearly) equaland oppositeto the
“correction’ (fl5), andthe correctphysicalvaluemay be obtained However, this strikesmary physicists
asratherunnatural:they would prefera mechanisnthatkeepsthe “correction' (L3) comparableat most
to the physicalvalue.

This is possiblein a supersymmetri¢cheory in which thereare equalnumbersof bosonsand
fermionswith identicalcouplings. Sincebosonicandfermionic loopshave oppositesigns,the residual
one-loopcorrectionis of theform

miw ' O(=)(m3 mZ); (16)

whichis < mﬁ;w andhencenaturallysmallif the supersymmetripartnerbosonsB andfermionsF
have similar masses:

2 2: < 2.
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Thisis the bestmotivationwe have for nding supersymmetratrelatively low enegies[H].

In additionto this rst supersymmetrieniracle of remaving (L) the quadraticdivergence(L5),
mary logarithmicdivergencesare alsoabsentin a supersymmetritheory This is the underlyingrea-
sonwhy supersymmetngolvesthe ne-tuning problemof the effective Higgs potentialwhenmgy
115 GeV, asadwertisedin the previous section. Note that this agumentis logically distinctfrom the
absencef quadraticdivergencesn a supersymmetritheory

Many otheragumentsfor supersymmetryvere proposedeforethis hierarchy/naturalnesagu-
ment. Someof themremainvalid, but noneof them x ed the scaleat which supersymmetnghould
appear

Back in the 1960's, therewere mary attemptsto combineinternal symmetriessuchas avour
SU(2) or SU(3) with external Lorentz symmetriesjn groupssuchas SU(6) andU(12). However,
it wasshown in 1967 by Colemanand Mandula[Pg] that no non-trivial combinationof internal and
external symmetriescould be achived using just bosonicchages. The rst non-trivial extensionof
the Poincaé algebrawith fermionic chageswasmadeby GolfandandLikhtmanin 1971[R§], andin
the sameyear Neveu and Schwarz[R4], and Ramond[Rg], proposedwo-dimensionakupersymmet-
ric modelsin attemptsto makefermionic string theoriesthat could accommodatdaryons. Two years
later, the rst interestingfour-dimensionalsupersymmetriceld theorieswere written down. Volkov
andAkulov [P9] wrote down a non-linearrealizationof supersymmetryvith a masslesgermion, that
they hopedto identify with the neutrino,but this identi cation wassoonfoundnotto work, becausg¢he
low-enegy interactionsof neutrinosdifferedfrom thosein the non-linearsupersymmetrienodel.

Also in 1973,WessandZumino[, @] startedwriting down renormalizabldiour-dimensional
supersymmetriceld theorieswith the objective of describingmesonsandbaryons. Soonafterwards,
togetherwith lliopoulos andFerrarathey wereableto show that supersymmetriceld theorieslacked
mary of the quadraticandotherdivergencesoundin conventional eld theoriegBZ], andsomethought
this wasan attractive feature,but the physicalapplicationremainedobscurefor several years. Instead,
for sometime, phenomenologicadhterestin supersymmetryasfocusedon the possibility of unifying
fermionsandbosons for examplematterparticles(with spin 1=2) andforce particles(with spinl), or
alternatiely matterand Higgs particles,in the samesupermultipletdB3]. With the discovery of locall
supersymmetryor supegravity, in 1976[B4], this hopewasextendedto the uni cation of the graviton
with lower-spin particles. Indeed,for a shortwhile, the largestsupegravity theorywastoutedasthe
TOE: in thewordsof Hawking [B3], "Is theendin sightfor theoreticaphysics?'.

Theseareall attractive ideas,andmary play rolesin currenttheoriesbut | reiteratethatthe only
real motivation for expectingsupersymmetryat accessibleenegies< 1 TeV is the naturalnes®sf the
masshierarchy{H].

1.5 What is Supersymmetry?

Thebasicideaof supersymmetris the existenceof fermionicchagesQ thatrelatebosongo fermions.
Recallthatall previoussymmetriessuchas avour SU(3) or electromagnetit) (1), have involvedscalar
chagesQ thatlink particleswith the samespininto multiplets:

QjSpind > = jSpind > : (18)

Indeed,as mentionedabore, Colemanand Mandula[P3] proved thatit was ‘impossible'to mix inter-
nal and Lorentzsymmetries:J; $ J,. However, their "'no-go' theoremassumedmplicitly thatthe
prospectve chagesshouldhave integerspins.

The basicelementin their “proof wasthe obsenation thatthe only possibleconsered tensor
chageswerethosewith no Lorentzindices,i.e., scalarchages,andthe enegy-momentunvectorP .
To seehow their “proof worked, considenwo-to-two elasticscatteringl + 2! 3+ 4, andimagine
thatthereexists a conseredtwo-index tensorchage, . By Lorentzinvariance jts diagonalmatrix



elementdetweersingle-particlestatega > musttakethe generaform:
<a ja>= P O@p@ 4+ g . (19)

where ;  arearbitraryreducedmatrix elementsandg is themetrictensor For to beconsered
in atwo-to-twoscatteringprocesspnemusthave

pOPpD + p@AOPp@ = pBPE 4 p(4)p(4); (20)

wherewe assumdhat the symmetryis local, so that two-particlematrix elementsof play no role.
SinceLorentzinvariancealsorequiresP(1>+ p@ = p@y, P(4>,theonlypossibleoutcomesareP(l> =

P® or P®. Thusthe only possibilitiesare completelyforward scatteringor completelybackward
scattering. This disagreeswith obsenation, andis in fact theoreticallyimpossiblein ary local eld
theory

This rulesoutary non-trivial two-index tensorchage, andthe agumentcanclearly be extended
to ary higherranktensorwith moreLorentzindices. But whatabouta spinorialchage Q ? This can
have no diagonalmatrix element:

< aQ ja>86 0 (21)

andhencethe Coleman-Mandulargumentfails.

Sowhatis the possibleform of a “supersymmetryalgebrathat includessuchspinorialchages

Q! ﬁ? SincethedifferentQ' aresupposedo generatesymmetriesthey mustcommutewith the Hamil-
tonian:

[Q;H] = 0:i=12:N: (22)

Soalsomustthe anticommutatoof two spinorialchages:
[fQQgiH] = 0: §j = L;2;N: (23)

However, the partof the anticommutatof Q'; Q! g thatis symmetricin the internalindicesi; j cannot
have spin0. Instead aswe discussedust above, the only possiblenon-zeraspinchoiceis J = 1, sothat

fQ:Qlg/ "P +::: :1ijj=1;2;N: (24)

In fact, aswasproved by Haag,LopuszanskandSohniugg§], theonly allowed possibility is
fQ;Qlg= 21 PC+::::iij=12;N; (25)
whereC is the chage-conjugatiormatrix discussedn moredetail in Lecture2, andthe dotsdenotea

possible centralchage' thatis antisymmetrién theindicesi; j , andhencecanonly appeawhenN > 1.

Accordingto a basicprinciple of Swisslaw, anything notillegal is compulsory so thereMUST
exist physicalrealizationsof the supersymmetrglgebraR5). Indeed non-trivial realizationsof thenon-
relativistic analogueof (25) areknown from nucleamphysics[B7], atomicphysicsandcondensed-matter
physics.However, noneof theseis thoughtto befundamental.

In therelativistic limit, supermultipletEonsistof masslesgarticleswith spinsdiffering by half a
unit. In the caseof simpleN = 1 supersymmetrthe basicbuilding blocksarechiral supermultiplets

1 * (lepton uar k
2 eq: depon) - q(quark) (26)
0 (slepton) & (squark)
gaugesupermultiplets
In whatfollows, | shallsuppresshe spinorialsubscript wheneverit is not essential The superscripts; j; :::; N denote

differentsupersymmetrghages.



(photon) or 9 (gluon)

~ (photino) g (gluino) (27)

e.qg;

Nik

andthe gravitonsupermultipetconsistingof the spin-2graviton andthe spin-3=2 gravitino.

Couldary of theknown particlesin theStandardModel belinkedtogethelin supermultiplets®n-
fortunately noneof theknown fermionsg; * canbepairedwith ary of theknownbosons ;W Z9% g; H,
becaustheir internalquantumnumbersdo not match[B3]. For example,quarksqg sitin triplet represen-
tationsof colour, whereaghe known bosonsareeithersingletsor octetsof colour. Thenagain,leptons
" have non-zerdeptonnumberlL = 1, whereagheknown bosonshave L = 0. Thus,theonly possibil-
ity seemgo beto introducenew supersymmetripartnergspartnersjor all the known particles:quark
I squark,lepton! slepton,photon! photino,Z! Zino, W! Wino, gluon! gluino, Higgs'!
Higgsino,assuggestedih (26, B7) above.

Thebestthatonecansayfor supersymmetrys thatit economize®n principle, noton particles!

1.6 (S)Experimental Hints

By now, you may be wonderingwhetherit makessenseo introduceso mary new particlesjustto deal
with apaltry little hierarchyor naturalnesgroblem.But, asthey usedto sayduringthe First World War,
“if you know a betterhole, gotoit.' As we learntabove, technicoloumo longerseemso be a viable
hole,andl amnotcorvincedthattheorieswith largeextradimensiongeally solve thehierarchyproblem,
ratherthanjustrewrite it. Fortunately therearetwo hintsfrom the high-precisiorelectraveakdatathat
supersymmetrynaynot besuchabadhole,afterall.

Oneis the fact, alreadyadertised,that there probablyexists a Higgs bosonweighinglessthan
about200 GeV [[L9]. This is perfectly consistentwith calculationsin the minimal supersymmetric
extensionof the Standardviodel (MSSM), in which the lightest Higgs bosonweighslessthan about
130GeV [, aswe discussn moredetailin Lecture3.

The otherhint is provided by the strengthsof the differentgaugeinteractions,as measurecht
LEP [B]. Thesemay be run upto high enegy scalesusingthe renormalization-grougquationsto see
whetherthey unify aspredictedin a GUT. The answeris no, if supersymmetrys not includedin the
calculationsIn thatcase GUTswouldrequire

sin> w = 0:214 0:004 (28)

whereagheexperimentalalueof theeffective neutralweakmixing parameteattheZ© peakis sin> =
0:23149 0:00017[fL9]. Ontheotherhand,minimal supersymmetriGUTs predict

sin> v 0:232 (29)

wherethe error dependson the assumedsparticlemassesthe preferredvalue beingaroundl TeV, as
suggestedompletelyindependentlypy thenaturalnessf theelectraveakmasshierarchy Thisargument
is alsodiscussedn moredetailin Lecture3.

2. SIMPLE MODELS

2.1 DeconstructingDirac

In this Section, we tackle someunavoidable spinorology The most familiar spinorsusedin four-
dimensional eld theoriesare four-componentDirac spinors . You may recall thatit is possibleto
introduceprojectionoperators

Pie 50 o) (30



where 5 i 91 2 3 andthe canbewrittenin theforms

0 .

0 (31)
where @; 9, (1; ). Then 5canbewrittenintheformdiag( 1;1),where 1;1 denote
2 2 matrices.Next,weintroducethe correspondindeft- andright-handedpinors

LR Pur (32)

in termsof which onemay decompos¢he four-componenspinorinto a pair of two-componenspinors:
= Lt (33)
R
Thesewill sene asourbasicfermionicbuilding blocks.
Antifermionscanberepresentetly adjointspinors

YO = (g 1) (34)

wherethe © factorhasinterchangedhe left- andright-handeccomponents | .r . We cannow decom-
posein termsof thesethe corventionalfermionkinetic term

@ = L @ .+ rR @R (35)
andtheconventionalmasserm
= RL*T L R (36)

We seethat the kinetic term keepsseparateahe left- and right-handedspinors,whereaghe massterm
mixesthem.

Thenext stepis to introducethe chage-conjugatioroperatorC, which changeshe overall sign of

thevectorcurrent . It transformsspinorsinto their conjugates:
c CT:C(yO)T: R ; (37)
L
andoperatessfollowsonthe matrices:
ct c= T (38)
A corvenientrepresentatioof Cis:
c=1i°%2 (39)
It is apparenfrom theabove thatthe conjugateof aleft-handedspinoris right-handed:
0
(L) = ; (40)
L
sothatthe combination
L= L2t (41)

mixesleft- andright-handedspinors,andhasthe sameform asa massterm (B6).

It is apparenfrom (@Q) thatwe canconstructfour-componenDirac spinorsentirely out of two-
componenteft-handedspinorsandtheir conjugates:

= L (42)

atrick thatwill beusefullaterin our supersymmetricnodel-hiilding. As examples,nsteadof working
with left- andright-handedjuark elds g andag, or left- andright-handedepton elds *| and g, we
canwrite thetheoryin termsof left-handedantiquarksandantileptonsogr ! o and’'r ! '[.



2.2 SimplestSupersymmetricField Theories

Let us now considera eld theory[Bg] containingjust a singleleft-handediermion | anda comple
boson , withoutary interactionsasdescribedy the Lagrangian

Lo=i . @ [ + @)% (43)
We considetthe simplestpossiblenon-trivial transformatioraw for the freetheory (#3):
! + ; where = pEE L (44)

whereE is someconstantight-handedspinor In parallelwith (#4), we alsoconsiderthe mostgeneral
possibletransformatioriaw for thefermion

L ! L+ ; where | = aipé( @ )E FES (45)

wherea andF areconstantso be x edlater, andwe recallthatE € is aleft-handedspinot We cannow
considetheresultingtransformatiorof thefull Lagrangian3), which caneasilybe checkedo takethe
form

o= "Z@[E@ +E @ I (46)

if andonly if we choose
a=1landF =0 47)

in thisfree- eld model.With thesechoicesandtheresultingtotal-derivative transformatioriaw (46) for
thefree LagrangianthefreeactionAq is invariantunderthe transformationgd449), since
VA
Ag = d*xLo = O (48)

Fine,youmaysay butis this symmetryactuallysupersymmetryTo corvinceyourselfthatit is, consider
the sequencesf pairs(@4 9 of transformationstartingfrom eithertheboson or thefermion

Il @ ! @! @: (49)

In bothcasesthe actionof two symmetrytransformationss equivalentto a derivative, i.e., the momen-
tum operator correspondingexactly to the supersymmetnalgebra. A free bosonand a free fermion
togetherrealizesupersymmetrylike the charactein Moliere,we have beentalking proseall our lives
withoutrealizingit!

Now we look atinteractionsn a supersymmetriceld theory[B{]. The mostgenerainteractions
betweenspin-0 elds ' andspin-1/2 elds ' thatareat mostbilinearin the latter, andhencehave a
chanceof beingrenormalizablén four dimensionscanbewritten in theform

. 1 o
L = Lo V( Y j) EMij(i ) o (50)

whereV is a generaleffective potential,and Mj; includesboth masstermsand Yukawa interactions
for the fermions. Supersymmetrymposesstrongconstraintson the allowedformsof V andM , aswe
now see. SupposehatM dependedhon-trivially onthe conjugateelds : thenthe supersymmetric
variation (M ¢ ) would containaterm

C

—_— 51

@ (51)
thatcouldnotbe compensatetly the variationof ary otherterm. We concludethatM mustbeindepen-
dentof ,andhenceM = M ( ) alone.



Anothertermin thevariationof thelasttermin (50) is
@ E k¢ j.
@k

This termcannotbe cancelledy the variationof ary otherterm,but canvanishby itself if @M =@Kis
completelysymmetricin theindicesi; j; k. Thisis possibleonly if

@
Q'@
for somefunctionW () calledthe superpotential If thetheoryis to berenormalizableWW canonly be
cubic. Thetrilineartermof W determineghe Yukava couplings,andthe bilinearpartthe masserms.

We now re-examinethe form of the supersymmetri¢ransformatioraw ([@9) itself. Yet another
termin thevariationof thesecondermin (BQ) hastheform

(52)

(53)

iMjxk 9 @ “E + (Herm:Conj): (54)
This cancancelagainstanF -dependentermin thevariationof thefermionkinetic term
i i @F'E°+ (Herm:Conj); (55)
if thefollowing relationbetweer andM holds:%r = Mjj , whichis possibleif andonly if

F, = @
@ |
Thustheform of W alsodeterminegherequiredform of the supersymmetryransformationaw.

Theform of W alsodetermineghe effective potentialV , aswe now see.Oneof thetermsin the
variationof V is
@

(56)

@E '+ (Herm:Conj:); (57)
whichcanonly becancelledy atermin thevariationof M ¢ 1, whichcantaketheformM; SFIE®
if

@/ .
whichis in turn possibleonly if
Vo= j@'2 = jF'j% (59)

We now have thecompletesupersymmetriceld theoryfor interactingchiral (matter)supermulti-

plets[Bq]:

L=i; @ "+j@ 'j? j%@ %% “@! + (Herm:Conj:): (60)
This Lagrangiaris invariant(up to atotal derivative) underthe supersymmetriransformations
= Poe o= "3 @ 'E F'E®: F' = (%): (61)
Thesimplestnon-trivial superpotentiainvolving asinglesuper eld is
w= -3+ 22 (62)

3 2



It is asimpleexercisefor youto verify usingtherulesgivenabove thatthe correspondindLagrangians
L=i @ +j@j* jm+ ?* m?¢ ¢ (63)

We seeexplicitly thatthebosoniccomponent of thesupermultiplehasthe samemassasthefermionic
component , andthatthe Yukavacoupling x estheeffective potential.

We now turn to the possibleform of asupersymmetrigaugetheory[BJ]. Clearly, it mustcontain
vector elds A2 andfermions 2 in thesameadjointrepresentationf thegaugegroup.Onceoneknows
the gaugegroupandthe fermionic mattercontent theform of the Lagrangians completelydetermined
by gaugeinvariance:

L = IE a D, ° %Fa F& | %(Da)2]: (64)
Here,the gauge-cwariantderivative
D,y ab@  OfapcAc; (65)
andthegaugeeld strengthis
Fa @A2  @A? + gf PCAPAC; (66)

asusual.We returnlaterto theD termattheendof (64). Yetanotherof the miraclesof supersymmetry
isthattheLagrangian(p4) is automaticallysupersymmetriayithoutary furthermonkeying around.The
correspondingupersymmetryransformationsnay be written as

A = E & 67)
a = 'éFa E + D°: (68)
D& = iE 5 D3 b (69)

Whataboutthe D termin (64)? It is atrivial consequencef equationf motionderivedfrom (64) that
D2 = 0. However, this is no longerthe caseif matteris included. Then, it turnsout, onemustaddto
(B4 thefollowing:

L = pig 2,13 I + (Herm:Conj) + g( ;(T®)] 1)D?; (70)

whereT 2 is the grouprepresentatiomatrix for thematter elds . With this addition, the equationof
motionfor D2 tellsusthat

D2 = g (T 1; (71)

andwe nd aD termin thefull effective potential:
— Y A 1 ay2.
Vo= RIS+ a5(D)T (72)
wheretheform of D2 is givenin (7).

2.3 Further Aspectsof SupersymmetricField Theories

So far, we have takena relatively unsophisticate@pproachto supersymmetry However, one of the
reasonsvhy theoristsare so enthusiasti@boutsupersymmetrys becauset is not just a new type of
symmetry but extendsthe conceptof space-timdtself. Recallthe basicform of the supersymmetry
algebra:

21 P C=fQ:;Qg: (73)



Thereasorthis is written backwardshereis to emphasizéhat one canregard supersymmetrichages
Q' assquareootsof thetranslationoperator Recallhow thetranslationoperatoractson abosonic eld:

(x+a) = € (x)e *F; (74)
wherethe momentunmoperatorP is thegeneratoof in nitesimal translations:
iP; x)] = @ (x): (75)
Expandingheformula([/4), we nd thefollowing expressiorfor asmall nite translation:
a (X) x+a (X' a@ (x) =ial[P; (X (76)

Following this deconstructiomf translationsye ncwld:@seebetterhcw thesupersymmetrichagecan
beregarded,n somesenseasthesquaregoot: "Q P', justastheDirac equationcanberegardedas
thesquareroot of theKlein-Gordonequation.Thereis anexactsupersymmetrianaloguef ([76):

c )= TZE (0 = i ZEQ () 7)

By analogywith (74,78), onemay considerthe spinorE asa sortof “superspacetoordinate andone
cancombinethebosoniceld (x) andits fermionicpartner (x) into asuper eld:

c 0= (XE) (x: (XE) 0+ "2E () (78)

At this level, theintroductionof superspacandsuper eldsmay appearsuper uous,but it givesdeeper
insightsinto thetheoryandfacilitatesthederivationof mary importantresults suchasthenon-renormalization
theorem®f supersymmetrthatwe discussext. In somesensethenext generatiorof acceleratorsuch
asthe LHC is “guaranteedto discover extra dimensionseitherbosonicones,asdiscussedereby An-
toniadis[##q], or fermionic.

Mary remarkablao-renormalizatiotheoremsanbeprovedin supersymmetrield theoriedB37).
First andforemost,they have no quadraticdivergences.Oneway to understandhis is to comparethe
renormalization®f bosonicandfermionicmasgerms:

m3j % mg (79)
We know well thatfermionmassesng canonly berenormalizedogarithmically Sincesupersymmetry
guaranteeshatmg = mg, it follows that therecan be no quadraticdivergencein mg. Going fur-
ther, chiral symmetryguaranteeshat the one-looprenormalizatiorof a fermion masshasthe general
multiplicative form:

me = O(—) mg In(—2); (80)
2

where 1., aredifferentrenormalizatiorscales.This meansthatif mg (andhencealsomg) vanishat
thetreelevel in asupersymmetritheory thenbothmg andmg remainzeroafterrenormalizationThis
is oneexampleof thereductionin the numberof logarithmicdivergencesn a supersymetri¢cheory

In general,thereis no intrinsic renormalizationof ary superpotentiaparametersincluding the
Yukawvacouplings , apartfrom overall multiplicative factorsdueto wave-functionrenormalizations:

1z (81)

which areuniversalfor boththe bosonicandfermioniccomponents;  in agivensuper eld . How-
ever, gaugecouplingsare renormalizedthoughthe -functionis changed:

(g) 68 0: 1IN.'! 9N (82)



at one-looporderin an SU(N.) supersymmetrigaugetheorywith no matter asa resultof the extra
gauginocontributions.

Thereareevenfewer divergencesdn theorieswith moresupersymmetrieskor example,thereis
only a nite numberof divemgentdiagramsin a theorywith N = 2 supersymmetriesyhich may be
cancelledby imposinga few simplerelationson the spectrumof supermultiplets Finally, thereareno
divemgencesat all in theorieswith N = 4 supersymmetriesihich obey automaticallythe necessary
nitenessconditions.

Mary theoristsfrom Dirac onwardshave foundthe ideaof a completely nite theoryattractive,
soit is naturalto askwhethertheorieswith N 2 supersymmetriesould be interestingas realistic
eld theories.Unfortunatelytheanswetis "notimmediately',because¢hey do notallow theviolation of
parity. To seewhy, considerthe simplestpossibleextendedsupersymmetritheorycontaininganN = 2
mattermultiplet, which containsbothleft- andright-handedermionswith helicities 1=2. Supposéahat
the left-handedfermion with helicity +1=2 sitsin arepresentatiolR of the gaugegroup. Now acton
it with eitherof the two supersymmetrghagesQj.,: they eachyield bosonsthateachsit in the same
representatioR. Now actoneitherof thesewith theothersuperchage,to obtainaright-handedermion
with helicity 1=2: this mustalsosit in the samerepresentatiolR of the gaugegroup. Hence left- and
right-handediermionshave the sameinteractions,and parity is consered. Thereis no way out using
gauginos becausehey areforcedto sit in adjoint representationsf the gaugegroup, and hencealso
cannotdistinguish betweerright andleft.

Thus,if we wantto makea supersymmetriextensionof the Standardviodel, it hadbetterbewith
justN = 1 supersymmetpandthisis whatwe doin the next Section.

2.4 Building SupersymmetricModels

Any supersymmetrimodelis basednalagrangiarthatcontainsasupersymmetripartandasupersymmetry-
breakingpart:
L = Lsusy * Lsusy : (83)

We discussthe supersymmetry-breakingartLs,sy in the next Lecture: herewe concentrateon the
supersymmetripartL sysy . Theminimal supersymmetriextensionof the StandardModel (MSSM) has
the samegaugeinteractionsas the StandardModel, and Yukawa interactionsthat are closely related.
They arebasedon a superpotentialV thatis a cubicfunction of complex super eldscorrespondingo
left-handedfermion elds. Corventionalleft-handedeptonandquarkdoubletsaredenoted.; Q, and
right-handedermionsareintroducedvia their conjugateelds, whichareleft-handeder ! EC ugr !
U%dg ! DEC. Intermsof these,

W = LEC LLECH]_ + Q;UC UQUCHz + Q;DC DQDCH]_ + H 1H2: (84)

A few wordsof explanationarewarrantedThe rst threetermsin (B4) yield massesor thechagedlep-
tons,chage<{+2 =3) quarksandchage{ 1=3) quarksrespectiely. All of the Yukavacouplings L.u.p
are3 3 matricesin avour space whosediagonalizationg/ield the masseigenstatesind Cabibbo-
Kobayashi-Maska&a mixing angles.

Note thattwo distinctHiggsdoubletsH 1., have beenintroducedfor two importantreasonsOne
reasoris thatthesuperpotentialmustbe ananalyticpolynomial:aswe saw in (84), it cannotcontainboth
H andH , whereaghe StandardModel useshoth of theseto give masseso all the quarksandleptons
with just a single Higgs doublet. The otherreasonis to cancelthe triangle anomalieshat destroythe
renormalizabilityof a gaugetheory OrdinaryHiggs bosondoubletsdo not contribute to theseanoma-
lies, but the fermionsin Higgs supermultipletslo, andtwo doubletsarerequiredto canceleachothers'
contributions. Oncetwo Higgs supermultiplethave beenintroduced thereis the possibility, eventhe
necessityof abilinearterm H ;H, couplingthemtogether



Oncethe MSSM superpotentialB4) hasbeenspeci ed, the effective potentialis also x ed:

@v
@
accordingo therulesexplainedearlierin this Lecture wherethe sumsrun overthedifferentchiral elds
i andtheSU(3); SU(2) andU(1) gauge-grougactorsa.

Thereareimportantpossiblevariationson the MSSM superpotentia{B4), which areimpossible
in the StandardModel, but areallowed by the gaugesymmetriesof the MSSM supermultiplets. These
areadditionalsuperpotentialermsthatviolate the quantityknown asR parity:

Ny 1 o
Vo= iR+ 5 D) R D? g (T 1; (85)

R ( l)SB+L+2 S; (86)

whereB is baryonnumber L is leptonnumber andS is spin. It is easyto checkthatR = +1 for all
theparticlesin the StandardModel,andR = 1 for all their spartnerswhich have identicalvaluesof B
andL, but differ in spinby half a unit. Clearly, R would be conseredif bothB andL wereconsered,
but this is not automatic.Considerthe following superpotentialerms:

jkLiliEE + D LiQiDE + PRUSDSDE + (HLj; (87)

which arevisibly SU(3) SU(2) U(1) symmetric.The rst termin (B9 would violate L, causing
for example™! ° + °, the secondwould violate bothB andL, causingfor exampleg! g+ °, the
third wouldviolate B, causingfor exampleg! g+ g, andthelastwouldviolateL by causingH $ L;

mixing. Theseinteractionsvould provide mary exciting signaturedor supersymmetrsuchasdilepton
events,jetsplusleptonsandmultijet events.Suchinteractionsareconstrainedy directsearchesyy the
experimentallimits on avour-changinginteractionsand otherrare processesandby cosmology:they

would tendto wipe out the baryonasymmetryof the Universeif they aretoo strong[f7]. They would
alsocausethe lightestsupersymmetriparticleto be unstable nhot necessarilya disasterin itself, but it

would remaove an excellent candidatefor the cold dark matterthat apparentlyaboundshroughoutthe
Universe.For simplicity, theconserationof R paritywill beassumedn therestof theselectures.

We now look brie y at the constructiorof supersymmetricGUTSs, of which the minimal version
is basedon the groupSU(5) [F3. As in the transitionfrom the StandardViodel to the MSSM, one
simply extendsthe corventionalGUT multipletsto supermultipletssothatmatterparticlesareassigned
to 5 representations and 10 representation$, onedoublesthe electraveak Higgs elds to include
bothH; H in 5;5 representationsandone postulatesa 24 representation to breakthe SU(5) GUT
symmetrydownto SU(3) SU(2) U(1). Thesuperpotentialor the Higgs sectortakesthe general
form

W5:(+§M)HH+H H+ f(): (88)
Here,f () ischosersothatthevacuumexpectationvalueof hastheform
- . 3 3
<0 jo>= M diag(1;1;1,; E; E): (89)

Thecoefcient of theH H termhasbeenchosersothatit almostcancelswith theterm/ H < 0j jO>
H comingfrom the secondtermin (8§), for the last two componentsn this way, the triplet compo-
nentsof H; H acquirelarge masse¢ M, whilst the lasttwo mayacquirea vacuumexpectationvalue:
< 0jH jO >= column(0; 0; 0; 0; v); < OjHjO >= column(0; 0; O; 0; v), oncesupersymmetrpreak-
ing andradiative correctionsaretakeninto accountasin thenext Lecture.

In orderthatv;v  100GeV, it is necessaryhattheresidualH H mixingterm < 1 TeV. Since,
aswe recallshortly M 10'® GeV, this meanghatthe parametersf Ws (8§) mustbetuned nely to
onepartin 10'3. This ne-tuning mayappeaweryunreasonablédyut it is technicallynaturalin thesense



thatthereareno big radiative corrections.Thanksto the supersymmetrino-renormalizatiotheorenfor
superpotentigbarametersye know that ; = 0, apartfrom wave-functionrenormalizatiorfactors.
Thus,if we adjustthe input parametersf (Bg) sothat is small, it will staysmall. However, this begs
themoreprofoundquestionthow did getto besosmallin the rst place?

As alreadymentioneda striking pieceof circumstantiakvidencein favour of the ideaof super
symmetricgranduni cation is providedby themeasuremenf low-enegy gaugecouplingsat LEP and
elsevhere[f]. Thethreegaugecouplingsof the StandardViodel arerenormalizedasfollows:

dog _ , 9% . ...
=& = gt (90)

atone-looporder andthe correspondingalueof theelectraveakmixing anglesin® w (mz) is givenat
theone-looplevel by:

G

) _ g 3 gf(mz) _ em(Mz) ..
sin® w(mgz) = Z+g®  5gi(my)+ Sgi(mz) | 1+ 8X[3X+ —(my) I; (91)
where 1b b

One candistinguishthe predictionsof different GUTs by their differentvaluesof the renormalization
coefcients by, which arein turn determinedby the spectraof light particlesaroundthe electraveak
scale.In thecasesf the StandardModel andthe MSSM, theseare:

4
éNG 11 b3 ! ZNG 9 = 3 (93)
1 4 22 1
_ _ - | — =
6NH + 3NG 3 b ! 2NH + 2Ng 6 +1 (94)
1 4 3 33
—Npy + =N ' —Ny +2Ng = — 95
1oH + 3Ne by 1oV H G = (95)
23 1
=0 | —
518 0:1055 X | 5 (96)
If weinsertthe bestavailablevaluesof thegaugecouplings:
em = 1—28; s(mz) = 0:119 0:003 sin®> w(mz) = 0:2315 (97)
we nd thefollowing value:
1
6:92 007 (%8)

We seethatexperimentstronglyfavourstheinclusionof supersymmetriparticlesin therenormalization-
groupequationsasrequiredif the effective low-enegy theoryis the MSSM (B6), asin a simplesuper
symmetricGUT suchasthe minimal SU (5) modelintroducedabove.

3. TOWARDS REALISTIC MODELS
3.1 SupersymmetryBreaking

This is clearly necessaryme 6 me; m 6 m-, etc. The Big Issueis whetherthe breakingof super
symmetryis explicit, i.e., presentalreadyin the underlyingLagrangianof the theory or whetherit is
spontaneous,e., inducedby a non-supersymmetrigacuumstate. Therearein fact several reasongo
disfavour explicit supersymmetrpreaking.It is ugly, it would be unlike the way in which gaugesym-
metryis broken,andit would leadto inconsistenciem supegravity theory For thesereasonstheorists
have focusedon spontaneousupersymmetrpreaking.



If thevacuumis notto be supersymmetrictheremustbe somefermionic state thatis coupled
to thevacuumby thesupersymmetrghage Q:

<0Qj > f?6 0 (99)

The fermion corresponddo a Goldstonebosonin a spontaneouslyprokenbosonicsymmetry and
therefords oftentermeda Goldstondermionor a Goldstino.

Thereis just onesmall problemin globally supersymmetrienodels,i.e., thosewithout gravity:
spontaneousupersymmetnpreakingnecessarilyentailsa positive vacuumenegy Eq. To seethis,
considerthe vacuumexpectationvalueof the basicsupersymmetranticommutator:

fQ;Qg/ P : (100)
Accordingto (, thereis anintermediatestate , sothat
< 0ffQ;Qgj0> = j< 0jQj >j?=1f*/ < QjPj0>= Eg; (101)

wherewe have usedLorentzinvarianceto setthe spatialcomponents< 0jP;j0 >= 0. Spontaneous
breakingof globalsupersymmetr{99) requires

Eo = f* 6 O (102)

The next questionis how to generatenon-zerovacuumenegy. Hints are provided by the effective
potentialin a globally supersymmetritheory:

@V ., 1 2. .

g™+ 9l T = (103)
It is apparenfrom this expressiorthateitherthe rst 'F term' or thesecondD term' mustbe positive
de nite.

TheoptionD > 0 requiresconstructinga modelwith aU (1) gaugesymmetry[i3]. Thesimplest
examplecontaingustonechiral (matter)supermultipletvith unit chage,for whichtheeffective potential
is:

V =

Vo = S(+g ) (104

theextraconstanterm isnotallowedin anon-Abeliantheory whichiswhy onemustuseaU (1) theory
We seeimmediatelythatthe minimum of the effective potential(fL04) is reachedvhen< 0j jO >= 0,
in which caseVg = 1=2 2 > 0 andsupersymmetrys brokenspontaneouslyindeedit is easyto check
that,in thisvacuum:

m =g;m =0my = mg =0 (105)

exhibiting explicitly the boson-fermiommasssplittingin the (; ) supermultiplet.Unfortunately this
examplecannotbeimplementedvith theU (1) of electromagnetisrim the Standardodel, becaus¢here
are elds with bothsignsof thehyperchageY , enablingVp to vanish.So,oneneedsanewn U(1) gauge
groupfactor, andmary new elds in orderto canceltriangleanomalies.For thesereasonsD -breaking
modelsdid not attractmuchattentionfor quite sometime, thoughthey have hadarevival in the context
of stringtheory[f4].

The optionF > 0 alsorequiresadditionalchiral (matter) elds with somevhat "arti cial' cou-
plings[f): again,thoseof the StandardModel do notsufce. The simplestexampleusesthreechiral
supermultipletd\; B ; C with the superpotential

W = AB 2+ C(B?2 m?: (106)



usingtherulesgivenin the previousLecture,it is easyto calculatethe correspondindr terms:
Fa = B2 Fg = 2B(A + C); Fc = (B? m?); (107)
andhencethe effective potential
VE = jFij? = 4B(A + C)j* + jB??+ j (B> m)j* (108)

Likewise, it is notdif cult to checkthatthethreedifferentpositive-semide nitetermsin (fL0§) cannotall
vanishsimultaneouslyHence hecessarilyg > 0, andhencesupersymmetrynustbe broken.

The principal outcomeof this brief discussions that thereare no satisfactorymodelsof global
superysmmetrpreaking,sowe will now look at the optionsin local supersymmetryi.e., supegravity
theory

3.2 Supergravity and Local SupersymmetryBreaking

Sofar, we have consideredjlobalsupersymmetriransformationsin whichthein nitesimal transforma-
tion spinorE is constanthroughoutspace Now we considerthe possibility of a space-time-dependent
eld E(x). Why?

This stepof makingsymmetriedocal hasbecomeamiliar with bosonicsymmetrieswhereit leads
to gaugetheories soit is naturalto try the analogousstepwith fermionic symmetries Moreover, aswe
seeshortly, it leadsto anelegantmechanisnior spontaneousupersymmetripreakingagainby analogy
with gaugetheoriesthe superHiggsmechanismFurther aswe alsoseeshortly, makingsupersymmetry
local necessarilyinvolvesgravity, and even opensthe prospectof unifying all the particleinteractions
andmatter elds with extendedsupersymmetryransformations:

GWU=2! GU=32)! VU@d=1"! g @=1=2)! HU=0) (109)
in supegravity with N > 1 superchages.In (L09), G denoteshegravition, andG thespin-3/2gravitino,
whichaccompanie#t in thegraviton supermultiplet:

G

o (110)

Nlw N

Supegravity is in ary caseanessentiaingredientin thediscussiorof gravitationalinteractionsof super
symmetricparticles,neededfor example for ary meaningfuldiscussiorof the cosmologicatonstant.

To gaininsightinto why makingsupersymmetrjocal necessarilyinvolvesgravity, considemwhat
happensf oneappliesbothof thefollowing pair of supersymmetryransformations:

i = p%zi + (111)
i = i 2 @E;+:: (112)

oneitherof the elds ; . One nds in eachcase:
Li 51 )= 2(Ej Epi@(; ): (113)

In either case,the effect is equivalentto a space-timeranslation,sincei@ $ P . Clearly if the
in nitesimal spinorialtransformation€;; areindependendf x, this translationis global. However, if
theE;; dependonx, theneteffectis equivalentto alocal coordinateransformationandwe know that
atheoryinvariantunderthesenecessarilyncludesgravity.

To seefurtherwhy gravity mustbe takeninto accountwhenmaking supersymmetrjocal, let us
develop furtherthe analogywith gaugetheories.We considerthe variationof a typical fermionkinetic
term: (i @ ). In agaugetheory onemakesa space-time-dependephasdransformation (x):

(x) ! € ™ (x); (114)



whichleadsto atermin thevariationof thefermionkinetic termof theform:

@ (x): (115)
Thisis cancelledn agaugetheoryby thevariationin thegaugeinteraction:
x) (A X): A= @ (x): (116)
In the supersymmetricase whenthe supersymmetrigariationbecomedocal:
x)= i @( (XEX)+::: (117)
thevariationin the fermionickinetic termincludesa piece
/ @ @ E(x); (118)

whichis cancelledoy introducinganew eld with coupling

@ (: = Z2@EW: (119)

Thenew eld  (x) mayberegardedasa gaugefermion': it representshe gravitino.

OK, sonow we arecorvincedthatmaking supersymmetrjocal necessarilynvolvesgravity, and
the analogywith gaugetheorysuggestsheintroductionof a gravitino eld. Considemow the simplest
possibleLagrangiarfor a gravitino andgraviton [B4], which consistgust of the EinsteinLagrangiarfor
generalrelativity anda Rarita-Schwingetagrangiarfor a spin-3/2 eld, madesuitablyinvariantunder
generakoordinatgransformation®y minimal substituton:

1p— 1

L = 532 gR > s D (120)

whereg det(g ) withg themetrictensor:
g mo (121)
where M is thevierbein,and
D @+ ™ mi ol (122

with | ™" thespinconnectionijs thegenerally-coariantderivative. It is aremarkabldactthatthesimple
Lagrangian(L20) is locally supersymmetrifB4]. To checkthisinvarianceyou needthefollowing local
supersymmetryransformatioriaws:

o= BT (X)) (123)
pmne = (124)
= lD E(X): (125)

Onceagain,we have beenspeakingoproseall our liveswithout realizing!

We shalldiscusdaterthe couplingof supegravity to matter First, however, now is agoodtimeto
mentionthe remarkablgphenomenof spontaneoubreakingof local supersymmetrythe superHiggs
effect [, B7. Yourecallthat,in thecorventionalHiggseffectin spontaneouslprokengaugetheories,
amassles$oldstonebosonis “eaten’'by a gaugebosonto provide it with thethird polarizationstateit
needgo becomemassie:

(2 Vm=0) + (1 GB) = (3 Vmeo): (126)



In alocally supersymmetritheory thetwo polarizationstatesof themassles§oldstondermion (Gold-
stino)are eaten'by a masslesgravitino, giving it thetotal of four polarizationstatest need€o become
massve:

(2 m=0) T 2 GF) = (4 m60)- (127)

This proces<learly involvesthe breakdavn of local supersymmetrysincethe endresultis to give the

gravitino adifferentmassrom thegraviton: mg = 06 mg 6 0. It isindeedtheonly known consistent
way of breakindocal supersymmetryustastheHiggsmechanisnis theonly consistentvay of breaking
gaugesymmetry We shallnot go herethroughall the detailsof the superHiggs effect, but thereis one

noteworthy feature:this local breakingof supersymmetrganbe achiazedwith zerovacuumenenpy:

<0Vj0o>=0$%$ =0 (128)

As we discussshortly in moredetail, thereis no inconsisteng betweenocal supersymmetrfpreaking
and a vanishingcosmologicalconstant , unlike the caseof global superymmetrybreakingthat we
discussecarlier

3.3 Effective Low-Energy Theory

The couplingof matterparticlesto supegravity is morecomplicatecthanthe globally supersymmetric
casediscussedn the previous lecture. Therefore,it is not developedherein detail. Instead,a few
key resultsare presentedvithout proof, andthenwe studythe generaform of the effective low-enepgy
theory[(#§] derivablefrom asupegravity theory

The superpotentiabf global supersymmetrys upgradedin N = 1 supegravity to a "Kahler
potential', which describeghe geometryof the internalspaceparameterizedby the scalar elds in the
chiral supermultiplets.This Kahlerpotentialis a HermiteanfunctionG(; ) of the chiral elds and
their complex conjugatesandplaysseveralrdles. It is anorderparametefor supersymmetripreaking:

Mg M3 = es: (129)
It alsodetermineshekinetic termsfor thechiral elds:
Lk = G@ ;@' (130)

via the Kahlermetric
[ —@|@’

(131)

aswell astheeffective potential:

@
@

The rst termin (32) correspondso the effective potentialin a globally supersymmetri¢cheory

vV = e®[Gi(GY, "G 3] G (132)

Thesecondermin (fL32) is novel: it permitsthereconciliationof supersymmetrbreaking:mé =

e® 6 0 with avanishingeffective potential: V = 0, asaresultof a cancellationbetweerthe rst and
secondermsin ([[32). Thisis certainlygoodnews, but thereis alsobadnews. For generalforms of
G, therearecertainvaluesof the elds whereV is ngyative with values O (m4P). Thiswould bea
catastrophdor cosmology sinceour Universewould surelyfall down one of theseholes. Fortunately
thereis a particularclassof Kahlerpotentials known asno-scalesupegravities [9], wherethe effective
potentialis positive semide nite. Fortunatelybut not fortuitously, this is the classof supegravity that
emegesfrom stringtheory[5(Q].

Justasthe Kahlerpotentialdetermineghe geometryandkinetic termsfor chiral elds, thereis
a correspondindunctionthatdescribeghe geometryanddetermineghekinetic termsfor gauge elds.



For genericchoicesof this function, thereare also non-vanishingsupersymmetry-breakingassegor
thegauginos:
M= / Mg Ma=p: (133)

It is notinevitablethatthemassesftheSU(3); SU(2) andU (1) gauginodeuniversal but thisemeges
naturallyif the geometryis nottoo complicated.

Expandingheeffective potential(f32), onealso nds in generaterms/ j j?, thatareinterpreted
assupersymmetry-breakingcalamasses:

mo / mg Ma—p: (134)

In this case thereis no particularlygoodtheoreticaimotivationfor universality: indeed,this is broken
in mary stringmodels.Thereare,however, phenomenologicakeasondo think thatthe supersymmetry-
breakingscalarmassegor sparticlesvith the samechage, e.g.,all the sleptonsshouldbe universal,in
orderto suppressa vour-changingneutralinteractionamediatecdy virtual sparticlepT].

Genericformsof the effective potential([L32) alsoyield trilinear supersymmetry-breakirigterac-
tionsamongthe scalamparticles:

A 3 A T mg mam; (135)

wherehere denotesa scalarcomponentof a genericchiral supermultiplet. If the supersymmetric
theoryalsoincludesbilinear interactions 2, asis the casein the minimal supersymmetriextension
of the StandardModel (MSSM), one alsoexpectsan analogousilinear supersymmetry-breakingrm

B 2 amongthescalarcomponents.

Thus,the nal form of the effective low-enegy theorysuggestedby spontaneousupersymmetry
breakingin supegravity is:

aMip V' im3j ‘2 (A 3+ B %+ Herm:Conj); (136)

which containsmary free parametersand phases. The breakingof supersymmetryn the effective
low-enepy theory ([L36) is explicit but “soft’, in the sensethat the renormalizationof the parameters
M1, ; Mo,; A andB is logarithmic. Of coursetheseparametersrenot consideredo befundamen-
tal, and the underlyingmechanisnof supersymmetnpreakingis thoughtto be spontaneousfor the
reasonglescribedht the begginning of thislecture.

Thelogarithmicrenormalizatiorof the parametersneanghat onecancalculatetheir low-enegy
valuesin termsof high-enegy inputsfrom asupegravity or superstringheory usingstandaradenormalization-
groupequationgb7]. In the caseof the low-enegy gauginomassesM 5, the renormalizatioris multi-
plicative andidenticalwith thatof the correspondingjaugecoupling 5 attheone-looplevel:

M a a

= 137
M=o, GUT (137)

wherewe assumesUT uni cation of the gaugecouplingsatthe input supegravity scale.In the caseof
thescalamassesthereis bothmultiplicativerenormalizatiorandrenormalizatiomrelatedto thegaugino
masses:
@ng _ 1
@ 162
attheone-looplevel, wheret  In(Q?=m2,;), andthe O(1) group-theoreticatoefcients have been

omitted. In the caseof the rst two generationsthe rst termsin ([39) arenegligible, andone may
integrate(3§) trivially to obtaineffective low-enegy parameters

[ 2(m§+ A%)  giMZ] (138)

mg = mg+ CimZ,; (139)



Fig.8: Therenormalization-groupvolutionof thesoftsupersymmetry-breakimgarameters theMSSM, shovingtheincrease
in the squarkandsleptonmassessthe renormalizatiorscaledecreasesyhilst the Higgssquared-massiay becomenegative,
triggeringelectraveaksymmetrybreaking.

whereuniversalinputsareassumedandthe coefcients C; arecalculablein ary givenmodel. The rst
termsin (L38) are,however, importantfor thethird generatiorandfor the Higgs bosonsof the MSSM,
aswe now see.

Noticethatthesignsof the rst termsin ([[38) arepositive,andthatof thelasttermnegative. This
meanghatthelasttermtendsto increasem(%i astherenormalizatiorscaleQ decreasesaneffectseenn
Fig. 8. The positivesignsof the rst termsmeanthatthey tendto deueasem%i asQ decreasesaneffect
seenfor a Higgssquared-masis Fig. 8. Speci cally, the negative effecton H,, seenin Fig. 8 is dueto
its large Yukawa couplingto thet quark: gy.3. Theexciting aspecof this obsenationis thatspon-
taneouselectraveak symmetrybreakingis possible[52] whenm? (Q) < 0, asoccursin Fig. 8. Thus
the spontaneousreakingof supersymmetrywhich normally providesm3 > 0, and renormalization,
whichthendrive mZ (Q) < 0, conspireto makespontaneouslectraveaksymmetrybreakingpossible.
Typically, this occursat arenormalizatiorscalethatis exponentiallysmallerthantheinput supegravity

scale:

o (1) L.

)Tt 1
Typical dynamicalcalculationsnd thatmyy  100GeV emegesnaturallyif m; 60to 200GeV, and
thiswasin factoneof the rst suggestionghatm; mightbeashigh aswassubsequentlpbsered.

My

= exp( (140)

To concludethis section et usbrie y review thereasonsvhy soft supersymmetripreakingmight
be universal, at leastin somerespects. There are important constraintson the massdifferencesof
squarksand sleptonswith the sameinternalquantumnumbers,comingfrom avour-changingneutral
interactiong51]. Thesearesuppresseih the StandardModel by the Glashav-lliopoulos-Maianimech-
anism[53], which limits themto magnitudes ~ m3=mg, for small squared-masdifferences mj.
Dependingon the processonsideredit is eithernecessarypr desirablethat sparticleexchangecontri-
butions,which would have expectedmagnitudes ~ m2=m2, be suppressetly acomparabldactor. In

o e
particular onewould like

3
QN

m3(rst generation) m3(secondgeneratior) m

(141)



Thelimits onthird-generatiorsparticlemassefrom avour-changingneutralinteractionsarelesssevere,
andthe rst/second-generationiegenerag could be relaxed if mé m, , but modelswith physical
valuesof mj degenerateio O(ma) arecertainlypreferred. This is possiblein modelswith a universal
Kahlergeometryfor thescalarelds '. For example:

@G

G=j ! 2o - I, (142)
J

resultingin universalm%i , andthereareotherexamplessuchascertainno-scalenodelds.However, this
restrictionis notrespectedn mary low-enepy effective theoriesderivedfrom stringmodels.

The desirability of degenerag betweenspatrticlesof differentgenerationselp encouragesome
peopleto studymodelsin which this propertywould emegenaturally suchasmodelsof gauge-mediated
supersymmetrpreakingor extradimensiong40]. However, for therestof thesdecturesve shallmainly
stick to familiar old supegravity.

3.4 Sparticle Massesand Mixing
We now progresgo a morecompletediscussiorof sparticlemassesndmixing.

Sfermions: Each avour of chagedleptonor quarkhasbothleft- andright-handeccomponents$ g,
andthesehave separatspin-Obosonsuperpartner .r . Thesehavedifferentisospind = %; 0, butmay
mix assoonasthe electraveakgaugesymmetryis broken.Thus,for each a vour we shouldconsidera
2 2 mixing matrixfor thefi.r , which takesthefollowing generaform:

0 1
o e M M
VE X (143)
2 m 2
IR frRr

Thediagonaltermsmaybewrittenin theform

m2 =mZ +m
flLRR

+ m? (144)

wherem; is the massof the correspondindgermion, mf% is the soft supersymmetry-breakingass
LR

discussedn the previous section,andmffl2 is a contribution dueto thequarticD termsin the effective
LR

potential: ,
me~L_R =m2 cos2 (Iz+ si® wQem) (145)
wheretheterm/ 13 is non-zeroonly for thefT . Finally, the off-diagonalmixing termtakesthe general
form
2 t —€;; ;disib
me = mp A+ o for f =g Ot (146)
It is clearthatf].g mixing is likely to beimportantfor the t; andit may alsobe importantfor the B .r
and~_r if tan islarge.
We alsoseefrom (144) that the diagonalentriesfor the ti.r would be differentfrom thoseof
thet .r ande g, evenif their soft supersymmetry-breakingassesvereuniversal,becaus®f the mf2

contribution. In fact, we also expectnon-uniersalrenormalizatiorof mELL - (andalso mé and
) L;RR
m? if tan s large), becausef Yukawva effectsanalogoudo thosediscussedn the previous sec-

“LLRR
tion for therenormalizatiorof thesoft HiggsmasseskFor thesereasonstheti .r arenotusuallyassumed
to be degeneratewith the othersquark a vours. Indeed,one of the t-could well be the lightestsquark,

perhapsvenlighterthanthet quarkitself [54].
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Fig.9: The(; M) planecharacterizinghaginosandneutralinosfor (a) < Oand(b) > O, includingcontoursof m
andm , andof neutralinopurity [55].

Charginos. Thesearethe supersymmetripartnersof theW andH , which mix througha2 2
matrix

1 + _
> (W ;H ) Mc Vl__YJ, + herm:conj: (147)
where " p . _
2 mw sin
Mc 2myy COS (148)

HereM is theunmixed SU(2) gauginomassand is the Higgs mixing parameteimtroducedin (84).
Fig. 9 displays(amongotherlinesto bediscussedater)thecontourm =91 GeV for thelighterof the
two chagino masseigenstatefbs].

Neutralinos: Thesearecharacterizedy a4 4 massmixing matrix [56], which takesthe following
formin the(W3; B; |2, HY) basis:

L
0o My %z #n
mN = v o (149)
2V2 2
e e o
gu g 0
2 2

Notethatthis hasa structuresimilarto M ¢ (148), but with its entriesreplacedby 2 2 submatricesAs
hasalreadybeenmentionedpnecorventionallyassumeshatthe SU(2) andU (1) gauginomasse 1.2
areuniversalatthe GUT or supegravity scale sothat

My' M, — (150)



sotherelevantparametersf (149 aregenerallytakentobeM, = ( 2= guT)M1=p, andtan

Figure 20 alsodisplayscontoursof the massof the lightestneutralino , aswell ascontoursof
its gauginoand Higgsino contents[55]. In thelimit Mo ! 0, would be approximatelya photino
andit would be approximatelya Higgsinoin thelimit ! 0. Unfortunately theseidealizedlimits are
excludedby unsuccessfuLEP andothersearchedor neutralinosandchaginos, asdiscussedn more
detailin thenext Lecture.

3.5 The Lightest SupersymmetricParticle

This is expectedto be stablein the MSSM, and henceshouldbe presentin the Universetoday asa
cosmologicalelic from the Big Bang[57, 56]. Its stability arisesbecausdhereis a multiplicatively-
conseredquanturmumbercalledR parity, thattakesthevalues+1 for all corventionalparticlesand-1
for all sparticleg33]. Theconserationof R parity canberelatedto thatof baryonnumberB andlepton
numberL, since

R = ( l)38+ L+2S (151)

whereS is the spin. Note that R parity could be violated either spontaneouslyf < 0j~0 >6 0 or
explicitly if oneof thesupplementargouplings(87) is present.TherecouldalsobeacouplingH L, but
thiscanbede ned away bechoosinga eld basissuchthatH is de ned asthesuper eldwith abilinear
couplingto H . NotethatR parityis notviolatedby the simplestmodelsfor neutrinomasseswhich have

L = 0; 2, norbysimpleGUTs,whichviolatecombinationsof B andL thatleave R invariant.There
arethreeimportantconsequences R conseration:

+

1. sparticlesarealwaysproducedn pairs,e.g.,pp! @gX,e'e ! ~" + ~ |
2. heavier sparticlesdecayto lighteronese.g..¢! qg;~! ~ and
3. thelightestsparticleds stable,

becausdt hasnolegaldecaymode.

This featureconstrainsstronglythe possiblenatureof the lightestsupersymmetrisparticle. If it
hadeitherelectricchage or stronginteractionsijt would surelyhave dissipatedts enegy andcondensed
into galacticdisksalongwith corventionalmatter Thereit would surelyhave boundelectromagnetically
or viathestronginteractiongo corventionalnuclei,forming anomalouseary isotopeghatshouldhave
beendetected.Thereareupperlimits on the possibleatundance®f suchboundrelics,ascomparedo
cornventionalnucleons:

n(relic) 10 ¥ to 10 %° (152)
n(p)
for 1 GeV < maic < 1 TeV. Thesearefar below the calculatecalbundance®f suchstablerelics:
n(relic) > 19 6 (10 19) (153)
n(p)

for relic particleswith electromagneti€strong)interactions.We may conclude56] thatary supersym-
metricrelic is probablyelectromagneticallpeutralwith only weakinteractionsandcouldin particular
not be a gluino. Whetherthe lightesthadroncontaininga gluino is chagedor neutral,it would surely
bind to somenuclei. Evenif one pleadsfor somelevel of fractionation,it is dif cult to seehow such
gluino nucleicouldavoid the stringentboundsestablishedor anomalougsotopesf mary species.

Plausiblescandidate®f differentspinsarethe sneutrinos~ of spin 0, the lightestneutralino
of spin1/2, andthe gravitino G of spin 3/2. The sneutrinoshave beenruled out by the combinationof
LEP experimentsanddirectsearche$or cosmologicalelics. Thegravitino cannotberuledout, but we
concentrat@n the neutralinopossibility for therestof theselLectures.

A very attractive featureof the neutralinocandidaturdor the lightestsupersymmetriparticleis
thatit hasa relic densityof interestto astrophysicisteandcosmologists: h? = O(0:1) over generic



domainsof the MSSM parametespace[56], asdiscussedn the next Lecture. In thesedomains,the
lightestneutralino couldconstitutethe cold darkmatterfavouredby theoriesof cosmologicaktructure
formation.

3.6 SupersymmetricHiggs Bosons

As wasdiscussedn Lecture2, one expectstwo comple Higgs doubletsH, — (H5;HY) 5 Hj
(H{;HY) in theMSSM, with atotal of 8 real degreesof freedom. Of these,3 areeatenvia the Higgs
mechanismto becomethe longitudinal polarizationstatesof theW andz?, leaving 5 physicalHiggs
bosonsto be discoreredby experiment. Threeof theseare neutral: the lighter CP-azen neutralh, the
heasier CP-even neutralH , the CP-oddneutralA, andchagedbosonsH . The quartic potentialis
completelydeterminedy the D terms

_ g+ g®

v,
4 8

jHO2 jHY? (154)

for the neutralcomponentsyhilst the quadratidermsmaybe parametrizeat thetreelevel by
2 iy 2 2 g2 2 cmAni
mg, JH1j“+ m§, jH2j+ (m3 H1H2 + herm:conj) (155)

wherem3 = B . Onegombinationof the threeparameter§my ;mZ ; m3) is x ed by the Higgs

vacuumexpectationv = v + v3 = 246 GeV, andthe othertwo combinationsmay be rephraseds
(ma;tan ). Thesecharacterizall Higgsmassesndcouplingsin the MSSM atthetreelevel. Looking
backat (154), we seethat the gaugecoupling strengthof the quarticinteractionssuggests relatively
low massfor at leastthe lightestMSSM Higgs bosonh, andthis is indeedthe casewith my,  mz at
thetreelevel:

m2 = m2 cos 2 (156)

This raisedconsiderabldnopethatthe lightestMSSM Higgs bosoncouldbe discoveredat LEP, with its
prospectvereachtomy  100GeV.

However, radiative correctionsto the Higgs massesare calculablein a supersymmetrienodel
(thiswas,in somesensethe whole point of introducingsupersymmetryhandthey turn outto benon-
negligible for my  175GeV [38]. Indeed,the leadingone-loopcorrectionsto mﬁ dependquartically
onmy:

4 442 h
3m;y n me me, 'B,mt/&t

i
2.2 2 2.2
122 2 R 2h(mZ ;m2) + A: f(mZ:m2) +:: (157)

2 _
2=
wherem,, . arethe physicalmasse®f the two stopsquarksti;, to be discussedn moredetail shortly,
At At cot ,and
1 a 1 a+b

h(a;b) a—ln — ; f(a;b) = 2 In

a
b b (a b)?2 a b b (158)

Non-leadingone-loopcorrectionsto the MSSM Higgs massesare also known, as are correctionsto
couplingvertices,two-loop correctionsand renormalization-groupesummationg58]. For mg | <1
TeV andaplausiblerangeof A¢, one nds

mp < 130GeV (159)

asseenin Fig. 14. Therewe seethesensitvity of my to(ma;tan ), andwealsoseehow mpa; my and
my approacteachotherfor largema .
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Fig. 10: ThelightestHiggsbosonmassin the MSSM, for differentvaluesof tan andthe CP-oddHiggsbosonmassM 4 .

4. PHENOMENOLOGY
4.1 Constraints onthe MSSM

Importantexperimentalconstraintson the MSSM parameteispaceare provided by direct searcheat
LEP andthe Tevatroncollider, as compiledin Fig. 11. Oneof theseis thelimit m = 103.5GeV
providedby chagino searchest LEP [59], wherethethird signi cant gure depend®n otherCMSSM
parametersLEP hasalsoprovided lower limits on sleptonmassesof which the strongesis me > 99
GeV [60], againdependingonly sightly on the other CMSSM parametersaslongasme m = 10
GeV. Themostimportantconstraint®ntheu; d; s; c; bsquarksandgluinosareprovided by the Tevatron
collider: for equalmassesng = mg = 300GeV. In the caseof the t; LEP providesthe moststringent
limit whenm. m issmall,andtheTevatronfor largerm. m [59].

Anotherimportantconstraintis providedby the LEP lower limit ontheHiggsmass:my > 114.1
GeV [20]. This holdsin the Standardviodel, for the lightestHiggs bosonh in the generalMSSM for
tan < 8, andalmostalwaysin the CMSSMfor all tan , atleastaslong asCPis consered?. Since
mp is sensitveto sparticlemassesparticularlym, via loop corrections:
|
4 2
m m
mé/ —In —5  +:o (160)
mgy ms
theHiggslimit alsoimposedmportantconstrainton the CMSSM parametersprincipally m,-, [64] as
seenin Fig. 11. The constraintaarehereevaluatedusingFeynHiggs [58], whichis estimatedo have
aresidualuncertaintyof acoupleof GeVin my.

Also shawvn in Fig. 11 is the constrainimposedby measurementsf b! s [62]. Theseagree
with the Standardviodel, andthereforeprovide boundson MSSM patrticles,suchasthe chagino and
chaged Higgs massesin particular Typically, theb ! s constraintis moreimportantfor < 0,
asseenin Fig. 1laandc, but it is alsorelevantfor > 0, particularlywhentan is large asseenin
Fig. 11d.

The nal experimentalconstraintwe consideris that dueto the measuremendf the anamolous
magneticmomentof the muon. The BNL E821 experimentreportedlast yeara nen measuremendf

2The lower boundon the lightestMSSM Higgs bosonmay be relaxed signi®cantlyif CP violation feedsinto the MSSM
Higgssector63].



Fig. 11: Compilationsof phenomenologicatonstraintonthe CMSSMfor (a)tan = 10; < 0O, (b)tan = 10; > 0O,
(c)tan =35 < Oand(d)tan = 50; > 0,assumingAo = O;m; = 175GeVandmb(mb)§= 4:25GeV[61]. The
nearverticallinesaretheLEP limits m = 1035 GeV (dashedandblack) [59], shavn in (b) only, andm, = 1141 GeV
(dottedandred) [20]. Also, in the lower left cornerof (b), we shav theme = 99 GeV contour[60]. In the dark (brick red)
shadedegions,theLSPis thechaged~, sothisregionis excluded.Thelight (turquoise)shadedareasarethecosmologically
preferredregionswith 0:1 h?  0:3[61]. Themedium(darkgreen)shadedegionsthataremostprominentin panelga)
and(c) areexcludedbyb! s [62]. Theshadedpink) regionsin theupperright regionsdelineatehe 2 rangeofg 2.
For > 0,the 1 contoursarealsoshovnassolidblacklines.



a %(g 2) which deviated by 2.6 standarddeviationsfrom the bestStandardviodel prediction
available at that time [65]. The largestcontribution to the errorsin the comparisorwith theory was
thoughtto be the statisticalerror of the experiment,which will soonbe signi cantly reducedasmary
more datahave alreadybeenrecorded.However, it hasrecentlybeenrealizedthatthe sign of the most
importantpseudoscalamesorpole partof the light-by-light scatteringcontribution [66] to the Standard
Model predictionshouldbe reversed which reduceghe apparentxperimentaldiscrepang to about1.6
standardieviations. The next-largesterroris thoughtto bethatdueto strong-interactiomncertaintiesn
the StandardModel prediction,for which recentestimatesorvergeto about7 10 1° [67].

As mary authorshave pointedout [68], a discrepang betweertheoryandthe BNL experiment
couldwell be explainedby supersymmettyAs seenin Fig. 11, thisis particularlyeasyif > 0. With
the changein sign of the meson-polecontributionsto light-by-light scatteringgoodconsisteng is also
possiblefor < 0 solong aseitherm;-, or mg aretakensufciently large. We show in Fig. 11 as
medium(pink) shadedhenewv 2 allowedregion: 6< a 100 < 58,

The new regionspreferredby theg 2 experimentaldatashaovn in Fig. 11 differ considerably
from the older ones[68] which werebasedontherangell< a 109 < 75, Firstof all, theolder
boundcompletelyexcluded < Oatthe2 level. As onecanseethisis nolongertrue: < Oisallowed
solong aseither(or both)m,_, andmg arelarge. Thus,for < 0, oneis forcedinto eitherthe ~
coannihilationregion or the funnelregion produceddy the s-channelnnihilationvia the heary Higgses
H andA, asdescribedelon. Secondwhereaghe olderlimits producedde nite upperboundson the
sparticlemassegwhich wereacceptedvith delightby future collider builders),the nev boundswhich
areconsistentvith a = 0, allow arbitrarily high sparticlemassesNow only the very low masscorner
of the(m4-,; mp) planeis excluded.

Fig. 11 alsodisplaysthe regions wherethe supersymmetricelic density = critical Talls
within the preferredrange
01< h?<03 (161)

Theupperlimit is rigorous,sinceastrophyﬁicandcosmologytell usthatthetotal matterdensity , <
0:4, andtheHubbleexpansiorrateh 1= 2 to within about10 % (in unitsof 100km/s/Mpc).Onthe
otherhand,thelowerlimit in (161) is optional,sincetherecould be otherimportantcontributionsto the
overall matterdensity

As is seenin Fig. 11, thereare genericregions of the CMSSM parametespacewherethe relic
densityfalls within the preferredrange(161). Whatgoesinto the calculationof therelic density?It is
controlledby the annihilationcrosssection[56]:

1

ann( I ),

wherethe typical annihilationcrosssection ann 1=m?. For this reasonthe relic densitytypically
increasesvith therelic massandthis combinedwith theupperboundin (161) thenleadsto thecommon
expectationthatm < O(200)GeV.

However, therearevariouswaysin which thegenericupperboundonm canbeincreasedlong
laments in the (m4-,; Mg) plane. For example,if the next-to-lightestsparticle(NLSP) is not much
heaierthan : m=m < 0:1, therelic densitymay be suppressedy coannihilation: ( + NLSP!
10 [69]. In this way, the allowed CMSSM region may acquirea “tail' extendingto larger sparticle
masses.An exampleof this possibility is the casewherethe NLSP is the lighter stau: 4 andm
m , asseenin Figs. 11(a) and (b) and extendedto larger m;—, in Fig. 12(a) [70]. Anotherexample
is coannihilationwhenthe NLSP is the lighter stop[71]: t1 andm ~ m , which may be important
in the generalMSSM or in the CMSSM when A is large, as seenin Fig. 12(b) [72]. In the cases
studied theupperlimit onm is not affectedby stopcoannihilation.Anothermechanisnfor extending
the allowed CMSSM region to large m is rapid annihilationvia a direct-channepole whenm

=mn ; n (162)




tanb=10,m>0 tan b = 10, Ag = 2000 GeY m> 0
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Fig. 12: (a) Thelarge-m,-, “tail' of the ~ coannihilationregionfortan = 10, A = Oand < 0[70], superimposed
onthedisalloveddark (brick red) shadedegion wherem -, < m , and(b) the ti coannihilatiorregionfor tan = 10,
A = 2000GeVand > 0[72], exhibiting alarge-m, “tail'.

%mH iggs:z [73, 61]. Thismayyield a funnel' extendingto largem; -, andmg atlargetan , asseenn
panels(c) and(d) of Fig. 11 [61]. Yetanotherallowedregion atlargem;—, andmyg is the ‘focus-point'
region [74], which is adjacentto the boundaryof the region whereelectraveak symmetrybreakingis
possibleasseenin Fig. 13.

4.2 Fine Tuning

The laments extendingthe preferredCMSSM parametespaceareclearly exceptional,in somesense,
soit is importantto understandhe sensitvity of therelic densityto input parametersinknovn higher
ordereffects,etc. Oneproposals therelic-density ne-tuning measurd75]

V
u

X h2) 2
e %@) (163)

|
wherethe sumrunsover the input parametersyhich might include (relatively) poorly-knovn Standard
Model quantitiessuchas m; and myp, aswell asthe CMSSM parametersng; mq-,, etc. As seenin
Fig. 14, the sensitvity (163) is relatively smallin the "bulk' region atlow m4-,, mg, andtan
However, it is someavhat higherin the ~ coannihilation’tail', andatlargetan in general. The
sensitvity measure (163 is particularly high in the rapid-annihilation'funnel' andin the “focus-
point' region. This explainswhy publishedrelic-densitycalculationsmay differ in theseregions|[76],

whereaghey agreewell when is small: differencesmay arisebecausef small differencesn the
treatment®f theinputs.

It is importantto notethatthe relic-density ne-tuning measurg163) is distinct from the tradi-
tional measuref the ne-tuning of theelectraveakscale[77]:

> 2. - @nmw
i | @na|

(164)

Samplecontoursof the electraveak ne-tuning measureareshovn (164) areshown in Figs. 15. This
electraveak ne tuningis logically differentfrom the cosmological ne tuning, andvaluesof are
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Fig. 13: An expandedview of them;-, mg parameteiplane showing the focus-pointregions[74] at large mo for (a)
tan = 10, and(b)tan = 50. In the shadedmau\e) region in the upperleft corner thereareno solutionswith proper
electraveaksymmetrybreaking,so theseare excludedin the CMSSM. Note that we have chosenm; = 171 GeV, in which
casethe focus-pointregion is at lower mg thanwhenm, = 175 GeV, asassumedn the other®gures. The positionof this
regionis very sensitve tom;. Theblackcontourgdbothdashedndsolid) areasin Fig. 11, we do notshadehe preferredy 2
region.

not necessarilyrelatedto valuesof , asis apparentwhen comparingthe contoursin Figs. 14 and
15. Electraveak ne-tuning is sometimeausedasa criterion for restrictingthe CMSSM parameters.
However, the interpretationof  (164) is unclear How large a value of s tolerable? Different
physicistsmay well have differentpain thresholds. Moreover, correlationsbetweeninput parameters
mayreduceits valuein speci ¢ models,andtheregionsallowedby the differentconstraintcanbecome
very differentwhenwe relax someof the CMSSM assumptionse.g. the universalitybetweertheinput
Higgsmassesndthoseof the squarksandsleptonsa subjectbeyondthe scopeof thesel ectures.

4.3 Prospectsfor Observing Supersymmetryat Accelerators

As anaid to the assessmemif the prospectdor detectingsparticlesat differentacceleratoryenchmark
setsof supersymmetriparameterdiave often beenfound useful [78], sincethey provide a focus for

concentratedliscussion. A set of proposedpost-LEPbenchmarkscenariosn the CMSSM [79] are
illustratedschematicallyin Fig. 16. They takeinto accountthe direct searchegor sparticlesandHiggs
bosonsph! s andthepreferredcosmologicallensityrange(161). Theproposedenchmarlpointsare
consistentvithg 2 atthe2 level, but thiswasnotimposedasanabsoluteequirement.

Theproposedointswerechosemotto provide an unbiased'statisticalsamplingof the CMSSM
parameteispace ,whatever that meansin the absenceof a plausiblea priori measure put ratherare
intendedto illustrate the differentpossibilitiesthat are still allowed by the presentconstraintg79] °.
Five of the chosenpointsare in the “bulk' region at small m;-, and mq, four are spreadalong the
coannihilation'tail' at larger m,_, for variousvaluesof tan , two arein the “focus-point'region at
large mg, andtwo arein rapid-annihilation funnels' at large m;-, andmg. The proposedoointsrange
over theallowedvaluesof tan betweerb and50. Mostof themhave > 0, asfavouredby g 2,

3This studyis restrictedto A = 0, for which t3 coannihilationis lessimportant,so this effect hasnot in uencedhe
selectionof benchmarlpoints.



Fig. 14: Contoursof the total sensitvity (163 of the relic densityin the (m-,; mo) planesfor (a)tan = 10; >
O;m; = 175GeV, (b)tan = 35 < O;m; = 175GeV,(c)tan = 50; > O;m; = 175GeV, and(d) tan =
10; > O;m; = 171GeV all for Ag = 0. Thelight (turquoise)shadedareasarethe cosmologicallypreferredregionswith
01 h?  0:3. In thedark (brick red) shadedegions,the LSPis thechaged~ , sotheseregionsareexcluded. In panel
(d), themediumshadedmaue) region is excludedby the electraveakvacuumconditions.



Fig. 15: Contoursof theelectraveak®ne-tuningmeasure (164) in the(m=,; mo) planedor (a)tan = 10; > 0;m;
175GeV, (b)tan = 35 < O;m; = 175GeV,(c)tan = 50; > O;m; = 175GeV,and(d)tan = 10; > O;m.
171 GeV all for Ap = 0. Thelight (turquoise)shadedireasarethe cosmologicallypreferredregionswith 0:1 h? 03
In thedark (brick red) shadedegions,the LSPis thechaged~, sothisregion is excluded. In panel(d), the mediumshaded
(mauwe) region is excludedby the electraveakvacuumconditions.



Fig. 16: Overview of the CMSSMbenchmarkpointsproposedn [79]. They werechoserto be compatiblewith theindicated
experimentakonstraintsaswell ashave arelic densityin the preferredrange(161). The pointshave differentvaluesof tan
andareintendedo illustratetherangeof availablepossibilities.

but therearetwo pointswith < 0.

Variousderived quantitiesin thesesupersymmetribenchmarkscenariosincludingtherelic den-
sity, g 2;b! s ,electraveak ne-tuning andtherelic-densitysensitvity  , aregivenin [79].
Theseenablethe readerto seeat a glancewhich modelswould be excludedby which re nementof the
experimentalvalueof g 2. Likewise,if you nd someamountof ne-tuning uncomfortablylarge,
thenyou arefreeto discardthe correspondingnodels.

The LHC collaborationshave analyzeaheir reachfor sparticledetectionin both genericstudies
andspeci ¢c benchmarlscenarioproposedgreviously [80]. BasednthesestudiesFig. 17 displaysesti-
matesof how mary differentsparticlesnaybeseematthe LHC in eachof thenewly-proposedenchmark
scenariog79]. ThelightestHiggs bosonis alwaysfound, and squarksand gluinosare usuallyfound,
thoughtherearesomescenariosvhereno sparticlesarefoundatthe LHC. The LHC oftenmisseseavier
weakly-interactingsparticlessuchaschaginos,neutralinossleptonsandthe otherHiggsbosons.

It wasinitially thoughtthatthe discovery of supersymmetnat the LHC was guaranteedif the
BNL measuremerg 2waswithin 2 of thetruevalue,butthisis nolongerthecasewith thenew sign
of the pole contributionsto light-by-light scattering.This is the case,in particulay becauserbitrarily
largevaluesof m;-, andmg arenow compatiblewith thedataatthe2 level [81].

The physicscapabilitiesof lineare™ e collidersare amply documentedn variousdesignstud-
ies[82]. Not only is thelightestMSSM Higgs bosonobsened, but its major decaymodescanbe mea-
suredwith highaccurag. Moreover, if sparticlesarelight enougho be producedtheir massesndother
propertiecanbemeasuredery preciselyenablingmodelsof supersymmetripreakingto betested85].

As seenin Fig. 17, the sparticlesvisible at ane" e collider largely complementhosevisible
atthe LHC [79, 81]. In mostof benchmarkscenariogproposeda 1-TeV linear collider would be able
to discover andmeasurepreciselyseveral weakly-interactingsparticlesthat areinvisible or dif cult to
detectat the LHC. However, thereare somebenchmarkscenariosvherethe linear collider (aswell as
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Fig. 17: Summaryof the prospectie sensitvities of the LHC andlinear collidersat differentp s enegiesto CMSSM parti-
cle productionin the proposedenchmarkscenarioss, B, ..., which are orderedby their distancefrom the centralvalue of
g 2, asindicatedby the pale (yellow) line in the secondpanel. We seeclearly the complementaritypbetweenan e* e
collider [82, 83] (or * collider [84]) andthe LHC in the TeV rangeof enegies[79], with the former excelling for non-
strongly-interactingarticles,andthe LHC for strongly-interactingsparticlesandtheir cascadealecays.CLIC [83] provides
unparallelledohysicsreachfor non-strongly-interactingparticles extendingbeyond the TeV scale. We recall that massand
couplingmeasurementate” e collidersareusuallymuchcleanerand moreprecisethanat hadron-hadromolliderssuchas
theLHC. Note, in particular thatit is notknown how to distinguishthelight squark avoursatthe LHC.
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Fig. 18: Left panel: elasticspin-independergcatteringof supersymmetricelics on protonscalculatedn benchmarkscenas
ios [86], comparedwith the projectedsensitvities for CDMS 1l [87] and CRESST[88] (solid) and GENIUS [89] (dashed).
The predictionsof the SSARDcode(blue crossesand Neutdrive  r [91] (red circles)for neutralino-nucleorscatteringare
comparedThelabelsA, B, ...,L correspondo the benchmarlpointsasshavn in Fig. 16. Right panel: prospectdgor detecting
elasticspin-independerdcatteringn the benchmarkscenarioswhich arelessbright.

the LHC) fails to discover supersymmetryOnly a linear collider with a highercentre-of-masgnepgy
appearsureto cover all the allowed CMSSM parametespace asseenin the lower panelsof Fig. 17,
which illustratethe physicsreachof a higherenegy leptoncollider, suchasCLIC [83] or a multi-TeV
muoncollider[84].

4.4 Prospectsfor Other Experiments
4.41 Detectionof Cold Dark Matter

Fig. 18 shows ratesfor the elasticspin-independerdcatteringof supersymmetricelics [86], including
the projectedsensitvitiesfor CDMS 1l [87] andCRESST[88] (solid) andGENIUS[89] (dashed)Also

shown arethe crosssectionscalculatedn the proposedenchmarkscenariosliscussedn the previous
sectionwhich areconsiderablyelon the DAMA [90] range(10 ° 10 © pb), but maybewithin reach
of future projects.The prospectgor detectingelasticspin-independergcatteringarelessbright, asalso
shavnin Fig. 18. Indirectsearchegor supersymmetridark mattervia the productsof annihilationsin

thegalactichaloor insidethe Sunalsohave prospectsn someof thebenchmarkscenario$86], asseen
in Fig. 19.

4.42 ProtonDecay

This could be within reach,with (p ! e" ©9) via a dimension-sixoperatorpossibly ~ 10%y if
MGuT 10'® GeV as expectedin a minimal supersymmetricGUT. Sucha model also suggests
that (p! K *) < 10%?y via dimension- ve operatord92], unlessmeasuresire takento suppress
them[93]. This providesmotivationfor a next-generatiormegatonexperimentthatcould detectproton
decayaswell asexplore new horizonsin neutrinophysics[94].

4.5 Conclusions

We have compiledin this Lecturethe variousexperimentalconstrainton the MSSM, particularlyin its
constrainedCMSSMversion.Thesehave beencomparedndcombinedwith thecosmologicatonstraint
on therelic dark matterdensity As we have shavn, thereis goodoverall compatibility betweerthese
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Fig. 19: Left panel: prospectdor detectingphotonswith enegiesabove 1 GeV from annihilationsin the centreof the galaxy,
assuminga moderateenhancementhere of the overall halo density and right panel: prospectsor detectingmuonsfrom
enepetic solar neutrinosproducedby relic annihilationsin the Sun, as calculated[86] in the benchmarkscenariosusing
Neutdrive r[91].

variousconstraintsTo exemplify thepossibletypesof supersymmetriphenomenologgompatiblewith
all theseconstraintsa setof benchmarlscenariodiave beenproposed.

We have discussedhe ne-tuning of parametersequiredfor supersymmetryo have escapedie-
tectionsofar. Thereareregionsof parametespacewnherethe neutralinorelic densityis rathersensitive
to theexactvaluesof theinput parametersandto the detailsof the calculationdbasedn them.However,
thereare genericdomainsof parametespacewheresupersymmetricark matteris quite natural. The

ne-tuning priceof theelectraveaksupersymmetry-breakirggalehasbeenincreasedy theexperimen-
tal constraintslueto LEP, in particular but its signi canceremainsdebatable.

As illustratedby thesebenchmarkscenariosfuture colliders suchasthe LHC anda TeV-scale
lineare™ e collider have goodprospect®f discovering supersymmetryand makingdetailedmeasure-
ments. Thereare alsosigni cant prospectdor discovering supersymmetryia searchegor cold dark
matterparticles,andsearche$or protondecayalsohave interestingprospectsn supersymmetriGUT
models.

One may be disappointedhat supersymmetrhasnot alreadybeendiscovered,but one should
not be disheartenedMost of the enegy rangewheresupersymmetrys expectedto appeathasyet to
be explored. Futureacceleratorsvill be ableto completethe searchfor supersymmetrybut they may
be scoopedby non-acceleratoexperiments. In a few years'time, we expectto be writing aboutthe
discovery of supersymmetrynotjust constrainton its existence.

References
[1] J.R.Ellis, Lecturesat 1998 CERN SummerSchool,St. Andrewns, Beyondthe Standad Modelfor
Hillwalkers, arXiv:hep-ph/9812235
[2] J.R.Ellis, TheSuperstrirg: TheoryOf Everything,Or Of Nothing?, Nature323(1986)595.

[3] J.Ellis, S.Kelley andD. V. NanopoulosPhys.Lett. B 260(1991)131;U. Amaldi, W. deBoerand
H. FurstenauPhys.Lett. B 260(1991)447;C. Giunti, C. W. Kim andU. W. Lee,Mod. Phys.Lett.
A 6(1991)1745.

[4] L. Maiani, Proceedingof the 1979 Gif-sur-YvetteSummerSdiool On Particle Physics 1; G. 't
Hooft, in RecenDevelopmentsn GaugeTheoriesProceeding®f the Nato Advancedstudylnsti-



tute,Cargese 1979 eds.G. 't Hooft etal., (PlenumPressNY, 1980);E. Witten, Phys.Lett. B 105
(1981)267.

[5] M. B. GreenJ.H. SchwarzandE. Witten, Superstringrheory (CambridgeJniv. Press1987).
[6] D. A. RossandM. J.Veltman,Nucl. Phys.B 95 (1975)135.

[7] P.W. Higgs,Phys.Lett. 12(1964)132; Phys.Rev. Lett. 13(1964)508.

[8] F. EnglertandR. Brout, Phys.Rev. Lett. 13(1964)321.

[9] C.T. Hill, Phys.Lett. B 266 (1991)419; for arecentreview, see:C. T. Hill andE. H. Simmons,
arXiv:hep-ph/0203079

[10] For ahistoricalreferencesee:E. FarhiandL. SusskindPhys.Rept.74 (1981)277.

[11] S.DimopoulosandL. SusskindNucl. Phys.B 155(1979)237;E. EichtenandK. Lane,Phys.Lett.
B 90(1980)125.

[12] J.R.Ellis, M. K. Gaillard,D. V. NanopoulosaandP. Sikivie, Nucl. Phys.B 182(1981)529.
[13] S.DimopoulosandJ.R. Ellis, Nucl. Phys.B 182(1982)505.

[14] G. Altarelli andR. Barbieri, Phys.Lett. B 253(1991)161; M. E. Peskinand T. Takeuchi,Phys.
Rev. Lett. 65 (1990)964.

[15] J.R.Ellis, G.L. Fogli andE. Lisi, Phys.Lett. B 343(1995)282.

[16] G. Altarelli, F. Caravaglios, G. F. Giudice, P. Gambinoand G. Ridol, JHEP 0106 (2001) 018
[arXiv:hep-ph/010602P

[17] For arecentreferencesee:K. Lane,Two lectureson technicolor, arXiv:hep-ph/020255.
[18] B. Holdom,Phys.Rev. D 24(1981)1441.

[19] LEP ElectroveakWorking Group,
http://lepew wg. web. cern .ch /LEP EWW®/elcom e.ht ml.

[20] LEP HiggsWorking Groupfor HiggsbosonsearchesQPAL Collaboration ALEPH Collaboration,
DELPHI CollaboratiorandL3 Collaboration Seach for the Standad ModelHiggsBosonat LEP,
ALEPH-2001-066,DELPHI-2001-113,CERN-L3-NOTE-2699, OPAL-PN-479, LHWG-NOTE-
2001-03,CERN-EP/2001-055arXiv:hep-&/0107029 Seachesfor the neutral Higgs bosonsof
the MSSM: Preliminary combinedresultsusing LEP data collectedat enegies up to 209 GeV,
LHWG-NOTE-2001-04 ALEPH-2001-057DELPHI-2001-114] 3-NOTE-2700,0PAL-TN-699,
arXiv:hep-e/0107030

[21] J.Erler, Phys.Rev. D 63(2001)071301[arXiv:hep-ph/0010%3].

[22] J.R.Ellis andD. Ross Phys.Lett. B 506(2001)331[arXiv:hep-ph/001206]¢

[23] For areview, see:T. HambyeandK. RiesselmanrarXiv:hep-ph/970846.

[24] G.lIsidori, G. Ridol andA. Strumia,Nucl. Phys.B 609(2001)387 [arXiv:hep-ph/010401p6
[25] S.R.ColemanandJ.Mandula,Phys.Rev. 159(1967)1251.

[26] Y. A. GolfandandE. P. Likhtman,JETPLett. 13 (1971)323[Pismazh. Eksp.Teor. Fiz. 13(1971)
452].



[27] A. NeveuandJ.H. SchwarzNucl. Phys.B 31(1971)86.

[28] P RamondPhys.Rev. D 3 (1971)2415.

[29] D. V. Volkov andV. P. Akulov, Phys.Lett. B 46 (1973)109.

[30] J.WessandB. Zumino,Phys.Lett. B 49(1974)52; Nucl. Phys.B 70 (1974)39.
[31] J.WessandB. Zumino,Nucl. Phys.B 78(1974)1.

[32] S. Ferrara,J. WessandB. Zumino, Phys.Lett. B 51 (1974) 239; S. Ferrara,J. lliopoulos and
B. Zumino,Nucl. Phys.B 77 (1974)413.

[33] P. Fayet,asreviewedin Supersymmetryarticle PhysicsAnd Gravitation, CERN-TH-2864 pub-
lishedin Proc. of EurophysicsStudyConf on Uni cation of Fundamentalnteractions Erice, Italy,
Mar 17-24,1980,eds.S. FerraraJ. Ellis, P. van Nieuwenhuizer{PlenumPress;1980).

[34] D. Z. FreedmanP. vanNieuwenhuizerandS. FerraraPhys.Rev. D 13(1976)3214;S. Deserand
B. Zumino,Phys.Lett. B 62 (1976)335.

[35] S.W. Hawking, Is TheEndIn SightFor Theoetical Physics?Phys.Bull. 32(1981)15.
[36] R.Haag,J.T. LopuszanskandM. SohniusNucl. Phys.B 88 (1975)257.
[37] F. lachello,Phys.Rev. Lett. 44 (1980)772.

[38] Y. Okada,M. YamaguchiandT. YanagidaProg.Theor Phys.85(1991)1; J. R. Ellis, G. Ridol
andF. Zwirner, Phys.Lett. B 257 (1991)83; H. E. HaberandR. Hemp ing, Phys.Rev. Lett. 66
(1991)1815.

[39] For anearlyreview, see:P. FayetandS. FerraraPhys.Rept.32(1977)249;seealso: H. P. Nilles,
Phys.Rept.110(1984)1; H. E. HaberandG. L. Kane,Phys.Rept.117(1985)75.

[40] I. Antoniadis,Lecturesatthisschool;for arecentphenomenologicakview, see:l. Antoniadisand
K. Benakli,Int. J.Mod. Phys.A 15 (2000)4237[arXiv:hep-ph/000728].

[41] B. A. Campbell S.Davidson,J.R.Ellis andK. A. Olive,Phys.Lett. B 256(1991)457;W. Fischler
G. F. Giudice,R. G. LeighandS. PabanPhys.Lett. B 258(1991)45.

[42] S.DimopoulosandH. Geogi, Nucl. Phys.B 193(1981)150;N. Sakai,Z. Phys.C 11(1981)153.
[43] P. FayetandJ.lliopoulos,Phys.Lett. B 51(1974)461.

[44] M. Dine,N. Seibeg andE. Witten, Nucl. Phys.B 289(1987)589.

[45] L. O'RaifeartaighNucl. Phys.B 96 (1975)331;P. Fayet,Phys.Lett. B 58 (1975)67.

[46] J.Poloryi, HungaryCentrallnst. Res.preprintkK FKI-77-93 (1977).

[47] E.CremmerB. Julia,J. Scherk,S.Ferraral. GirardelloandP. vanNieuwenhuizenNucl. Phys.B
147(1979)105.

[48] R. Barbieri, S. Ferraraand C. A. Savoy, Phys.Lett. B 119 (1982) 343; A. H. Chamseddine,
R. Arnowitt andP. Nath,Phys.Rev. Lett. 49(1982)970.

[49] E.CremmerS.FerraraC. KounnasandD. V. NanopoulosPhys.Lett. B 133(1983)61; J.R. Ellis,
A. B. LahanasD. V. Nanopoulosand K. Tamvakis, Phys.Lett. B 134 (1984) 429; J. R. Ellis,
C. KounnasandD. V. NanopoulosNucl. Phys.B 241(1984)406.



[50] E.Witten, Phys.Lett. B 155(1985)151.

[51] J.R.Ellis andD. V. NanopoulosPhys.Lett. B 110(1982)44; R. BarbieriandR. Gatto,Phys.Lett.
B 110(1982)211.

[52] K. Inoue,A. Kakuto,H. KomatsuandS.TakeshitaProg.Theor Phys.68(1982)927[Erratum-ibid.
70(1982)330]; L.E. IbafiezandG.G.Ross Phys.Lett. B 110(1982)215;L.E. Ibahez,Phys.Lett.
B 118(1982)73;J.Ellis, D.V. NanopoulosandK. Tamvakis,Phys.Lett. B 121(1983)123;J.Ellis,
J.Hagelin,D.V. NanopoulosandK. Tamwakis, Phys.Lett. B 125(1983)275; L. Alvarez-Gaurg,
J.Polchinski,andM. Wise,Nucl. Phys.B 221(1983)495.

[53] S.L. Glashawv, J.lliopoulosandL. Maiani, Phys.Rev. D 2 (1970)1285.
[54] J.R.Ellis andS.Rudaz Phys.Lett. B 128(1983)248.

[55] J. R. Ellis, T. Falk, G. Ganis, K. A. Olive and M. Schmitt, Phys.Rev. D 58 (1998) 095002
[arXiv:hep-ph/980144p

[56] J.Ellis, J.S.Hagelin,D.V. NanopoulosK.A. Olive and M. Srednicki,Nucl. Phys.B 238 (1984)
453;seealsoH. Goldbeg, Phys.Rev. Lett. 50(1983)1419.

[57] H. Goldbeg, Phys.Rev. Lett. 50(1983)1419.

[58] S.Heinemger, W. Hollik andG. Weiglein, Comput.Phys.Commun.124, 76 (2000)[arXiv:hep-
ph/981232(; S.Heinemger, W. Hollik andG. Weiglein, Eur. Phys.J.C 9 (1999)343[arXiv:hep-
ph/9812472

[59] JointLEP 2 SupersymmetryVorking Group,Combined_EP Chargino Resultsupto 208GeV,
http://lepsu sy. web. cern .ch /lep susy /www/in 0s_moriond01/
charginos _pub.html

[60] JointLEP 2 SupersymmetryVorking Group,Combined_EP Selecton/Smuon/iu Results 183-
208GeV,
http://aleph wwweer n.ch /g anis /SUSYWGSLE P/sl ept ons _2k01.html

[61] J. R. Ellis, T. Falk, G. Ganis, K. A. Olive and M. Srednicki, Phys. Lett. B 510 (2001) 236
[arXiv:hep-ph/010209B

[62] M.S.Alametal.,[CLEO Collaboration]Phys.Rev. Lett. 74(1995)2885asupdatedn S.Ahmedet
al., CLEO CONF99-10;BELLE CollaborationBELLE-CONF-0003 contributionto the 30th In-
ternationakonferencen High-Enegy Physics Osaka2000.SeealsoK. Abeetal., [Belle Collab-
oration],[arXiv:hep-&/0107069; L. Lista[BaBarCollaboration][arXiv:hep-e/0110010; C. De-
grassi,P GambinocandG. F. Giudice,JHEP0012(2000)009][arXiv:hep-ph/000933]; M. Carena,
D. Garcia,U. NiersteandC. E. Wagner Phys.Lett. B 499(2001)141 [arXiv:hep-ph/001008].

[63] M. CarenaJ.R. Ellis, A. Pilaftsisand C. E. Wagner Nucl. Phys.B 586 (2000) 92 [arXiv:hep-
ph/000318(, Phys.Lett. B 495(2000)155[arXiv:hep-ph/000922]; andreferencesherein.

[64] J.R.Ellis, G. Ganis,D. V. NanopoulosandK. A. Olive,Phys.Lett. B 502(2001)171[arXiv:hep-
ph/000935%.

[65] H. N. Brown et al. [Muon g-2 Collaboration], Phys. Rev. Lett. 86, 2227 (2001) [arXiv:hep-
ex/0102017.



[66] M. KnechtandA. Nyffeler, arXiv:hep-ph/011188; M. Knecht,A. Nyffeler, M. PerrottetandE. De
Rafael,arXiv:hep-ph/011189; M. Hayakava and T. Kinoshita, arXiv:hep-ph/0112102I. Blok-
land, A. CzarneckiandK. Melnikov, arXiv:hep-ph/0112117; J. Bijnens, E. PallanteandJ. Prades,
arXiv:hep-ph/0112255

[67] R. Alemary, M. Davier and A. Hocker Eur. Phys.J. C 2 (1998) 123 [arXiv:hep-ph/97032Q];
M. Davier andA. Hocker Phys.Lett. B 419(1998)419 [arXiv:hep-ph/971188]; M. Davier and
A. Hocker Phys.Lett. B 435(1998)427 [arXiv:hep-ph/980544Q]; S. Narison,Phys.Lett. B 513
(2001)53 [arXiv:hep-ph/010329]; J.F. De TroconizandF. J. Yndurain,arXiv:hep-ph/010602.

[68] L. L. Everett,G. L. Kane,S. Rigolin andL. Wang, Phys.Rev. Lett. 86, 3484 (2001) [arXiv:hep-
ph/010214% J. L. Fengand K. T. Matches, Phys. Rev. Lett. 86, 3480 (2001) [arXiv:hep-
ph/010214¢; E. A. Baltz and P. Gondolo, Phys. Rev. Lett. 86, 5004 (2001) [arXiv:hep-
ph/010214T. U. Chattopadhyayand P. Nath, Phys. Rev. Lett. 86, 5854 (2001) [arXiv:hep-
ph/010215T: S. Komine, T. Moroi andM. YamaguchiPhys.Lett. B 506, 93 (2001)[arXiv:hep-
ph/010220% J.Ellis, D. V. NanopoulosaandK. A. Olive, Phys.Lett. B 508 (2001)65 [arXiv:hep-
ph/010233); R. Arnowitt, B. Dutta, B. Hu and Y. Santoso,Phys. Lett. B 505 (2001) 177
[arXiv:hep-ph/0102344S. P. Martin andJ. D. Wells, Phys.Rev. D 64, 035003(2001)[arXiv:hep-
ph/010306T; H. Baer C. Balazs,J. Ferrandisand X. Tata, Phys.Rev. D 64, 035004 (2001)
[arXiv:hep-ph/010328D

[69] S.MizutaandM. YamaguchiPhys.Lett. B 298(1993)120[arXiv:hep-ph/92082%]; J. Edsjoand
P. Gondolo,Phys.Rev. D 56 (1997)1879[arXiv:hep-ph/970481].

[70] J.Ellis, T. Falk andK. A. Olive, Phys.Lett. B 444 (1998) 367 [arXiv:hep-ph/98136(Q; J. Ellis,
T. Falk, K. A. Olive andM. Srednicki,Astropart.Phys.13 (2000) 181 [arXiv:hep-ph/990548];
M. E. Gbmez,G. LazaridesandC. Pallis, Phys.Rev. D 61(2000)123512[arXiv:hep-ph/990261]
andPhys.Lett. B 487 (2000)313[arXiv:hep-ph/000402B R. Arnowitt, B. DuttaandY. Santoso,
Nucl. Phys.B 606(2001)59 [arXiv:hep-ph/010218].

[71] C.Boehm,A. DjouadiandM. Drees Phys.Rev. D 62 (2000)035012[arXiv:hep-ph/991146].
[72] J.Ellis, K.A. OliveandY. SantosoarXiv:hep-ph/011213

[73] M. DreesandM. M. Nojiri, Phys.Rev. D 47 (1993) 376 [arXiv:hep-ph/920234]; H. Baerand
M. Brhlik, Phys.Rev. D 53 (1996)597 [arXiv:hep-ph/95082]1] andPhys.Rev. D 57 (1998)567
[arXiv:hep-ph/970650P H. Baer M. Brhlik, M. A. Diaz, J. Ferrandis,P. MercadanteP. Quin-
tana and X. Tata, Phys. Rev. D 63 (2001) 015007 [arXiv:hep-ph/000502]7 A. B. Lahanas,
D. V. NanopoulosaandV. C. SpanosMod. Phys.Lett. A 16 (2001)1229[arXiv:hep-ph/000965].

[74] J.L. Feng K. T. Matcher andT. Moroi, Phys.Rev. Lett. 84, 2322(2000)[arXiv:hep-ph/990839;
J.L. Feng K. T. Matcher andT. Moroi, Phys.Rev. D 61, 075005(2000)[arXiv:hep-ph/990934];
J.L. Feng,K. T. Matcher andF. Wilczek, Phys.Lett. B 482 388(2000)[arXiv:hep-ph/00040413

[75] J.R.Ellis andK. A. Olive,Phys.Lett. B 514(2001)114[arXiv:hep-ph/010504].

[76] Forotherrecentcalculationssee for example:A. B. LahanasD. V. NanopoulosandV. C. Spanos,
Phys.Lett. B 518(2001)94 [arXiv:hep-ph/0107%1]; V. BagerandC. Kao,Phys.Lett. B 518 117
(2001)[arXiv:hep-ph/0106&9]; L. Roszkavski, R. Ruiz de Austri andT. Nihei, JHEP0108 024
(2001) [arXiv:hep-ph/010634]; A. Djouadi, M. DreesandJ. L. Kneur, JHEP0108 055 (2001)
[arXiv:hep-ph/010731p

[77] J.Ellis, K. Engvist,D. V. NanopoulosandF. Zwirner, Mod. Phys.Lett. A 1, 57 (1986);R. Barbieri
andG. F. Giudice,Nucl. Phys.B 306(1988)63.



[78] See,for example:l. Hinchliffe, F. E. Paige,M. D. Shapiro,J. SoderqgvisandW. Yao, Phys.Rev.
D 55(1997)5520; TESLA TechnicalDesignReport,DESY-01-011,Part lll, Physicsat ane e
Linear Collider (March2001).

[79] M. Battagliaetal., Eur. Phys.J.C 22 (2001)535[arXiv:hep-ph/010620¢

[80] ATLAS Collaboration, ATLAS detector and physics performance Technical Design Report
CERN/LHCC 99-14/15(1999); S. Abdullin et al. [CMS Collaboration],arXiv:hep-ph/980636;
S. Abdullin andF. CharlesNucl. Phys.B 547 (1999)60 [arXiv:hep-ph/981140R CMS Collabo-
ration, TechnicalProposal CERN/LHCC94-38(1994).

[81] M. Battagliaetal., in Proc. of the APS/DPF/DPBSummesStudyon the Future of Particle Physics
(Snowmas2001), eds.R. DavidsonandC. Quigg,arXiv:hep-ph/011203.

[82] S.Matsumotoetal. [JLC Group], JLC-1, KEK Report92-16(1992); J. Baggeret al. [American
Linear Collider Working Group], The Casefor a 500-GeVe" e Linear Collider, SLAC-PUB-
8495,BNL-67545,FERMILAB-PUB-00-152,LBNL-46299, UCRL-ID-139524,LBL-46299, Jul
2000, arXiv:hep-/0007022 T. Abe et al. [American Linear Collider Working Group Collab-
oration], Linear Collider PhysicsResouce Book for Snowmas<2001, SLAC-570, arXiv:hep-
ex/0106055 hep-e&/0106056 hep-e/0106057andhep-e/0106058 TESLA TechnicaDesignRe-
port, DESY-01-011,Partlll, Physicsatane* e Linear Collider (March2001).

[83] R.W. Assmanretal. [CLIC StudyTeam],A3-TeVe" e LinearCollider BasedonCLIC Technol-
ogy, ed.G. Guignard,CERN 2000-08;CLIC PhysicsStudyGroup,
http://clicp hysics. web. cer n.ch /CLI Cphysic s/ .

[84] NeutrinoFactoryandMuon Collider Collaboration,
http://www.c  ap. bnl. gov/ muna/ muhome_page.html ;
EuropearMuon Working Groups,
http://muons  tor ager ings .ce rn.c h/Welco me.html .

[85] G.A. Blair, W. PorodandP. M. Zerwas Phys.Rev. D63 (2001)017703[arXiv:hep-ph/000107.
[86] J.Ellis, J.L. Feng,A. Ferstl,K. T. Matcher andK. A. Olive,arXiv:astro-ph/011025.

[87] CDMS CollaborationR. W. Schneeetal., Phys.Rept.307, 283(1998).

[88] CRESSTCollaborationM. Bravin etal., Astropart.Phys.12, 107 (1999)[arXiv:hep-/9904003.
[89] H. V. KlapdorKleingrothausarXiv:hep-ph/0104082.

[90] DAMA CollaborationR. Bernabeietal., Phys.Lett. B 436(1998)379.

[91] G. Jungman, M. Kamionkownski and K. Griest, Phys. Rept. 267, 195 (1996) [arXiv:hep-
ph/950638(; http://t8web.| anl. gov/ people/ jung man/neu t-pa ckage.h tml .

[92] H. MurayamaandA. Pierce arXiv:hep-ph/010814.
[93] J.R.Ellis, J.S.Hagelin,S.Kelley andD. V. NanopoulosNucl. Phys.B 311(1988)1.

[94] C. K. Jung, arXiv:hep-&/0005046 Y. Suzukiet al. [TITAND Working Group Collaboration],
arXiv:hep-e/0110005



