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ABSTRACT

Cosmologynow providesunambiguous,quantitative evidencefor new
particlephysics.I discusstheimplicationsof cosmologyfor supersymmetry
andviceversa.Topicsinclude:motivationsfor supersymmetry;supersym-
metrybreaking;darkenergy; freezeoutandWIMPs;neutralinodarkmatter;
cosmologicallypreferredregionsof minimal supergravity; directandindi-
rectdetectionof neutralinos;theDAMA andHEAT signals;inflation and
reheating;gravitino darkmatter;Big Bangnucleosynthesis;andthecosmic
microwave background.I concludewith speculationsabouttheprospects
for a microscopicdescriptionof thedarkuniverse,stressingthenecessity
of diverseexperimentson bothsidesof theparticlephysics/cosmologyin-
terface.
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1 Introduction

Not long ago,particlephysicistscould often be heardbemoaningthe lack of unam-

biguous,quantitativeevidencefor physicsbeyondtheirstandardmodel.Thosedaysare

gone.Althoughthestandardmodelof particlephysicsremainsoneof thegreattriumphs

of modernscience,it now appearsthatit failsateventhemostbasiclevel — providing

a reasonablycompletecatalogof thebuilding blocksof ouruniverse.

Recentcosmologicalmeasurementshavepinneddowntheamountof baryon,matter,

anddarkenergy in theuniverse.1,2 In unitsof thecritical density, theseenergy densities

are

ΩB = 0.044 ± 0.004 (1)

Ωmatter = 0.27 ± 0.04 (2)

ΩΛ = 0.73 ± 0.04 , (3)

implying anon-baryonicdarkmattercomponentwith

0.094 < ΩDMh
2 < 0.129 (95% CL) , (4)

whereh ' 0.71 is the normalizedHubble expansionrate. Both the centralvalues

anduncertaintieswereunthinkableeven just a few yearsago. Thesemeasurements

provide clearandsurprisinglypreciseevidencethat theknown particlesmake up only

a small fractionof the total energy densityof theuniverse. Cosmologynow provides

overwhelmingevidencefor new particlephysics.

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

3L11



At the sametime, the microscopicpropertiesof dark matteranddark energy are

remarkablyunconstrainedby cosmologicalandastrophysicalobservations.Theoretical

insightsfrom particlephysicsarethereforerequired,bothto suggestcandidatesfor dark

matteranddarkenergy andto identify experimentsandobservationsthatmayconfirm

or excludethesespeculations.

Weak-scalesupersymmetryis at presentthe most well-motivatedframework for

new particlephysics. Its particlephysicsmotivationsarenumerousandarereviewedin

Sec.2. More thanthat,it naturallyprovidesdarkmattercandidateswith approximately

theright relic density. This factprovidesa strong,fundamental,andcompletelyinde-

pendentmotivationfor supersymmetrictheories.For thesereasons,theimplicationsof

supersymmetryfor cosmology, andviceversa,merit seriousconsideration.

Many topicslie at the interfaceof particlephysicsandcosmology, andsupersym-

metry hassomethingto sayaboutnearlyevery oneof them. Regrettably, spacetime

constraintsprecludedetaileddiscussionof many of thesetopics.Althoughthediscus-

sionbelow will touchon a varietyof subjects,it will focuson darkmatter, wherethe

connectionsbetweensupersymmetryandcosmologyareconcreteandrich, theabove-

mentionedquantitativeevidenceis especiallytantalizing,andtheroleof experimentsis

clearandpromising.

Weak-scalesupersymmetryisbriefly reviewedin Sec.2with afocusonaspectsmost

relevanttoastrophysicsandcosmology. In Secs.3and4thepossiblerolesof neutralinos

andgravitinos in theearlyuniversearedescribed.As will beseen,their cosmological

andastrophysical implicationsarevery different;togetherthey illustratethewealthof

possibilitiesin supersymmetriccosmology. I concludein Sec.5with speculationsabout

thefutureprospectsfor amicroscopicunderstandingof thedarkuniverse.

2 Supersymmetry Essentials

2.1 A New Spacetime Symmetry

Supersymmetryis an extensionof the known spacetimesymmetries.3 The spacetime

symmetriesof rotations,boosts,andtranslationsaregeneratedby angularmomentum

operatorsLi, boostoperatorsKi, andmomentumoperatorsPµ, respectively. TheL

andK generatorsform Lorentzsymmetry, andall 10generatorstogetherform Poincare

symmetry. Supersymmetryis thesymmetrythat resultswhenthese10 generatorsare
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furthersupplementedby fermionicoperatorsQα. It emergesnaturallyin stringtheory

and,in asensethatmaybemadeprecise,4 is themaximalpossibleextensionof Poincare

symmetry.

If a symmetryexists in nature,acting on a physical statewith any generatorof

thesymmetrygivesanotherphysical state. For example,actingon anelectronwith a

momentumoperatorproducesanotherphysicalstate,namely, anelectrontranslatedin

spaceor time. Spacetimesymmetriesleave thequantumnumbersof thestateinvariant

— in thisexample,theinitial andfinal stateshave thesamemass,electriccharge,etc.

In anexactly supersymmetricworld, then,actingon any physicalstatewith thesu-

persymmetrygeneratorQα producesanotherphysicalstate.Aswith theotherspacetime

generators,Qα doesnot changethemass,electriccharge,andotherquantumnumbers

of thephysicalstate.In contrastto thePoincaregenerators,however, a supersymmet-

ric transformationchangesbosonsto fermionsandvice versa. The basicprediction

of supersymmetryis, then,that for every known particlethereis anotherparticle, its

superpartner, with spindifferingby 1
2
.

Onemayshow thatnoparticleof thestandardmodelis thesuperpartnerof another.

Supersymmetrythereforepredictsa plethoraof superpartners,noneof which hasbeen

discovered. Massdegeneratesuperpartnerscannotexist — they would have beendis-

coveredlong ago— andso supersymmetrycannotbe an exact symmetry. The only

viablesupersymmetrictheoriesarethereforethosewith non-degeneratesuperpartners.

This maybeachievedby introducingsupersymmetry-breakingcontributionsto super-

partnermassesto lift thembeyondcurrentsearchlimits. At first sight,thiswouldappear

to beadrasticstepthatconsiderablydetractsfrom theappealof supersymmetry. It turns

out, however, that themainvirtuesof supersymmetryarepreservedevenif suchmass

termsareintroduced.In addition,thepossibilityof supersymmetricdarkmatteremerges

naturallyandbeautifullyin theorieswith brokensupersymmetry.

2.2 Supersymmetry and the Weak Scale

Oncesupersymmetryisbroken,themassscalefor superpartnersisunconstrained.There

is, however, astrongmotivationfor thisscaleto betheweakscale:thegaugehierarchy

problem.In thestandardmodelof particlephysics,theclassicalmassof theHiggsboson

(m2
h)0 receivesquantumcorrections.(SeeFig. 1.) Includingquantumcorrectionsfrom
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Figure1: Contributionsto theHiggsbosonmassin thestandardmodelandin super-

symmetry.

standardmodelfermionsfL andfR, onefindsthatthephysicalHiggsbosonmassis

m2
h = (m2

h)0 − 1

16π2
λ2Λ2 + . . . , (5)

wherethelasttermistheleadingquantumcorrection,withλ theHiggs-fermioncoupling.

Λ is theultraviolet cutoff of theloop integral, presumablysomehigh scalewell above

theweakscale.If Λ is of theorderof thePlanckscale∼ 1019 GeV, theclassicalHiggs

massanditsquantumcorrectionmustcanceltoanunbelievable1partin 1034 toproduce

therequiredweak-scalemh. Thisunnaturalfine-tuningis thegaugehierarchy problem.

In thesupersymmetricstandardmodel,however, for everyquantumcorrectionwith

standardmodelfermionsfL andfR in the loop, therearecorrespondingquantumcor-

rectionswith superpartners̃fL andf̃R. ThephysicalHiggsmassthenbecomes

m2
h = (m2

h)0 − 1

16π2
λ2Λ2 +

1

16π2
λ2Λ2 + . . .

≈ (m2
h)0 +

1

16π2
(m2

f̃
−m2

f ) ln(Λ/mf̃ ) , (6)

wherethe termsquadraticin Λ cancel,leaving a term logarithmic in Λ asthe leading

contribution. In this case,thequantumcorrectionsarereasonableeven for very large

Λ, andnofine-tuningis required.

In thecaseof exactsupersymmetry, wheremf̃ = mf , eventhelogarithmicallydi-

vergentterm vanishes.In fact, quantumcorrectionsto massesvanishto all ordersin

perturbationtheory, anexampleof powerfulnon-renormalizationtheoremsin supersym-

metry. FromEq.(6),however, weseethatexactmassdegeneracy isnotrequiredtosolve

thegaugehierarchy problem.Whatis requiredis thatthedimensionlesscouplingsλ of

standardmodelparticlesandtheirsuperpartnersareidentical,andthatthesuperpartner

massesbenot too far above theweakscale(or elseeventhelogarithmicallydivergent
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Figure2: Neutralparticlesin thesupersymmetricspectrum.M1, M2, µ, mν̃ , andm3/2

areunknown weak-scalemassparameters.The Bino, Wino, anddown- andup-type

Higgsinosmix to form neutralinos.

termwould be largecomparedto theweakscale,requiringanotherfine-tunedcancel-

lation). This canbe achieved simply by addingsupersymmetry-breakingweak-scale

massesfor superpartners.In fact,otherterms,suchassomecubicscalarcouplings,may

alsobeaddedwithout re-introducingthefine-tuning.All suchtermsarecalled“soft,”

andthetheorywith weak-scalesoft supersymmetry-breakingtermsis “weak-scalesu-

persymmetry.”

2.3 The Neutral Supersymmetric Spectrum

Supersymmetricparticlesthat are electrically neutral,and so promisingdark matter

candidates,areshown with their standardmodelpartnersin Fig. 2. In supersymmetric

models,two Higgsdoubletsarerequiredto give massto all fermions.Thetwo neutral

HiggsbosonsareHd andHu, whichgivemassto thedown-typeandup-typefermions,

respectively, andeachof thesehasa superpartner. Asidefrom this subtlety, thesuper-

partnerspectrumis exactlyasonewouldexpect. It consistsof spin0 sneutrinos,onefor

eachneutrino,thespin 3
2

gravitino, andthespin 1
2

Bino, neutralWino, anddown- and

up-typeHiggsinos.Thesestateshavemassesdetermined(in part)by thecorresponding

massparameterslistedin thetoprow of Fig. 2. Theseparametersareunknown, but are

presumablyof theorderof theweakscale,giventhemotivationsdescribedabove.
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• One slight problem:  proton decay
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Figure3: Protondecaymediatedby squark.

The gravitino is a masseigenstatewith massm3/2. The sneutrinosarealsomass

eigenstates,assumingflavor andR-parity conservation. (SeeSec.2.4.) The spin 1
2

statesaredifferentiatedonly by theirelectroweakquantumnumbers.After electroweak

symmetrybreaking,thesegaugeeigenstatesthereforemix to form masseigenstates.In

thebasis(−iB̃,−iW̃ 3, H̃d, H̃u) themixing matrix is

Mχ =

















M1 0 −MZ cos β sW MZ sin β sW

0 M2 MZ cos β cW −MZ sin β cW

−MZ cos β sW MZ cos β cW 0 −µ
MZ sin β sW −MZ sin β cW −µ 0

















, (7)

wherecW ≡ cos θW , sW ≡ sin θW , and β is anotherunknown parameterdefined

by tan β ≡ 〈Hu〉/〈Hd〉, the ratio of the up-typeto down-typeHiggs scalarvacuum

expectationvalues(vevs). The masseigenstatesare called neutralinosand denoted

{χ ≡ χ1, χ2, χ3, χ4}, in order of increasingmass. If M1 � M2, |µ|, the lightest

neutralinoχ hasa massof approximatelyM1 andis nearlya pureBino. However, for

M1 ∼ M2 ∼ |µ|, χ is amixturewith significantcomponentsof eachgaugeeigenstate.

Finally, notethatneutralinosareMajoranafermions;they aretheirownanti-particles.

This fact hasimportantconsequencesfor neutralinodark matter, aswill be discussed

below.

2.4 R-Parity

Weak-scalesuperpartnerssolvethegaugehierarchy problemthroughtheirvirtualeffects.

However, without additionalstructure,they also mediatebaryonand lepton number

violationatunacceptablelevels. Forexample,protondecayp → π0e+ maybemediated

by asquarkasshown in Fig. 3.

An elegant way to forbid this decayis to imposethe conservation of R-parity

Rp ≡ (−1)3(B−L)+2S, whereB, L, andS are baryonnumber, lepton number, and

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

8L11



spin,respectively. All standardmodelparticleshaveRp = 1, andall superpartnershave

Rp = −1. R-parity conservationimpliesΠRp = 1 at eachvertex, andsobothvertices

in Fig.3 areforbidden.ProtondecaymaybeeliminatedwithoutR-parityconservation,

for example,by forbiddingB orL violation,but notboth. However, in thesecases,the

non-vanishingR-parityviolatingcouplingsaretypically subjectto stringentconstraints

from otherprocesses,requiringsomealternativeexplanation.

An immediateconsequenceof R-parity conservation is that the lightestsupersym-

metricparticle(LSP)cannotdecayto standardmodelparticlesandis thereforestable.

Particlephysicsconstraintsthereforenaturallysuggestasymmetrythatprovidesanew

stableparticle that may contribute significantly to the presentenergy densityof the

universe.

2.5 Supersymmetry Breaking and Dark Energy

GivenR-parityconservation,theidentityof theLSPhasgreatcosmologicalimportance.

Thegaugehierarchy problemis nohelpin identifyingtheLSP, asit maybesolvedwith

any superpartnermasses,provided they areall of the orderof the weakscale. What

is requiredis an understandingof supersymmetrybreaking,which governsthe soft

supersymmetry-breakingtermsandthesuperpartnerspectrum.

The topic of supersymmetrybreakingis technicaland large. However, the most

popularmodelshave “hiddensector”supersymmetrybreaking,andtheir essentialfea-

turesmaybeunderstoodby analogyto electroweaksymmetrybreakingin thestandard

model.

Theinteractionsof thestandardmodelmaybedividedintothreesectors.(SeeFig.4.)

The electroweak symmetrybreaking(EWSB) sectorcontainsinteractionsinvolving

only theHiggsboson(theHiggspotential);theobservablesectorcontainsinteractions

involving only whatwemightcall the“observablefields,” suchasquarksq andleptons

l; andthemediationsectorcontainsall remaininginteractions,whichcoupletheHiggs

andobservablefields(theYukawainteractions).Electroweaksymmetryis brokenin the

EWSBsectorwhentheHiggsbosonobtainsanon-zerovev: h → v. Thisis transmitted

to the observablesectorby the mediatinginteractions.The EWSB sectordetermines

theoverall scaleof EWSB,but the interactionsof themediatingsectordeterminethe

detailedspectrumof theobservedparticles,aswell asmuchof their phenomenology.

Modelswith hiddensectorsupersymmetrybreakinghave a similar structure.They

haveasupersymmetrybreakingsector, whichcontainsinteractionsinvolvingonlyfields
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Figure4: Sectorsof interactionsfor electroweaksymmetrybreakingin the standard

modelandsupersymmetrybreakingin hiddensectorsupersymmetrybreakingmodels.

Z thatarenotpartof thestandardmodel;anobservablesector, whichcontainsall inter-

actionsinvolving only standardmodelfieldsandtheir superpartners;anda mediation

sector, whichcontainsall remaininginteractionscouplingfieldsZ to thestandardmodel.

Supersymmetryis broken in thesupersymmetrybreakingsectorwhenoneor moreof

theZ fields obtainsa non-zerovev: Z → F . This is thentransmittedto the observ-

ablefields throughthe mediatinginteractions. In contrastto the caseof EWSB, the

supersymmetry-breakingvev F hasmassdimension2. (It is the vev of the auxiliary

field of theZ supermultiplet.)

In simplecaseswhereonly onenon-zeroF vev develops,thegravitino massis

m3/2 =
F√
3M∗

, (8)

whereM∗ ≡ (8πGN)−1/2 ' 2.4 × 1018 GeV is thereducedPlanckmass.Thestandard

modelsuperpartnermassesaredeterminedthroughthemediatinginteractionsby terms

suchas

cij
Z†Z

M2
m

f̃ ∗
i f̃j and ca

Z

Mm

λaλa , (9)

wherecij andca areconstants,̃fi andλa aresuperpartnersof standardmodelfermions

andgaugebosons,respectively, andMm is themassscaleof themediatinginteractions.

WhenZ → F , thesetermsbecomemasstermsfor sfermionsandgauginos.Assuming

orderoneconstants,

mf̃ ,mλ ∼ F

Mm

. (10)

In supergravity models,themediatinginteractionsaregravitational,andsoMm ∼
M∗. We thenhave

m3/2,mf̃ ,mλ ∼ F

M∗

, (11)
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and
√
F ∼ √

MweakM∗ ∼ 1010 GeV. In suchmodelswith “high-scale”supersymmetry

breaking,the gravitino or any standardmodelsuperpartnercould in principle be the

LSP. In contrast,in “low-scale”supersymmetrybreakingmodelswithMm � M∗, such

asgauge-mediatedsupersymmetrybreakingmodels,

m3/2 =
F√
3M∗

� mf̃ ,mλ ∼ F

Mm

, (12)

√
F ∼ √

MweakMm � 1010 GeV, andthegravitino is necessarilytheLSP.

As with electroweaksymmetrybreaking,the dynamicsof supersymmetrybreak-

ing contributesto the energy densityof the vacuum,that is, to dark energy. In non-

supersymmetrictheories,thevacuumenergy densityis presumablynaturallyΛ ∼ M4
∗

insteadof its measuredvalue∼ meV4, adiscrepancy of 10120. This is thecosmological

constantproblem. In supersymmetrictheories,thevacuumenergy densityis naturally

F 2. For high-scalesupersymmetrybreaking,onefinds Λ ∼ M2
weakM

2
∗ , reducingthe

discrepancy to 1090. Loweringthesupersymmetrybreakingscaleasmuchaspossible

to F ∼ M2
weak givesΛ ∼ M4

weak, still a factorof 1060 too big. Supersymmetrythere-

fore eliminatesfrom 1/4 to 1/2 of thefine-tuningin thecosmologicalconstant,a truly

underwhelmingachievement.Onemustlook deeperfor insightsaboutdarkenergy and

asolutionto thecosmologicalconstantproblem.

2.6 Minimal Supergravity

To obtaindetailedinformationregardingthe superpartnerspectrum,onemustturn to

specificmodels.Thesearemotivatedby theexpectationthattheweak-scalesupersym-

metric theoryis derivedfrom a morefundamentalframework, suchasa grandunified

theoryorstringtheory, atsmallerlengthscales.Thismorefundamentaltheoryshouldbe

highly structuredfor at leasttwo reasons.First,unstructuredtheoriesleadto violations

of low energy constraints,suchasboundson flavor-changingneutralcurrentsandCP-

violationin thekaonsystemandin electricdipolemoments.Second,thegaugecoupling

constantsunify at high energiesin supersymmetrictheories,5 anda morefundamental

theoryshouldexplain this.

From this viewpoint, the many parametersof weak-scalesupersymmetryshould

be derived from a few parametersdefinedat smallerlengthscalesthroughrenormal-

ization groupevolution. Minimal supergravity,6–9 the canonicalmodelfor studiesof

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

11L11



Figure5: Renormalizationgroupevolutionof supersymmetricmassparameters.From

Ref.10.

supersymmetryphenomenologyandcosmology, is definedby 5 parameters:

m0,M1/2, A0, tan β, sign(µ) , (13)

wherethemostimportantparametersaretheuniversalscalarmassm0 andtheuniversal

gauginomassM1/2, bothdefinedat thegrandunifiedscaleMGUT ' 2 × 1016 GeV. In

fact,thereis asixth freeparameter, thegravitino mass

m3/2 . (14)

As notedin Sec.2.5, thegravitino maynaturallybetheLSP. It mayplay animportant

cosmologicalrole, aswe will seein Sec.4. For now, however, we follow mostof the

literatureandassumethegravitino is heavy andsoirrelevantfor mostdiscussions.

Therenormalizationgroupevolutionof supersymmetryparametersisshownin Fig.5

for a particularpoint in minimal supergravity parameterspace.This figure illustrates

severalkey featuresthatholdmoregenerally. First,assuperpartnermassesevolvefrom

MGUT to Mweak, gaugecouplingsincreasetheseparameters,while Yukawa couplings

decreasethem.At theweakscale,coloredparticlesarethereforeexpectedto beheavy,
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andunlikely to be the LSP. The Bino is typically the lightestgaugino,andthe right-

handedsleptons(morespecifically, theright-handedstauτ̃R) aretypically the lightest

scalars.

Second,themassparameterm2
Hu

is typicallydrivennegativebythelargetopYukawa

coupling. This is a requirementfor electroweak symmetrybreaking: at tree-level,

minimizationof theelectroweakpotentialat theweakscalerequires

|µ|2 =
m2
Hd

−m2
Hu

tan2 β

tan2 β − 1
− 1

2
m2
Z

≈ −m2
Hu

− 1

2
m2
Z , (15)

wherethelastline followsfor all but thelowestvaluesof tan β, whicharephenomeno-

logically disfavoredanyway. Clearly, this equationcanonly besatisfiedif m2
Hu

< 0.

Thispropertyof evolving to negativevaluesis uniquetom2
Hu

; all othermassparameters

thataresignificantlydiminishedby thetopYukawacouplingalsoexperienceacompen-

satingenhancementfrom thestronggaugecoupling. This behavior naturallyexplains

why SU(2)is brokenwhile theothergaugesymmetriesarenot. It is abeautifulfeature

of supersymmetryderivedfrom a simplehigh energy framework andlendscredibility

to theextrapolationof parametersall thewayup to a largemassscalelikeMGUT.

Given a particularhigh energy framework, onemay thenscanparameterspaceto

determinewhatpossibilitiesexist for theLSP. Theresultsfor a slice throughminimal

supergravity parameterspaceareshown in Fig. 6. They arenot surprising. The LSP

is eitherthe the lightestneutralinoχ or the right-handedstauτ̃R. In theχ LSP case,

contoursof gaugino-ness

Rχ ≡ |aB̃|2 + |aW̃ |2 , (16)

where

χ = aB̃(−iB̃) + aW̃ (−iW̃ ) + aH̃d
H̃d + aH̃u

H̃u , (17)

arealsoshown. Theneutralinois nearlypureBino in muchof parameterspace,but may

haveasignificantHiggsinomixturefor m0
>∼ 1 TeV, whereEq.(15) implies|µ| ∼ M1.

Thereare,of course,many othermodelsbesidesminimalsupergravity. Phenomena

that do not occurin minimal supergravity may very well occuror even be genericin

othersupersymmetricframeworks.Ontheotherhand,if onelookshardenough,minimal

supergravity containsa wide varietyof darkmatterpossibilities,andit will serve asa

usefulframework for illustratingmany pointsbelow.
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Figure 6: Regions of the (m0,M1/2) parameterspacein minimal supergravity with

A0 = 0, tan β = 10, andµ > 0. The lower shadedregion is excludedby the LEP

charginomasslimit. Thestauis theLSPin thenarrow uppershadedregion. In therest

of parameterspace,theLSPis thelightestneutralino,andcontoursof its gaugino-ness

Rχ (in percent)areshown. FromRef.11.

2.7 Summary

• Supersymmetryis anew spacetimesymmetrythatpredictstheexistenceof anew

bosonfor everyknown fermion,andanew fermionfor everyknown boson.

• Thegaugehierarchy problemmaybesolvedby supersymmetry, but requiresthat

all superpartnershavemassesat theweakscale.

• Theintroductionof superpartnersat theweakscalemediatesprotondecayat un-

acceptablylarge ratesunlesssomesymmetryis imposed. An elegant solution,

R-parity conservation, implies that theLSP is stable. Electricallyneutralsuper-

partners,suchastheneutralinoandgravitino, arethereforepromisingdarkmatter

candidates.

• The superpartnermassesdependon how supersymmetryis broken. In models

with high-scalesupersymmetrybreaking,suchassupergravity, thegravitino may

or may not be the LSP; in modelswith low-scalesupersymmetrybreaking,the

gravitino is theLSP.
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• Among standardmodel superpartners,the lightestneutralinonaturallyemerges

asthedarkmattercandidatefrom thesimplehigh energy framework of minimal

supergravity.

• Supersymmetryreducesfine tuning in the cosmologicalconstantfrom 1 part in

10120 to 1 part in 1060 to 1090, and so doesnot provide much insight into the

problemof darkenergy.

3 Neutralino Cosmology

Given the motivationsdescribedin Sec.2 for stableneutralinoLSPs,it is naturalto

considerthe possibility that neutralinosare the dark matter.12–14 In this section,we

review thegeneralformalismfor calculatingthermalrelic densitiesandits implications

for neutralinosand supersymmetry. We then describea few of the more promising

methodsfor detectingneutralinodarkmatter.

3.1 Freeze Out and WIMPs

Dark mattermay be producedin a simple and predictive manneras a thermalrelic

of the Big Bang. The very early universeis a very simpleplace— all particlesare

in thermalequilibrium. As theuniversecoolsandexpands,however, interactionrates

becometoo low to maintainthis equilibrium,andso particles“freezeout.” Unstable

particlesthat freezeout disappearfrom the universe. However, the numberof stable

particlesasymptoticallyapproachesa non-vanishingconstant,andthis, their thermal

relic density, survivesto thepresentday.

Thisprocessis describedquantitatively by theBoltzmannequation

dn

dt
= −3Hn− 〈σAv〉

(

n2 − n2
eq

)

, (18)

wheren is thenumberdensityof thedarkmatterparticleχ,H is theHubbleparameter,

〈σAv〉 is the thermallyaveragedannihilationcrosssection,andneq is the χ number

densityin thermalequilibrium.Ontheright-handsideof Eq.(18),thefirst termaccounts

for dilution from expansion.Then2 termarisesfrom processesχχ → ff̄ thatdestroy

χ particles,andthen2
eq termarisesfrom thereverseprocessff̄ → χχ, whichcreatesχ

particles.
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It is convenientto changevariablesfrom time to temperature,

t → x ≡ m

T
, (19)

wherem is theχ mass,andto replacethe numberdensityby the co-moving number

density

n → Y ≡ n

s
, (20)

wheres is theentropy density. Theexpansionof theuniversehasnoeffectonY , because

s scalesinverselywith thevolumeof theuniversewhenentropy is conserved. In terms

of thesenew variables,theBoltzmannequationis

x

Yeq

dY

dx
= −neq〈σAv〉

H

(

Y 2

Y 2
eq

− 1

)

. (21)

In this form, it is clearthatbeforefreezeout, whentheannihilationrateis largecom-

paredwith theexpansionrate,Y tracksits equilibriumvalueYeq. After freezeout,Y

approachesa constant.This constantis determinedby the annihilationcrosssection

〈σAv〉. Thelargerthis crosssection,thelongerY follows its exponentiallydecreasing

equilibrium value,andthe lower the thermalrelic density. This behavior is shown in

Fig. 7.

Let usnow considerWIMPs— weaklyinteractingmassiveparticleswith massand

annihilationcrosssectionsetby theweakscale:m2 ∼ 〈σAv〉−1 ∼ M2
weak. Freezeout

takesplacewhen

neq〈σAv〉 ∼ H . (22)

Neglectingnumericalfactors,neq ∼ (mT )3/2e−m/T for a non-relativistic particle,and

H ∼ T 2/M∗. Fromtheserelations,wefind thatWIMPs freezeoutwhen

m

T
∼ ln

[

〈σAv〉mM∗

(

m

T

)1/2
]

∼ 30 . (23)

Since1
2
mv2 = 3

2
T , WIMPs freezeoutwith velocityv ∼ 0.3.

Onemight think that,sincethenumberdensityof aparticlefallsexponentiallyonce

the temperaturedropsbelow its mass,freezeout shouldoccurat T ∼ m. This is not

thecase.Becausegravity is weakandM∗ is large,theexpansionrateis extremelyslow,

andfreezeout occursmuchlater thanonemight naively expect. For am ∼ 300 GeV

particle, freezeout occursnot at T ∼ 300 GeV andtime t ∼ 10−12 s, but ratherat

temperatureT ∼ 10 GeV andtime t ∼ 10−8 s.
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Figure7: Theco-moving numberdensityY of a darkmatterparticleasa functionof

temperatureandtime. FromRef.15.

With alittle morework,16 onecanfindnotjustthefreezeouttime,butalsothefreeze

outdensity

Ωχ = msY (x = ∞) ∼ 10−10 GeV−2

〈σAv〉
. (24)

A typicalweakcrosssectionis

〈σAv〉 ∼ α2

M2
weak

∼ 10−9 GeV−2 , (25)

correspondingto athermalrelic densityof Ωh2 ∼ 0.1. WIMPsthereforenaturallyhave

thermalrelicdensitiesof theobservedmagnitude.Theanalysisabovehasignoredmany

numericalfactors,andthe thermalrelic densitymayvary by asmuchasa few orders

of magnitude.Nevertheless,in conjunctionwith theotherstrongmotivationsfor new

physicsat the weakscale,this coincidenceis an importanthint that the problemsof

electroweaksymmetrybreakinganddarkmattermaybeintimatelyrelated.
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3.2 Thermal Relic Density

We now wantto applythegeneralformalismabove to thespecificcaseof neutralinos.

This is complicatedby thefactthatneutralinosmayannihilateto many final states:ff̄ ,

W+W−, ZZ, Zh, hh, andstatesincluding the heavy Higgs bosonsH, A, andH±.

Many processescontributeto eachof thesefinal states,andnearlyeverysupersymmetry

parametermakesan appearancein at leastoneprocess.The full setof annihilation

diagramsis discussedin Ref. 17. Codesto calculatethe relic densityare publicly

available.18

Giventhiscomplicatedpicture,it is notsurprisingthatthereareavarietyof waysto

achievethedesiredrelicdensityfor neutralinodarkmatter. Whatissurprising,however,

is thatmany of thesedifferentwaysmaybefoundin minimalsupergravity, providedone

lookshardenough.Wewill thereforeconsidervariousregionsof minimalsupergravity

parameterspacewherequalitatively distinctmechanismsleadto neutralinodarkmatter

with thedesiredthermalrelic density.

3.2.1 Bulk Region

AsevidentfromFig.6,theLSPisaBino-likeneutralinoin muchof minimalsupergravity

parameterspace. It is useful, therefore,to begin by consideringthe pureBino limit.

In this case,all processeswith final stategaugebosonsvanish. This follows from

supersymmetryandthe absenceof 3-gaugebosonverticesinvolving the hypercharge

gaugeboson.

The processχχ → ff̄ througha t-channelsfermiondoesnot vanishin the Bino

limit. Thisprocessis thefirst shown in Fig.8. Thisreactionhasaninterestingstructure.

RecallthatneutralinosareMajoranafermions. If the initial stateneutralinosarein an

S-wave state,thePauli exclusionprincipleimpliesthattheinitial stateis CP-odd,with

totalspinS = 0 andtotalangularmomentumJ = 0. If theneutralinosaregauginos,the

verticespreserve chirality, andsothefinal stateff̄ hasspinS = 1. This is compatible

with J = 0 only with a massinsertionon the fermion line. This processis therefore

eitherP -wave-suppressed(by a factorv2 ∼ 0.1) or chirality suppressed(by a factor

mf/MW ). In fact, this conclusionholdsalsofor mixedgaugino-Higgsinoneutralinos

andfor all otherprocessescontributing to the ff̄ final state.17 (It alsohasimportant

implicationsfor indirectdetection.SeeSec.3.4.)

The region of minimal supergravity parameterspacewith a Bino-like neutralino

whereχχ → ff̄ yieldstheright relic densityis the(m0,M1/2) ∼ (100 GeV, 200 GeV)
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Figure8: Threerepresentativeneutralinoannihilationdiagrams.

region shown in Fig. 9. It is called the “bulk region,” as, in the past, therewas a

wide rangeof parameterswith m0,M1/2
<∼ 300 GeV thatpredicteddarkmatterwithin

the observed range. The dark matterenergy densityhasby now becomeso tightly

constrained,however, that the“bulk region” hasnow beenreducedto a thin ribbonof

acceptableparameterspace.

Moving from the bulk region by increasingm0 andkeepingall otherparameters

fixed,onefindstoomuchdarkmatter. Thisbehavior is evidentin Fig.9 andnotdifficult

tounderstand:in thebulk region,alargesfermionmasssuppresses〈σAv〉, whichimplies

alargeΩDM. In fact,sfermionmassesnotfarabovecurrentboundsarerequiredtooffset

theP -wave suppressionof theannihilationcrosssection.This is aninterestingfact—

cosmologyseeminglyprovidesan upperboundon superpartnermasses!If this were

true,onecould replacesubjective naturalnessargumentsby the fact that the universe

cannotbeoverclosedto provideupperboundsonsuperpartnermasses.

Unfortunately, thislineof reasoningisnotairtightevenin theconstrainedframework

of minimal supergravity. The discussionabove assumesthat χχ → ff̄ is the only

annihilationchannel. In fact, however, for non-Bino-like neutralinos,therearemany

othercontributions.Exactlythispossibilityis realizedin thefocuspoint region,which

wedescribenext.

In passing,it is importantto notethat thebulk region, althoughthemoststraight-

forwardandnaturalin many respects,is alsoseverelyconstrainedby otherdata. The

existenceof alight superpartnerspectrumin thebulk regionimpliesalight Higgsboson
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Figure9: Thebulk andco-annihilationregionsof minimal supergravity with A0 = 0,

tan β = 10 andµ < 0. In the light blueregion, the thermalrelic densitysatisfiesthe

pre-WMAP constraint0.1 < ΩDMh
2 < 0.3. In the dark blue region, the neutralino

densityis in thepost-WMAPrange0.094 < ΩDMh
2 < 0.129. Thebulk region is the

darkblueregionwith (m0,M1/2) ∼ (100 GeV, 200 GeV). ThestauLSPregionisgiven

in dark red,andtheco-annihilationregion is thedarkblue region alongthestauLSP

border. Currentboundsonb → sγ excludethegreenshadedregion,andtheHiggsmass

is too low to theleft of themh = 114 GeV contour. FromRef.19.

mass,andtypically significantdeviationsin low energy observablessuchasb → sγ

and(g − 2)µ. Currentboundson the Higgs bosonmass,aswell asconcordancebe-

tweenexperimentsandstandardmodelpredictionsfor b → sγ and(possibly)(g− 2)µ,

thereforedisfavor this region,ascanbeseenin Fig. 9. For this reason,it is well worth

consideringotherpossibilities,includingthethreewenow describe.

3.2.2 Focus Point Region

As can be seenin Fig. 6, a Bino-like LSP is not a definitive predictionof minimal

supergravity. For large scalarmassparameterm0, the Higgsinomassparameter|µ|
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dropsto accommodateelectroweaksymmetrybreaking,asrequiredby Eq. (15). The

LSPthenbecomesagaugino-Higgsinomixture.Theregionwherethishappensiscalled

thefocuspoint region,a namederivedfrom peculiarpropertiesof therenormalization

groupequationswhich suggestthat largescalarmassesdo not necessarilyimply fine-

tuning.20–22

In the focuspoint region, the first diagramof Fig. 8 is suppressedby very heavy

sfermions. However, the existenceof Higgsinocomponentsin the LSP implies that

diagramslike the2ndof Fig. 8, χχ → W+W− througha t-channelchargino, areno

longersuppressed.Thisprovidesasecondmethodby whichneutralinosmayannihilate

efficiently enoughto producethe desiredthermalrelic density. The cosmologically

preferredregionswith theright relic densitiesareshown in Fig.10. Theright amountof

darkmattercanbeachievedwith arbitrarily heavy sfermions,andsothereis no useful

cosmologicalupperboundon superpartnermasses,evenin theframework of minimal

supergravity.

3.2.3 A Funnel Region

A third possibilityrealizedin minimalsupergravity is thatthedarkmatterannihilatesto

fermionpairsthroughans-channelpole. Thepotentiallydominantprocessis through

theA Higgsboson(thelastdiagramof Fig. 8), astheA is CP-odd,andsomaycouple

to an initial S-wave state. This processis efficient when2mχ ≈ mA. In fact, the

A resonancemay be broad,extendingthe region of parameterspaceover which this

processis important.

TheA resonanceregion occursin minimal supergravity for tan β >∼ 4023,24 andis

shown in Fig. 11. Note that the resonanceis soefficient that the relic densitymaybe

reducedtoo much. Thedesiredrelic densityis thereforeobtainedwhentheprocessis

nearresonance,but notexactlyon it.

3.2.4 Co-annihilation Region

Finally, the desiredneutralinorelic densitymay be obtainedeven if χχ annihilation

is inefficient if thereareotherparticlespresentin significantnumberswhenthe LSP

freezesout. Theneutralinodensitymaythenbebroughtdown throughco-annihilation

with the otherspecies.25,26 Naively, the presenceof otherparticlesrequiresthat they

be massdegeneratewith the neutralinoto within the temperatureat freezeout, T ≈
mχ/30. In fact,co-annihilationmaybesoenhancedrelative to theP -wave-suppressed
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Figure10: Focuspoint region of minimal supergravity for A0 = 0, µ > 0, andtan β

asindicated. The excludedregionsandcontoursareasin Fig. 6. In the light yellow

region,thethermalrelicdensitysatisfiesthepre-WMAPconstraint0.1 < ΩDMh
2 < 0.3.

In themediumredregion, theneutralinodensityis in thepost-WMAPrange0.094 <

ΩDMh
2 < 0.129. The focuspoint region is the cosmologicallyfavored region with

m0
>∼ 1 TeV. Updatedfrom Ref.11.

χχ annihilationcrosssectionthat co-annihilationmay be importanteven with mass

splittingsmuchlargerthanT .

Theco-annihilationpossibilityis realizedin minimal supergravity alongthe τ̃ LSP

– χ LSP border. (SeeFig. 9.) Processessuchasχτ̃ → τ ∗ → τγ arenot P -wave

suppressed,andso enhancetheχχ annihilationratesubstantially. Thereis therefore

a narrow finger extendingup to massesmχ ∼ 600 GeV with acceptableneutralino

thermalrelic densities.

3.3 Direct Detection

If darkmatteris composedof neutralinos,it maybedetecteddirectly, that is, by look-

ing for signalsassociatedwith its scatteringin ordinary matter. Dark matterveloc-

ity and spatialdistributions are ratherpoorly known and are an importantsourceof
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Figure11: TheA funnel region of minimal supergravity with A0 = 0, tan β = 45,

andµ < 0. Theredregion is excluded. Theothershadedregionshave ΩDMh
2 < 0.1

(yellow), 0.1 < ΩDMh
2 < 0.3 (green),and0.3 < ΩDMh

2 < 1 (blue). FromRef.24.

uncertainty.27–30 A commonassumptionis that dark matterhasa local energy den-

sity of ρχ = 0.3 GeV/cm3 with a velocity distribution characterizedby a velocity

v ≈ 220 km/s. Normalizingto thesevalues,theneutralinoflux is

Φχ = 6.6 × 104 cm−2 s−1 ρχ
0.3 GeV/cm3

100 GeV

mχ

v

220 km/s
. (26)

Suchvaluesthereforepredicta substantialflux of haloneutralinosin detectorshereon

Earth.

Themaximalrecoil energy from aWIMP scatteringoff anucleusN is

Emax
recoil =

2m2
χmN

(mχ +mN)2 v
2 ∼ 100 keV . (27)

With suchlow energies,elasticscatteringis the mostpromisingsignalat present,al-

thoughthepossibilityof detectinginelasticscatteringhasalsobeendiscussed.As we

will seebelow, eventratespredictedbysupersymmetryareatmostafew perkilogramper

day. Neutralinodarkmatterthereforeposesaseriousexperimentalchallenge,requiring

detectorssensitive to extremelyrareeventswith low recoil energies.
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Figure12: Feynmandiagramscontributing to χq → χq scattering.

Neutralino-nucleusinteractionstake placeat the partonlevel throughneutralino-

quarkinteractions,suchasthosein Fig. 12. Becauseneutralinosnow have velocities

v ∼ 10−3, wemaytakethenon-relativistic limit for thesescatteringamplitudes.In this

limit, only two typesof neutralino-quarkcouplingsarenon-vanishing.31 Theinteraction

Lagrangianmaybeparameterizedas

L =
∑

q=u,d,s,c,b,t

(

αSD
q χ̄γµγ5χq̄γµγ

5q + αSI
q χ̄χq̄q

)

. (28)

The first term is the spin-dependentcoupling, as it reducesto Sχ · SN in the non-

relativistic limit. The secondis the spin-independentcoupling. All of the supersym-

metry modeldependenceis containedin the parametersαSD
q andαSI

q . The t-channel

Higgsexchangediagramof Fig.12contributessolelytoαSI
q , while thes-channelsquark

diagramcontributesto bothαSD
q andαSI

q .

For neutralinosscatteringoff protons,the spin-dependentcoupling is dominant.

However, the spin-independentcoupling is coherentand so greatly enhancedfor

heavy nuclei, a fact successfullyexploited by currentexperiments.As a result,spin-

independentdirect detectionis currently the mostpromisingapproachfor neutralino

darkmatter, andwe focuson thisbelow.

GiventheparametersαSI
q , thespin-independentcrosssectionfor χN scatteringis

σSI =
4

π
µ2
N

∑

q

αSI 2
q

[

Z
mp

mq

fpTq
+ (A− Z)

mn

mq

fnTq

]2

, (29)

where

µN =
mχmN

mχ +mN

(30)
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is thereducedmassof theχ-N system,Z andA aretheatomicnumberandweightof

thenucleus,respectively, and

fp,nTq
=

〈p, n|mq q̄q|p, n〉
mp,n

(31)

areconstantsquantifyingwhatfractionof thenucleon’smassis carriedby quarkq. For

thelight quarks,32

fpTu
= 0.020 ± 0.004 fnTu

= 0.014 ± 0.003

fpTd
= 0.026 ± 0.005 fnTd

= 0.036 ± 0.008

fpTs
= 0.118 ± 0.062 fnTs

= 0.118 ± 0.062 . (32)

Thecontribution from neutralino-gluoncouplingsmediatedby heavy quarkloopsmay

beincludedby takingfp,nTc,b,t
= 2

27
fp,nTG

= 2
27

(1 − fp,nTu
− fp,nTd

− fp,nTs
).33

Thenumberof darkmatterscatteringeventsis

N = NNT
ρχ
mχ

σNv (33)

= 3.4 × 10−6MD

kg

T

day

ρχ
0.3 GeV/cm3

100 GeV

mχ

v

220 km/s

µ2
NA

m2
p

σp
10−6 pb

, (34)

whereNN is thenumberof targetnuclei,T is theexperiment’s runningtime,MD is the

massof thedetector, andtheprotonscatteringcrosssectionσp hasbeennormalizedto a

near-maximalsupersymmetricvalue.Thisis adiscouraginglylow eventrate.However,

for a detectorwith a fixed mass,this rate is proportionalto µ2
NA. For heavy nuclei

with A ∼ mχ/mp, theeventrateis enhancedby a factorof ∼ A3, providing thestrong

enhancementnotedabove.

Comparisonsbetweentheoryandexperimentaretypically madeby convertingall

resultsto proton scatteringcrosssections. In Fig. 13, minimal supergravity predic-

tions for spin-independentcrosssectionsaregiven. Thesevary by several ordersof

magnitude.In thestauco-annihilationregion, thesecrosssectionscanbesmall,asthe

neutralinois Bino-like,suppressingtheHiggsdiagram,andsquarkscanbequiteheavy,

suppressingthesquarkdiagram.However, in the focuspoint region, theneutralinois

a gaugino-Higgsinomixture, and the Higgs diagramis large. Currentandprojected

experimentalsensitivities arealsoshown in Fig. 13. Currentexperimentsarejust now

probingthe interestingparameterregion for supersymmetry, but future searcheswill

providestringenttestsof someof themorepromisingminimalsupergravity predictions.
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Figure13: Spin-independentneutralino-protoncrosssectionsfor minimal supergrav-

ity modelswith A0 = 0, µ > 0. The colorscorrespondto variousvaluesof tan β

in the range10 ≤ tan β ≤ 55. Points with the preferredthermal relic density

0.094 < ΩDMh
2 < 0.129 arehighlightedwith enlargedcircles,andthosein thefocus

point andco-annihilationregionsareindicated.Estimatedreachesof current(CDMS,

EDELWEISS,ZEPLIN1, DAMA), nearfuture (CDMS2, EDELWEISS2,ZEPLIN2,

CRESST2),andfuturedetectors(GENIUS,ZEPLIN4,CRYOARRAY) aregivenby the

solid,darkdashed,andlight dashedcontours,respectively. FromRef.34.

TheDAMA collaborationhasreportedevidencefor directdetectionof darkmatter

from annualmodulationin scatteringrates.35 Thefavoreddarkmattermassandproton

spin-independentcrosssectionareshown in Fig. 14. By comparingFigs.13 and14,

oneseesthattheinteractionstrengthfavoredby DAMA is very largerelative to typical

predictionsin minimal supergravity. Suchcrosssectionsmay be realizedin lessre-

strictive supersymmetryscenarios.However, moreproblematicfrom thepoint of view

of providing a supersymmetricinterpretationis that the experimentsEDELWEISS36

andCDMS37 have alsosearchedfor darkmatterwith similar sensitivities andhave not

foundsignals.Their exclusionboundsarealsogiven in Fig. 14. Givenstandardhalo

andneutralinointeractionassumptions,thesedataareinconsistentatahigh level.

Non-standardhalomodels38,39 andnon-standarddarkmatterinteractions40–42 have

beenconsideredasmeansto bringconsistency to theexperimentalpicture.Theresults

aremixed. Giventhecurrentstatusof directdetectionexperiments,a supersymmetric
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Figure14: Regionsof darkmattermassandspin-independentprotonscatteringcross

sections. The shadedregion is the 3σ favored region from DAMA. The dot-dashed

line is the exclusioncontourfrom EDELWEISS,andthe thick solid black line is the

exclusioncontourfrom CDMS.FromRef.37.

interpretationis at bestpremature.It is worth noting,however, that thecurrentresults

bodewell for thefuture,asmany well-motivatedsupersymmetrymodelspredictcross

sectionsnot far from currentsensitivities.

3.4 Indirect Detection

After freezeout, darkmatterpair annihilationbecomesgreatlysuppressed.However,

after the creationof structurein the universe,dark matterannihilationin overdense

regionsof the universemay again becomesignificant. Dark mattermay thereforebe

detectedindirectly: pairs of dark matterparticlesannihilatesomewhere, producing

something, which is detectedsomehow. Thereare a large numberof possibilities.

Below webriefly discussthreeof themorepromisingsignals.
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3.4.1 Positrons

Dark matterin our galactichalomayannihilateto positrons,which maybedetectedin

space-basedorballoon-borneexperiments.43–47 (Anti-protons48–51 andanti-deuterium52

havealsobeensuggestedaspromisingsignals.)

The positronbackgroundis most likely to be composedof secondariesproduced

in the interactionsof cosmicray nuclei with interstellargas, and is expectedto fall

as∼ E−3.1
e+ . At energiesbelow 10 GeV, therearealsolargeuncertaintiesin theback-

ground.46,47 Themostpromisingsignalis thereforehardpositronsfromχχ annihilation.

Unfortunately, themonoenergeticsignalχχ → e+e− is extremelysuppressed.As

notedabove,χχ → ff̄ is eitherP -wavesuppressedor chirality suppressed.At present

times,asopposedto duringfreezeout,P -wave suppressionis especiallysevere,since

v2 ∼ 10−6, andsodirectannihilationto positronsis effectively absent.∗ Thepositron

signalthereforeresultsfromprocessessuchasχχ → W+W− followedbyW+ → e+ν,

andis acontinuum,nota line, at thesource.

To obtain the positronenergy distribution we would observe, the sourceenergy

distributionmustbepropagatedthroughthehalotous.Theresultingdifferentialpositron

flux is47

dΦe+

dΩdE
=

ρ2
χ

m2
χ

∑

i

σivB
i
e+

∫

dE0 fi(E0)G(E0, E) , (35)

whereρχ is thelocalneutralinomassdensity, thesumis overall annihilationchannels,

andBi
e+ is thebranchingfractionto positronsin channeli. Thesourcefunctionf(E0)

givestheinitial positronenergy distribution from neutralinoannihilation.G(E0, E) is

the Green’s function describingpositronpropagation in the galaxy55 andcontainsall

thehalomodeldependence.

Threesamplepositronspectraaregivenin Fig.15. For all of them,E2dΦ/dE peaks

at energiesE ∼ mχ/2. Thesesignalsare all well below background. However, a

smoothhalodistribution hasbeenassumed.For clumpy halos,which arewell within

therealmof possibility, thesignalmaybeenhancedsignificantly. In thenext few years,

both PAMELA, a satellitedetector, andAMS-02, an experimentto be placedon the

InternationalSpaceStation,will provide precisionprobesof the positronspectrum.

Theseexperimentsandotherrecentlycompletedexperimentsarelistedin Table1.

Finally, theHigh EnergyAntimatterTelescope(HEAT) experiment,aballoon-borne

magneticspectrometer, hasfoundevidencefor anexcessof positronsatenergy∼ 8 GeV

∗Notethatthissuppressionis ratherspecial,in thatit followsfrom theMajorananatureof neutralinos;it

is absentfor othertypesof darkmatter, suchasdarkmatterwith spin1.53,54
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Figure15: The differentialpositronflux for threeminimal supergravity models. The

curveslabeledC andHEMN arebackgroundmodelsfrom Ref.47. FromRef.85.

Table1: Recentandplannede+ detectorexperiments.We list eachexperiment’s start

date,duration,geometricalacceptancein cm2 sr, maximalEe+ sensitivity in GeV, and

(expected)total numberof e+ detectedperGeVatEe+ = 100 GeV. FromRef.85.

Experiment Type Date Duration Accept. Emax
e+

dN
dE

(100)

HEAT94/95 Balloon 1994/95 29/26hr 495 50 —

CAPRICE94/98 Balloon 1994/98 18/21hr 163 10/30 —

PAMELA Satellite 3 yr 20 200 0.7

AMS-02 ISS 3 yr 6500 1000 250

in datafrom 1994/9556,57 and 2000.58 The observed bump in the positronfraction

Ne+/(Ne+ +Ne−) is not naturallyobtainedby neutralinodarkmatterfor two reasons.

First,asnotedabove,for asmoothhalo,theannihilationcrosssectionsthatproducethe

desiredrelic densitypredictpositronfluxesthatarefar too low to explain theobserved

excess. In principle, this objectionmay be overcomeby a sufficiently clumpy halo.

Second,neutralinoannihilationproducespositronsonly throughcascades,resultingin

asmoothpositronenergydistribution. Thisisaninevitableconsequenceof theMajorana

natureof neutralinos.Nevertheless,eventheadditionof asmoothcomponentfromneu-

tralinoannihilationmayimprovethefit to data,andthepossibilityof asupersymmetric

explanationfor theHEAT anomalyhasbeenexploredin anumberof studies.59–61
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Figure16: Two positronspectrafor which contributionsfrom neutralinoannihilation

improvethefit toHEAT data.In eachcase,thecontributionfromneutralinoannihilation

hasbeenenhancedby a factorBs ∼ 100 relative to thepredictionfor a smoothhalo.

FromRef.60.

Two “bestfit” resultsfrom Ref.60areshown in Fig.16. In thisstudy, theignorance

of subhalostructureis parameterizedby a constantBs, anoverall normalizationfactor

thatenhancesthepositronflux relative to whatwould beexpectedfor a smoothhalo.

As canbe seenin Fig. 16, both spectragive improved fits to the data. They require

substantialboostfactors,however, with Bs ∼ 100. Suchlarge boostfactorsmay be

disfavoredby modelsof haloformation.62

3.4.2 Photons

Dark matterin the galacticcentermay annihilateto photons,which canbe detected

in atmosphericCherenkov telescopeson theground,or in space-baseddetectors.63–67

(Photonsfrom the galactichalo,68,69 or even from extra-galacticsources70 have also

beenconsidered.)

The main sourceof photonsis from cascadedecaysof otherprimary annihilation

products. A line sourcefrom loop-mediatedprocessessuchasχχ → γγ71,72 and

χχ → γZ73 is possible,63 but is typically highly suppressed.74

Thedifferentialphotonflux alonga directionthatformsanangleψ with respectto
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Figure 17: Integral photon fluxes Φγ(Ethr) as a function of threshold energy

Ethr for A0 = 0, µ > 0, mt = 174 GeV, and halo parameter J̄ =

500. The four models have relic density Ωχh
2 ≈ 0.15, and are specified by

(tan β,m0,M1/2,mχ, Rχ) = (10, 100, 170, 61, 0.93) (dotted),(10, 1600, 270, 97, 0.77)

(dashed),(10, 2100, 500, 202, 0.88) (dot-dashed),and(50, 1000, 300, 120, 0.96) (solid),

whereall massesarein GeV. Pointsourceflux sensitivity estimatesfor severalgamma

raydetectorsarealsoshown. FromRef.85.

thedirectionof thegalacticcenteris

dΦγ

dΩdE
=
∑

i

dN i
γ

dE
σiv

1

4πm2
χ

∫

ψ
ρ2dl , (36)

wherethe sumis over all annihilationchannels,ρ is the neutralinomassdensity, and

the integral is alongthe line of sight. All of thehalomodeldependenceis isolatedin

theintegral. Dependingon theclumpinessor cuspinessof thehalodensityprofile, this

integralmayvaryby asmuchas5 ordersof magnitude.63

The integratedphotonsignal for 4 representative minimal supergravity modelsis

given in Fig. 17. A moderatehalo profile is assumed.Experimentssensitive to such

photonfluxesarelistedin Table2, andtheir sensitivitiesaregivenin Fig. 17.

3.4.3 Neutrinos

Whenneutralinospassthroughastrophysicalobjects,they maybeslowedbelow escape

velocity by elasticscattering.Oncecaptured,they thensettleto thecenter, wheretheir
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Table2: Someof thecurrentandplannedγ ray detectorexperimentswith sensitivity

to photonenergies10 GeV<∼Eγ
<∼ 300 GeV. We list eachexperiment’s startdateand

expectedEγ coveragein GeV. The energy rangesareapproximate.For experiments

constructedin stages,the listed thresholdenergieswill not berealizedinitially. From

Ref.85.

Experiment Type Date Eγ Range

EGRET Satellite 1991-2000 0.02–30

STACEE ACT array 1998 20–300

CELESTE ACT array 1998 20–300

ARGO-YBJ Air shower 2001 100–2,000

MAGIC ACT 10–1000

AGILE Satellite 0.03–50

HESS ACT array 10–1000

AMS/γ Spacestation 0.3–100

CANGAROOIII ACT array 30–50,000

VERITAS ACT array 50–50,000

GLAST Satellite 0.1–300

densitiesandannihilationratesaregreatlyenhanced.While mostof their annihilation

productsareimmediatelyabsorbed,neutrinosarenot. Neutralinosmay thereforean-

nihilate to high energy neutrinosin the coresof the Earth75–78 andSun77,79–84 andbe

detectedonEarthin neutrinotelescopes.

Theformalismfor calculatingneutrinofluxesfrom darkmatterannihilationis com-

plicatedbut well developed. (SeeRef. 15 for a review.) In contrastto the previous

two indirect detectionexamples,neutrinoratesdependnot only on annihilationcross

sections,but alsoonχN scattering,whichdeterminestheneutralinocaptureratein the

SunandEarth.

As with positrons,χχ → νν̄ is helicity-suppressed,andsoneutrinosareproduced

only in thedecaysof primaryannihilationproducts.Typical neutrinoenergiesarethen

Eν ∼ 1
2
mχ to 1

3
mχ, with the mostenergetic spectraresultingfrom WW , ZZ, and,

to a lesserextent,τ τ̄ . After propagating to theEarth’s surface,neutrinosaredetected

throughtheir charged-currentinteractions.Themostpromisingsignalis from upward-

going muon neutrinosthat convert to muonsin the surroundingrock, water, or ice,
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Figure 18: Muon flux from the Sun in km−2 yr−1 for v = 270 km/s and ρχ =

0.3 GeV/cm3. FromRef.85.

producingthrough-goingmuonsin detectors.Thedetectionratefor suchneutrinosis

greatlyenhancedfor high energy neutrinos,asboth the charged-currentcrosssection

andthemuonrangeareproportionaltoEν .

The mostpromisingsourceof neutrinosis the coreof the Sun. Muon flux rates

from theSunarepresentedin Fig. 18. Fluxesaslargeas1000 km−2 s−1 arepossible.

Past,present,andfutureneutrinotelescopesandtheir propertiesarelisted in Table3.

ComparingFig.18with Table3,wefind thatpresentlimits donotsignificantlyconstrain

the minimal supergravity parameterspace. However, given that the effective areaof

neutrinotelescopeexperimentsis expectedto increaseby 10 to 100 in the next few

years,muonfluxesof order10–100km−2 yr−1 maybewithin reach.

3.5 Summary

Neutralinosareexcellentdarkmattercandidates.Thelightestneutralinoemergesnat-

urally asthe lightestsupersymmetricparticleandis stablein simplesupersymmetric

models.In addition,theneutralinois non-baryonic,cold, andweakly-interacting,and

sohasall theright propertiesto bedarkmatter, andits thermalrelic densityis naturally

in thedesiredrange.
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Table3: Currentandplannedneutrinoexperiments. We list alsoeachexperiment’s

startdate,physicaldimensions(or approximateeffective area),muonthresholdenergy

Ethr
µ in GeV, and90%CL flux limits for theSunΦ�

µ in km−2 yr−1 for half-coneangle

θ ≈ 15◦ whenavailable.FromRef.85.

Experiment Type Date Dimensions Ethr
µ Φ�

µ

Baksan Ground 1978 17 × 17 × 11 m3 1 7.6 × 103

Kamiokande Ground 1983 ∼ 150 m2 3 17 × 103

MACRO Ground 1989 12 × 77 × 9 m3 2 6.5 × 103

Super-Kamiokande Ground 1996 ∼ 1200 m2 1.6 5.0 × 103

BaikalNT-96 Water 1996 ∼ 1000 m2 10

AMANDA B-10 Under-ice 1997 ∼ 1000 m2 † ∼ 25

BaikalNT-200 Water 1998 ∼ 2000 m2

AMANDA II Ice 2000 ∼ 3 × 104 m2 ∼ 50

NESTOR§ Water ∼ 104 m2 ‡ few

ANTARES Water ∼ 2 × 104 m2 ‡ ∼ 5–10

IceCube Ice ∼ 106 m2

† Hardspectrum,mχ = 100 GeV. § Onetower. ‡ Eµ ∼ 100 GeV.

CurrentboundsonΩDM arealreadyhighly constraining.Althoughtheseconstraints

do not provide useful upperboundson supersymmetricparticle masses,they do re-

strict supersymmetricparameterspace. In minimal supergravity, the cosmologically

preferredregionsof parameterspaceincludethebulk, focuspoint,A funnel,andstau

coannihilationregions.

Neutralinosmaybedetectedeitherdirectly throughtheir interactionswith ordinary

matteror indirectly throughtheir annihilationdecayproducts.Null resultsfrom direct

andindirectdarkmattersearchesarenot yet very constraining.Futuresensitivities of

variousparticlephysicsanddark matterdetectionexperimentsareshown in Fig. 19.

The sensitivities assumed,andexperimentslikely to achieve thesesensitivities in the

nearfuture,arelistedin Table4.

Severalinterestingfeaturesareapparent.First, traditionalparticlephysicsanddark

mattersearches,particularlyindirectdetectionexperiments,arehighly complementary.

Second,at leastonedark matterexperimentis predictedto seea signal in almostall

of the cosmologicallypreferredregion. This illustration is in the context of minimal
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Figure19: Estimatedreachesof varioushigh-energy colliderandlow-energy precision

searches(black), direct dark mattersearches(red), andindirect dark mattersearches

(blue) in the next few yearsfor minimal supergravity with A0 = 0, tan β = 10, and

µ > 0. Theexcludedgreenregionsareasin Fig. 6. Theblue(yellow) shadedregion

has0.1 < ΩDMh
2 < 0.3 (0.025 < ΩDMh

2 < 1). Theregionsprobedextendthecurves

towardtheexcludedgreenregions.FromRef.85.

supergravity, but canbeexpectedto hold moregenerally. Theprospectsfor neutralino

darkmatterdiscoveryarethereforepromising.

4 Gravitino Cosmology

In Sec.3,welargelyignoredthegravitino. In thisSection,wewill rectify thisomission.

Althoughgravitino interactionsarehighlysuppressed,gravitinosmayhaveimplications

for many aspectsof cosmology, includingBig Bangnucleosynthesis(BBN), thecosmic

microwavebackground,inflation,andreheating.Gravitino cosmologyis in many ways

complementaryto neutralinocosmology, providing anotherrich arenafor connections

betweenmicroscopicphysicsandcosmology.
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Table4: Constraintsonsupersymmetricmodelsusedin Fig.19. Wealsolist experiments

likely to reachthesesensitivities in thenearfuture. FromRef.85.
Observable Type Bound Experiment(s)

χ̃±χ̃0 Collider SeeRefs.86–88 TevatronRunII

B → Xsγ Low energy |∆B(B → Xsγ)| < 1.2 × 10−4 BaBar, BELLE

MuonMDM Low energy |aSUSY
µ | < 8 × 10−10 BrookhavenE821

σproton DirectDM Fig. 13 CDMS2,CRESST2

ν from Earth IndirectDM Φ⊕
µ < 100 km−2 yr−1 AMANDA

ν from Sun IndirectDM Φ�
µ < 100 km−2 yr−1 AMANDA

γ (gal. center) IndirectDM Φγ(1) < 1.5 × 10−10 cm−2 s−1 GLAST

γ (gal. center) IndirectDM Φγ(50) < 7 × 10−12 cm−2 s−1 HESS,MAGIC

e+ cosmicrays IndirectDM (S/B)max < 0.01 AMS-02

4.1 Gravitino Properties

Thepropertiesof gravitinos maybesystematicallyderivedby supersymmetrizingthe

standardmodelcoupledto gravity. Herewewill becontentwith highlightingthemain

results.

In an exactly supersymmetrictheory, the gravitino is a masslessspin 3/2 particle

with two degreesof freedom.Oncesupersymmetryis broken,thegravitino eatsa spin

1/2fermion,theGoldstinoof supersymmetrybreaking,andbecomesamassivespin3/2

particlewith four degreesof freedom.As notedin Sec.2.5,theresultinggravitino mass

is

mG̃ =
F√
3M∗

, (37)

whereM∗ ≡ (8πGN)−1/2 ' 2.4 × 1018 GeV is thereducedPlanckmass.Gravitinos

couplestandardmodelparticlesto theirsuperpartnersthroughgravitino-gaugino-gauge

bosoninteractions

L = − i

8M∗

¯̃Gµ [γν , γρ] γµṼ Fνρ , (38)

andgravitino-sfermion-fermioninteractions

L = − 1√
2M∗

∂ν f̃ f̄ γ
µγνG̃µ . (39)
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In modelswith high-scalesupersymmetrybreaking,suchasconventionalsupergrav-

ity theories,F ∼ MweakM∗, asexplainedin Sec.2.5. Thegravitino massis therefore

of theorderof theothersuperpartnermasses,andweexpectthemall to bein therange

∼ 100 GeV − 1 TeV. The gravitino’s effective couplingsare∼ E/M∗, whereE is

theenergy of theprocess.Thegravitino’s interactionsarethereforetypically extremely

weak,asthey aresuppressedby thePlanckscale.

Wewill focusontheorieswith high-scalesupersymmetrybreakingin thefollowing

discussion.Note, however, that in theorieswith low-scalesupersymmetrybreaking,

the gravitino may be much lighter, for example,as light as ∼ eV in somesimple

gauge-mediatedsupersymmetrybreakingmodels.Thegravitino’s interactionsthrough

its Goldstinocomponentsmay alsobe muchstronger, suppressedby F/Mweak rather

thanM∗. For asummaryof gravitino cosmologyin suchscenarios,seeRef.89.

4.2 Thermal Relic Density

If gravitinos are to play a cosmologicalrole, we must first identify their production

mechanism.Thereareanumberof possibilities.Givenourdiscussionof theneutralino

thermalrelicdensityin Sec.3,anaturalstartingplaceis toconsidergravitino production

asa resultof freezeout from thermalequilibrium. At present,the gravitino coupling

E/M∗ is a hugesuppression.However, if we extrapolatebackto very earlytimeswith

temperaturesT ∼ M∗, evengravitationalcouplingswerestrong,andgravitinoswerein

thermalequilibrium,withnG̃ = neq. Oncethetemperaturedropsbelow thePlanckscale,

however, gravitinosquicklydecouplewith thenumberdensityappropriatefor relativistic

particles.Following decoupling,their numberdensitythensatisfiesnG̃ ∝ R−3 ∝ T 3.

Thishasthesamescalingbehavior asthebackgroundphotonnumberdensity, however,

andsoweexpectroughlysimilar numberdensitiesnow.

If suchgravitinos arestable,they couldbedarkmatter. In fact,thefirst supersym-

metricdarkmattercandidateproposedwasthegravitino.90 However, theoverclosure

boundimplies

ΩG̃
<∼ 1 ⇒ mG̃

<∼ 1 keV . (40)

Thisisnotsurprising— relicneutrinoshaveasimilardensity, andtheoverclosurebound

on theirmassis similar.

On theotherhand,gravitinos maybeunstable.91 This maybebecauseR-parity is

broken, or becausethe gravitino is not the LSP. In this case,thereis no boundfrom

overclosure,but therearestill constraints.In particular, thegravitino’s decayproducts
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will destroy thesuccessfulpredictionsof BBN for light elementabundancesif thedecay

takesplaceafterBBN. In thecasewheredecayto a lighter supersymmetricparticleis

possible,wecanestimatethegravitino lifetime to be

τG̃ ∼ M2
∗

m3
G̃

∼ 0.1 yr

[

100 GeV

mG̃

]3

. (41)

Requiringgravitino decaysto becompletedbeforeBBN at t ∼ 1 s implies91

mG̃
>∼ 10 TeV . (42)

In bothcases,therequiredmassesareincompatiblewith themostnaturalexpecta-

tionsof conventionalsupergravity theories.Gravitinos may, however, bea significant

componentof darkmatterif they arestablewith mass∼ keV. Suchmassesarepos-

sible in low-scalesupersymmetrybreakingscenarios,given an appropriatelychosen

supersymmetry-breakingscaleF .

4.3 Production during Reheating

In the context of inflation, the gravitino productionscenarioof Sec.4.2 is ratherun-

natural. Betweenthe time whenT ∼ M∗ andnow, we expecttheuniverseto inflate,

which would dilute any gravitino relic thermaldensity. Inflation doesprovide another

sourcefor gravitinos, however. Specifically, following inflation, we expectan eraof

reheating,during which the energy of the inflaton potentialis transferredto standard

modelparticlesandsuperpartners,creatinga hot thermalbathin whichgravitinos may

beproduced.92–96

After reheating,theuniverseis characterizedby threehierarchicallyseparatedrates:

theinteractionrateof standardmodelparticlesandtheir superpartnerswith eachother,

σSMn; theexpansionrate,H; andtherateof interactionsinvolving onegravitino, σG̃n.

Heren is thenumberdensityof standardmodelparticles.After reheating,theuniverseis

expectedtohaveatemperaturewell below thePlanckscale,but still well abovestandard

modelmasses.Theseratesmaythenbeestimatedby dimensionalanalysis,andwefind

σSMn ∼ T � H ∼ T 2

M∗

� σG̃n ∼ T 3

M2
∗

. (43)

The picture that emerges,then, is that after reheating,thereis a thermalbathof

standardmodelparticlesandtheirsuperpartners.Occasionallytheseinteractto produce

agravitino throughinteractionslikegg → g̃G̃. Theproducedgravitinosthenpropagate

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

38L11



process i |Mi|2/ g2

M2

(
1 +

m2

g̃

3m2

G̃

)

A ga + gb → g̃c + G̃ 4(s+ 2t + 2 t2

s
)|fabc|2

B ga + g̃b → gc + G̃ −4(t+ 2s+ 2 s2

t
)|fabc|2

C q̃i + ga → qj + G̃ 2s|T a
ji|2

D ga + qi → q̃j + G̃ −2t|T a
ji|2

E ¯̃qi + qj → ga + G̃ −2t|T a
ji|2

F g̃a + g̃b → g̃c + G̃ −8 (s2+st+t2)2

st(s+t)
|fabc|2

G qi + g̃a → qj + G̃ −4(s+ s2

t
)|T a

ji|2

H q̃i + g̃a → q̃j + G̃ −2(t+ 2s+ 2 s2

t
)|T a

ji|2

I qi + q̄j → g̃a + G̃ −4(t+ t2

s
)|T a

ji|2

J q̃i + ¯̃qj → g̃a + G̃ 2(s+ 2t + 2 t2

s
)|T a

ji|2

Figure20: Processescontributingtogravitino productionafterreheating.FromRef.97.

throughtheuniverseessentiallywithoutinteracting.If they arestable,aswewill assume

throughoutthis section,they contributeto thepresentdarkmatterdensity.

Todeterminethegravitino abundance,weturnonceagainto theBoltzmannequation

dn

dt
= −3Hn− 〈σAv〉

(

n2 − n2
eq

)

. (44)

In this case,thesourcetermn2
eq arisesfrom interactionssuchasgg → g̃G̃. In contrast

to our previous applicationof the Boltzmannequationin Sec.3.1, however, herethe

n2 sink term,originatingfrom interactionssuchasg̃G̃ → gg, is negligible. Changing

variablesasbeforewith t → T andn → Y ≡ n/s, wefind

dY

dT
= −〈σG̃v〉

HTs
n2 . (45)

The right-handside is independentof T , sincen ∝ T 3, H ∝ T 2 ands ∝ T 3. We

thusfind anextremelysimplerelation— thegravitino relic numberdensityis linearly

proportionalto thereheattemperatureTR.

Theconstantof proportionalityis thegravitino productioncrosssection.Theleading

2 → 2 QCDinteractionshavebeenincludedin Ref.97. Thesearelistedin Fig.20. With

theseresults,the gravitino relic densitycanbe determinedasa function of reheating

temperatureTR andgravitino mass.Theresultsaregivenin Fig.21. For gravitino mass
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Figure21: Thegravitino relic abundanceΩG̃h
2 asa functionof reheatingtemperature

TR for variousgravitino massesandgluinomassmg̃ = 700 GeV. FromRef.97.

mG̃ ∼ 100 GeV, theconstraintonΩDM requiresreheatingtemperatureTR<∼ 1010 GeV,

providing aboundontheinflatonpotential.Of course,if thisboundis nearlysaturated,

gravitinosproducedafterreheatingmaybeasignificantcomponentof darkmatter.

4.4 Production from Late Decays

A third mechanismfor gravitino productionis throughthe cascadedecaysof other

supersymmetricparticles. If the gravitino is not the LSP, cascadedecayswill bypass

thegravitino, givenits highly suppressedcouplings.However, asdiscussedin Sec.2.5,

thegravitino maybe theLSP, even in high-scalesupersymmetrybreakingmodels. If

thegravitino is theLSP, all cascadeswill ultimatelyendin agravitino.

An alternative possibility for generatinga significantrelic densityof gravitinos is

thereforethefollowing.98,99 Assumethatthegravitino is theLSPandstable.Toseparate

thisscenariofromtheprevioustwo,assumethatinflationdilutestheprimordialgravitino

densityandtheuniversereheatsto a temperaturelow enoughthatgravitino production

is negligible. Becausethe gravitino couplesonly gravitationally with all interactions

suppressedby the Planckscale,it plays no role in the thermodynamicsof the early

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

40L11



universe.Thenext-to-lightestsupersymmetricparticle(NLSP)thereforefreezesoutas

usual;if it isweakly-interacting,its relicdensitywill benearthedesiredvalue.However,

muchlater, after

τ ∼ M2
∗

M3
weak

∼ 105 s − 108 s , (46)

theNLSPdecaysto thegravitino LSP. Thegravitino thereforebecomesdarkmatterwith

relic density

ΩG̃ =
mG̃

mNLSP

ΩNLSP . (47)

Thegravitino andNLSPmassesarenaturallyof thesameorderin theorieswith high-

scalesupersymmetrybreaking.Gravitino LSPsmaythereforeform a significantrelic

componentof our universe,inheriting thedesiredrelic densityfrom WIMP decay. In

contrastto theprevioustwoproductionmechanisms,thedesiredrelicdensityisachieved

naturallywithout theintroductionof new energy scales.

Givenourdiscussionin Sec.4.2,thedecaytimeof Eq.(46),well afterBBN, should

beof concern.In thepresentcase,thedecayingparticleis aWIMP andsohasadensity

far below that of a relativistic particle. (RecallFig. 7.) However, onemustcheckto

seeif thelight elementabundancesaregreatlyperturbed.In fact,for someweak-scale

NLSP andgravitino massesthey are,and for somethey aren’t.98,99 We discussthis

below, alongwith otherconstraintson this scenario.

Modelswith weak-scaleextra dimensionsalsoprovide a similar dark matterpar-

ticle in the form of Kaluza-Kleingravitons,98,100 with Kaluza-Kleingaugebosonsor

leptonsplaying the role of the decayingWIMP.53,54 Becausesuchdark mattercan-

didatesnaturally preserve the WIMP relic abundance,but have interactionsthat are

weaker thanweak,they havebeennamedsuperweakly-interactingmassiveparticles,or

“superWIMPs.”

We seenow thatour discussionin Sec.3 of WIMP darkmatterwasonly valid for

the“half ” of parameterspacewherem3/2 > mLSP. Whenthegravitino is theLSP, there

arenumberof new implicationsof supersymmetryfor cosmology. For example,the“ τ̃

LSP” region is no longerexcludedby searchesfor chargeddarkmatter,98,99,101 asthe

τ̃ is no longerstable,but only metastable.Thereis thereforethe possibility of stable

heavy chargedparticlesappearingin colliderdetectors.102,103 Further, regionswith too

muchdarkmatterareno longerexcluded,becausethegravitino darkmatterdensityis

reducedbymG̃/mNLSP relative to theNLSPdensity. As wewill discussbelow, thelate

decaysproducinggravitinosmayhavedetectableconsequencesfor BBN andthecosmic

microwavebackground.Astrophysicalsignaturesin thediffusephotonspectrum,98 the
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ionizationof the universe,104 andthe suppressionof small scalestructure105 arealso

interestingpossibilities.

4.5 Detection

If gravitinos are the dark matter, all direct and indirect searchesfor dark matterare

hopeless,becauseall interactioncrosssectionsandannihilationratesaresuppressedby

thePlanckscale.Instead,onemustturn to findingevidencefor gravitino productionin

theearlyuniverse.In thecaseof gravitinosproducedatT ∼ M∗ orduringreheating,the

relevantphysicsis at suchhigh energy scalesthatsignalsareabsent,or at leastrequire

strongtheoreticalassumptions.In thecaseof productionby latedecays,however, there

areseveralpossibleearlyuniversesignals.Weconsidera few of thesein thisSection.

4.5.1 Energy Release

If gravitinosareproducedby latedecays,therelevantreactionisNLSP → G̃+S, where

S denotesoneor morestandardmodelparticles. Becausethe gravitino is essentially

invisible,theobservableconsequencesrelyonfindingsignalsofS productionin theearly

universe.Signalsfrom latedecayshavebeenconsideredin Refs.106–115.In principle,

thestrengthof thesesignalsdependson whatS is andits initial energy distribution. It

turnsout,however, thatmostsignalsdependonly on thetimeof energy release,thatis,

theNLSP’slifetimeτ , andtheaveragetotalelectromagneticorhadronicenergyreleased

in NLSPdecay.

Herewewill considertwo possibleNLSPs:thephotinoandthestau.In thephotino

case,

Γ(γ̃ → γG̃) =
1

48πM2
∗

m5
γ̃

m2
G̃

[

1 − m2
G̃

m2
γ̃

]3 [

1 + 3
m2
G̃

m2
γ̃

]

. (48)

In thelimit ∆m ≡ mγ̃ −mG̃ � mG̃, thedecaylifetime is

τ(γ̃ → γG̃) ≈ 1.8 × 107 s
[

100 GeV

∆m

]3

, (49)

independentof theoverall superpartnermassscale.For thestaucase,

Γ(τ̃ → τG̃) =
1

48πM2
∗

m5
τ̃

m2
G̃

[

1 − m2
G̃

m2
τ̃

]4

. (50)

In thelimit ∆m ≡ mτ̃ −mG̃ � mG̃, thedecaylifetime is

τ(τ̃ → τG̃) ≈ 3.6 × 108 s
[

100 GeV

∆m

]4 mG̃

1 TeV
. (51)
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Theelectromagneticenergy releaseis convenientlywritten in termsof

ζEM ≡ εEMYNLSP , (52)

whereεEM is the initial electromagneticenergy releasedin eachNLSP decay, and

YNLSP ≡ nNLSP/n
BG
γ is theNLSPnumberdensitybeforethey decay, normalizedto the

numberdensityof backgroundphotonsnBG
γ = 2ζ(3)T 3/π2. Wedefinehadronicenergy

releasesimilarly asζhad ≡ εhadYNLSP.

NLSPvelocitiesarenegligiblewhenthey decay, andsothepotentiallyvisibleenergy

is

ES ≡ m2
NLSP −m2

G̃

2mNLSP

. (53)

Forthephotinocase,S = γ. At leadingorder, all of theinitial photonenergyisdeposited

in anelectromagneticshower, andso

εEM = Eγ , εhad ' 0 . (54)

For thestaucase,

εEM ≈ 1

3
Eτ − Eτ , εhad = 0 , (55)

wherethe rangein εEM resultsfrom the possiblevariationin electromagneticenergy

from π± andν decayproducts.Theprecisevalueof εEM is in principlecalculableonce

thestau’s chirality andmass,andthesuperWIMPmass,arespecified.However, asthe

possiblevariationin εEM is not greatrelative to othereffects,we will simply present

resultsbelow for therepresentativevalueof εEM = 1
2
Eτ .

Thelifetimesandenergyreleasesin thephotinoandstauNLSPscenariosaregivenin

Fig.22for arangeof (mNLSP,∆m). For naturalweak-scalevaluesof theseparameters,

the lifetimesandenergy releasesin theneutralinoandstauscenariosaresimilar, with

lifetimes of abouta year, in accordwith the roughestimateof Eq. (46), andenergy

releasesof

ζEM ∼ 10−9 GeV . (56)

Suchvalueshave testableimplications,aswenow discuss.

4.5.2 Big Bang Nucleosynthesis

Big Bangnucleosynthesispredictsprimordiallight elementabundancesin termsof one

free parameter, the baryon-to-photonratio η ≡ nB/nγ. At present,the observed D,
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Figure22: Predictedvaluesof NLSP lifetime τ andelectromagneticenergy release

ζEM ≡ εEMYNLSP in the γ̃ (left) and τ̃ (right) NLSP scenariosfor mG̃ = 1 GeV,

10 GeV, . . . , 100 TeV (top to bottom)and∆m ≡ mNLSP − mG̃ = 1 TeV, 100 GeV,

. . . , 100 MeV (left to right). For the τ̃ NLSPscenario,we assumeεEM = 1
2
Eτ . From

Ref.99.
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Figure23: Boundson the baryondensityΩBh
2 from BBN (left, from Ref. 116) and

theCMB (right, from Ref.117).Thenew andextremelypreciseCMB constraintfavors

the BBN ΩBh
2 determinationfrom deuteriumand implies that the 7Li abundanceis

anomalouslylow.

4He,3He,and7Li abundancesmaybeaccommodatedfor baryon-to-photonratiosin the

range116

η10 ≡ η/10−10 = 2.6 − 6.2 . (57)

(SeeFig. 23.) In light of thedifficulty of makingprecisetheoreticalpredictionsandre-

ducing(orevenestimating)systematicuncertaintiesin theobservations,thisconsistency

is awell-known triumphof standardBig Bangcosmology.

At thesametime, givenrecentandexpectedadvancesin precisioncosmology, the

standardBBN picturemeritsclosescrutiny. Recently, BBN baryometryhasbeensupple-

mentedby CMB data,whichaloneyieldsη10 = 6.1 ± 0.4.1 Observationsof deuterium

absorptionfeaturesin spectrafromhighredshiftquasarsimply aprimordialD fractionof

D/H = 2.78+0.44
−0.38 × 10−5.118 Combinedwith standardBBN calculations,119 this yields

η10 = 5.9 ± 0.5. TheremarkableagreementbetweenCMB andD baryometershastwo

new implicationsfor scenarioswith late-decayingparticles.First,assumingthereis no

fine-tunedcancellationof unrelatedeffects,it prohibitssignificantentropy production
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Figure24: The grid givespredictedvaluesof NLSP lifetime τ andelectromagnetic

energy releaseζEM ≡ εEMYNLSP in the γ̃ (left) andτ̃ (right) NLSPscenariosfor mG̃ =

100 GeV, 300 GeV, 500 GeV, 1 TeV, and3 TeV (top to bottom)and∆m ≡ mNLSP −
mG̃ = 600 GeV, 400 GeV, 200 GeV, and100 GeV (left to right). For the τ̃ NLSP

scenario,weassumeεEM = 1
2
Eτ . BBN constraintsexcludetheshadedregions.112 The

bestfit regionwith (τ, ζEM) ∼ (3× 106 s, 10−9 GeV), where7Li is reducedto observed

levelsby latedecaysof NLSPsto gravitinos, is givenby thecircle. FromRef.99.

betweenthe timesof BBN anddecoupling.Second,theCMB measurementsupports

determinationsof η from D, alreadyconsideredby many to bethemostreliableBBN

baryometer. It suggeststhatif D andanotherBBN baryometerdisagree,the“problem”

lies with theotherlight elementabundance— eitherits systematicuncertaintieshave

beenunderestimated,or its valueis modifiedby new astrophysicsor particlephysics.

At presentBBN predictsa 7Li abundancesignificantlygreaterobserved.Thisdisagree-

mentmaythereforeprovidespecificevidencefor late-decayingparticlesin general,and

gravitino darkmatterin particular.

Given the overall successof BBN, the first implication for new physics is that it

shouldnot drasticallyalter any of the light elementabundances. This requirement

restrictstheamountof energy releasedatvarioustimesin thehistoryof theuniverse.A

recentanalysisof electromagneticcascadesfindsthattheshadedregionsof Fig. 24are

excludedbysuchconsiderations.112 Thevariousregionsaredisfavoredby thefollowing
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conservativecriteria:

D low : D/H < 1.3 × 10−5 (58)

D high : D/H > 5.3 × 10−5 (59)

4He low : Yp < 0.227 (60)

7Li low : 7Li/H < 0.9 × 10−10 . (61)

A subsetof superWIMPpredictionsfrom Fig. 22 is superimposedon thisplot. The

subsetis for weak-scalemG̃ and∆m, the mostnaturalvalues,given the independent

motivationsfor new physicsat theweakscale.TheBBN constrainteliminatessomeof

theregionpredictedby thesuperWIMPscenario,but regionswithmNLSP,mG̃ ∼ Mweak

remainviable.

The7Li anomalydiscussedabovemaybetakenasevidencefor new physics,however.

Toimprovetheagreementof observationsandBBN predictions,it isnecessarytodestroy
7Li without harmingtheconcordancebetweenCMB andotherBBN determinationsof

η. This may be accomplishedfor (τ, ζEM) ∼ (3 × 106 s, 10−9 GeV).112 This “best

fit” point is marked in Fig. 24. The amountof energy releaseis determinedby the

requirementthat7Li bereducedto observedlevelswithoutbeingcompletelydestroyed

– onecannotthereforebe too far from the “ 7Li low” region. In addition,onecannot

destroy or createtoomuchof theotherelements.4He,with abindingthresholdenergy

of 19.8MeV, muchhigherthanLithium’s 2.5 MeV, is not significantlydestroyed. On

theotherhand,D is looselybound,with abindingenergy of 2.2MeV. Thetwo primary

reactionsareD destructionthroughγD → np andD creationthroughγ 4He → DD.

Thesearebalancedin thechannelof Fig.24betweenthe“low D” and“high D” regions,

andtherequirementthattheelectromagneticenergy thatdestroys 7Li notdisturbtheD

abundancespecifiesthepreferreddecaytime τ ∼ 3 × 106 s.

Without theoreticalguidance,thisscenariofor resolvingthe7Li abundanceis rather

fine-tuned:possibledecaytimesandenergy releasesspantensof ordersof magnitude,

andthereis nomotivationfor thespecificrangeof parametersrequiredto resolveBBN

discrepancies.In thesuperWIMPscenario,however, bothτ andζEM arespecified:the

decaytime is necessarilythat of a gravitational decayof a weak-scalemassparticle,

leadingto Eq. (46), andthe energy releaseis determinedby the requirementthat su-

perWIMPsbethedarkmatter, leadingto Eq. (56). Remarkably, thesevaluescoincide

with the bestfit valuesfor τ andζEM. More quantitatively, we notethat the grids of

predictionsfor the γ̃ andτ̃ scenariosgivenin Fig. 24 cover thebestfit region. Current

SLAC Summer Institute, July 28 - August 8, 2003, Stanford, California

47L11



discrepanciesin BBN light elementabundancesmay thereforebenaturallyexplained

by gravitino darkmatter.

This tentative evidencemaybereinforcedor disfavoredin a numberof ways. Im-

provementsin theBBN observationsdiscussedabove mayshow if the 7Li abundance

is truly below predictions. In addition,measurementsof 6Li/H and6Li/ 7Li may con-

strainastrophysicaldepletionof 7Li andmayalsoprovide additionalevidencefor late

decayingparticlesin thebestfit region.109,120,110,112,121 Finally, if thebestfit region is

indeedrealizedbyNLSP → G̃ decays,thereareanumberof othertestableimplications

for cosmologyandparticlephysics. We discussoneof thesein the following section.

Additional signalsarediscussedin Refs.98,99.

4.5.3 The Cosmic Microwave Background

Theinjectionof electromagneticenergymayalsodistortthefrequency dependenceof the

CMB blackbodyradiation.For thedecaytimesof interest,with redshiftsz ∼ 105−107,

the resultingphotonsinteractefficiently throughγe− → γe−, but photonnumberis

conserved,sincedoubleComptonscatteringγe− → γγe− andthermalbremsstrahlung

eX → eXγ, whereX is an ion, are inefficient. The spectrumthereforerelaxes to

statisticalbut not thermodynamicequilibrium,resultingin aBose-Einsteindistribution

function

fγ(E) =
1

eE/(kT )+µ − 1
, (62)

with chemicalpotentialµ 6= 0.

Forthelow valuesof baryondensitycurrentlyfavored,theeffectsof doubleCompton

scatteringaremoresignificantthanthoseof thermalbremsstrahlung.Thevalueof the

chemicalpotentialµ may thereforebe approximatedfor small energy releasesby the

analyticexpression122

µ = 8.0 × 10−4
[

τ

106 s

]
1

2

[

ζEM

10−9 GeV

]

e−(τdC/τ)
5/4

, (63)

where

τdC = 6.1 × 106 s
[

T0

2.725 K

]− 12

5

[

ΩBh
2

0.022

]
4

5
[

1 − 1
2
Yp

0.88

]
4

5

. (64)

In Fig. 25 we show contoursof chemicalpotentialµ. The currentboundis µ <

9 × 10−5.123,116 We seethat,althoughthereareat presentno indicationsof deviations

from blackbody, currentlimits arealreadysensitive to thesuperWIMPscenario,and

particularlyto regionsfavoredby theBBN considerationsdescribedin Sec.4.5.2. In
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Figure25: Contoursof µ, parameterizingthedistortionof theCMB from a Planckian

spectrum,in the(τ, ζEM) plane.Regionspredictedby thegravitino darkmatterscenario,

andBBN excludedandbestfit regionsaregivenasin Fig. 24. FromRef.99.

thefuture,theDiffuseMicrowaveEmissionSurvey (DIMES) mayimprovesensitivities

to µ ≈ 2 × 10−6.124 DIMES will thereforeprobefurther into superWIMPparameter

space,andwill effectively probeall of thefavoredregionwherethe7Li underabundance

is explainedby gravitino darkmatter.

4.6 Summary

• Thegravitino massisdeterminedby thescaleof supersymmetrybreakingandmay

beanywherein therangefromeVtoTeV. In supergravity theories,itsmassisatthe

weakscaleandits couplingsaresuppressedby thePlanckscale,andsoextremely

weak.

• If gravitinosareproducedasathermalrelic, theirmassis boundedby overclosure

to bemG̃
<∼ keV if they arestable,andby BBN to bemG̃

>∼ 10 TeV if they are

unstable.

• Gravitinos may be producedafter inflation during reheating. For stableweak-

scalegravitinos, overclosureplacesanupperboundon thereheattemperatureof

theorderof 1010 GeV.
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• Weak-scalegravitinos mayalsobeproducedin NLSPdecaysat time t ∼ 104 −
108 s. In this case,gravitinos maybedarkmatter, naturallyinheritingthedesired

relic density. Gravitino dark matteris undetectableby conventionaldirect and

indirectdarkmattersearches,but maybediscoveredthroughits imprint on early

universesignals,suchasBBN andtheCMB.

5 Prospects

Wehavenow discussedawidevarietyof cosmologicalimplicationsof supersymmetry.

If discoveriesaremadein astrophysical andcosmologicalobservations,what arethe

prospectsfor determiningif this new physicsis supersymmetry?Put moregenerally,

what are the prospectsfor a microscopicunderstandingof the dark universe? Such

questionsaregrand,andtheir answersspeculative. Nevertheless,somelessonsmay

be drawn even now. As we will see,even in the bestof cases,we will needdiverse

experimentsfrom bothparticlephysicsandcosmologyto explorethis frontier.

5.1 The Particle Physics/Cosmology Interface

As a casestudy, let usconfineour discussionto onetopic: neutralinodarkmatter. We

assumethatnon-baryonicdarkmatteris in factneutralinos.If this is so,whatarethe

prospectsfor establishingthis,andwhattoolswill weneed?

It is first important to recognizethe limitations of both cosmologyand particle

physicswhentakenseparately:

• Cosmological observations and astrophysical experiments cannot discover super-

symmetry. As notedin Sec.1, cosmologicaldataleaves the propertiesof dark

matterlargely unconstrained.If dark matteris discoveredin direct or indirect

detectionexperiments,its massandinteractionstrengthswill beboundedbut only

veryroughlyatfirst. (For example,theregion favoredby theDAMA signalspans

factorsof a few in both massandinteractionstrength;seeFig. 14.) Thesecon-

straintswill be sharpenedby follow-up experiments.However, the microscopic

implicationsof suchexperimentsarecloudedby significantastrophysical ambi-

guities,suchasthedarkmattervelocitydistribution,haloprofiles,etc. Evenwith

signalsin a varietyof directandindirectdetectionexperiments,it is unlikely that

darkmatterpropertieswill beconstrainedenoughto differentiatesupersymmetry

from otherreasonablepossibilities.
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• Particle experiments cannot discover dark matter. If weak-scalesuperpartners

exist, particle colliders will almostcertainly be able to discover at leastsome

of them. However, even if they find all of them,the dark mattercandidatewill

mostlikely appearonly asmissingenergy andmomentum.Furthermore,collider

experimentscanonly testthestabilityof suchparticlesupto lifetimesof ∼ 10−7 s.

As wehaveseenin Sec.4, lifetimesof ayearor moreareperfectlynaturalin well-

motivatedmodelsof new physics. Theconclusionthata particleseenin collider

experimentsis thedarkmatterthereforerequiresanunjustifiedextrapolationof 24

ordersof magnitudein theparticle’s lifetime.

Throughthecombinationof bothapproaches,however, it is possiblethatacohesive

andcompellingtheoryof dark matterwill emerge. A schematicpictureof the com-

binedinvestigationof neutralinodarkmatteris given in Fig. 26.125 Working from the

bottom,cosmologicalobservationshavealreadydeterminedtherelic densitywith some

precision. Futureobservations,suchasby thePlancksatellite,126 arelikely to reduce

uncertaintiesin therelic densitydeterminationto the1%level, givennow standardcos-

mologicalassumptions.Astrophysicalexperimentsmayalsodetectdarkmattereither

directly throughits interactionswith ordinarymatteror indirectly throughits annihila-

tion decayproducts.Suchdata,combinedwith astrophysical inputssuchasthe dark

matterhaloprofileandlocaldensity, will provide informationaboutthestrengthof χN

scatteringandχχ annihilation.

At the sametime, working from the top of Fig. 26, colliderswill discover super-

symmetryandbegin to determinetheparametersof theweak-scaleLagrangian.These

parameterswill, in principle,fix theneutralino’sthermalrelicdensity, theχN scattering

crosssection,andthe neutralinopair annihilationrates. Completionof this program

at a high level of precision,followed by detailedcomparisonwith the measuredrelic

densityanddetectionratesfrom cosmologyandastrophysicswill provide a greatdeal

of informationaboutthesuitabilityof neutralinosasdarkmattercandidates.

5.2 The Role of Colliders

Clearlydatafrom particlecolliderswill berequiredto identify neutralinodarkmatter.

Therequirementsfor collidersdependsensitively onwhatscenariois realizedin nature.

As examples,considersomeof thecosmologicallypreferredregionsof minimalsuper-

gravity discussedin Sec.3.2. In the bulk region, onemustverify that the neutralino

is Bino-like andmustdeterminethe massesof sfermionsthat appearin the t-channel
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Figure26: Theroadto amicroscopicunderstandingof neutralinodarkmatter.

annihilationdiagrams.In thefocuspoint region, theneutralino’sgaugino-nessmustbe

preciselymeasured,whereasin theA funnel region, a high precisionmeasurementof

mA−2mχ is critical. Finally, for theco-annihilationregion,thereis extremesensitivity

to theτ̃–χmasssplitting. Measurementsbelow theGeVlevel arerequiredto accurately

determinethepredictedthermalrelic density.

Letusconsiderthebulk regionscenarioin moredetail.Notall sfermionmassesneed

bemeasured.For example,if theright-handedsleptonsarelight, they typically givethe

dominantcontribution,sincethesehave thelargesthyperchargeY andtheannihilation

diagramis proportionalto Y 4. In suchcases,measurementsof ml̃R
andlower bounds

on left-handedsleptonandsquarkmasseswill providea reasonablestartingpoint.

Thepossibilityof doingthis at theLHC hasbeenconsideredin Ref.127. In much

of thebulk region,thecascadedecayq̃L → χ̃0
2q → l̃Rlq → l+l−χ̃0

1q is open.Kinematic

endpointsmaythenbeusedto determinethel̃R andχ̃0
1 massesprecisely. Assumingthat

thelightestneutralinoisBino-like,onemaythenestimatetherelicdensity, keepingonly

l̃R exchangediagrams.As shown in Fig. 27,thisprovidesanestimateaccurateto about

∼ 20% in minimal supergravity. Following this, onewould thenneedto determine

thegaugino-nessof thelightestneutralinoandsetlower boundson theothersfermion

masses.

At a linear collider, onemay establishthat the new particlesbeingproducedare

supersymmetricby measuringtheir dimensionlesscouplings. Onemay thengo on to
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2 to thatcalculatedwith thel̃R t-channeldiagrams

in the (m,M) plane,wherem andM aretheuniversalscalarandgauginomassesof

minimal supergravity, respectively. FromRef.127.

determinethegaugino-nessof theLSPin a model-independentmanner. For example,

thecrosssectionσ(e+e−
R → χ̃+χ̃−) nearlyvanishesfor gaugino-likecharginos.It there-

fore providesa sensitive measureof chargino gaugino-ness.(SeeFig. 28.) Combined

with kinematicmeasurementsof thechargino mass,theparametersM2 andµ maybe

measuredprecisely. Furthermeasurementscanusetheseresultsto pinpointM1 and

tan β, andtherebythegaugino-nessof theLSP. Precisionsof ∼ 1% or betterarepos-

sible,translatinginto predictionsfor relic densitiesanddarkmattercrosssectionsthat

will matchtheprecisionexpectedfrom cosmologicaldata.

5.3 Synthesis

If therelic densityandinteractionstrengthsasdeterminedby astrophysicsandcosmol-

ogy agreewith thepredictionsof particlephysicswith high precision,this agreement

will provide strongevidencethatthedarkmatteris in factsupersymmetric.It will im-

ply that we understandthe history of the universebackto the freezeout temperature

∼ 10 GeV, or timest ∼ 10−8 s. Recallthat our currentknowledgeof the history of

theuniverseis on surefooting only backto Big Bangnucleosynthesisat temperatures

of ∼ MeV, or timest ∼ 1 s. Darkmatterstudiescouldthereforeprovide thenecessary
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linearcollider. FromRef.128.

evidenceto pushbackour knowledgeof theuniverseanother8 ordersof magnitudein

time,a formidableachievement.

On the otherhand,the determinationsof relic densityanddark matterinteraction

strengthsby particlephysicsandcosmologymay not agree. Progressthenhasmany

possiblepaths.If thedisparityis great,onemight look to otherdarkmattercandidates,

suchastheaxion129–131 or othersupersymmetricpossibilities.132–135 If therelic density

determinationsarereasonablyclose,onemightexplorethepossibilitythattheneutralino

is not stable,but depositsmuchof its relic densityin a gravitino LSP, asdiscussedin

Sec.4.4.

Alternatively, onemight look to non-standardcosmologiesfor a resolution. The

identificationof thethermalrelic densitywith thepresentdaycold darkmatterdensity

is subjectto cosmologicalassumptions.The calculationof the thermalrelic density

assumesthatthedominantsourceof darkmatteris from darkmatterparticlesfalling out

of thermalequilibrium. It ispossible,however, thatthebulk of thedarkmatteriscreated

notthroughthermalequilibriumandfreezeout,butthroughtheout-of-equilibriumdecay

of asupermassiveparticle.Theactualrelicdensitywouldthenbegreaterthanthethermal

relic density. The thermalrelic densitycalculationalsoassumesthatnothingunusual

happensoncethedarkmatteris producedat temperaturesof T ∼ O(10) GeV. Large
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entropy productionby late-decayingparticlesmaydilute calculatedrelic densities.In

thiscase,theactualrelic densitywouldbelessthanthenaivethermalrelic density. The

bottomline is that the cold dark matterdensityobtainedfollowing the pathfrom the

bottomof Fig.26neednotcoincidewith thethermalrelic densityobtainedby following

thepathfrom thetop. Instead,discrepanciesmightprovidenew insightsinto thehistory

of ouruniverse.

In a similar vein, the neutralino-nucleoncrosssectionsneednot matchthe dark

matterdetectionrates. As stressedabove, this correspondencerequiresastrophysical

assumptions.The uncertaintiesandproblemsassociatedwith theseissueshave been

discussedextensively.27–30 It ispossible,however, thattherelicdensities,asdetermined

independentlyby particlephysicsandcosmology, agreeto 1%, but thedetectionrates

differ. Onewould thenbe confidentthat neutralinosarethe dark matterandparticle

physics uncertaintieswould be eliminated,allowing detectionexperimentsto probe

astrophysics.For example,directdetectionrateswould thenprovide informationabout

the local dark matterdensityand velocity distributions, and indirect detectionrates

would provide informationabouthalo profiles. The synergy betweencosmologyand

particlephysicswould thentruly comefull circle.

5.4 Summary

A microscopicunderstandingof thedarkuniverseis a challenginggoal. As anexam-

ple, we have focusedhereon prospectsfor a fundamentaldescriptionof dark matter.

Cosmologicalmeasurements,althoughableto boundtotal energy densities,cannottell

us muchaboutthe dark matter’s microscopicproperties.On the otherhand,particle

physicsexperimentsmay producedark matterandmay measureits propertiesrather

precisely, but cannotneverestablishits stabilityoncosmologicaltimescales.It is only

throughthecombinationof approachesin particlephysics,astrophysics,andcosmology

thattheidentityof darkmatterwill beuncovered.Thetaskrequiresmany diverseexper-

iments,andwill likely takedecadestocomplete.Nevertheless,if any of theconnections

betweentheweakscaleandcosmologydescribedherearerealizedin nature,onewould

behard-pressedto envisionamoreexciting eraof discovery thanthecomingyears.
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