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Abstract
Theselecturesprovide a phenomenologicalintroductionto supersymmetry,
concentratingontheminimalsupersymmetricextensionof theStandardModel
(MSSM). In the�rst lecture,motivationsareprovidedfor thinking thatsuper-
symmetrymightappearat theTeV scale,includingthenaturalnessof themass
hierarchy, gaugeuni�cation andtheprobablemassof theHiggsboson.In the
secondlecture,simpleglobally supersymmetric�eld theoriesareintroduced,
with the emphasison featuresimportantfor model-building. Supersymmetry
breakingandlocal supersymmetry(supergravity) are introducedin the third
lecture,andthestructureof sparticlemassmatricesandmixing arereviewed.
Finally, the available experimentaland cosmologicalconstraints on MSSM
parametersarediscussedandcombinedin thefourth lecture,andtheprospects
for discoveringsupersymmetryin futureexperimentsarepreviewed.

1. GETTING MOTIVATED

1.1 Defectsof the Standard Model

TheStandardModel agreeswith all con�rmed experimentaldatafrom accelerators,but is theoretically
very unsatisfactory. It doesnot explain the particlequantumnumbers,suchas the electriccharge Q,
weakisospinI , hyperchargeY andcolour, andcontainsat least19 arbitraryparameters.Theseinclude
threeindependentgaugecouplingsanda possibleCP-violatingstrong-interactionparameter, six quark
andthreecharged-leptonmasses,threegeneralizedCabibboweakmixing anglesandtheCP-violating
Kobayashi-Maskawaphase,aswell astwo independentmassesfor weakbosons.

As if 19 parameterswereinsuf�cient to appallyou, at leastninemoreparametersmustbe intro-
ducedto accommodateneutrinooscillations:threeneutrinomasses,threerealmixing angles,andthree
CP-violatingphases,of which oneis in principleobservablein neutrino-oscillationexperimentsandthe
other two in neutrinolessdouble-betadecayexperiments.Even moreparameterswould be neededto
generateneutrinomassesin a credibleway, associatedwith a heavy-neutrinosectorand/oradditional
Higgsparticles.

Eventually, onewould like to includegravity in a uni�ed theoryalongwith theotherparticlein-
teractions,which involvesintroducingat leasttwo moreparameters,Newton'sconstantGN = 1=m2

P :
mP � 1019 GeV thatcharacterizesthestrengthof gravitational interactions,andthecosmologicalcon-
stant� or sometime-varying form of vacuumenergy asseemsto be requiredby recentcosmological
data. A completetheoryof cosmologywill presumablyalsoneedparametersto characterizethe early
in�ation of the Universeandto generateits baryonasymmetry, which cannotbe explainedwithin the
StandardModel.

The Big Issuesin physicsbeyond theStandardModel areconvenientlygroupedinto threecate-
gories[1]. Theseincludetheproblemof Uni�cation : is therea simplegroupframework for unifying all
theparticleinteractions,a so-calledGrandUni�ed Theory(GUT), Flavour: why aretheresomany dif-
ferenttypesof quarksandleptonsandwhy dotheir weakinteractionsmix in thepeculiarwayobserved,
andMass: what is the origin of particlemasses,are they due to a Higgs boson,why are the masses
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sosmall? Solutionsto all theseproblemsshouldeventuallybe incorporatedin a Theoryof Everything
(TOE)thatalsoincludesgravity, reconcilesit with quantummechanics,explainstheorigin of space-time
andwhy it hasfour dimensions,etc. Stringtheory, perhapsin its currentincarnationof M theory, is the
best(only?) candidatewehave for sucha TOE[2], but wedo notyet understandit well enoughto make
clearexperimentalpredictions.

Supersymmetryis thoughtto play a rôle in solvingmany of theseproblemsbeyondtheStandard
Model. As discussedlater, GUT predictionsfor the uni�cation of gaugecouplingswork bestif the
effectsof relatively light supersymmetricparticlesareincluded[3]. Also, thehierarchyof massscales
in physics,andparticularlythefact thatmW � mP , appearsto requirerelatively light supersymmetric
particles: M <� 1 TeV for its stabilization[4]. Finally, supersymmetryseemsto be essentialfor the
consistency of string theory[5], althoughthis argumentdoesnot really restrictthemassscaleat which
supersymmetricparticlesshouldappear.

Thusthereareplentyof goodreasonsto studysupersymmetry, andwe returnlater to examinein
moredetailthemotivationsprovidedby uni�cation andthemasshierarchyproblem.

1.2 The ElectroweakVacuum

Generatingparticlemasseswithin the StandardModel requiresbreakingits gaugesymmetry, andthe
only consistentway to do this is by breakingthesymmetryof theelectroweakvacuum:

mW;Z 6= 0 $ < 0jX I ;I 3 j0 > 6= 0 (1)

wherethesymbolsI ; I 3 denotetheweakisospinquantumnumbersof whateverobjectX hasanon-zero
vacuumexpectationvalue.Thereareacoupleof goodreasonsto think thatX musthave(predominantly)
isospinI = 1=2. Oneis theratioof theW andZ bosonmasses[6]:

� �
m2

W

m2
Z cos2 � W

' 1; (2)

andtheotherreasonis to providenon-zerofermionmasses.Sinceleft-handedfermionsf L haveI = 1=2,
right-handedfermionsf R have I = 0 andfermionmasstermscouplethemtogether:mf �f L f R , wemust
breakisospinsymmetryby 1/2 aunit:

mf 6= 0 $ < 0jX 1=2;� 1=2j0 > 6= 0: (3)

Thenext questionis, whatis thenatureof X ? Is it elementaryor composite?In theinitial formu-
lationof theStandardModel, it wasassumedthatX shouldbeanelementaryHiggs-Brout-Englert[7, 8]
�eld H : < 0jH 0j0 > 6= 0, whichwouldhaveaphysicalexcitationthatmanifesteditself asaneutralscalar
Higgsboson[7]. However, asdiscussedin moredetaillater, anelementaryHiggs�eld hasproblemswith
quantum(loop)corrections.Thosedueto StandardModelparticlesarequadraticallydivergent,resulting
in a large cutoff-dependentcontribution to the physicalmassesof the Higgs boson,W; Z bosonsand
otherparticles:

� m2
H ' O(

�
�

)� 2; (4)

where� representsthescaleatwhich new physicsappears.

Thesensitivity (4) disturbstheorists,andoneof thesuggestionsto avoid it wasto postulatereplac-
ing an elementaryHiggs-Brout-Englert�eld H by a composite�eld suchasa condensateof fermions:
< 0j �F F j0 > 6= 0. This possibility wasmademoreappealingby the fact that fermion condensatesare
well knownin solid-statephysics,whereCooperpairsof electronsareresponsiblefor conventionalsuper-
conductivity, andin strong-interactionphysics,wherequarkscondensein thevacuum:< 0j �qqj0 > 6= 0.

In orderto breaktheelectroweaksymmetryatalargeenoughscale,fermionswith new interactions
that becomestrongat a higher massscalewould be required. One suggestionwas that the Yukawa



interactionsof the top quarkmight be strongenoughto condensethem: < 0j�tt j0 > 6= 0 [9], but this
wouldhaverequiredthetopquarktoweighmorethan200GeV, in simplemodels.Alternatively, theorists
proposedtheexistenceof new fermionsheldtogetherby completelynew interactionsthatbecamestrong
ata scale� 1 TeV, commonlycalledTechnicolourmodels[10].

Speci�cally, thetechnicolourconceptwasto clonetheQCDquark-antiquarkcondensate

< 0j �qL qR j0 > � � 3
QC D : � QC D � 1GeV; (5)

onamuchlargerscale,postulatingacondensateof new massivefermions< 0j �QL QR j0 > � � 3
T C where

� T C � 1 TeV. Assigningthe techniquarksto the sameweakrepresentationsasconventionalquarks,
I L = 1=2; I R = 0, the technicondensatebreakselectroweak symmetryin just the way requiredto
reproducetherelation(2). JustasQCDwith two massless�a vourswouldhave threemasslesspionsand
a massive scalarmeson,this simplestversionof technicolourwould predictthreemasslesstechnipions
thatareeatenby theW � andZ 0 to providetheirmassesvia theHiggs-Brout-Englertmechanism,leaving
over a singlephysicalscalarstateweighingabout1 TeV, thatwould behave in somewayslike a heavy
Higgsboson.

Unfortunately, this simpletechnicolourpicturemustbe complicated,in order to canceltriangle
anomaliesandto give massesto fermions[11], sotheminimal defaultoptionhasbecomea modelwith
a singletechnigeneration:

�
�
`

� �
u
d

�

1;2;3
� !

�
N
L

�

1;:::;N T C

�
U
D

�

1;:::;N T C ;1;2;3
(6)

Onemaythenstudymodelswith differentnumbersNT C of technicolours,andalsodifferentnumbersof
techni�avoursNT F if onewishes.The single-technigenerationmodel(6) above hasNT F = 4, corre-
spondingto thetechnileptondoublet(N ; L ) andthethreecolouredtechniquarkdoublets(U; D )1;2;3.

Theabsenceof any light technipionsis alreadyaproblemfor this scenario[12], asis theobserved
suppressionof �a vour-changingneutralinteractions[13]. Anotherconstraintis provided by precision
electroweakdata,which limit the possiblemagnitudesof one-loopradiative correctionsdueto virtual
techniparticles.Thesemay convenientlybe parameterizedin termsof threecombinationsof vacuum
polarizations:for example[14]

T �
� 1

�
�

� �
�

; (7)

where

� � =
� Z Z (0)

m2
Z

�
� W W (0)

m2
W

� 2 tan � W
� 
 Z (0)

m2
Z

; (8)

leadingto thefollowing approximateexpression:

T =
3

16� sin2 � W cos2 � W
(

m2
t

m2
Z

) �
3

16� cos2 � W
ln(

m2
H

m2
Z

) + : : : (9)

Thereareanalogousexpressionsfor theothertwo combinationsof vacuumpolarizations:

S �
4sin2 � W

�
� 3 =

1
12�

ln(
m2

H

m2
Z

) + : : : (10)

U � �
4sin2 � W

�
� 2 (11)

Theelectroweakdatamaythenbeusedto constrain� 1;2;3 (or, equivalently, S;T; U), andtherebyexten-
sionsof theStandardModel with thesameSU(2) � U(1) gaugegroupandextra matterparticlesthat
do not have importantother interactionswith ordinarymatter. This approachdoesnot includevertex
corrections,sothemostimportantone,thatfor Z 0 ! �bb, is treatedby introducinganotherparameter� b.



Fig. 1: Therangesof thevacuum-polarizationparameters� 1;2;3;b allowedby theprecisionelectroweakdata[16] arecompared

with thepredictionsof theStandardModel,asfunctionsof themassesof thet quarkandtheHiggsboson.

Thissimpleparameterizationis perfectlysuf�cient to providebig headachesfor thesimpletechni-
colourmodelsdescribedabove. Fig. 1 comparesthevaluesof theparameters� i extractedfrom the�nal
LEP datawith the valuescalculatedin theStandardModel for mt within the rangemeasuredby CDF
andD0, andfor 113 GeV < mH < 1 TeV. We seethat the agreementis quite good,which doesnot
leave muchroom for new physicsbeyond the StandardModel to contributeto the � i . Fig. 2 compares
thesemeasuredvaluesalsowith thepredictionsof thesimplestone-generationtechnicolourmodel,with
NT C = 2 andotherassumptionsdescribedin [15].

Weseethatthedataseemto disagreequitestronglywith thesetechnicolourpredictions.Doesthis
meanthat technicolouris dead?Not quite [17], but it hasmotivatedtechnicolourenthusiaststo pursue
epicyclic variationson the original idea,suchaswalking technicolour[18], in which the technicolour
dynamicsis not scaledupfrom QCD in suchanaiveway.

1.3 It Quackslike Supersymmetry

Electroweakradiativecorrectionsmaybebadnewsfor technicolourmodels,but they doseemto provide
hintsfor supersymmetry, aswe now discuss.

Fig. 3 summarizestheindirect informationaboutthepossiblemassof theStandardModel Higgs
bosonprovidedby �ts to theprecisionelectroweakdata,including thebestavailableestimatesof lead-
ing multi-loop effects,etc. Dependingon the estimateof the hadroniccontributionsto � em(mZ ) that
oneuses,the preferredvalueof mH is around100 GeV [19]. Including all the availableelectroweak
dataexceptthemostrecentNuTeV resulton deep-inelastic� scattering,andtaking thevalue� � had =
0:02747� 0:00012for thehadroniccontributionto theeffectivevalueof � em(mZ ), one�nds [19]

mH = 98+53
� 36 GeV: (12)

Also shown in Fig. 3 is thelower limit mH > 114:1 GeV providedby directsearchesat LEP [20]. We
seethat the most likely valueof mH is 115 GeV, a point madegraphicallyin Fig. 4, whereprecision
electroweak dataare combinedwith the lower limit coming from direct experimentalsearches[21].
Valuesof the Higgs massup to 199 GeV areallowed at the 99 % con�dencelevel, so any assertion
thatLEP hasexcludedthemajority of therangeallowedby theprecisionelectroweak�t is grotesquely



Fig.2: Two-dimensionalprojectionscomparingtheallowedrangesof the� i shownin Fig.1 with thepredictionsof theStandard

Model (hatchedregions)anda minimal one-generationtechnicolormodel(chicken-poxregions)[15].

premature.On the other hand,any resemblancebetweenthe most likely valueand the massmH �
115GeVhintedby directsearchesduringthedying daysof LEP is surelycoincidental(?).

If mH is indeedaslow asabout115GeV, this wouldbeprimafacieevidencefor physicsbeyond
theStandardModelatarelatively low energy scale[22], asseenin Fig.5. If mH is largerthanthecentral
rangemarkedin Fig. 5 [23], the large Higgs self-couplingin the renormalization-grouprunningof the
effectiveHiggspotentialcausesit to blow upatsomescalebelow thecorrespondingscaleof � markedon
thehorizontalaxis. Conversely, if mH is below thecentralband,thelargerHiggs-topYukawa coupling
overwhelmsthe relatively small Higgs self-coupling,driving the effective Higgs potentialnegative at
somescalebelow thecorrespondingvalueof � . As a result,our presentelectroweakvacuumwould be
unstable,or at leastmetastablewith a lifetime thatmight belongerthantheageof theUniverse[24]. In
thespecialcasemH � 115GeV, thispotentialdisastercouldbeavertedonly by postulatingnew physics
atsomescale� <� 106 GeV.

Thisnew physicsshouldbebosonic[22], in orderto counteractthenegativeeffectof thefermionic
top quark. Let us considerintroducingN I isomultipletsof bosons� with isospinI , coupledto the
conventionalHiggsbosonby

� 22jH j2j� j2: (13)

It turnsout [22] thatthecoupledrenormalization-groupequationsfor theH ; � systemareverysensitive
to thechosenvalueof � 22 in (13). As seenin Fig. 6, if thecoupling

M 2
0 � � 22 < 0jH j0 > 2 (14)

is too large, the effective Higgs potentialblows up, but it collapsesif M 2
0 is too small, andthe typical

amountof �ne-tuning requiredis 1 in 103! Radiative correctionsmay easilyupsetthis �ne-tuning, as
seenin Fig.7. The�ne-tuning is maintainednaturallyin asupersymmetrictheory, but is destroyedif one
hastop quarksandtheir supersymmetricpartners~t, but not thesupersymmetricpartners~H of theHiggs
bosons.

If thenew physicsbelow 106 GeVis notsupersymmetry, it mustquackverymuchlike it!
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Fig. 5: Rangeof mH allowed in the StandardModel if it is to remainvalid up to a scale� [23]. WhenmH is too large,

renormalizationof theHiggsself-couplingcausesit to blow upatsomescalebelow � . WhenmH is toosmall,renormalization

of theeffective Higgspotentialby thet-quarkYukawa couplingdrivesit negative, renderingthepresentelectroweakvacuum

unstable.
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1.4 Why Supersymmetry?

The main theoreticalreasonto expectsupersymmetryat an accessibleenergy scaleis provided by the
hierarchy problem[4]: why is mW � mP , or equivalentlywhy is GF � 1=m2

W � GN = 1=m2
P ?

Anotherequivalentquestionis why theCoulombpotentialin anatomis somuchgreaterthantheNewton
potential:e2 � GN m2 = m2=m2

P , wherem is a typicalparticlemass?

Your �rst thoughtmight simply be to setmP � mW by hand,and forget aboutthe problem.
Life is not so simple,because,asalreadymentioned,quantumcorrectionsto mH andhencemW are
quadraticallydivergentin theStandardModel:

� m2
H ;W ' O(

�
�

)� 2; (15)

which is � m2
W if the cutoff � , which representsthe scalewherenew physicsbeyond the Standard

Model appears,is comparableto theGUT or Planckscale.For example,if theStandardModel wereto
hold unscathedall theway up thePlanckmassmP � 1019 GeV, theradiativecorrection(15) would be
36 ordersof magnitudegreaterthanthephysicalvaluesof m2

H ;W !

In principle,this is not a problemfrom themathematicalpoint of view of renormalizationtheory.
All onehasto do is postulatea tree-level valueof m2

H that is (very nearly)equalandoppositeto the
`correction'(15), andthecorrectphysicalvaluemaybeobtained.However, this strikesmany physicists
asratherunnatural:they wouldprefera mechanismthatkeepsthe`correction'(15) comparableat most
to thephysicalvalue.

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

� m2
H ;W ' O(

�
�

)(m2
B � m2

F ); (16)

which is <� m2
H ;W andhencenaturallysmall if the supersymmetricpartnerbosonsB andfermionsF

have similarmasses:
jm2

B � m2
F j <� 1 TeV2: (17)



This is thebestmotivationwe have for �nding supersymmetryat relatively low energies[4].

In additionto this �rst supersymmetricmiracleof removing (16) the quadraticdivergence(15),
many logarithmicdivergencesarealsoabsentin a supersymmetrictheory. This is the underlyingrea-
sonwhy supersymmetrysolvesthe �ne-tuning problemof the effective Higgs potentialwhenmH �
115 GeV, asadvertisedin the previous section. Note that this argumentis logically distinct from the
absenceof quadraticdivergencesin a supersymmetrictheory.

Many otherargumentsfor supersymmetrywereproposedbeforethis hierarchy/naturalnessargu-
ment. Someof themremainvalid, but noneof them�x ed the scaleat which supersymmetryshould
appear.

Back in the 1960's, therewere many attemptsto combineinternal symmetriessuchas �a vour
SU(2) or SU(3) with external Lorentz symmetries,in groupssuchasSU(6) and ~U(12). However,
it wasshown in 1967 by ColemanandMandula[25] that no non-trivial combinationof internaland
external symmetriescould be achived using just bosoniccharges. The �rst non-trivial extensionof
the Poincaŕe algebrawith fermionicchargeswasmadeby GolfandandLikhtman in 1971[26], andin
the sameyear Neveu andSchwarz[27], andRamond[28], proposedtwo-dimensionalsupersymmet-
ric modelsin attemptsto makefermionic string theoriesthat could accommodatebaryons.Two years
later, the �rst interestingfour-dimensionalsupersymmetric�eld theorieswere written down. Volkov
andAkulov [29] wrote down a non-linearrealizationof supersymmetrywith a masslessfermion, that
they hopedto identify with theneutrino,but this identi�cation wassoonfoundnot to work, becausethe
low-energy interactionsof neutrinosdifferedfrom thosein thenon-linearsupersymmetricmodel.

Also in 1973,WessandZumino [30, 31] startedwriting down renormalizablefour-dimensional
supersymmetric�eld theories,with the objective of describingmesonsandbaryons.Soonafterwards,
togetherwith Iliopoulos andFerrara,they wereableto show that supersymmetric�eld theorieslacked
many of thequadraticandotherdivergencesfoundin conventional�eld theories[32], andsomethought
this wasan attractive feature,but thephysicalapplicationremainedobscurefor several years.Instead,
for sometime, phenomenologicalinterestin supersymmetrywasfocusedon thepossibilityof unifying
fermionsandbosons,for examplematterparticles(with spin 1=2) andforceparticles(with spin1), or
alternatively matterandHiggs particles,in the samesupermultiplets[33]. With thediscovery of local
supersymmetry, or supergravity, in 1976[34], this hopewasextendedto theuni�cation of thegraviton
with lower-spin particles. Indeed,for a shortwhile, the largestsupergravity theorywastoutedasthe
TOE: in thewordsof Hawking [35], `Is theendin sightfor theoreticalphysics?'.

Theseareall attractive ideas,andmany play rôlesin currenttheories,but I reiteratethat theonly
real motivation for expectingsupersymmetryat accessibleenergies<� 1 TeV is the naturalnessof the
masshierarchy[4].

1.5 What is Supersymmetry?

Thebasicideaof supersymmetryis theexistenceof fermionicchargesQ� thatrelatebosonsto fermions.
Recallthatall previoussymmetries,suchas�a vourSU(3) or electromagneticU(1), haveinvolvedscalar
chargesQ thatlink particleswith thesamespininto multiplets:

Q jSpinJ > = jSpinJ > : (18)

Indeed,asmentionedabove, ColemanandMandula[25] proved that it was`impossible'to mix inter-
nal andLorentzsymmetries:J1 $ J2. However, their `no-go' theoremassumedimplicitly that the
prospectivechargesshouldhave integerspins.

The basicelementin their `proof' was the observation that the only possibleconserved tensor
chargeswerethosewith no Lorentzindices,i.e., scalarcharges,andtheenergy-momentumvectorP� .
To seehow their `proof' worked,considertwo-to-two elasticscattering,1 + 2 ! 3 + 4, andimagine
that thereexists a conservedtwo-index tensorcharge, � �� . By Lorentzinvariance,its diagonalmatrix



elementsbetweensingle-particlestatesja > musttakethegeneralform:

< aj� �� ja > = �P (a)
� P (a)

� + � g�� ; (19)

where�; � arearbitraryreducedmatrixelements,andg�� is themetrictensor. For � �� to beconserved
in a two-to-twoscatteringprocess,onemusthave

P (1)
� P (1)

� + P (2)
� P (2)

� = P (3)
� P (3)

� + P (4)
� P (4)

� ; (20)

wherewe assumethat thesymmetryis local, so that two-particlematrix elementsof � �� play no rôle.

SinceLorentzinvariancealsorequiresP (1)
� + P (2)

� = P (3)
� + P (4)

� , theonly possibleoutcomesareP (1)
� =

P (3)
� or P (4)

� . Thus the only possibilitiesare completelyforward scatteringor completelybackward
scattering. This disagreeswith observation, and is in fact theoreticallyimpossiblein any local �eld
theory.

This rulesout any non-trivial two-index tensorcharge,andtheargumentcanclearlybeextended
to any higher-ranktensorwith moreLorentzindices. But whatabouta spinorialcharge Q� ? This can
have nodiagonalmatrixelement:

< ajQ� ja > 6= 0; (21)

andhencetheColeman-Mandulaargumentfails.

So what is the possibleform of a `supersymmetry'algebrathat includessuchspinorialcharges
Qi

�
1? SincethedifferentQi aresupposedto generatesymmetries,they mustcommutewith theHamil-

tonian:
[Qi ; H ] = 0 : i = 1; 2; ; N : (22)

Soalsomusttheanticommutatorof two spinorialcharges:

[f Qi ; Qj g; H ] = 0 : i; j = 1; 2; ; N: (23)

However, the partof the anticommutatorf Qi ; Qj g that is symmetricin the internalindicesi; j cannot
havespin0. Instead,aswediscussedjustabove,theonly possiblenon-zerospinchoiceis J = 1, sothat

f Qi ; Qj g / � ij P� + : : : : i; j = 1; 2; ; N : (24)

In fact,aswasprovedby Haag,LopuszanskiandSohnius[36], theonly allowedpossibilityis

f Qi ; Qj g = 2� ij 
 � P� C+ : : : : i; j = 1; 2; ; N; (25)

whereC is the charge-conjugationmatrix discussedin moredetail in Lecture2, andthe dotsdenotea
possiblè centralcharge' thatis antisymmetricin theindicesi; j , andhencecanonly appearwhenN > 1.

Accordingto a basicprinciple of Swisslaw, anything not illegal is compulsory, so thereMUST
exist physicalrealizationsof thesupersymmetryalgebra(25). Indeed,non-trivial realizationsof thenon-
relativistic analogueof (25) areknown from nuclearphysics[37], atomicphysicsandcondensed-matter
physics.However, noneof theseis thoughtto befundamental.

In therelativistic limit, supermultipletsconsistof masslessparticleswith spinsdifferingby half a
unit. In thecaseof simpleN = 1 supersymmetry, thebasicbuilding blocksarechiral supermultiplets:

� 1
2
0

�
e:g:;

�
` (lepton)
~̀(slepton)

�
or

�
q (quark)
~q (squark)

�
(26)

gaugesupermultiplets:
1In what follows, I shallsuppressthespinorialsubscript� whenever it is not essential.Thesuperscriptsi; j; :::; N denote

differentsupersymmetrycharges.



�
1
1
2

�
e:g:;

�

 (photon)
~
 (photino)

�
or

�
g (gluon)
~g (gluino)

�
(27)

andthegravitonsupermultipletconsistingof thespin-2graviton andthespin-3=2 gravitino.

Couldany of theknownparticlesin theStandardModelbelinkedtogetherin supermultiplets?Un-
fortunately, noneof theknownfermionsq; ` canbepairedwith any of theknownbosons
 ; W � Z 0; g; H ,
becausetheir internalquantumnumbersdo notmatch[33]. For example,quarksq sit in triplet represen-
tationsof colour, whereastheknown bosonsareeithersingletsor octetsof colour. Thenagain,leptons
` have non-zeroleptonnumberL = 1, whereastheknown bosonshave L = 0. Thus,theonly possibil-
ity seemsto beto introducenew supersymmetricpartners(spartners)for all theknown particles:quark
! squark,lepton ! slepton,photon! photino,Z ! Zino, W ! Wino, gluon ! gluino, Higgs !
Higgsino,assuggestedin (26, 27) above.

Thebestthatonecansayfor supersymmetryis that it economizesonprinciple,noton particles!

1.6 (S)ExperimentalHints

By now, you maybewonderingwhetherit makessenseto introducesomany new particlesjust to deal
with apaltry little hierarchyor naturalnessproblem.But, asthey usedto sayduringtheFirstWorld War,
`if you know a betterhole, go to it.' As we learntabove, technicolourno longerseemsto be a viable
hole,andI amnotconvincedthattheorieswith largeextradimensionsreallysolvethehierarchyproblem,
ratherthanjust rewrite it. Fortunately, therearetwo hintsfrom thehigh-precisionelectroweakdatathat
supersymmetrymaynot besuchabadhole,afterall.

Oneis the fact, alreadyadvertised,that thereprobablyexists a Higgs bosonweighinglessthan
about200 GeV [19]. This is perfectly consistentwith calculationsin the minimal supersymmetric
extensionof the StandardModel (MSSM), in which the lightestHiggs bosonweighslessthan about
130GeV[38], aswe discussin moredetailin Lecture3.

The other hint is provided by the strengthsof the differentgaugeinteractions,as measuredat
LEP [3]. Thesemayberun up to high energy scalesusingthe renormalization-groupequations,to see
whetherthey unify aspredictedin a GUT. The answeris no, if supersymmetryis not includedin the
calculations.In thatcase,GUTswouldrequire

sin2 � W = 0:214� 0:004; (28)

whereastheexperimentalvalueof theeffectiveneutralweakmixing parameterattheZ 0 peakis sin2 � =
0:23149� 0:00017[19]. On theotherhand,minimal supersymmetricGUTspredict

sin2 � W � 0:232; (29)

wherethe error dependson the assumedsparticlemasses,the preferredvaluebeingaround1 TeV, as
suggestedcompletelyindependentlyby thenaturalnessof theelectroweakmasshierarchy. Thisargument
is alsodiscussedin moredetail in 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 that it is possibleto
introduceprojectionoperators

PL;R �
1
2

(1 � 
 5); (30)



where
 5 � i
 0
 1
 2
 3, andthe
 � canbewritten in theforms


 � =
�

0 � �

�� � 0

�

; (31)

where� � � (1; � i ), �� � � (1; � � i ). Then
 5 canbewritten in theform diag(� 1; 1), where� 1; 1 denote
2 � 2 matrices.Next,weintroducethecorrespondingleft- andright-handedspinors

 L;R � PL;R  ; (32)

in termsof whichonemaydecomposethefour-componentspinorinto apairof two-componentspinors:

 =
�

 L

 R

�

: (33)

Thesewill serve asourbasicfermionicbuilding blocks.

Antifermionscanberepresentedby adjointspinors

� �  y
 0 = ( � R ; � L ) (34)

wherethe
 0 factorhasinterchangedtheleft- andright-handedcomponents L;R . We cannow decom-
posein termsof thesetheconventionalfermionkinetic term

� 
 � @�  = � L 
 � @�  L + � R 
 � @�  R (35)

andtheconventionalmassterm
�  = � R  L + � L  R : (36)

We seethat the kinetic term keepsseparatethe left- andright-handedspinors,whereasthe massterm
mixesthem.

Thenext stepis to introducethecharge-conjugationoperatorC, whichchangestheoverall signof
thevectorcurrent � 
 �  . It transformsspinorsinto their conjugates:

 c � C � T = C( y
 0)T =
� � R

� L

�

; (37)

andoperatesasfollowsonthe
 matrices:

C� 1
 � C = � 
 �T : (38)

A convenientrepresentationof Cis:
C = i
 0
 2: (39)

It is apparentfrom theabove thattheconjugateof a left-handedspinoris right-handed:

( L )c =
�

0
� L

�
; (40)

sothatthecombination
� c

L  L =  L � 2 L (41)

mixesleft- andright-handedspinors,andhasthesameform asamassterm(36).

It is apparentfrom (40) thatwe canconstructfour-componentDirac spinorsentirelyout of two-
componentleft-handedspinorsandtheir conjugates:

 =
�

 i

 c
j

�

; (42)

a trick thatwill beusefullater in our supersymmetricmodel-building. As examples,insteadof working
with left- andright-handedquark�elds qL andqR , or left- andright-handedlepton�elds `L and`R , we
canwrite thetheoryin termsof left-handedantiquarksandantileptons:qR ! qc

L and`R ! `c
L .



2.2 SimplestSupersymmetricField Theories

Let usnow considera �eld theory[39] containingjust a singleleft-handedfermion  L anda complex
boson� , withoutany interactions,asdescribedby theLagrangian

L 0 = i � L 
 � @�  L + j@� j2: (43)

We considerthesimplestpossiblenon-trivial transformationlaw for thefreetheory(43):

� ! � + � �; where � � =
p

2 �E  L ; (44)

whereE is someconstantright-handedspinor. In parallelwith (44), we alsoconsiderthemostgeneral
possibletransformationlaw for thefermion :

 L !  L + �  L ; where �  L = � a i
p

2(
 � @� � )E � F E c; (45)

wherea andF areconstantsto be�x edlater, andwe recallthatE c is a left-handedspinor. We cannow
considertheresultingtransformationof thefull Lagrangian(43), whichcaneasilybecheckedto takethe
form

� L 0 =
p

2@� [ � E @� � + �E 
 � � � 
 � @�  ]; (46)

if andonly if we choose
a = 1 and F = 0 (47)

in this free-�eld model.With thesechoices,andtheresultingtotal-derivativetransformationlaw (46) for
thefreeLagrangian,thefreeactionA0 is invariantunderthetransformations(44,45), since

� A0 = �
Z

d4xL 0 = 0: (48)

Fine,youmaysay, but is thissymmetryactuallysupersymmetry?To convinceyourselfthatit is, consider
thesequencesof pairs(44,45) of transformationsstartingfrom eithertheboson� or thefermion :

� !  ! @�;  ! @� ! @ : (49)

In bothcases,theactionof two symmetrytransformationsis equivalentto a derivative,i.e., themomen-
tum operator, correspondingexactly to the supersymmetryalgebra. A free bosonanda free fermion
togetherrealizesupersymmetry:like thecharacterin Moli �ere,we have beentalking proseall our lives
without realizingit!

Now we look at interactionsin a supersymmetric�eld theory[30]. Themostgeneralinteractions
betweenspin-0�elds � i andspin-1/2�elds  i thatareat mostbilinear in the latter, andhencehave a
chanceof beingrenormalizablein four dimensions,canbewritten in theform

L = L 0 � V (� i ; � �
j ) �

1
2

M ij (�; � � ) � ci  j (50)

whereV is a generaleffective potential,andM ij includesboth masstermsandYukawa interactions
for the fermions.Supersymmetryimposesstrongconstraintson theallowedformsof V andM , aswe
now see.Supposethat M dependednon-trivially on the conjugate�elds � � : thenthesupersymmetric
variation� (M � c ) wouldcontaina term

@M
@� �  � � c (51)

thatcouldnotbecompensatedby thevariationof any otherterm.We concludethatM mustbeindepen-
dentof � � , andhenceM = M (� ) alone.



Anothertermin thevariationof thelasttermin (50) is

@M ij

@� k
�E  k � ci  j : (52)

This termcannotbecancelledby thevariationof any otherterm,but canvanishby itself if @M ij =@� k is
completelysymmetricin theindicesi; j; k. This is possibleonly if

M ij =
@W

@� i @� j (53)

for somefunctionW(� ) calledthesuperpotential. If thetheoryis to berenormalizable,W canonly be
cubic.Thetrilinear termof W determinestheYukawacouplings,andthebilinearpartthemassterms.

We now re-examinethe form of the supersymmetrictransformationlaw (45) itself. Yet another
termin thevariationof thesecondtermin (50) hastheform

iM j k � cj 
 � @� � kE + (Herm:Conj:): (54)

ThiscancancelagainstanF -dependenttermin thevariationof thefermionkinetic term

� i � i 
 � @� F i E c + (Herm:Conj:); (55)

if thefollowing relationbetweenF andM holds: @F �
i

@� j = M ij , which is possibleif andonly if

F �
i =

@W
@� i : (56)

Thustheform of W alsodeterminestherequiredform of thesupersymmetrytransformationlaw.

Theform of W alsodeterminestheeffective potentialV , aswe now see.Oneof thetermsin the
variationof V is

@V
@� i

�E  I + (Herm:Conj:); (57)

whichcanonly becancelledbyatermin thevariationof M ij � ci  j , whichcantaketheformM ij � ciF j E c

if
@V
@� i = M ij F i ; (58)

which is in turnpossibleonly if

V = j
@W
@� i j2 = jF i j2: (59)

We now have thecompletesupersymmetric�eld theoryfor interactingchiral (matter)supermulti-
plets[30]:

L = i � i 
 � @�  i + j@� � i j2 � j
@W
@� i j2 �

1
2

@2W
@� i @j

� ci@ j + (Herm:Conj:): (60)

ThisLagrangianis invariant(up to a total derivative)underthesupersymmetrytransformations

� � i =
p

2 �E  i ; �  i = � i
p

2
 � @� � i E � F i E c : F i = (
@W
@� i ) � : (61)

Thesimplestnon-trivial superpotentialinvolving asinglesuper�eld � is

W =
�
3

� 3 +
m
2

� 2: (62)



It is asimpleexercisefor you to verify usingtherulesgivenabove thatthecorrespondingLagrangianis

L = i � 
 � @�  + j@� � j2 � jm� + �� 2j2 � m � c � �� � c : (63)

Weseeexplicitly thatthebosoniccomponent� of thesupermultiplethasthesamemassasthefermionic
component , andthattheYukawacoupling� �x estheeffective potential.

We now turn to thepossibleform of asupersymmetricgaugetheory[31]. Clearly, it mustcontain
vector�elds Aa

� andfermions� a in thesameadjointrepresentationof thegaugegroup.Onceoneknows
thegaugegroupandthefermionicmattercontent,theform of theLagrangianis completelydetermined
by gaugeinvariance:

L =
i
2

�� a
 � D �
ab�

b �
1
4

F a
�� F a;�� [ �

1
2

(D a)2 ]: (64)

Here,thegauge-covariantderivative

D �
ab � � ab@� � gf abcA �

c ; (65)

andthegauge�eld strengthis

F a
�� � @� Aa

� � @� Aa
� + gf abcAb

� Ac
� ; (66)

asusual.We returnlaterto theD termat theendof (64). Yetanotherof themiraclesof supersymmetry
is thattheLagrangian(64) is automaticallysupersymmetric,withoutany furthermonkeying around.The
correspondingsupersymmetrytransformationsmaybewrittenas

� Aa
� = � �E 
 � � a; (67)

� � a = �
i
2

F a
�� 
 � 
 � E + D aE ; (68)

� D a = � i �E 
 5
 � D ab
� � b: (69)

WhatabouttheD termin (64)? It is a trivial consequenceof equationsof motionderivedfrom (64) that
D a = 0. However, this is no longerthecaseif matteris included. Then,it turnsout, onemustaddto
(64) thefollowing:

� L = �
p

2g� a� �
i (Ta) i

j  
j + (Herm:Conj:) + g(� �

i (Ta) i
j �

j )D a; (70)

whereTa is thegrouprepresentationmatrix for thematter�elds � i . With this addition,theequationof
motionfor D a tellsusthat

D a = g� �
i (Ta) i

j �
j ; (71)

andwe �nd a D termin thefull effectivepotential:

V = � i jFi j2 + � a
1
2

(D a)2; (72)

wheretheform of D a is givenin (71).

2.3 Further Aspectsof SupersymmetricField Theories

So far, we have takena relatively unsophisticatedapproachto supersymmetry. However, one of the
reasonswhy theoristsareso enthusiasticaboutsupersymmetryis becauseit is not just a new type of
symmetry, but extendsthe conceptof space-timeitself. Recall the basicform of the supersymmetry
algebra:

2� ij 
 � P � C = f Qi ; Qj g: (73)



Thereasonthis is written backwardshereis to emphasizethatonecanregardsupersymmetriccharges
Qi assquarerootsof thetranslationoperator. Recallhow thetranslationoperatoractson abosonic�eld:

� (x + a) = eia:P � (x)e� ia:P ; (74)

wherethemomentumoperatorP is thegeneratorof in�nitesimal translations:

i [P� ; � (x)] = @� � (x): (75)

Expandingtheformula(74), we �nd thefollowing expressionfor asmall �nite translation:

� a� (x) � � (x + a) � � (x) ' a� @� � (x) = ia � [P � ; � (x)]: (76)

Following thisdeconstructionof translations,wenow canseebetterhow thesupersymmetricchargecan
beregarded,in somesense,asthesquareroot: `Q �

p
P', justastheDirac equationcanberegardedas

thesquarerootof theKlein-Gordonequation.Thereis anexactsupersymmetricanalogueof (76):

� �E � (x) =
p

2 �E  (x) = i
p

2 �E [Q; � (x)]: (77)

By analogywith (74,76), onemayconsiderthespinor �E asa sort of `superspace'coordinate,andone
cancombinethebosonic�eld � (x) andits fermionicpartner (x) into asuper�eld:

� �E � (x) = �( x; �E) � �( x) : �( x; �E) � � (x) +
p

2 �E  (x): (78)

At this level, theintroductionof superspaceandsuper�eldsmayappearsuper�uous,but it givesdeeper
insightsinto thetheoryandfacilitatesthederivationof many importantresults,suchasthenon-renormalization
theoremsof supersymmetry, thatwediscussnext. In somesense,thenext generationof acceleratorssuch
astheLHC is `guaranteed'to discover extra dimensions,eitherbosonicones,asdiscussedhereby An-
toniadis[40], or fermionic.

Many remarkableno-renormalizationtheoremscanbeprovedin supersymmetric�eld theories[32].
First andforemost,they have no quadraticdivergences.Oneway to understandthis is to comparethe
renormalizationsof bosonicandfermionicmassterms:

m2
B j� j2 $ mF �  : (79)

We know well thatfermionmassesmF canonly berenormalizedlogarithmically. Sincesupersymmetry
guaranteesthat mB = mF , it follows that therecan be no quadraticdivergencein mB . Going fur-
ther, chiral symmetryguaranteesthat the one-looprenormalizationof a fermion masshasthe general
multiplicativeform:

� mF = O(
�
�

) mF ln(
� 1

� 2
); (80)

where� 1;2 aredifferentrenormalizationscales.This meansthat if mF (andhencealsomB ) vanishat
thetreelevel in asupersymmetrictheory, thenbothmF andmB remainzeroafterrenormalization.This
is oneexampleof thereductionin thenumberof logarithmicdivergencesin asupersymetrictheory.

In general,thereis no intrinsic renormalizationof any superpotentialparameters,including the
Yukawacouplings� , apartfrom overallmultiplicativefactorsdueto wave-functionrenormalizations:

� ! Z � ; (81)

which areuniversalfor boththebosonicandfermioniccomponents�;  in a givensuper�eld � . How-
ever, gaugecouplingsare renormalized,thoughthe� -functionis changed:

� (g) 6= 0 : � 11Nc ! � 9Nc (82)



at one-looporder in an SU(Nc) supersymmetricgaugetheorywith no matter, asa resultof the extra
gauginocontributions.

Thereareeven fewer divergencesin theorieswith moresupersymmetries.For example,thereis
only a �nite numberof divergentdiagramsin a theorywith N = 2 supersymmetries,which may be
cancelledby imposinga few simplerelationson thespectrumof supermultiplets.Finally, thereareno
divergencesat all in theorieswith N = 4 supersymmetries,which obey automaticallythe necessary
�nitenessconditions.

Many theoristsfrom Dirac onwardshave found the ideaof a completely�nite theoryattractive,
so it is naturalto askwhethertheorieswith N � 2 supersymmetriescould be interestingas realistic
�eld theories.Unfortunately, theansweris `not immediately',becausethey do notallow theviolationof
parity. To seewhy, considerthesimplestpossibleextendedsupersymmetrictheorycontaininganN = 2
mattermultiplet,whichcontainsbothleft- andright-handedfermionswith helicities� 1=2. Supposethat
the left-handedfermion with helicity +1=2 sits in a representationR of thegaugegroup. Now act on
it with eitherof the two supersymmetrychargesQ1;2: they eachyield bosons,thateachsit in thesame
representationR. Now actoneitherof thesewith theothersupercharge,to obtainaright-handedfermion
with helicity � 1=2: this mustalsosit in thesamerepresentationR of thegaugegroup.Hence,left- and
right-handedfermionshave the sameinteractions,andparity is conserved. Thereis no way out using
gauginos,becausethey areforcedto sit in adjoint representationsof the gaugegroup,andhencealso
cannotdistinguishbetweenright andleft.

Thus,if wewantto makeasupersymmetricextensionof theStandardModel,it hadbetterbewith
justN = 1 supersymmetry, andthis is whatwedo in thenext Section.

2.4 Building SupersymmetricModels

Any supersymmetricmodelisbasedonaLagrangianthatcontainsasupersymmetricpartandasupersymmetry-
breakingpart:

L = L susy + L susy� : (83)

We discussthe supersymmetry-breakingpart L susy� in the next Lecture: herewe concentrateon the
supersymmetricpartL susy . Theminimalsupersymmetricextensionof theStandardModel (MSSM)has
the samegaugeinteractionsas the StandardModel, andYukawa interactionsthat areclosely related.
They arebasedon a superpotentialW that is a cubic functionof complex super�eldscorrespondingto
left-handedfermion �elds. Conventionalleft-handedleptonandquarkdoubletsaredenotedL; Q, and
right-handedfermionsareintroducedvia their conjugate�elds, whichareleft-handed,eR ! E c; uR !
Uc; dR ! D c. In termsof these,

W = � L;E c � L LE cH1 + � Q;U c � UQUcH2 + � Q;D c � D QD cH1 + �H 1H2: (84)

A few wordsof explanationarewarranted.The�rst threetermsin (84) yield massesfor thechargedlep-
tons,charge-(+2 =3) quarksandcharge-(� 1=3) quarksrespectively. All of theYukawacouplings� L;U;D

are3 � 3 matricesin �a vour space,whosediagonalizationsyield the masseigenstatesandCabibbo-
Kobayashi-Maskawamixing angles.

Notethattwo distinctHiggsdoubletsH1;2 have beenintroduced,for two importantreasons.One
reasonis thatthesuperpotentialmustbeananalyticpolynomial:aswesaw in (84), it cannotcontainboth
H andH � , whereastheStandardModel usesbothof theseto give massesto all thequarksandleptons
with just a singleHiggs doublet. The otherreasonis to cancelthe triangleanomaliesthat destroythe
renormalizabilityof a gaugetheory. OrdinaryHiggs bosondoubletsdo not contributeto theseanoma-
lies, but thefermionsin Higgssupermultipletsdo, andtwo doubletsarerequiredto canceleachothers'
contributions. Oncetwo Higgs supermultipletshave beenintroduced,thereis the possibility, even the
necessity, of abilinearterm�H 1H2 couplingthemtogether.



OncetheMSSM superpotential(84) hasbeenspeci�ed,theeffective potentialis also�x ed:

V = � i jF i j2 +
1
2

� a(D a)2 : F �
i �

@W
@� i ; D a � ga� �

i (Ta) i
j �

j ; (85)

accordingto therulesexplainedearlierin thisLecture,wherethesumsrunover thedifferentchiral �elds
i andtheSU(3); SU(2) andU(1) gauge-groupfactorsa.

Thereareimportantpossiblevariationson theMSSM superpotential(84), which areimpossible
in theStandardModel, but areallowedby thegaugesymmetriesof theMSSM supermultiplets.These
areadditionalsuperpotentialtermsthatviolatethequantityknown asR parity:

R � (� 1)3B + L +2 S; (86)

whereB is baryonnumber, L is leptonnumber, andS is spin. It is easyto checkthatR = +1 for all
theparticlesin theStandardModel,andR = � 1 for all theirspartners,whichhave identicalvaluesof B
andL , but differ in spinby half a unit. Clearly, R wouldbeconservedif bothB andL wereconserved,
but this is not automatic.Considerthefollowing superpotentialterms:

� ij kL i L j E c
k + � 0

ij kL i Qj D c
k + � 00

ij kUc
i D c

j D c
k + � i H L i ; (87)

which arevisibly SU(3) � SU(2) � U(1) symmetric.The �rst term in (87) would violateL , causing
for example ~̀ ! ` + `, the secondwould violate both B andL , causingfor example~q ! q + `, the
third wouldviolateB, causingfor example~q ! �q+ �q, andthelastwouldviolateL by causingH $ L i

mixing. Theseinteractionswouldprovidemany exciting signaturesfor supersymmetry, suchasdilepton
events,jetsplusleptonsandmultijet events.Suchinteractionsareconstrainedby directsearches,by the
experimentallimits on �a vour-changinginteractionsandotherrareprocesses,andby cosmology:they
would tendto wipe out thebaryonasymmetryof theUniverseif they aretoo strong[41]. They would
alsocausethe lightestsupersymmetricparticleto be unstable,not necessarilya disasterin itself, but it
would remove an excellentcandidatefor the cold dark matterthat apparentlyaboundsthroughoutthe
Universe.For simplicity, theconservationof R paritywill beassumedin therestof theseLectures.

We now look brie�y at theconstructionof supersymmetricGUTs,of which theminimal version
is basedon the groupSU(5) [42]. As in the transitionfrom the StandardModel to the MSSM, one
simplyextendstheconventionalGUT multipletsto supermultiplets,sothatmatterparticlesareassigned
to �5 representations�F and10 representationsT, onedoublesthe electroweakHiggs �elds to include
both H ; �H in 5; �5 representations,andonepostulatesa 24 representation� to breakthe SU(5) GUT
symmetrydown to SU(3) � SU(2) � U(1). Thesuperpotentialfor theHiggssectortakesthegeneral
form

W5 = (� +
3
2

�M )H �H + �H � �H + f (�) : (88)

Here,f (�) is chosensothatthevacuumexpectationvalueof � hastheform

< 0j� j0 > = M � diag(1; 1; 1; �
3
2
; �

3
2

): (89)

Thecoef�cient of theH �H termhasbeenchosensothatit almostcancelswith theterm/ H < 0j� j0 >
�H comingfrom the secondterm in (88), for the last two components. In this way, the triplet compo-
nentsof H ; �H acquirelargemasses/ M , whilst thelast two mayacquirea vacuumexpectationvalue:
< 0 j H j 0 > = column(0; 0; 0; 0; v); < 0j �H j0 > = column(0; 0; 0; 0; �v), oncesupersymmetrybreak-
ing andradiativecorrectionsaretakeninto account,asin thenext Lecture.

In orderthatv; �v � 100GeV, it is necessarythattheresidualH �H mixing term� <� 1 TeV. Since,
aswe recallshortly, M � 1016 GeV, this meansthat theparametersof W5 (88) mustbetuned�nely to
onepartin 1013. This �ne-tuning mayappearveryunreasonable,but it is technicallynatural,in thesense



thattherearenobig radiativecorrections.Thanksto thesupersymmetricno-renormalizationtheoremfor
superpotentialparameters,we know that � �; � � = 0, apartfrom wave-functionrenormalizationfactors.
Thus,if we adjusttheinput parametersof (88) sothat � is small, it will staysmall. However, this begs
themoreprofoundquestion:how did � getto besosmall in the�rst place?

As alreadymentioned,a striking pieceof circumstantialevidencein favour of the ideaof super-
symmetricgranduni�cation is providedby themeasurementsof low-energy gaugecouplingsatLEPand
elsewhere[3]. Thethreegaugecouplingsof theStandardModelarerenormalizedasfollows:

dg2
a

dt
= ba

g4
a

16� 2 + : : : ; (90)

atone-looporder, andthecorrespondingvalueof theelectroweakmixing anglesin2 � W (mZ ) is givenat
theone-looplevel by:

sin2 � W (mZ ) =
g02

g2
2 + g02

=
3
5

g2
1(mZ )

g2
2(mZ ) + 3

5g2
1(mZ )

=
1

1 + 8x
[3x +

� em(mZ )
� 3(mZ )

]; (91)

where

x �
1
5

(
b2 � b3

b1 � b2
): (92)

Onecandistinguishthe predictionsof differentGUTs by their differentvaluesof the renormalization
coef�cients bi , which are in turn determinedby the spectraof light particlesaroundthe electroweak
scale.In thecasesof theStandardModelandtheMSSM,theseare:

4
3

NG � 11  b3 ! 2NG � 9 = � 3 (93)

1
6

NH +
4
3

NG �
22
3

 b2 !
1
2

NH + 2NG � 6 = +1 (94)

1
10

NH +
4
3

NG  b1 !
3
10

NH + 2NG =
33
5

(95)

23
218

= 0:1055  x !
1
7

: (96)

If we insertthebestavailablevaluesof thegaugecouplings:

� em =
1

128
; � 3(mZ ) = 0:119� 0:003; sin2 � W (mZ ) = 0:2315; (97)

we �nd thefollowing value:

x =
1

6:92� 0:07
: (98)

Weseethatexperimentstronglyfavourstheinclusionof supersymmetricparticlesin therenormalization-
groupequations,asrequiredif theeffective low-energy theoryis theMSSM (96), asin a simplesuper-
symmetricGUT suchastheminimal SU(5) modelintroducedabove.

3. TOWARDS REALISTIC MODELS

3.1 SupersymmetryBreaking

This is clearly necessary:me 6= m~e; m
 6= m~
 , etc. The Big Issueis whetherthe breakingof super-
symmetryis explicit, i.e., presentalreadyin the underlyingLagrangianof the theory, or whetherit is
spontaneous,i.e., inducedby a non-supersymmetricvacuumstate.Therearein fact several reasonsto
disfavourexplicit supersymmetrybreaking.It is ugly, it would beunlike theway in which gaugesym-
metryis broken,andit would leadto inconsistenciesin supergravity theory. For thesereasons,theorists
have focusedon spontaneoussupersymmetrybreaking.



If thevacuumis not to besupersymmetric,theremustbesomefermionicstate� that is coupled
to thevacuumby thesupersymmetrychargeQ:

< 0jQj� > � f 2
� 6= 0: (99)

The fermion � correspondsto a Goldstonebosonin a spontaneouslybrokenbosonicsymmetry, and
thereforeis oftentermeda Goldstonefermionor aGoldstino.

Thereis just onesmall problemin globally supersymmetricmodels,i.e., thosewithout gravity:
spontaneoussupersymmetrybreakingnecessarilyentailsa positive vacuumenergy E0. To seethis,
considerthevacuumexpectationvalueof thebasicsupersymmetryanticommutator:

f Q; Qg / 
 � P � : (100)

Accordingto (99), thereis anintermediatestate� , sothat

< 0jf Q; Qgj0 > = j < 0jQj� > j2 = f 4
� / < 0jP0j0 > = E0; (101)

wherewe have usedLorentz invarianceto set the spatialcomponents< 0jPi j0 > = 0. Spontaneous
breakingof globalsupersymmetry(99) requires

E0 = f 4
� 6= 0: (102)

The next questionis how to generatenon-zerovacuumenergy. Hints are provided by the effective
potentialin a globallysupersymmetrictheory:

V = � i j
@W
@� i j2 +

1
2

� � g2
� j� � T � � j2: (103)

It is apparentfrom this expressionthateitherthe�rst `F term' or thesecond̀ D term' mustbepositive
de�nite.

TheoptionD > 0 requiresconstructingamodelwith aU(1) gaugesymmetry[43]. Thesimplest
examplecontainsjustonechiral(matter)supermultipletwith unit charge,for whichtheeffectivepotential
is:

VD =
1
2

(� + g� � � )2: (104)

theextraconstantterm� isnotallowedin anon-Abeliantheory, whichiswhyonemustuseaU(1) theory.
We seeimmediatelythat theminimumof theeffective potential(104) is reachedwhen< 0j� j0 > = 0,
in which caseVF = 1=2� 2 > 0 andsupersymmetryis brokenspontaneously. Indeed,it is easyto check
that,in this vacuum:

m� = g� ; m = 0; mV = m ~V = 0; (105)

exhibiting explicitly the boson-fermionmasssplitting in the (�;  ) supermultiplet.Unfortunately, this
examplecannotbeimplementedwith theU(1) of electromagnetismin theStandardModel,becausethere
are�elds with bothsignsof thehyperchargeY, enablingVD to vanish.So,oneneedsanew U(1) gauge
groupfactor, andmany new �elds in orderto canceltriangleanomalies.For thesereasons,D -breaking
modelsdid not attractmuchattentionfor quitesometime, thoughthey have hada revival in thecontext
of stringtheory[44].

The optionF > 0 alsorequiresadditionalchiral (matter)�elds with somewhat `arti�cial' cou-
plings [45]: again,thoseof theStandardModel do not suf�ce. Thesimplestexampleusesthreechiral
supermultipletsA; B ; C with thesuperpotential

W = �AB 2 + � C(B 2 � m2): (106)



usingtherulesgivenin thepreviousLecture,it is easyto calculatethecorrespondingF terms:

FA = �B 2; FB = 2B(�A + � C); FC = � (B 2 � m2); (107)

andhencetheeffective potential

VF = � i jFi j2 = 4jB(�A + � C)j2 + j�B 2j2 + j� (B 2 � m2)j2: (108)

Likewise,it is notdif�cult to checkthatthethreedifferentpositive-semide�nitetermsin (108) cannotall
vanishsimultaneously. Hence,necessarilyVF > 0, andhencesupersymmetrymustbebroken.

The principal outcomeof this brief discussionis that thereareno satisfactorymodelsof global
superysmmetrybreaking,sowe will now look at theoptionsin local supersymmetry, i.e., supergravity
theory.

3.2 Supergravity and Local SupersymmetryBreaking

Sofar, wehaveconsideredglobalsupersymmetrytransformations,in whichthein�nitesimal transforma-
tion spinorE is constantthroughoutspace.Now we considerthepossibilityof a space-time-dependent
�eld E (x). Why?

Thisstepof makingsymmetrieslocalhasbecomefamiliarwith bosonicsymmetries,whereit leads
to gaugetheories,so it is naturalto try theanalogousstepwith fermionicsymmetries.Moreover, aswe
seeshortly, it leadsto anelegantmechanismfor spontaneoussupersymmetrybreaking,againby analogy
with gaugetheories,thesuper-Higgsmechanism.Further, aswealsoseeshortly, makingsupersymmetry
local necessarilyinvolvesgravity, andeven opensthe prospectof unifying all the particle interactions
andmatter�elds with extendedsupersymmetrytransformations:

G(J = 2) ! ~G(J = 3=2) ! V (J = 1) ! q; `(J = 1=2) ! H (J = 0) (109)

in supergravity with N > 1 supercharges.In (109), G denotesthegravition, and ~G thespin-3/2gravitino,
whichaccompaniesit in thegraviton supermultiplet:

�
G
~G

�

=
�

2
3
2

�

(110)

Supergravity is in any caseanessentialingredientin thediscussionof gravitationalinteractionsof super-
symmetricparticles,needed,for example,for any meaningfuldiscussionof thecosmologicalconstant.

To gaininsightinto why makingsupersymmetrylocal necessarilyinvolvesgravity, considerwhat
happensif oneappliesbothof thefollowing pairof supersymmetrytransformations:

� i � =
p

2 �E i  + : : : ; (111)

� j  = � i
p

2
 � @� �E j + : : : (112)

on eitherof the�elds �;  . One�nds in eachcase:

[� i ; � j ](�;  ) = � 2( �E j 
 � E j )i@� (�;  ): (113)

In either case,the effect is equivalent to a space-timetranslation,sincei@� $ P� . Clearly, if the
in�nitesimal spinorialtransformationsE i;j areindependentof x, this translationis global. However, if
theE i;j dependon x, theneteffect is equivalentto a local coordinatetransformation,andwe know that
a theoryinvariantunderthesenecessarilyincludesgravity.

To seefurtherwhy gravity mustbe takeninto accountwhenmakingsupersymmetrylocal, let us
developfurther theanalogywith gaugetheories.We considerthevariationof a typical fermionkinetic
term: � (i � 
 � @�  ). In agaugetheory, onemakesa space-time-dependentphasetransformation� (x):

 (x) ! ei� (x)  (x); (114)



which leadsto a termin thevariationof thefermionkinetic termof theform:

� � 
 �  @� � (x): (115)

This is cancelledin agaugetheoryby thevariationin thegaugeinteraction:

� (x)
 �  (x)A � (x) : � A � (x) = @� � (x): (116)

In thesupersymmetriccase,whenthesupersymmetricvariationbecomeslocal:

�  (x) = � i
 � @� (� (x)E (x)) + : : : ; (117)

thevariationin thefermionickinetic termincludesa piece

/ � 
 � 
 � @� �@� E (x); (118)

which is cancelledby introducinganew �eld  � with coupling

� � 
 � 
 � @� � � (x) : �  � (x) = �
2
�

@� E (x): (119)

Thenew �eld  � (x) mayberegardedasa `gaugefermion': it representsthegravitino.

OK, sonow we areconvincedthatmakingsupersymmetrylocal necessarilyinvolvesgravity, and
theanalogywith gaugetheorysuggeststheintroductionof a gravitino �eld. Considernow thesimplest
possibleLagrangianfor a gravitino andgraviton [34], whichconsistsjustof theEinsteinLagrangianfor
generalrelativity anda Rarita-SchwingerLagrangianfor a spin-3/2�eld, madesuitablyinvariantunder
generalcoordinatetransformationsby minimal substitution:

L = �
1

2� 2

p
� gR �

1
2

� �� �� � � 
 5
 � D�  � ; (120)

whereg � det(g�� ) with g�� themetrictensor:

g�� � � m
� � n

� � mn (121)

where� m
� is thevierbein,and

D� � @� +
1
4

! mn
� [
 m ; 
 n]; (122)

with ! mn
� thespinconnection,is thegenerally-covariantderivative. It is aremarkablefactthatthesimple

Lagrangian(120) is locally supersymmetric[34]. To checkthis invariance,you needthefollowing local
supersymmetrytransformationlaws:

� � m
� = �E(x)
 m  � (x); (123)

� ! mn
� = 0; (124)

�  � =
1
�

D� E (x): (125)

Onceagain,we havebeenspeakingproseall our liveswithout realizing!

Weshalldiscusslaterthecouplingof supergravity to matter. First,however, now is agoodtimeto
mentiontheremarkablephenomenonof spontaneousbreakingof localsupersymmetry:thesuper-Higgs
effect [46, 47]. Yourecallthat,in theconventionalHiggseffect in spontaneouslybrokengaugetheories,
a masslessGoldstonebosonis `eaten'by a gaugebosonto provide it with thethird polarizationstateit
needsto becomemassive:

(2 � Vm=0 ) + (1 � GB) = (3 � Vm6=0 ): (126)



In a locally supersymmetrictheory, thetwo polarizationstatesof themasslessGoldstonefermion(Gold-
stino)are`eaten'by amasslessgravitino, giving it thetotalof four polarizationstatesit needsto become
massive:

(2 �  �
m=0 ) + (2 � GF ) = (4 �  �

m6=0 ): (127)

This processclearly involvesthebreakdown of local supersymmetry, sincetheendresultis to give the
gravitino adifferentmassfrom thegraviton: mG = 0 6= m ~G 6= 0. It is indeedtheonly known consistent
wayof breakinglocalsupersymmetry, justastheHiggsmechanismis theonly consistentwayof breaking
gaugesymmetry. We shallnot go herethroughall thedetailsof thesuper-Higgseffect, but thereis one
noteworthyfeature:this localbreakingof supersymmetrycanbeachievedwith zerovacuumenergy:

< 0jV j0 > = 0 $ � = 0: (128)

As we discussshortly in moredetail, thereis no inconsistency betweenlocal supersymmetrybreaking
and a vanishingcosmologicalconstant� , unlike the caseof global superymmetrybreakingthat we
discussedearlier.

3.3 Effective Low-Energy Theory

Thecouplingof matterparticlesto supergravity is morecomplicatedthantheglobally supersymmetric
casediscussedin the previous lecture. Therefore,it is not developedherein detail. Instead,a few
key resultsarepresentedwithout proof, andthenwe studythegeneralform of theeffective low-energy
theory[48] derivablefrom asupergravity theory.

The superpotentialof global supersymmetryis upgradedin N = 1 supergravity to a `Kähler
potential', which describesthe geometryof the internalspaceparameterizedby the scalar�elds in the
chiral supermultiplets.This Kählerpotentialis a Hermiteanfunction G(�; � � ) of the chiral �elds and
their complex conjugates,andplaysseveralrôles.It is anorderparameterfor supersymmetrybreaking:

m ~G � m3=2 = e
G
2 : (129)

It alsodeterminesthekinetic termsfor thechiral �elds:

L K = Gj
i @

� � �
j @� � i (130)

via theKählermetric

Gj
i �

@2G
@� i @�

j
; (131)

aswell astheeffectivepotential:

V = eG[Gi (G00) � 1i
j Gj � 3] : Gi �

@G
@� i : (132)

The�rst termin (132) correspondsto theeffectivepotentialin agloballysupersymmetrictheory.

Thesecondtermin (132) is novel: it permitsthereconciliationof supersymmetrybreaking:m2
~G

=
eG 6= 0 with a vanishingeffective potential:V = 0, asa resultof a cancellationbetweenthe �rst and
secondtermsin (132). This is certainlygoodnews, but thereis alsobadnews. For generalforms of
G, therearecertainvaluesof the �elds whereV is negative, with values�O (m4

P ). This would be a
catastrophefor cosmology, sinceour Universewould surelyfall down oneof theseholes. Fortunately,
thereis aparticularclassof Kählerpotentials,known asno-scalesupergravities [49], wheretheeffective
potentialis positive semide�nite. Fortunatelybut not fortuitously, this is the classof supergravity that
emergesfrom stringtheory[50].

Justasthe Kählerpotentialdeterminesthe geometryandkinetic termsfor chiral �elds, thereis
a correspondingfunctionthatdescribesthegeometryanddeterminesthekinetic termsfor gauge�elds.



For genericchoicesof this function, therearealsonon-vanishingsupersymmetry-breakingmassesfor
thegauginos:

m1=2 / m ~G � m3=2: (133)

It is not inevitablethatthemassesof theSU(3); SU(2) andU(1) gauginosbeuniversal,but thisemerges
naturallyif thegeometryis not too complicated.

Expandingtheeffectivepotential(132), onealso�nds in generalterms/ j� j2, thatareinterpreted
assupersymmetry-breakingscalarmasses:

m0 / m ~G � m3=2: (134)

In this case,thereis no particularlygoodtheoreticalmotivationfor universality: indeed,this is broken
in many stringmodels.Thereare,however, phenomenologicalreasonsto think thatthesupersymmetry-
breakingscalarmassesfor sparticleswith thesamecharge,e.g.,all thesleptons,shouldbeuniversal,in
orderto suppress�a vour-changingneutralinteractionsmediatedby virtual sparticles[51].

Genericformsof theeffectivepotential(132) alsoyield trilinearsupersymmetry-breakinginterac-
tionsamongthescalarparticles:

A � �� 3 : A � / m ~G � m3=2; (135)

wherehere� denotesa scalarcomponentof a genericchiral supermultiplet. If the supersymmetric
theoryalsoincludesbilinear interactions�� 2, as is the casein the minimal supersymmetricextension
of theStandardModel (MSSM), onealsoexpectsan analogousbilinearsupersymmetry-breakingterm
B � �� 2 amongthescalarcomponents.

Thus,the�nal form of theeffective low-energy theorysuggestedby spontaneoussupersymmetry
breakingin supergravity is:

�
1
2

� am1=2a
~V� ~V� � � i m2

0i
j� i j2 � (� � A � �� 3 + � � B � �� 2 + Herm:Conj:); (136)

which containsmany free parametersand phases. The breakingof supersymmetryin the effective
low-energy theory (136) is explicit but `soft', in the sensethat the renormalizationof the parameters
m1=2a ; m0i ; A � andB � is logarithmic.Of course,theseparametersarenot consideredto befundamen-
tal, and the underlyingmechanismof supersymmetrybreakingis thoughtto be spontaneous,for the
reasonsdescribedat thebeginningof this lecture.

Thelogarithmicrenormalizationof theparametersmeansthatonecancalculatetheir low-energy
valuesin termsof high-energy inputsfromasupergravity orsuperstringtheory, usingstandardrenormalization-
groupequations[52]. In the caseof the low-energy gauginomassesM a, the renormalizationis multi-
plicativeandidenticalwith thatof thecorrespondinggaugecoupling� a at theone-looplevel:

M a

m1=2a

=
� a

� GU T
(137)

wherewe assumeGUT uni�cation of thegaugecouplingsat theinput supergravity scale.In thecaseof
thescalarmasses,thereis bothmultiplicativerenormalizationandrenormalizationrelatedto thegaugino
masses:

@m2
0i

@t
=

1
16� 2 [� 2(m2

0 + A2
� ) � g2

aM 2
a ] (138)

at theone-looplevel, wheret � ln(Q2=m2
GU T ), andtheO(1) group-theoreticalcoef�cients have been

omitted. In the caseof the �rst two generations,the �rst termsin (138) arenegligible, andonemay
integrate(138) trivially to obtaineffective low-energy parameters

m2
0i

= m2
0 + Ci m2

1=2; (139)



Fig.8: Therenormalization-groupevolutionof thesoftsupersymmetry-breakingparametersin theMSSM,showingtheincrease

in thesquarkandsleptonmassesastherenormalizationscaledecreases,whilst theHiggssquared-massmaybecomenegative,

triggeringelectroweaksymmetrybreaking.

whereuniversalinputsareassumed,andthecoef�cients Ci arecalculablein any givenmodel.The�rst
termsin (138) are,however, importantfor thethird generationandfor theHiggsbosonsof theMSSM,
aswe now see.

Noticethatthesignsof the�rst termsin (138) arepositive,andthatof thelasttermnegative. This
meansthatthelasttermtendsto increasem2

0i
astherenormalizationscaleQ decreases, aneffectseenin

Fig. 8. Thepositivesignsof the�rst termsmeanthatthey tendto decreasem2
0i

asQ decreases, aneffect
seenfor a Higgssquared-massin Fig. 8. Speci�cally, thenegative effect on Hu seenin Fig. 8 is dueto
its largeYukawacouplingto thet quark: � t � g2;3. Theexciting aspectof this observationis thatspon-
taneouselectroweaksymmetrybreakingis possible[52] whenm2

H (Q) < 0, asoccursin Fig. 8. Thus
the spontaneousbreakingof supersymmetry, which normally providesm2

0 > 0, and renormalization,
which thendrive m2

H (Q) < 0, conspireto makespontaneouselectroweaksymmetrybreakingpossible.
Typically, thisoccursat a renormalizationscalethatis exponentiallysmallerthantheinput supergravity
scale:

mW

mP
= exp(

�O (1)
� t

) : � t �
� 2

t

4�
: (140)

Typicaldynamicalcalculations�nd thatmW � 100GeVemergesnaturallyif mt � 60 to 200GeV, and
thiswasin factoneof the�rst suggestionsthatmt mightbeashighaswassubsequentlyobserved.

To concludethissection,let usbrie�y review thereasonswhy softsupersymmetrybreakingmight
be universal,at least in somerespects. Thereare important constraintson the massdifferencesof
squarksandsleptonswith the sameinternalquantumnumbers,comingfrom �a vour-changingneutral
interactions[51]. Thesearesuppressedin theStandardModelby theGlashow-Iliopoulos-Maianimech-
anism[53], which limits themto magnitudes/ � m2

q=m2
W for small squared-massdifferences� m2

q.
Dependingon the processconsidered,it is eithernecessaryor desirablethat sparticleexchangecontri-
butions,which wouldhaveexpectedmagnitudes� � m2

~q=m2
~q, besuppressedby a comparablefactor. In

particular, onewould like

m2
0(�rst generation) � m2

0(secondgeneration) � � m2
q �

m2
~q

m2
W

: (141)



Thelimits onthird-generationsparticlemassesfrom�a vour-changingneutralinteractionsarelesssevere,
andthe �rst/second-generationdegeneracy could be relaxed if m2

~q � m2
W , but modelswith physical

valuesof m2
0 degenerateto O(m2

q) arecertainlypreferred.This is possiblein modelswith a universal
Kählergeometryfor thescalar�elds � i . For example:

G = j� i j2 !
@2G

@� i @� �
j

= � j
i ; (142)

resultingin universalm2
0i

, andthereareotherexamplessuchascertainno-scalemodelds.However, this
restrictionis not respectedin many low-energy effective theoriesderivedfrom stringmodels.

The desirabilityof degeneracy betweensparticlesof differentgenerationshelp encouragesome
peopletostudymodelsin whichthispropertywouldemergenaturally, suchasmodelsof gauge-mediated
supersymmetrybreakingor extradimensions[40]. However, for therestof theselecturesweshallmainly
stick to familiar old supergravity.

3.4 Sparticle Massesand Mixing

We now progressto a morecompletediscussionof sparticlemassesandmixing.

Sfermions : Each�a vour of chargedleptonor quarkhasbothleft- andright-handedcomponentsf L;R ,
andthesehaveseparatespin-0bosonsuperpartners~f L;R . ThesehavedifferentisospinsI = 1

2 ; 0, butmay
mix assoonastheelectroweakgaugesymmetryis broken.Thus,for each�a vour we shouldconsidera
2 � 2 mixing matrix for the ~f L;R , which takesthefollowing generalform:

M 2
~f �

0

B
@

m2
~f LL

m2
~f LR

m2
~f LR

m2
~f RR

1

C
A (143)

Thediagonaltermsmaybewritten in theform

m2
~f LL;RR

= m2
~f L;R

+ mD 2

~f L;R
+ m2

f (144)

wheremf is the massof the correspondingfermion, ~m2
~f L;R

is the soft supersymmetry-breakingmass

discussedin theprevioussection,andmD 2

~f L;R
is a contributiondueto thequarticD termsin theeffective

potential:
mD 2

~f L;R
= m2

Z cos2� (I 3 + sin2 � W Qem) (145)

wheretheterm/ I 3 is non-zeroonly for the ~f L . Finally, theoff-diagonalmixing termtakesthegeneral
form

m2
~f L;R

= mf

�
A f + � tan �

cot �

�
for f = e;�;� ;d;s;b

u;c;t (146)

It is clearthat ~f L;R mixing is likely to be importantfor the~t, andit mayalsobe importantfor the~bL;R

and~� L;R if tan � is large.

We alsoseefrom (144) that the diagonalentriesfor the ~tL;R would be different from thoseof
the ~uL;R and~cL;R , evenif their soft supersymmetry-breakingmasseswereuniversal,becauseof them2

f

contribution. In fact, we alsoexpectnon-universalrenormalizationof m2
~tLL;RR

(andalsom2
~bLL;RR

and

m2
~� LL;RR

if tan � is large),becauseof Yukawa effectsanalogousto thosediscussedin theprevioussec-

tion for therenormalizationof thesoftHiggsmasses.For thesereasons,the~tL;R arenotusuallyassumed
to be degeneratewith theothersquark�a vours. Indeed,oneof the ~t could well be the lightestsquark,
perhapsevenlighter thanthet quarkitself [54].
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Fig. 9: The(�; M 2) planecharacterizingcharginosandneutralinos,for (a) � < 0 and(b) � > 0, includingcontoursof m �

andm � � , andof neutralinopurity [55].

Charginos: Theseare the supersymmetricpartnersof the W � andH � , which mix througha 2 � 2
matrix

�
1
2

( ~W � ; ~H � ) M C

� ~W +

~H +

�

+ herm:conj: (147)

where

M C �
�

M 2
p

2mW sin �p
2mW cos� �

�
(148)

HereM 2 is theunmixedSU(2) gauginomassand� is theHiggsmixing parameterintroducedin (84).
Fig. 9 displays(amongotherlinesto bediscussedlater)thecontourm� � = 91GeVfor thelighterof the
two chargino masseigenstates[55].

Neutralinos: Thesearecharacterizedby a 4 � 4 massmixing matrix [56], which takesthe following
form in the( ~W 3; ~B ; ~H 0

2; ~H 0
1) basis:

mN =

0

B
B
B
B
B
B
B
B
B
@

M 2 0 � g2v2p
2

g2v1p
2

0 M 1
g0v2p

2
� g0v1p

2

� g2v2p
2

g0v2p
2

0 �

g2v1p
2

� g0v1p
2

� 0

1

C
C
C
C
C
C
C
C
C
A

(149)

Notethatthishasa structuresimilar to M C (148), but with its entriesreplacedby 2 � 2 submatrices.As
hasalreadybeenmentioned,oneconventionallyassumesthattheSU(2) andU(1) gauginomassesM 1;2

areuniversalat theGUT or supergravity scale,sothat

M 1 ' M 2
� 1

� 2
(150)



sotherelevantparametersof (149) aregenerallytakento beM 2 = (� 2=� GU T )m1=2, � andtan � .

Figure20 alsodisplayscontoursof the massof the lightestneutralino� , aswell ascontoursof
its gauginoandHiggsinocontents[55]. In the limit M 2 ! 0, � would be approximatelya photino
andit would beapproximatelya Higgsinoin thelimit � ! 0. Unfortunately, theseidealizedlimits are
excludedby unsuccessfulLEP andothersearchesfor neutralinosandcharginos,asdiscussedin more
detailin thenext Lecture.

3.5 The Lightest SupersymmetricParticle

This is expectedto be stablein the MSSM, andhenceshouldbe presentin the Universetoday as a
cosmologicalrelic from the Big Bang[57, 56]. Its stability arisesbecausethereis a multiplicatively-
conservedquantumnumbercalledR parity, thattakesthevalues+1 for all conventionalparticlesand-1
for all sparticles[33]. Theconservationof R paritycanberelatedto thatof baryonnumberB andlepton
numberL , since

R = (� 1)3B + L +2 S (151)

whereS is the spin. Note that R parity could be violatedeither spontaneouslyif < 0j~� j0 > 6= 0 or
explicitly if oneof thesupplementarycouplings(87) is present.TherecouldalsobeacouplingH L, but
this canbede�ned awaybechoosinga �eld basissuchthat �H is de�ned asthesuper�eldwith abilinear
couplingto H . NotethatR parity is notviolatedby thesimplestmodelsfor neutrinomasses,whichhave
� L = 0; � 2, norby simpleGUTs,whichviolatecombinationsof B andL thatleaveR invariant.There
arethreeimportantconsequencesof R conservation:

1. sparticlesarealwaysproducedin pairs,e.g.,�pp ! ~q~gX , e+ e� ! ~� + + ~� � ,
2. heavier sparticlesdecayto lighterones,e.g.,~q ! q~g; ~� ! � ~
 , and
3. thelightestsparticlesis stable,

becauseit hasno legaldecaymode.

This featureconstrainsstronglythepossiblenatureof the lightestsupersymmetricsparticle.If it
hadeitherelectricchargeor stronginteractions,it wouldsurelyhavedissipatedits energy andcondensed
into galacticdisksalongwith conventionalmatter. Thereit wouldsurelyhaveboundelectromagnetically
or via thestronginteractionsto conventionalnuclei,forming anomalousheavy isotopesthatshouldhave
beendetected.Thereareupperlimits on thepossibleabundancesof suchboundrelics,ascomparedto
conventionalnucleons:

n(relic)
n(p)

<� 10� 15 to 10� 29 (152)

for 1 GeV <� mrelic <� 1 TeV. Thesearefar below thecalculatedabundancesof suchstablerelics:

n(relic)
n(p)

>� 10� 6 (10� 10) (153)

for relic particleswith electromagnetic(strong)interactions.We mayconclude[56] thatany supersym-
metricrelic is probablyelectromagneticallyneutralwith only weakinteractions,andcouldin particular
not be a gluino. Whetherthe lightesthadroncontaininga gluino is chargedor neutral,it would surely
bind to somenuclei. Even if onepleadsfor somelevel of fractionation,it is dif�cult to seehow such
gluino nucleicouldavoid thestringentboundsestablishedfor anomalousisotopesof many species.

Plausiblescandidatesof differentspinsare the sneutrinos~� of spin 0, the lightestneutralino�
of spin1/2, andthegravitino ~G of spin3/2. Thesneutrinoshave beenruledout by thecombinationof
LEP experimentsanddirectsearchesfor cosmologicalrelics. Thegravitino cannotberuledout, but we
concentrateon theneutralinopossibilityfor therestof theseLectures.

A very attractive featureof theneutralinocandidaturefor the lightestsupersymmetricparticleis
that it hasa relic densityof interestto astrophysicistsandcosmologists:
 � h2 = O(0:1) over generic



domainsof the MSSM parameterspace[56], asdiscussedin the next Lecture. In thesedomains,the
lightestneutralino� couldconstitutethecolddarkmatterfavouredby theoriesof cosmologicalstructure
formation.

3.6 SupersymmetricHiggs Bosons

As wasdiscussedin Lecture2, oneexpectstwo complex Higgs doubletsH2 � (H +
2 ; H 0

2) ; H1 �
(H +

1 ; H 0
1) in theMSSM, with a total of 8 realdegreesof freedom.Of these,3 areeatenvia theHiggs

mechanismto becomethe longitudinalpolarizationstatesof theW � andZ 0, leaving 5 physicalHiggs
bosonsto be discoveredby experiment. Threeof theseareneutral: the lighter CP-even neutralh, the
heavier CP-even neutralH , the CP-oddneutralA, andchargedbosonsH � . The quarticpotentialis
completelydeterminedby theD terms

V4 =
g2 + g02

8

�
jH 0

1 j2 � jH 0
2 j2

�
(154)

for theneutralcomponents,whilst thequadratictermsmaybeparametrizedat thetreelevel by

m2
H 1

jH1j2 + m2
H 2

jH2j2 + (m2
3 H1H2 + herm:conj:) (155)

wherem2
3 = B � � . Onecombinationof the threeparameters(m2

H 1
; m2

H 2
; m2

3) is �x ed by the Higgs

vacuumexpectationv =
q

v2
1 + v2

2 = 246 GeV, andthe other two combinationsmay be rephrasedas
(mA ; tan � ). Thesecharacterizeall Higgsmassesandcouplingsin theMSSMat thetreelevel. Looking
backat (154), we seethat the gaugecouplingstrengthof the quartic interactionssuggestsa relatively
low massfor at leastthe lightestMSSM Higgsbosonh, andthis is indeedthecase,with mh � mZ at
thetreelevel:

m2
h = m2

Z cos2 2� (156)

This raisedconsiderablehopethatthelightestMSSM Higgsbosoncouldbediscoveredat LEP, with its
prospectivereachto mH � 100GeV.

However, radiative correctionsto the Higgs massesare calculablein a supersymmetricmodel
(this was,in somesense,thewholepoint of introducingsupersymmetry!),andthey turn out to benon-
negligible for mt � 175GeV [38]. Indeed,the leadingone-loopcorrectionsto m2

h dependquartically
on mt :

� m2
h =

3m4
t

4� 2v2 ln
� m~t1

m~t2

m2
t

�
+

3m4
t Â2

t

8� 2v2

h
2h(m2

~t1
; m2

~t2
) + Â2

t f (m2
~t1

; m2
~t2

)
i

+ : : : (157)

wherem~t1;2
arethephysicalmassesof the two stopsquarks~t1;2 to bediscussedin moredetailshortly,

Â t � A t � � cot � , and

h(a; b) �
1

a � b
ln

�
a
b

�
; f (a; b) =

1
(a � b)2

�
2 �

a + b
a � b

ln
�

a
b

��
(158)

Non-leadingone-loopcorrectionsto the MSSM Higgs massesare also known, as are correctionsto
couplingvertices,two-loopcorrectionsandrenormalization-groupresummations[58]. For m~t1;2

<� 1
TeV andaplausiblerangeof A t , one�nds

mh <� 130GeV (159)

asseenin Fig. 14. Thereweseethesensitivity of mh to (mA ; tan � ), andwealsoseehow mA ; mH and
mH � approacheachotherfor largemA .



Fig. 10: ThelightestHiggsbosonmassin theMSSM, for differentvaluesof tan � andtheCP-oddHiggsbosonmassM A .

4. PHENOMENOLOGY

4.1 Constraints on the MSSM

Importantexperimentalconstraintson the MSSM parameterspaceareprovided by direct searchesat
LEP andthe Tevatroncollider, ascompiledin Fig. 11. Oneof theseis the limit m� � >� 103.5GeV
providedby chargino searchesatLEP[59], wherethethird signi�cant �gure dependson otherCMSSM
parameters.LEP hasalsoprovided lower limits on sleptonmasses,of which thestrongestis m~e >� 99
GeV [60], againdependingonly sightly on the otherCMSSM parameters,as long asm~e � m� >� 10
GeV. Themostimportantconstraintsontheu; d; s; c;bsquarksandgluinosareprovidedby theTevatron
collider: for equalmassesm~q = m~g >� 300GeV. In thecaseof the ~t, LEP providesthemoststringent
limit whenm~t � m� is small,andtheTevatronfor largerm~t � m� [59].

Anotherimportantconstraintis providedby theLEPlower limit on theHiggsmass:mH > 114.1
GeV [20]. This holdsin the StandardModel, for the lightestHiggsbosonh in the generalMSSM for
tan � <� 8, andalmostalwaysin theCMSSMfor all tan � , at leastaslong asCPis conserved2. Since
mh is sensitiveto sparticlemasses,particularlym~t , via loopcorrections:

� m2
h /

m4
t

m2
W

ln

 
m2

~t

m2
t

!

+ : : : (160)

theHiggslimit alsoimposesimportantconstraintson theCMSSMparameters,principally m1=2 [64] as
seenin Fig. 11. TheconstraintsarehereevaluatedusingFeynHiggs [58], which is estimatedto have
a residualuncertaintyof acoupleof GeV in mh.

Also shown in Fig. 11 is theconstraintimposedby measurementsof b ! s
 [62]. Theseagree
with the StandardModel, andthereforeprovide boundson MSSM particles,suchasthe chargino and
chargedHiggs masses,in particular. Typically, the b ! s
 constraintis more importantfor � < 0,
asseenin Fig. 11a andc, but it is alsorelevant for � > 0, particularlywhentan � is large asseenin
Fig. 11d.

The �nal experimentalconstraintwe consideris that dueto the measurementof the anamolous
magneticmomentof the muon. The BNL E821experimentreportedlast yeara new measurementof

2The lower boundon the lightestMSSM Higgsbosonmay be relaxed signi®cantlyif CP violation feedsinto the MSSM
Higgssector[63].



Fig. 11: Compilationsof phenomenologicalconstraintson theCMSSMfor (a) tan � = 10; � < 0, (b) tan � = 10; � > 0,

(c) tan � = 35; � < 0 and(d) tan � = 50; � > 0, assumingA 0 = 0; m t = 175GeVandmb(mb)M S
SM = 4:25 GeV [61]. The

near-vertical linesaretheLEP limits m � � = 103:5 GeV (dashedandblack) [59], shown in (b) only, andmh = 114:1 GeV

(dottedandred) [20]. Also, in the lower left cornerof (b), we show them ~e = 99 GeV contour[60]. In thedark(brick red)

shadedregions,theLSPis thecharged~� 1 , sothis region is excluded.Thelight (turquoise)shadedareasarethecosmologically

preferredregionswith 0:1 � 
 � h2 � 0:3 [61]. Themedium(darkgreen)shadedregionsthataremostprominentin panels(a)

and(c) areexcludedby b ! s
 [62]. Theshaded(pink) regionsin theupperright regionsdelineatethe� 2 � rangesof g� � 2.

For � > 0, the� 1 � contoursarealsoshown assolidblacklines.



a� � 1
2(g� � 2) which deviatedby 2.6 standarddeviationsfrom the bestStandardModel prediction

available at that time [65]. The largestcontribution to the errorsin the comparisonwith theory was
thoughtto bethestatisticalerrorof theexperiment,which will soonbe signi�cantly reduced,asmany
moredatahave alreadybeenrecorded.However, it hasrecentlybeenrealizedthat thesignof themost
importantpseudoscalar-mesonpolepartof thelight-by-light scatteringcontribution [66] to theStandard
Modelpredictionshouldbereversed,which reducestheapparentexperimentaldiscrepancy to about1.6
standarddeviations.Thenext-largesterroris thoughtto bethatdueto strong-interactionuncertaintiesin
theStandardModelprediction,for which recentestimatesconvergeto about7� 10� 10 [67].

As many authorshave pointedout [68], a discrepancy betweentheoryandthe BNL experiment
couldwell beexplainedby supersymmetry. As seenin Fig. 11, this is particularlyeasyif � > 0. With
thechangein signof themeson-polecontributionsto light-by-light scattering,goodconsistency is also
possiblefor � < 0 so long aseitherm1=2 or m0 are takensuf�ciently large. We show in Fig. 11 as
medium(pink) shadedthenew 2� allowedregion: � 6 < � a� � 1010 < 58.

The new regionspreferredby the g � 2 experimentaldatashown in Fig. 11 differ considerably
from theolderones[68] which werebasedon therange11 < � a� � 1010 < 75. First of all, theolder
boundcompletelyexcluded� < 0 at the2 � level. As onecanseethisis no longertrue: � < 0 is allowed
solong aseither(or both)m1=2 andm0 arelarge. Thus,for � < 0, oneis forcedinto eitherthe� � ~�
coannihilationregion or thefunnelregion producedby thes-channelannihilationvia theheavy Higgses
H andA, asdescribedbelow. Second,whereastheolder limits producedde�nite upperboundson the
sparticlemasses(which wereacceptedwith delightby futurecollider builders),thenew bounds,which
areconsistentwith a� = 0, allow arbitrarily high sparticlemasses.Now only thevery low masscorner
of the(m1=2; m0) planeis excluded.

Fig. 11 alsodisplaysthe regionswherethe supersymmetricrelic density� � = 
 � � cr itical falls
within thepreferredrange

0:1 < 
 � h2 < 0:3 (161)

Theupperlimit is rigorous,sinceastrophysicsandcosmologytell usthatthetotal matterdensity
 m <�
0:4, andtheHubbleexpansionrateh � 1=

p
2 to within about10 % (in unitsof 100km/s/Mpc).On the

otherhand,thelower limit in (161) is optional,sincetherecouldbeotherimportantcontributionsto the
overallmatterdensity.

As is seenin Fig. 11, therearegenericregionsof the CMSSM parameterspacewherethe relic
densityfalls within thepreferredrange(161). Whatgoesinto thecalculationof the relic density?It is
controlledby theannihilationcrosssection[56]:

� � = m� n� ; n� �
1

� ann (�� ! : : :)
; (162)

wherethe typical annihilationcrosssection� ann � 1=m2
� . For this reason,the relic densitytypically

increaseswith therelic mass,andthiscombinedwith theupperboundin (161) thenleadsto thecommon
expectationthatm� <� O(200)GeV.

However, therearevariouswaysin which thegenericupperboundon m� canbeincreasedalong
�laments in the (m1=2; m0) plane. For example,if the next-to-lightestsparticle(NLSP) is not much
heavier than� : � m=m� <� 0:1, the relic densitymaybesuppressedby coannihilation:� (� + NLSP!
: : :) [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: ~� 1 andm~� 1 �
m� , asseenin Figs. 11(a) and (b) andextendedto larger m1=2 in Fig. 12(a) [70]. Anotherexample
is coannihilationwhenthe NLSP is the lighter stop[71]: ~t1 andm~t1

� 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 on m� is not affectedby stopcoannihilation.Anothermechanismfor extending
the allowed CMSSM region to large m� is rapid annihilationvia a direct-channelpole when m� �
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A = 2000GeVand� > 0 [72], exhibiting a large-m0 `tail'.

1
2mH iggs;Z [73, 61]. Thismayyield a `funnel' extendingto largem1=2 andm0 at largetan � , asseenin
panels(c) and(d) of Fig. 11 [61]. Yet anotherallowedregion at largem1=2 andm0 is the`focus-point'
region [74], which is adjacentto the boundaryof the region whereelectroweaksymmetrybreakingis
possible,asseenin Fig. 13.

4.2 Fine Tuning

The�laments extendingthepreferredCMSSMparameterspaceareclearlyexceptional,in somesense,
so it is importantto understandthesensitivity of therelic densityto input parameters,unknown higher-
ordereffects,etc.Oneproposalis therelic-density�ne-tuning measure[75]

� 
 �

v
u
u
t

X

i

�
@ln(
 � h2)

@ln ai

� 2

(163)

wherethesumrunsover theinput parameters,which might include(relatively) poorly-known Standard
Model quantitiessuchas mt andmb, as well as the CMSSM parametersm0; m1=2, etc. As seenin
Fig. 14, the sensitivity � 
 (163) is relatively small in the `bulk' region at low m1=2, m0, andtan � .
However, it is somewhat higherin the � � ~� 1 coannihilatioǹ tail', andat large tan � in general.The
sensitivity measure� 
 (163) is particularlyhigh in the rapid-annihilatioǹ funnel' and in the `focus-
point' region. This explainswhy publishedrelic-densitycalculationsmaydiffer in theseregions [76],
whereasthey agreewell when� 
 is small: differencesmay arisebecauseof small differencesin the
treatmentsof theinputs.

It is importantto notethat the relic-density�ne-tuning measure(163) is distinct from the tradi-
tional measureof the�ne-tuning of theelectroweakscale[77]:

� =
s X

i

� 2
i ; � i �

@ln mW

@ln ai
(164)

Samplecontoursof the electroweak�ne-tuning measureareshown (164) areshown in Figs. 15. This
electroweak �ne tuning is logically different from the cosmological�ne tuning, andvaluesof � are
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region.

not necessarilyrelatedto valuesof � 
 , as is apparentwhencomparingthe contoursin Figs. 14 and
15. Electroweak�ne-tuning is sometimesusedasa criterion for restrictingthe CMSSM parameters.
However, the interpretationof � (164) is unclear. How large a value of � is tolerable? Dif ferent
physicistsmay well have differentpain thresholds.Moreover, correlationsbetweeninput parameters
mayreduceits valuein speci�c models,andtheregionsallowedby thedifferentconstraintscanbecome
very differentwhenwe relaxsomeof theCMSSMassumptions,e.g. theuniversalitybetweentheinput
Higgsmassesandthoseof thesquarksandsleptons,a subjectbeyondthescopeof theseLectures.

4.3 Prospectsfor ObservingSupersymmetryat Accelerators

As anaid to theassessmentof theprospectsfor detectingsparticlesatdifferentaccelerators,benchmark
setsof supersymmetricparametershave often beenfound useful [78], sincethey provide a focus for
concentrateddiscussion. A set of proposedpost-LEPbenchmarkscenariosin the CMSSM [79] are
illustratedschematicallyin Fig. 16. They takeinto accountthedirectsearchesfor sparticlesandHiggs
bosons,b ! s
 andthepreferredcosmologicaldensityrange(161). Theproposedbenchmarkpointsare
consistentwith g� � 2 at the2 � level, but thiswasnot imposedasanabsoluterequirement.

Theproposedpointswerechosennot to providean`unbiased'statisticalsamplingof theCMSSM
parameterspace,whatever that meansin the absenceof a plausiblea priori measure,but ratherare
intendedto illustrate the differentpossibilitiesthat arestill allowed by the presentconstraints[79] 3.
Five of the chosenpoints are in the `bulk' region at small m1=2 and m0, four are spreadalong the
coannihilation`tail' at larger m1=2 for variousvaluesof tan � , two are in the `focus-point' region at
largem0, andtwo arein rapid-annihilatioǹ funnels' at largem1=2 andm0. Theproposedpointsrange
over theallowedvaluesof tan � between5 and50. Most of themhave � > 0, asfavouredby g� � 2,

3This studyis restrictedto A = 0, for which ~t1 � � coannihilationis lessimportant,so this effect hasnot in¯uencedthe
selectionof benchmarkpoints.



Fig. 14: Contoursof the total sensitivity � 
 (163) of the relic densityin the (m1=2 ; m0) planesfor (a) tan � = 10; � >

0; m t = 175 GeV, (b) tan � = 35; � < 0; m t = 175 GeV, (c) tan � = 50; � > 0; m t = 175 GeV, and(d) tan � =

10; � > 0; m t = 171 GeV, all for A 0 = 0. The light (turquoise)shadedareasarethecosmologicallypreferredregionswith

0:1 � 
 � h2 � 0:3. In thedark(brick red)shadedregions,theLSPis thecharged~� 1 , so theseregionsareexcluded.In panel

(d), themediumshaded(mauve) region is excludedby theelectroweakvacuumconditions.



Fig. 15: Contoursof theelectroweak®ne-tuningmeasure� (164) in the(m1=2 ; m0) planesfor (a) tan � = 10; � > 0; m t =

175GeV, (b) tan � = 35; � < 0; m t = 175 GeV, (c) tan � = 50; � > 0; m t = 175 GeV, and(d) tan � = 10; � > 0; m t =

171GeV, all for A 0 = 0. Thelight (turquoise)shadedareasarethecosmologicallypreferredregionswith 0:1 � 
 � h2 � 0:3.

In thedark(brick red)shadedregions,theLSPis thecharged~� 1 , so this region is excluded.In panel(d), themediumshaded

(mauve) region is excludedby theelectroweakvacuumconditions.



Fig. 16: Overview of theCMSSMbenchmarkpointsproposedin [79]. They werechosento becompatiblewith theindicated

experimentalconstraints,aswell ashave arelic densityin thepreferredrange(161). Thepointshavedifferentvaluesof tan � ,

andareintendedto illustratetherangeof availablepossibilities.

but therearetwo pointswith � < 0.

Variousderivedquantitiesin thesesupersymmetricbenchmarkscenarios,includingtherelic den-
sity, g� � 2; b ! s
 , electroweak�ne-tuning � andtherelic-densitysensitivity � 
 , aregivenin [79].
Theseenablethereaderto seeat a glancewhich modelswould beexcludedby which re�nementof the
experimentalvalueof g� � 2. Likewise, if you �nd someamountof �ne-tuning uncomfortablylarge,
thenyouarefreeto discardthecorrespondingmodels.

TheLHC collaborationshave analyzedtheir reachfor sparticledetectionin bothgenericstudies
andspeci�c benchmarkscenariosproposedpreviously[80]. Basedonthesestudies,Fig.17displaysesti-
matesof how many differentsparticlesmaybeseenattheLHC in eachof thenewly-proposedbenchmark
scenarios[79]. The lightestHiggs bosonis alwaysfound, andsquarksandgluinosareusuallyfound,
thoughtherearesomescenarioswherenosparticlesarefoundattheLHC. TheLHC oftenmissesheavier
weakly-interactingsparticlessuchascharginos,neutralinos,sleptonsandtheotherHiggsbosons.

It wasinitially thoughtthat the discovery of supersymmetryat the LHC was`guaranteed'if the
BNL measurementg� � 2 waswithin 2 � of thetruevalue,but thisis nolongerthecasewith thenew sign
of the pole contributionsto light-by-light scattering.This is the case,in particular, becausearbitrarily
largevaluesof m1=2 andm0 arenow compatiblewith thedataat the2 � level [81].

The physicscapabilitiesof linear e+ e� collidersareamply documentedin variousdesignstud-
ies[82]. Not only is thelightestMSSM Higgsbosonobserved,but its majordecaymodescanbemea-
suredwith highaccuracy. Moreover, if sparticlesarelight enoughto beproduced,theirmassesandother
propertiescanbemeasuredveryprecisely, enablingmodelsof supersymmetrybreakingto betested[85].

As seenin Fig. 17, the sparticlesvisible at an e+ e� collider largely complementthosevisible
at theLHC [79, 81]. In mostof benchmarkscenariosproposed,a 1-TeV linear collider would be able
to discover andmeasurepreciselyseveralweakly-interactingsparticlesthat areinvisible or dif�cult to
detectat theLHC. However, therearesomebenchmarkscenarioswherethe linear collider (aswell as
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Fig. 17: Summaryof theprospective sensitivities of the LHC andlinear collidersat different
p

s energiesto CMSSM parti-

cle productionin the proposedbenchmarkscenariosG, B, ..., which areorderedby their distancefrom the centralvalueof

g� � 2, as indicatedby the pale (yellow) line in the secondpanel. We seeclearly the complementaritybetweenan e+ e�

collider [82, 83] (or � + � � collider [84]) andtheLHC in theTeV rangeof energies[79], with the formerexcelling for non-

strongly-interactingparticles,andthe LHC for strongly-interactingsparticlesandtheir cascadedecays.CLIC [83] provides

unparallelledphysicsreachfor non-strongly-interactingsparticles,extendingbeyond theTeV scale.We recall that massand

couplingmeasurementsat e+ e� collidersareusuallymuchcleanerandmoreprecisethanat hadron-hadroncolliderssuchas

theLHC. Note,in particular, that it is notknown how to distinguishthelight squark̄ avoursat theLHC.



Fig. 18: Left panel: elasticspin-independentscatteringof supersymmetricrelicson protonscalculatedin benchmarkscenar-

ios [86], comparedwith the projectedsensitivities for CDMS II [87] andCRESST[88] (solid) andGENIUS [89] (dashed).

The predictionsof theSSARDcode(blue crosses)andNeutdrive r [91] (red circles)for neutralino-nucleonscatteringare

compared.ThelabelsA, B, ...,L correspondto thebenchmarkpointsasshown in Fig. 16. Rightpanel:prospectsfor detecting

elasticspin-independentscatteringin thebenchmarkscenarios,which arelessbright.

the LHC) fails to discover supersymmetry. Only a linear collider with a highercentre-of-massenergy
appearssureto cover all theallowedCMSSMparameterspace,asseenin the lower panelsof Fig. 17,
which illustratethephysicsreachof a higher-energy leptoncollider, suchasCLIC [83] or a multi-TeV
muoncollider [84].

4.4 Prospectsfor Other Experiments

4.41 Detectionof Cold Dark Matter

Fig. 18 shows ratesfor theelasticspin-independentscatteringof supersymmetricrelics [86], including
theprojectedsensitivitiesfor CDMSII [87] andCRESST[88] (solid)andGENIUS[89] (dashed).Also
shown arethecrosssectionscalculatedin theproposedbenchmarkscenariosdiscussedin theprevious
section,whichareconsiderablybelow theDAMA [90] range(10� 5 � 10� 6 pb),but maybewithin reach
of futureprojects.Theprospectsfor detectingelasticspin-independentscatteringarelessbright,asalso
shown in Fig. 18. Indirectsearchesfor supersymmetricdarkmattervia theproductsof annihilationsin
thegalactichaloor insidetheSunalsohave prospectsin someof thebenchmarkscenarios[86], asseen
in Fig. 19.

4.42 ProtonDecay

This could be within reach,with � (p ! e+ � 0) via a dimension-sixoperatorpossibly � 1035y if
mGU T � 1016 GeV as expectedin a minimal supersymmetricGUT. Such a model also suggests
that � (p ! �� K + ) < 1032y via dimension-�ve operators[92], unlessmeasuresare takento suppress
them[93]. This providesmotivationfor a next-generationmegatonexperimentthatcoulddetectproton
decayaswell asexplorenew horizonsin neutrinophysics[94].

4.5 Conclusions

We have compiledin this Lecturethevariousexperimentalconstraintson theMSSM,particularlyin its
constrainedCMSSMversion.Thesehavebeencomparedandcombinedwith thecosmologicalconstraint
on the relic dark matterdensity. As we have shown, thereis goodoverall compatibilitybetweenthese



Fig. 19: Left panel:prospectsfor detectingphotonswith energiesabove 1 GeV from annihilationsin thecentreof thegalaxy,

assuminga moderateenhancementthereof the overall halo density, and right panel: prospectsfor detectingmuonsfrom

energetic solar neutrinosproducedby relic annihilationsin the Sun, as calculated[86] in the benchmarkscenariosusing

Neutdrive r [91].

variousconstraints.To exemplify thepossibletypesof supersymmetricphenomenologycompatiblewith
all theseconstraints,a setof benchmarkscenarioshavebeenproposed.

We have discussedthe�ne-tuning of parametersrequiredfor supersymmetryto have escapedde-
tectionsofar. Thereareregionsof parameterspacewheretheneutralinorelic densityis rathersensitive
to theexactvaluesof theinputparameters,andto thedetailsof thecalculationsbasedonthem.However,
therearegenericdomainsof parameterspacewheresupersymmetricdark matteris quite natural. The
�ne-tuning priceof theelectroweaksupersymmetry-breakingscalehasbeenincreasedby theexperimen-
tal constraintsdueto LEP, in particular, but its signi�canceremainsdebatable.

As illustratedby thesebenchmarkscenarios,future colliderssuchas the LHC anda TeV-scale
lineare+ e� collider have goodprospectsof discoveringsupersymmetryandmakingdetailedmeasure-
ments. Therearealsosigni�cant prospectsfor discovering supersymmetryvia searchesfor cold dark
matterparticles,andsearchesfor protondecayalsohave interestingprospectsin supersymmetricGUT
models.

Onemay be disappointedthat supersymmetryhasnot alreadybeendiscovered,but oneshould
not be disheartened.Most of the energy rangewheresupersymmetryis expectedto appearhasyet to
be explored. Futureacceleratorswill be ableto completethe searchfor supersymmetry, but they may
be scoopedby non-acceleratorexperiments. In a few years' time, we expect to be writing aboutthe
discoveryof supersymmetry, not just constraintson its existence.
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