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ABSTRACT

Big-Bangcosmologyandideasfor possiblephysicsbeyond the Standard
Model of particlephysicsareintroduced.Thedensitybudgetof theUni-
verseis audited,andthe issuesinvolved in calculatingthebaryondensity
from microphysicsarementioned,asis therole of cold darkmatterin the
formationof cosmologicalstructures.Candidatesfor cold darkmatterare
introduced,with particularattentionto thelightestsupersymmetricparticle
andmetastablesuperheavy relics. Prospectsfor detectingsupersymmetric
darkmatterin non-acceleratorexperimentsareassessed,andthepossible
role of decaysin generatingultra-high-energy cosmicrays is discussed.
Moredetailsof theseandotherastroparticletopicsarepresentedduringthe
restof thisSummerInstitute.
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1 Introduction

My taskin thisopeninglectureis tosetthestagefor thesubsequentlecturesthatdevelop

in more detail the connectionsbetweenparticle physics and cosmology. To do so,

I first recall the essentialaspectsof standardBig-Bangcosmology, emphasizingthat

the questionsit raisesaboutthe early history of the Universecanonly be answered

by particlephysics. The latter is describedby its own StandardModel, which makes

successfulquantitative predictionsfor acceleratorexperiments,but leavesopenmany

fundamentalquestions.Theseincludethe origin of particlemasses,the proliferation

of differenttypesof elementaryparticlesandthepossibleunificationof all theparticle

interactions.In combinationwith acceleratorexperiments,astrophysicsandcosmology

maycastimportantlight onthesolutionsof theseproblems.Accordingtoastrophysicists

andcosmologists,mostof thematterin theUniversehasnever beenseen,andcannot

consistof ordinarymatter.1 Theformationof structuresin theUniversewouldbehelped

by thepresenceof massive weakly-interactingcold darkmatterparticles.2 Candidates

for theseincludethelightestsupersymmetricparticle(LSP),3 theaxion4 andmetastable

superheavy particles5 whosedecaysmightberesponsiblefor ultra-high-energy cosmic

raysbeyondtheGreisen-Zatsepin-Kuzmin(GZK) cutoff,6 if they exist. Thesearejust

a few of theconnectionsbetweentheverybig andtheverysmallthataredevelopedby

otherlecturersat thisSummerInstitute.

2 Big-Bang Cosmology

Accordingto standardBig-Bangcosmology,7 theentirevisible Universeis expanding

homogeneouslyandisotropicallyfrom averydenseandhot initial state.Thefirst direct

pieceof evidencefor thiswasthediscoverybyHubblethatdistantobjectsin theUniverse

arerecedingfromeachotheratvelocitiesproportionalto theirdistancesfromeachother:

v = H · d, (1)

wherev is the recessionvelocity, d is the distanceandthe HubbleconstantH ≡ h ·

100 km/s/Mpcwhereh ' 0.7.8 Observationsof theUniversesuggestthat it is indeed

veryhomogeneousandisotropicon largescales>∼ 1000 Mpc.9

Thenext pieceof evidencefor theBig Bangto bediscoveredwasthecosmicmi-

crowave background(CMB) radiation.10 ExtrapolatingthepresentHubbleexpansion

backin time, theCMB is thoughtto have beenemittedwhentheUniversewasabout
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3000timessmallerandhotterthanit is today, with age∼ 3 × 105 y. TheCMB hasa

dipoledeviationfromisotropy atthe10−3 level,whichisbelievedtobeduetotheEarth’s

motionrelativeto aMachiancosmologicalframe.Smaller-scaleanisotropieshavebeen

discoveredmorerecentlyby theCOBEsatelliteandsubsequentexperiments,asseenin

Fig.1,11 andmayprovideawindow ontheUniversewhenit wasmuchyoungerstill, as

weshallseelater.

Fig. 1. A compilationof dataon fluctuationsin the cosmicmicrowave background

radiation.11 Thedarker(black)errorbarsarethosefrom theWMAP satellite,thelighter

(red)errorbarsarethoseof previousCMB experiments.

The third pieceof evidencefor the Big Bangwasprovided by the abundancesof

light elementsseenin Fig. 2, which are thoughtto have beenestablishedwhen the

Universewasabout108 timessmallerandhotterthanit is today,12 with age∼ 1 to102 s.

This nuclear‘cooking’ musthave occurredwhen the temperatureT of the Universe

correspondedto characteristicparticleenergies∼ 1 MeV.

Back whenthe Universewas∼ 10−6 to ∼ 10−5 s old, it is thoughtto have made

a transition from a plasmaof quarksand gluons to hadronsat a temperatureT ∼

100 MeV.13 Previousto that,theelectroweaktransitionwhenStandardModelparticles

acquiredtheir massesis thoughthave occurredwhen the Universewas ∼ 10−12 to

∼ 10−10 s old, andthetemperatureT ∼ 100 GeV.14
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Fig. 2. Thereis goodconcordancebetweentheobservedabundancesof light elements

andcalculationsof Big-Bangnucleosynthesis.12

During theexpansionof theUniverse,it actsasa ‘cosmicdecelerator’,whoseef-

fective temperatureT fallsasit expands7:

T ∼
1

a
, (2)

wherea is thescalefactormeasuringthesizeof theUniverse.During theearlyhistory

of theUniversewhenmostparticlemasseswerenegligible, therateof expansionwas

suchthattheage

t ∼ a2 ∼
1

T 2
. (3)

Insertingthe units, one finds that the temperatureof the Universewould have been

about1010 K whenit wasabouta secondold. Suchhigh temperaturescorrespondto

high energies for the thermalizedparticles: 1010 K ∼ 1 MeV (cf the electronmass

∼ 1/2 MeV), 1013 K ∼ 1 GeV (cf the protonmass∼ 1 GeV). In general,the time-
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temperaturerelationis suchthat

t(sec) ∼
1

T (MeV)2
. (4)

Thus,it is clearthat thevery earlyhistoryof theUniversemusthave beendominated

by elementaryparticles,andonly their physicscanexplain how theUniversegot to be

theway it is today.

3 Particle Physics beyond the Standard Model

As you canseein Fig. 3, datafrom theLEP acceleratorare,unfortunately, in excellent

agreementwith theStandardModel. Indeed,no acceleratordataprovide evidencefor

physicsbeyond the StandardModel. Nevertheless,particlephysicistsareconvinced

that theremust be accessiblephysics beyond the StandardModel, becauseit leaves

many fundamentalquestionsunanswered.We seektheOrigin of Particle Massesand

the reasonwhy they aresomuchsmallerthanthePlanckmassmP ∼ 1019 GeV. Are

themassesdueto a Higgsboson,andis it accompaniedby supersymmetricparticles?

We seeka Theoryof Flavour, becausethe StandardModel hassix random-seeming

quarkmasses,threedisparatecharged-leptonmasses,threeweakmixing anglesandthe

CP-violatingKobayashi-Maskawa phase.Moreover, we seeka GrandUnifiedTheory,

becausetheStandardModelhasthreeindependentgaugecouplingsand(potentially)a

CP-violatingphasein QCD.Altogether, theStandardModelhasatotalof 19parameters,

without evenaddressingthemorefundamentalquestionsof theoriginsof theparticle

quantumnumbers.Beyondall thesebeyonds,othertheoristsseekaTheoryofEverything

thatincludesgravity, reconcilesit with quantummechanics,explainstheoriginof space-

timeandwhy we live in four dimensions(if wedoso).

Non-acceleratorneutrinoexperiments16,17 now provide us with the first direct ev-

idencefor physicsbeyond the StandardModel, convincing us that neutrinososcillate

andhave differentnon-zeromasses.To describethese,we needthreeneutrinomass

parameters,threeneutrinomixing anglesandthreeCP-violatingphasesin theneutrino

sector. Moreover, we shouldnot forgetaboutgravity, with at leasttwo parametersto

understand:Newton’sconstantGN ≡ m−2
P ∼ (1019 GeV)−2 andthecosmological‘con-

stant’,which recentdatasuggestis non-zero,1 andmaynot evenbeconstant.Talking

of cosmology, we would needat leastoneextra parameterto producean inflationary

potential,andat leastoneother to generatethe baryonasymmetry, which cannotbe

explainedwithin theStandardModel.
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Fig. 3. Datafrom LEPandothere+e− experimentsagreeperfectlywith thepredictions

of theStandardModel.15

At whatenergyscalemightnew physicsbeyondtheStandardModelappear, between

the energies<∼ 100 GeV alreadyexploredandthe Planckenergy ' 1019 GeV?The

Problemof Massmustpresumablybesolvedby new physicsat someenergy <∼ 1 TeV,

whetherit bejustaHiggsbosonorsomericherphysicssuchassupersymmetry.18 Simple

ideasof GrandUnificationsuggestnew physicsat a scale' 1016 GeV.19 On theother

hand,wehavenogoodideawhatenergy scalemightbeassociatedwith thesolutionto

theProblemof Flavour, or whereextradimensionsmightappear. If thereis asignificant

discrepancy betweentheBNL measurementof themuonanomalousmagneticmoment20

andtheStandardModel,which is not yet established,this couldonly removedby new

physicsat a scale<∼ 1 TeV. Therearetwo circumstantialpiecesof evidencein favour

of GrandUnification,namelytheexistenceof neutrinomasses- whichmighthavebeen

generatedat somemassscalebetween' 1010 GeV and' 1015 GeV - andthe weak

neutral-currentmixing anglesin2 θW . The valueof the latter could be explainedby

GrandUnification at a scale' 1016 GeV combinedwith supersymmetryat a scale

' 103 GeV.19

TheLHC will beableto discover ‘any’ new physicsatascale<∼ 103 GeV, but many

of theotherideasmentionedabove maynot bedirectly testableat acceleratorsfor the

foreseeablefuture. Astrophysicsandcosmologymayprovide theonly laboratoriesfor

testingsomeof theseideas.Forexample,thecosmicmicrowavebackground(CMB) and

inflationmaybeproviding adirectwindow onphysicsattheGUT scale,andultra-high-

energy cosmicrays(UHECRs)might be dueto the decaysof metastablesuperheavy
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particleweighing∼ 1013 GeVor so.21 Ontheotherhand,many particlecandidatesfor

darkmatterweigh<∼ 1 TeVandcouldbedetectedattheLHC. It seemsthataccelerators,

astrophysicsandcosmologyarecondemnedto symbiosis.

4 Density Budget of the Universe

What doesthe Universecontain? Let us enumerateits compositionin termsof the

densitybudgetof theUniverse,measuredrelative to thecritical density:Ωi ≡ ρi/ρcrit.

Inflation22 suggeststhatthetotal densityof theUniverseis verycloseto thecritical

value:Ωtot ' 1±O(10−4), andthisestimateis supportedby CMB data.10 I remindyou

thatinflationexplainswhy theUniverseis solarge: thescalesizea � `P ∼ 10−33 cm,

why theUniverseis soold: its aget � tP ∼ 10−43 s,why its geometryis sonearlyflat

with aEuclideangeometry, andwhy theUniverseis sohomogeneouson largescales.

It achieves thesefeatsby postulatingan epochof (near-) exponentialexpansion

duringtheveryearlyUniverse,makingtheUniverseverylargeandgiving it alongtime

to recollapse(if it ever will). Even the mostdistantpartsof the observableUniverse

would have beenvery closeto eachotherprior to this inflationaryepoch,andsocould

havesynchronizedtheirbehaviours. This inflationaryexpansionwouldhaveblown the

Universeuplikeaninflatedballon,whichseemsalmostflat toanantlivingonitssurface.

Duringtheinflationaryexpansion,quantumfluctuationsin theinflatonfield wouldhave

generatedsmalldensityperturbations(cf. theobservationsin Fig.1)capableof growing

into thestructuresseenin theUniversetoday,23 asdiscussedlater.

Big-BangNucleosynthesissuggeststhatthebaryondensityΩb ' 0.04,12 anestimate

thathasbeensupportedbyanalysesof therelativesizesof smallfluctuationsin theCMB

atdifferentscales.10

Thebaryonsareinsufficient to explain the total matterdensityΩm ' 0.3, asesti-

matedindependentlyby analysesof clustersof galaxiesand,morerecently, by combin-

ing theobservationsof high-redshiftsupernovaewith thoseof theCMB.Thesupernovae

constrainthedensitybudgetof theUniversein a way that is almostorthogonalto the

CMB constraint,andis veryconsistentwith theprior indicationsfrom galaxyclusters.1

Observationsof thestructuresthathave formedat differentscalesin theUniverse

suggestthatmostof themissingdarkmatteris in theform of non-relativistic colddark

matter, asdiscussedin thenext session.

Thetheoryof structureformationsuggeststhatvery little of thedarkmatteris in the

form of hot dark matterparticlesthatwererelativistic whenstructuresstartedto form:
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Ωhoth
2 < 0.0076.11 Applying this constraintto neutrinos,for which

Ωνh
2 '

Σimνi

93eV
, (5)

thisconstrainttellsusthatΣimνi
< 0.7 eV, alimit thatis highly competitivewith direct

limits.24

If Ωtot ' 1 andthematterdensityΩm ∼ 0.3, how dowebalancethedensitybudget

of the Universe?Theremustbe vacuumenergy Λ with ΩΛ ∼ 0.7. All the available

cosmologicaldataareconsistentwith Λ having beenconstantat redshiftsz <∼ 1, as

perEinstein’s original suggestionof a cosmologicalconstant.However, we cannotyet

excludesomeslowly varyingsourceof vacuumenergy, ‘quintessence’with anequation

of stateparametrizedbyw ≡ p/ρ <∼ −0.8.25 Measurablevacuumenergywouldprovide

a secondgeneral-relativity observableto explain, in additionto thePlanckmassscale

mP . Thiswouldprovideatremendousopportunityfor any theoryof everythingincluding

quantumgravity, suchasstring theory. Theultimatechallengefor theoreticalphysics

maybeto calculateΛ.

5 Cosmological Baryogenesis

We have seenthat Big-BangNucleosynthesis12 andthe CMB10 independentlyimply

thatbaryonsmake up only a few % of thedensityof theUniverse. Numerically, this

correspondstoabaryon-to-photonrationb/nγ ∼ 10−9−10−10, raisingseveralquestions.

Why is theresolittle baryonicmatter?Why is thereany atall? Why is thereapparently

noantimatter?

Astronautsdid notdisappearin aburstof radiationwhenthey landedon theMoon,

andneitherhave spaceprobeslandingon Mars or an asteroid. The small abundance

of antiprotonsin thecosmicraysis consistentwith their productionby primarymatter

cosmicrays,26 andnoantinucleihavebeenseen.27 If therewereany largeconcentration

of antimatterin our local clusterof galaxies,we would have detectedradiationfrom

matter-antimatterannihilationsat its boundary. TheCMB wouldhavebeendistortedby

similarradiationfromany matter-antimatterboundarywithin theobservableUniverse.28

So it seemsthat theremust be a real cosmologicalasymmetrybetweenmatterand

antimatter.

Thiscouldbeexplainedif, goingbacktowhentheUniversewaslessthan10−6 sold,

it containedaboutoneextraquarkfor every109 quark-antiquarkpairsin theprimordial

soup.As theUniverseexpanded,mostof thequarkswouldhaveannihilatedwith those

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

8L01



antiquarksto produceradiation,andthe few quarksleft over would have survived to

combineinto thebaryonsseentoday. Wheredid thissmallquark-antiquarkasymmetry

originate?Did theBig Bangstartoff with it, or did thelawsof Naturegenerateit during

thesubsequentexpansion?

Theconditionsfor suchcosmologicalbaryogenesiswereestablishedby Sakharov in

1967.29 Therehasto bea differencebetweentheinteractionsof matterandantimatter

particles,in theform of charge-conjugation(C) violation,which wasdiscoveredin the

weakinteractionsin 1957,andCPviolation, which wasdiscoveredin kaondecaysin

1964. Theremustalsohave beena departurefrom thermalequilibrium,which would

have beenpossibleduringa phasetransition,perhapstheelectroweakphasetransition

whent ∼ 10−10 sor aGUT phasetransitionwhent ∼ 10−36 s,or attheendof inflation.

Finally, theremusthavebeenaviolationof baryonnumber, whichwouldhavehappened

throughnonperturbativeweakinteractionsathightemperatures30 andis thoughtto bea

genericfeatureof GUTs.

Variousspecificmechanismsfor Big-Bangbaryogenesishavebeenproposed,rang-

ing from theout-of-equilibriumdecaysof GUT bosons31 or heavy neutrinos32 to pro-

cessesaroundthe epochof the electroweakphasetransition. The CP violation in the

StandardModel seemsinadequateto generatetherequiredbaryonasymmetry, but this

mightbepossibleif it is extendedto includesupersymmetry.33

6 Formation of Structures

How have thesehard-won baryonsorganizedthemselvesinto thestructures- clusters,

galaxies,stars,planetsandus - that we seein the Universetoday? As alreadymen-

tioned,theprimecandidatesfor theseedsof thesestructuresarequantumfluctuations

in theinflatonfield, whichwouldhavecauseddifferentpartsof theUniverseto expand

differently andgenerateda Gaussianrandomfield of densityperturbations.23 If the

inflatonenergy wasroughlyconstantduringinflation, theseperturbationswould beal-

mostscale-invariant, aspostulatedby astrophysicists.TheCMB datashown in Fig. 1

areconsistentwith boththeseproperties.Acceptingthisscenario,themagnitudeof the

primordialperturbationswouldberelatedto thefield energy densityµ4 duringinflation:
(

δT

T

)

∝

(

δρ

ρ

)

∝ µ2GN . (6)
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Insertingthemagnitudeof δρ/ρ ∼ 10−5 observedby theCOBEandsubsequentexper-

iments,10 oneestimates

µ ' 1016 GeV, (7)

comparablewith theGUT scale.19

Theseprimordialperturbationswouldhaveproducedembryonicpotentialwellsinto

whichthenon-relativistic colddarkmatterparticleswouldhavefallen,while relativistic

hot darkmatterparticleswould have escaped.In this way, cold matterparticleswould

haveamplifiedtheamplitudesof theprimordialdensityperturbations,while thebaryons

were still coupledto the relativistic radiation. Then, when the baryonicmatterand

radiation‘re-’ combinedto form atoms,they wouldhavefalleninto thedeeperpotential

wellspreparedbythecolddarkmatter. Thistheoryof structureformationfitsremarkably

well thedataonall scalesfrom over103 Mpc down to ∼ 1 Mpc.10,9

7 Candidates for Dark Matter

It is thisagreementthatprovidesthemoststringentupperlimit onthepossiblehotdark

mattersuchasneutrinos.As discussedearlier, mostof thedarkmatteris thoughtto be

non-relativistic colddarkmatter. Therearealmostasmany candidatesfor thisasin the

2003Californiangubernatorialelectionbut, asin thatcase,someof thecandidatesare

morefavouredthanothers.

LightestSupersymmetricParticle: Theexistenceof supersymmetryatrelatively low

energies<∼ 1 TeV ismotivatedby thehierarchy problem,namelywhy is theelectroweak

scalemW � mP ∼ 1019 GeV, the only candidatewe have for a primary massscale

in physics.34 Alternatively, onemayrephrasethis questionaswhy theFermiconstant

GF � GN , theNewtonconstant,or aswhy theCoulombpotentialVCoulomb � VNewton

in anatom.Thiscanbetracedto thefactthatZe2 = O(1) � m2/m2
P , which is in turn

dueto thefactthatthemassesof particlesin atomsm <∼ mW � mP .

Youmight think it besufficient to setmW � mP by handandforgetaboutthehier-

archy problem.However, this is insufficient becauseStandardModel loop corrections

to theHiggsand/orW massarequadraticallydivergent:

δm2
H,W ' O

(

α

π

)

Λ2, (8)

whichis� m2
W if thecutoff Λ wheretheStandardModelbreaksdown andnew physics

appears∼ mGUT or mP . Theseloop correctionscan be controlledby postulating
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supersymmetry,18 which predictsthatbosonsandfermionsappearin pairswith equal

couplings.Sincethedivergencesin bosonloopsarepositiveandthosein fermionloops

arenegative, (8) is replacedby

δm2
H,W ' O

(

α

π

)

(

m2
B − m2

F

)

, (9)

which is <∼ m2
W if

|m2
B − m2

F | <∼ 1 TeV2. (10)

Thus, the loop correctionsto the electroweakscalemay be madenaturallysmall by

postulatingsmalldifferencesbetweensupersymmetricpartnerparticles.

It is a genericfeatureof many supersymmetricmodelsthat the lightestsupersym-

metric particle (LSP) is stable,asa resultof a particularcombinationof baryonand

leptonnumberbeingconserved.Thisensuresthatheavier sparticlescanonly decayinto

lighterones,andtheLSPis stablebecauseit hasnoalloweddecaymodes.Furthermore,

genericallytheLSPis electricallyneutralandhasonly weakinteractions,makingit an

idealweakly-interactingmassiveparticle(WIMP).3 Moreover, therearegenericregions

of thesupersymmetricspacewheretherelicLSPdensityfallswithin therangepreferred

by thecosmologicaldata,asseenin Fig. 4.35

The LSP has many rivals to be the cold dark matter, including axions and the

‘Schwarzenegger’ candidate,an ultraheavy metastableparticle.37 The next two sec-

tionsdiscusshow thesecandidatesmightbeelectedby experiment.

8 Searches for Dark Matter LSPs

Annihilationsin the galactic halo: Thesewould producesomeantiprotons,positrons

andphotonsthatmightbedetectableamongthecosmicrays.38 Asalreadydiscussed,the

observedantiprotonsappearcompletelyconsistentwith productionby primarymatter

cosmicrays.26 The prospectsfor detectingLSP annihilationpositronsdo not look

bright either, at leastin a setof proposedsupersymmetricbenchmarkscenarios.36 The

prospectsfor detectingLSPannihilationphotonsmaybebrighter, if theLSPdensityis

enhancedin thecoreof thegalaxy. Asseenin Fig.5,36 GLASTmightbethebest-placed

to detectthese.

Annihilationsin theSunor Earth: As LSPsfly thoughthegalaxy, someof thempass

throughthe SolarSystemon hyperbolictrajectories. If they passthroughthe Sunor

Earth,they mayscatter, andthedepositof recoilenergymayconverttheirtrajectoriesinto
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Fig. 4. Strips in the parameterspaceof the minimal supersymmetricextensionof

the StandardModel, assuminguniversalGUT-scalemasses(m1/2, m0) for the new

supersymmetricfermionsandbosons,respectively, thatareconsistentwith accelerator

andcosmologicaldata.35 Thedifferentstripscorrespondto differentvaluesof theratio

tan β of Higgsvev’s,andthetwopanelstodifferentsignsof theHiggsmixingparameter

µ. Thecrossesmarkspecificbenchmarkscenariosexploredlater.36

elliptical orbitswith perihelions(perigees)below thesurfaceof theSun(Earth). They

wouldthenscatterrepeatedly, losingmoreenergy eachtime,until they eventuallysettle

into acloudin thecore.Therethey wouldannihilate,andany high-energy neutrinothey

producemightbedetectablein undergroundexperiments,39 eitherby interactionsinside

thedetectoror via collisionsin nearbymaterialthatproducemuonspassingthroughthe

detector. As seenin Fig.6,36 annihilationsinsidetheSunwouldbedetectablein several

supersymmetricscenarios,whereastheprospectsfor detectingterrestrialannihilations

donot look sogood.

Direct detectionof dark matterscattering: In many scenarios,it is alsopossible

to detectdirectly the scatteringof LSPson nuclei in a low-backgroundunderground

laboratory,40 via the few KeV of recoil energy deposited.This scatteringis expected

to havebothspin-dependentandspin-independentcomponents,with thelatterseeming

more promisingfor the relatively heavy LSPsfavouredby the absenceof sparticles

in collider experimentsto date. As seenin Fig. 7,36 dark mattermay be detectable

directly in thiswayin anumberof supersymmetricscenarios,at leastin someprojected

experiments.

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

12L01



Fig. 5. Observationsof γ raysfrom thegalacticcentreby GLAST andground-based

experimentsmaybeableto testcertainsupersymmetricbenchmarkscenarios.36

9 New Physics in Ultra-High-Energy Cosmic Rays?

Now for the‘Arnold’ candidate.37 Thespectrumof cosmicraysfallsalmostfeaturelessly

∼ E−∼3 until E ∼ few×1019 GeV.At energiesE >∼ 1020 GeV, protonsornucleicoming

from morethan∼ 50 Mpc awaywouldhavescatteredonCMB photonsbeforereaching

us,producingpionsandlosingenergy — theGZK cutoff.6

TheAGASAexperiment41 hasreportedseeingultra-high-energycosmicrays(UHE-

CRs)beyondtheGZK cutoff, but theHiResexperiment42 doesnot. TheAugerexperi-

ment43 now underconstructioninArgentinashouldbeableto tell usdefinitivelywhether

suchUHECRsexist. Whatmightbetheir origins?

Themostplausibleis some‘bottom-up’mechanismof accelerationby astrophysical

sources.Theupperlimit on theenergy attainablewith suchacosmicacceleratoris

E ∼ 1018Z

(

R

Kpc

)(

B

µG

)

eV, (11)

whereZ is theatomicnumberof theacceleratednucleus,R is thesizeof thecosmic

acceleratorandB its magneticfield. Fig. 8 shows someof thepossibleastrophysical

sourcesof UHECRs, including neutronstars,active galactic nuclei (AGNs), radio-

galaxylobesandgalacticclusterswith gamma-raybursters(GRBs)beingotherpossible

sources.In any scenariobasedon suchdiscretesources,onemight expectclustering

of arrival directionsandcorrelationswith astrophysicalobjects,ashassometimesbeen

claimed.44
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Fig. 6. Searchesin IceCubeandotherkm2 detectorsfor energetic muonsoriginating

from the interactionsof high-energy neutrinosproducedby the annihilationsof su-

persymmetricrelic particlescapturedinsidetheSunmayprobesomesupersymmetric

benchmarkscenarios.36

Alternatively, onemight postulatesome‘top-down’ modelbasedon thedecaysor

interactionsof massiveGUT-scaleparticles.5 Suchsuperheavy candidatesincludetopo-

logicaldefectsandmetastablerelic particles,suchasthecryptonsexpectedasrelicsof

the hiddensectorin string models.21 The energy spectrumof their decayscanfit the

AGASA spectrumof UHECRs,45 asseenin Fig. 9, but their compositionis potentially

anissue.In suchmodels,mostof theUHECRswouldarisefrom decayswithin thehalo

of our own galaxy, andtheir arrival directionsshouldbe anisotropic.Therecould be

someclusteringif alargefractionof thecolddarkmatterin ourgalactichaloisclumped.

10 The End of the Beginning

Copernicustaughtus thatwe do not live at thecentreof theUniverse.Modernastro-

physiciststeachusthatwe arenot madeof thesamestuff asmostof thematterin the

Universe,andmoderncosmologiststeachusthatmatteris not eventhedominantform

of energy in the Universe. The challengefor comingobservationsis to prove these

assertionsanddeterminethenatureof themissingmatterandenergy. Therestof this

summerinstitutewill provideyouwith someof thetoolsyouwill needfor this task.
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Fig.7. Directsearchesfor thescatteringof superysmmetricrelicparticlesin underground

detectorsmayprobesomesupersymmetricbenchmarkscenarios,36 comparedwith the

possiblesensitivitiesof futureexperiments.
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