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ABSTRACT

A NationalResearchCouncilstudyon connectingquarkswith thecosmos
hasrecentlyposeda numberof themoreimportantopenquestionsat the
interfacebetweenparticlephysicsandcosmology. Thesequestionsinclude
thenatureof darkmatteranddarkenergy, how theUniversebegan,mod-
ificationsto gravity, theeffectsof neutrinoson theUniverse,how cosmic
acceleratorswork, andwhethertherearenew statesof matterat high den-
sity andpressure.Thesequestionsarediscussedin thecontext of thetalks
presentedat thisSummerInstitute.
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1 Connecting Quarks with the Cosmos

My taskin thisclosinglectureis topreview possiblefuturedevelopmentsattheinterface

betweenparticlephysicsononeside,andastrophysicsandcosmologyontheotherside.

Thoughthesecosmicconnectionsmaybenefitfrom sometheoreticaladvice,they must

rely on thefirm factsprovidedby acceleratorexperiments,aswell asnon-accelerator

experimentsandastronomicalobservations. To guidethe discussion,I structurethis

talk arounda reportwith thesametitle asthis section,publishedrecentlyby theU.S.

NationalResearchCouncil,1 that poseseleven major cosmologicalquestionsfor the

new century:

• 1: What is the dark matter?

• 2: What is the nature of dark energy?

• 3: How did the Universe begin?

• 4: Did Einstein have the last word on gravity?

• 5: What are the effects of neutrinos on the Universe?

• 6: How do cosmic accelerators work?

• 7: Are protons unstable?

• 8: Are there new states of matter at high density and pressure?

• 9: Are there additional space-time dimensions?

• 10: How were heavy elements formed?

• 11: Do we need a new theory of matter and light?

The last two questionsprimarily concernnuclearphysicsandplasmaphysics,re-

spectively, andI do not discussthemhere.A particlephysicist’s answerto the fourth

questionaboutthecompletenessof generalrelativity is inextricably linkedto theninth

questionaboutextra dimensions.Likewise,thefifth andseventhquestionsaboutneu-

trinosandprotons,respectively, arelinkedin grandunifiedtheories.Therefore,I treat

thesequestionsin pairs.

1: What is the dark matter?

Wehaveheardrepeatedlyat this institutethatdarkmatteris necessaryfor theformation

of structuresin the Universe.2–4 The latestdatafrom the SloanDigital Sky Survey,5

shown hereby Kent,6 are very consistentwith the power spectrummeasuredin the

CMB andby previoussky surveys,weaklensingandtheLyman-α forest.At thelevel
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of galaxyclusters,aswe heardherefrom Henry,7 someresembletrain wrecksandare

still forming today, whereasothershaverelaxedandaregoodprobesof thedarkmatter

content.Evenbeforethecombinationof Type-1asupernovaeandtheCMB, clusterdata

indicatedthatΩm � 1: currentclusterdatayield7:

Ωm = 0.30+0.04
−0.03 (1)

aftermarginalizingover Ωb andh. Moreover, asdiscussedhereby Dekel,3 themotion

of luminousmatterin theneighbourhoodof ourgalaxyprovidesadetailedprofileof the

localdarkmatterdensity.

Is thisdarkmattercomposedof particlesor of largerobjectssuchaswhitedwarfsor

blackholes?Therecently-demonstratedconcordancebetweenthevaluesof Ωb extracted

from Big-BangNucleosynthesisandtheCMB8 confirmsthatthedarkmattercannotbe

composedof baryons,excludingadominantwhitedwarf componentandimplying that

any substantialblackholecomponentmusthavebeenprimordial.Microlensingsearches

exclude the possibility that our own galactic halo is composedof objectsweighing

between<∼ 10−3 and>∼ 10+3 timesthemassof theSun.9 Therefore,in thefollowing,

weconcentrateonparticlecandidatesfor thedarkmatter.

Is this darkmatterhot,warmor cold? TherecentWMAP,8 2dF10 andSDSSdata5

are very consistentwith the standardcold dark matterparadigm. In particular, the

combinationof WMAP with otherdataimpliesthat

ΩHDMh
2 < 0.0076, (2)

correspondingto Σνmν < 0.7 eV. Moreover, the early reionizationof the Universe

recentlydiscoveredby WMAP11 requiressomestructuresto have startedforming very

early, which is evidenceagainstwarmdarkmatter.

However, thereareproblemswith thecolddarkmatterparadigm.For onething,the

densityprofilesof galacticcoresappearlesssingularthancalculatedin somecolddark

mattersimulations12 - but thesemaybechangedby interactionswith ordinarymatterand

by mergersandblackhole formation.13 For anotherthing, thereis little observational

evidencefor thehalosubstructurespredictedby cold darkmattersimulations- but the

formationof starsmaybedynamicallyinhibitedin smallstructuresnearlargergalaxies.

Therefore,wecontinueto focusoncolddarkmattercandidates.

Generallyspeaking,thesemight have beenproducedby somethermalmechanism

in theveryearlyUniverse,or non-thermally. A goodexampleof thelatteris theaxion,14

which is my second-bestcandidatefor cold darkmatter. Recentdatafrom theLLNL
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axion search,reportedhereby Nelson,15 excludesthe possibility that a KSVZ axion

weighingbetween1.9and3.4µeV couldconstituteourgalactichalo.

Anotherexampleof non-thermallyproducedcolddarkmattercouldbeasuperheavy

particleproducedaroundtheepochof inflation,16 calledby Kolb17 the‘wimpzilla’. A

naturalexampleof awimpzilla is ametastable‘crypton’ from thehiddensectorof some

stringmodel.18 If metastable,a wimpzilla couldbe theorgin of theultra-high-energy

cosmicraysdiscussedhereby Ong.19

The classicthermally-producedcold dark mattercandidateis the lightest super-

symmetricparticle (LSP),20 but anotherpossibility proposedrecently is the lightest

Kaluza-Kleinparticle(LKP) in somescenarioswith universalextrabosonicdimensions

(UED).21 Thespectrain someUED modelsarestrikingly similar to thosein supersym-

metricmodels,but with bosonsandfermionsswitchedaround.

Duringthisinstitute,therewasanimportantupdatefor theacceleratorconstraintson

supersymmetry, with are-analysisof thee+e− datausedto estimatetheStandardModel

contribution to the anomalousmagneticmomentof the muon,gµ − 2.22 Thesenow

bring the StandardModel predictionto within 2 σ of the experimentalvalue,leaving

lessroomfor asupersymmetriccontribution.23

Thedirect searchesfor LSPdarkmatterwerereviewedhereby Spooner.24 As he

mentioned,the long-runningDAMA claim to have observeda possibleannualmodu-

lation signalfor cold dark matterscatteringhasrecentlybeenreinforcedby new data

from thesameexperimentthatshow theannualmodulationpersistingfor sevenyears.25

However, severalotherexperiments,includingCDMS,26 EDELWEISS27 andmostre-

cently ZEPLIN 124 exclude a spin-independentscatteringcrosssectionin the range

proposedby DAMA. Thisrangeis alsofarabovewhatonecalculatesin theConstrained

Minimal SupersymmetricStandardModel (CMSSM)whenonetakesinto accountall

theconstraints.28 Moreworryingly, theICARUScollaborationhasrecentlymeasureda

largeannualmodulationin theneutronflux in theGranSassolaboratorywhereDAMA

is located.29

Whataretheprospectsfor detectingdarkmatterataparticleaccelerator?Firstatbat

is theFermilabTevatroncollider, which,aswe heardherefrom Thomson,30 now aims

atanintegratedluminosityof 2 fb−1 by 2007and4 fb−1 by 2009.Thiswill enableit to

searchfor squarksandgluinoswith massesconsiderablyheavier thanthepresentlimits.

Next atbatwill betheLHC, whichis scheduledto startmakingcollisionsin 2007.With

a centre-of-massenergy of 14TeV anda luminosityof 1034 cm−2s−1, it will beableto

find squarksandgluinosif they weigh<∼ 2.5 TeV.31 If thesquarkandgluinomassesare
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relatively low, measurementsattheLHC mayfix thesupersymmetricmodelparameters

sufficiently accuratelyto enableΩχh
2 to becalculatedwith anaccuracy comparableto

theuncertaintycurrentlyprovidedby WMAP.32 TheLHC will alsoaddressmany other

issuesof interestto cosmology, suchas the origin of mass,which may be linked to

themechanismfor inflation, theprimordialplasmain thevery earlyUniverse,andthe

cosmologicalmatter-antimatterasymmetry.

Mostanalysesof supersymmetricdarkmatterassumethatthelightestsupersymmet-

ric particle(LSP) is the lightestneutralino,a mixture of spartnersof StandardModel

particles. However, anotherpossibility, discussedhereby Feng,33 is that the LSP is

thesupersymmetricpartnerof thegraviton, thegravitino.34 This possibilityis severely

constrainedby theconcordancebetweenBig-BangnucleosynthesisandCMB.35 How-

ever, the possibility remainsof a deviation from standardBig-Bangnucleosynthesis

calculationsand/oradistortionof theCMB spectrum.

2: What is the nature of dark energy?

Thenecessityof darkenergy becamegenerallyacceptedwhendataonhigh-redshiftsu-

pernovaewerecombinedwith theCMB datafavouringΩtot ' 1.36 Thisconclusionhas

beensupportedby recentdataextendingtheprevioussupernova samplesto largerred-

shiftz, in particular,37 buthow robustis thisconclusion?Ashasalreadybeenmentioned,

thepre-existingdataondarkmatterin clustershavelongfavouredΩmatter ' 0.3 which,

combinedwith theCMB data,favourdarkenergy Λ with ΩΛ ' 0.7 independentlyfrom

thesupernovadata.38 Moreover, aswasdiscussedhereby Kolb17 andPinto,39 thereare

goodreasonsto think that theType-1asupernovaeareindeedgoodstandardcandles.

Also,asdiscussedherebyWright,40 radicalalternativesto thestandardΛCDM scenario

suchasmodifiedNewtoniandynamics(MOND)41 do not agreewith the CMB data.

So it seemsthat we have to learn to live with dark energy. Supportingevidencefor

darkenergy comesfrom therecentobservationof theintegratedSachs-Wolfe effect,42

acorrelationbetweengalaxyclustersandfeaturesin theCMB thatappearsonly if there

is darkenergy causingthespacebetweenclustersto expand.

Thenext questionis whetherthis darkenergy is constant,or whetherit is varying

with time. Thelatteroptionoffersthehopeof understandingwhy thedarkenergydensity

in theUniversetodayis similar in magnitudeto thedensityof matter, throughsomesort

of ‘tracker solution’.43 In this case,thedarkenergy would have non-trivial dynamics

describedby anequationof statethatcanbeparametrizedbyw(z) ≡ p(z)/ρ(z), where
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I emphasizethatw(z) dependsin generalon theredshiftz. Discardingthis possibility

for the moment,the presentcosmologicaldatafavour w ' −1, correspondingto a

cosmologicalconstant,asdiscussedhereby Kolb.17 TheSNAP satelliteproject44 aims

at increasingsubstantiallythe availablesampleof high-z supernovae,andoffers the

prospectof constrainingw(z) muchmoretightly. This mayenablea cleardistinction

to bedrawn betweentime-varying‘quintessence’modelsandacosmologicalconstant.

If thevacuumenergyΛ is indeedconstant,thenext stepwill betocalculateit. Thisis

surelytheultimatechallengefor any pretenderfor afull quantumtheoryof gravity, such

asstring/M theory. For sometime, the efforts of the string communityweredirected

towardsproving thatΛ = 0. However, this wasnever achieved,despitesearchesfor a

suitablesymmetryor dynamicalrelaxationmechanism.Presumablya non-zerovalue

of Λ is linkedto microphysicalparameterssuchasmW ,mt,msusy,ΛQCD, etc.,andthe

challengeis to find theright formula∗.

If, ontheotherhand,Λ is reallyvarying,thenext questionis: whatis theasymptotic

value?Is it zero,a non-zeroconstant,or even−∞? Quintessenceonly postponesthe

problem.

3: How did the Universe begin?

By now, the standardanswerto this questionis: inflation.45 But this answeris far

from beingestablished.Simplemodelspredictanear-scale-invariantspectrumof near-

Gaussianperturbationswith amodel-dependentratioof tensorandscalarmodes.Some

of thesepredictionsaresuccessful:for example,thespectralindex of thescalarpertur-

bationsseensofar is consistentwith beingscale-invariant,with anaccuracy of a few %

whenWMAP dataarecombinedwith dataonlarge-scalestructure.46 However, onecan

never ‘prove’ thata statisticaldistribution is Gaussian:onecanapplyvarioustests,but

if they arepassed,onecannever besurethat thedistribution will not fail somefuture

test.And therearesomepuzzlesin theWMAP spectrum,for exampleglitchesaround

` ' 100, 200 and340, asdiscussedhereby Wright.40 As for thepossibletensormodes,

the first CMB polarizationmeasurementshave beenpublishedby DASI andWMAP,

whosesensitivity is closeto expectationsin someinflationarymodels,but far above

somepredictions,asdiscussedhereby Winstein.47

∗String theoristsarealsoworried that,whetherΛ is constantor not, the existenceof an event horizon

appearsinevitable. In thiscase,it is neverpossibleto makeexactpredictionsbecauseof informationloss

acrossthehorizon.
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Assumingthevalidity of thebasicinflationaryparadigmposesanew seriesof ques-

tions.Wasinflationdrivenbysomesimplefield-theoreticalmechanism,suchasanm2φ2

or λφ4 potential,or wassomemoresubtle(quantum-gravitational? stringy?) mecha-

nismresponsible?a‘stringplasma’?TheWMAP measurementsstronglydisfavour the

simplestλφ4 potential,46 but them2φ2 potentialsurvivesfor now.48 If inflation was

drivenby somescalarinflatonφ, how canit be relatedto the restof particlephysics?

Themostsuitablecandidatein thepresentparticlemenagerieappearsto meto bethesu-

persymmetricpartnerof theheavy neutrinoin aseesaw modelof light neutrinomasses.48

Evenif inflationwasdrivenby ascalarinflatonfield, theCMB mightrevealsometraces

of Planckianphysicsin the form of someeffectssuppressedby powersof the planck

scalemP .

However, to answerthequestionin the title of this section,onemustlook beyond

inflation, which presumablyoccurredwhen the energy density in the Universewas

(∼ 1016 GeV)4, backto whenit approachedthePlanckenergy density(∼ 1019 GeV)4.

At thisepoch,perhapstheUniversewasdescribedby someform of stringcosmologyor

pre-Big-Bangscenario.49 How to testsuchanidea?Onepossibilitymightbeprovided

by gravitationalwaves50 from thisepoch.

4/9: Does completing Einstein’s theory of gravity require

extra dimensions?

Einsteincertainlydidnothavethelastwordongravity. HisGeneralTheoryof Relativity

wasoneof thegreatestphysicsachievementsof thefirst half of thetwentiethcentury,

theotherbeingQuantumMechanics.Combiningtheminto a truequantumtheoryof

gravity wasthegreatestpieceof unfinishedbusinessof twentieth-centuryphysics: in

particular, how to makesenseof theuncontrollableinfinitiesencounteredwhengravita-

tionalinteractionsaretreatedperturbatively, andhow todealwith thelossof information

apparentlyinherentin non-perturbative gravitationalphenomenasuchasblackholes?

Presumablytheanswersto thesequestionsinvolvemodifyingeitherGeneralRelativity,

or QuantumMechanics,or both.

Thebest/onlycandidatewehavefor aquantumtheoryof gravity is string/Mtheory,

which relies heavily on the existenceof extra dimensions. Theseinclude fermionic

dimensions,in the form of supersymmetrywith its accompanying superspace,51 as

well as‘conventional’extra bosonicdimensions.52 If they areto aid in stabilizingthe
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masshierarchy, provide the cold dark matterandfacilitateunificationof the particle

interactions,thefermionicdimensionsshouldappearat theTeV scale,within reachof

colliders.53 But whatmightbethescalesof theextrabosonicdimensions?Consistency

of stringtheoryatthequantumlevelrequiresextradimensionsatthescaleof∼ 10−33 cm,

and unification of gravity with the other interactionssuggeststhey might appearat

∼ 10−29 cm.54 Colliderscanprobedistancescalesdown to ∼ 10−17 cm,but thereis no

particularreasonto expectthatextradimensionswill show upatsucha largescale.

Whatothersignaturesmighttherebefor aquantumtheoryof gravity? Onepossibility

might be gravitational waves,or theremight be signaturesin the CMB, asdiscussed

earlier. It couldevenbethattheinflationnow beingprobedby theCMB wasproduced

by somestringyeffect. As alsodiscussedearlier, thevalueof thevacuumenergy should

becalculablein a completequantumtheoryof gravity. Otherpossibletestsof models

of quantumgravity include the propagation of energetic particles- which might be

retardedby space-timefoam, ascould be probedby measurementsof photonsfrom

AGNsor GRBs55 - or their interactions,ascouldbeprobedby UHECRs.Modifications

of quantummechanicscouldbeprobedby laboratorystudiesof K mesons,B mesons

andneutrons.56 Thereareplentyof waysin whichtheoriescompletingEinstein’stheory

of gravity canbetested.

5/7: What are the effects of GUTs on the Universe?

The direct upperlimits on neutrinomasses:mνe

<∼ 2.5 eV, mνµ

<∼ 190 keV, mντ

<∼

18MeV,57 haveleft openthepossibilitythatneutrinosmightbeanimportantcontribution

tothedarkmatter. However, thecombinationofWMAP datawith previousastrophysical

andcosmologicaldataprovidesthemorestringentupperlimit 8:

Σνmν < 0.7 eV ↔ Ωνh
2 < 0.0076, (3)

implying thatneutrinoscanprovideonly asmallfractionof thedarkmatter.

On the otherhand,neutrinooscillationexperimentstell us that neutrinosdo have

massesandmix.58,59 Theminimalrenormalizablemodelof neutrinomassesrequiresthe

introductionof weak-singlet‘right-handed’neutrinosN . Thesewill in generalcoupleto

theconventionalweak-doubletleft-handedneutrinosviaYukawacouplingsYν thatyield

Dirac massesmD = Yν〈0|H|0〉 ∼ mW . In addition,these‘right-handed’neutrinosN

cancoupleto themselvesvia MajoranamassesM thatmaybe� mW , sincethey do
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not requireelectroweaksymmetrybreaking. Combiningthe two typesof massterm,

oneobtainstheseesaw massmatrix60:

(νL, N)





0 MD

MT
D M









νL

N



 , (4)

whereeachof the entriesshouldbe understoodasa matrix in generationspace.The

Dirac massesMD and large singlet-neutrinomassesM arisenaturally in GUTs, but

couldappearevenwithoutall theGUT superstructuresuchasnew gaugeinteractions.

Thelow-masseigenstatesresultingfromthediagonalizationof (4)donot,in general,

coincidewith flavoureigenstates,leadingtoneutrinooscillationsdescribedbythematrix

V =
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. (5)

Atmosphericneutrinooscillationexperimentshave establishedthatsin2 2θ23 ∼ 1 with

∆m2 ∼ 2.5 × 10−3 eV2,58 which is alsoconsistentwith datafrom the K2K experi-

ment.61 Solarneutrinoexperiments,particularlySuperKamiokande62 andSNO,59 have

establishedthat tan2 θ12 ∼ 0.5 with ∆m2 ∼ 7 × 10−5 eV2, which is alsoconsistent

with datafrom theKamLAND experiment.63 Ontheotherhand,wehaveonly anupper

limit on thethird mixing angleθ13, andno informationon theCP-violatingphaseδ in

(5).

Thephaseδ couldin principlebemeasuredbycomparingtheoscillationprobabilities

for neutrinosandantineutrinosandcomputingtheCP-violatingasymmetry64:

P (νe → νµ) − P (ν̄e → ν̄µ) = 16s12c12s13c
2
13s23c23 sin δ (6)

sin

(

∆m2
12

4E
L

)

sin

(

∆m2
13

4E
L

)

sin

(

∆m2
23

4E
L

)

,

usinganintenseneutrinosuper-beam,aβ-beamor aneutrinofactory.65

Whatdoesall thishaveto dowith theUniverse?In total,theminimalseesaw model

outlinedabove has18 parameters,9 of which areobservableat low energies: 3 light

neutrinomasses,3 realmixing anglesand3 CP-violatingphases(theoscillationphase

δ andtwo othersthat appearin neutrinolessdouble-β decay. The other9 parameters

areassociatedwith theheavy neutrinosector, andcomprise3 moremasses,3 morereal

mixinganglesand3moreCP-violatingphases.CPviolationin theneutrinosectoroffers

thepossibilityof generatingthebaryonasymmetryof theUniversevia heavy neutrino
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decays,66 whichcouldgeneratea leptonasymmetryvia

Γ(N → `+H) 6= Γ(N → ¯̀+H). (7)

Non-perturbativeelectroweakinteractionswouldthentransformpartof thisleptonasym-

metryinto therequiredbaryonasymmetry.

Thequestionthenariseswhetherthisbaryonasymmetryisdirectlyrelatedto theCP-

violatingparameterδ thatcouldbeobservedin neutrinooscillations.Unfortunately, the

answeris no in general.67 Exceptin specificmodels,68 this leptogenesismechanismis

independentof themixing anglesandphasesin thelight neutrinosector. However, neu-

trino oscillationexperimentscandemonstratetheprincipleson which theleptogenesis

mechanismis based.

Thereis anotherrole thatneutrinophysicsmighthaveplayedin theearlyUniverse:

theinflatoncouldhavebeenaheavy sneutrino.48 TheWMAP dataonthescalarspectral

index, thetensor/scalarratio,etc.,areconsistentwith asimplem2φ2 modelfor inflation

withm ' 2× 1013 GeV.48 This is comfortablywithin therangefavouredby theseesaw

modelfor a heavy (s)neutrino.Moreover, if inflation wasdrivenby a sneutrino,lepto-

genesiswouldhavefollowedautomatically. In orderto avoid over-producinggravitinos

following inflation,thereheatingtemperatureshouldnotexceedafew ×107 GeV, which

constrainstheinflatonsneutrinocouplingsaswell asits mass.

How mayonetestsucha scenario?Acceleratorsmayplay a role, sincethesneu-

trino inflatonmodelmakessomerelatively precisepredictionsfor processesviolating

charged-leptonnumberconservation.48 Thesearequiteclosetothepresentexperimental

upperlimits, andweheardfromAihara69 of anew upperlimit B(τ → µγ) < 3.2×10−7,

with theprospectof furtherimprovementastheB factoriesgathermoredata.

As we heardhere from Prell,70 the B factory measurementsof CP violation in

B0 → J/ψK0 decaysagreewell with theStandardModel: sin 2β = 0.731 ± 0.056.

On theotherhand,dataonB0 → φK0
s andotherdecaysdominatedby b → s penguin

diagramsdo not agreesowell with eachotheror with theStandardModel.71 This is a

placewherethefirst deviationsfrom theStandardModel of CPviolation areexpected

in somescenarios,suchasGUT extensionsof theseesaw model.72 However, any such

effect mustrespectthe constraintimposedby the electricdipole momentof 199Hg.73

If a deviation doesgetconfirmedby futuredatafrom B factories,CPviolation in the

quarksectormightbereinstatedasacandidatefor baryogenesis,arolethattheStandard

Modelof CPviolationcannotplay.

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

10TF07



6: How do cosmic accelerators work?

Candidatesfor theoriginsof thecosmicraysincludeneutronstars,white dwarfs,su-

pernovaremnants,AGNs,GRBs,colliding galaxiesandmore,wherethefirst two might

beresponsiblefor thelower-energy cosmicraysbelievedto originatewithin ourgalaxy,

andthelattermight beresponsiblefor thehigher-energy cosmicraysbelievedto come

from outsideourgalaxy, asdiscussedhereby Ong.19

As we heardherefrom Kahn,74 thecosmicX-ray backgroundis now gettingmuch

betterunderstood,andseemsto be largely dueto discretesources.As reportedhere

by Teegarden,75 theINTEGRAL satellitehasrecentlydiscovereda new classof X-ray

sourcesfor usto understand,evenif they donot contributeto thecosmicrays.

Progresswasreportedherein observationsof someof theprospective cosmic-ray

sources. As discussedby Tanimori,76 CANGAROO observations of photonsfrom

RXJ1713.7-3946provide evidenceof π0 productionby acceleratedprotons. Mean-

while observationsof AGNs indicatethat they areprobablypoweredby theaccretion

of matteronto black holesweighing106 − 109 solar masses,which producejets of

relativistic outflow. Thereis nostrongevidenceyet thatthey contributeto theobserved

cosmic-rayspectrum,thougha correlationbetweenthearrival directionsof UHECRs

andBL-Lac objectshasbeenclaimed.77

Asfor GRBs,theevidenceisstrengtheningthat(atleastsomeof) thelonger-duration

GRBsareassociatedwith supernovaeat high redshiftsz ∼ 1. However, the shorter-

durationGRBswith harderspectramayhavedifferentorigins.

We canexpect light to be caston γ-ray sourcessuchasgalacticobjects,AGNs,

andGRBsby theGLAST satellite,78 which shouldsee∼ 104 sourceseachyear. One

of the interestingplacesto look for γ-ray emissionis thecoreof thegalaxy. In some

models,the annihilationsof supersymmetricrelic particlesin the coreof the galaxy

wouldproduceγ raysdetectableby GLAST.28

The origin of the UHECRswith energies>∼ 1020 GeV remainsan enigma. One

would have expectedtheseto be cut off by photo-absorptionon CMB photons,79 so

theirobservationbyAGASA cameasasurprise.80 However, morerecentlyHiRes81 has

filedtoreproducetheAGASAdata,soit isunclearwhetherthereisany excesstoexplain.

Perhapsthey arejust the tail of conventionalcosmicraysproducedby somebottom-

up mechanism.Alternatively, perhapsthey areproducedby the decaysof metastable

ultra-massiveparticles.82 As discussedhereby Kolb,17 thesemighthavebeenproduced

non-thermallyaroundthe epochof inflation. Therearestringy modelswith suitably
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long-livedmetastableparticles- ‘cryptons’,18 andsimulationsof suchatop-down decay

mechanismareconsistentwith theUHECRspectrumreportedby AGASA.83 It will be

exciting to seewhethertheAugerproject84 now startingto takedatain Argentinais able

to reproducetheAGASA data.

In addition to photonsand protons,one might also expect the Cosmosto send

energetic neutrinosin our direction. Variousprojectsto look for these- AMANDA,

ANTARES,NESTOR andIceCube- areunderway, andwill have sufficient sensitivity

to seesomeof thepostulatedextragalacticsources.They mayalsobeableto seethe

neutrinoproducedbythephoto-absorptionreactionp+γ → n+(π+ → ν) ontheCMB.

Thesedetectorsmightalsobeableto observeenergeticneutrinosfrom theannihilations

of supersymmetricrelic particlesinsidetheSunor Earth.28

8: Are there new states of matter at high density and

pressure?

HeadingbacktowardstheveryearlyUniverse,thefirstnew stateof matterthatweexpect

to encounteris the quark-gluonplasma. Lattice gauge-theorysimulationsindicatea

transitionto this phasewhenthetemperatureexceedsabout170MeV,85 which would

havebeenthecasewhentheUniversewaslessthanafew ×10−6 sold. Thereis recurrent

speculationthatthetransitionto hadronicmattermight generateinhomogeneitieswith

observableconsequences.Therehave alsobeenconjecturesthat thecoresof (at least

some)neutronstarsmightbemadeof quark-gluonmatter, whichcouldhaveimplications

for core-collapsesupernovae,neutron-starmergersandGRBs.

Acceleratorexperiments,first atCERNandmorerecentlyat theBNL RHIC heavy-

ion collider, producein thelaboratorydenseandhotconditionsunderwhich thequark-

gluontransitionshouldoccur. Therehavebeentantalizinghintsof quark-gluonmatter,

suchasenhancedabundancesof strangeparticlesandthesuppressionofJ/ψ production.

As we heardherefrom Gagliardi,86 theRHIC experimentshave recentlyobservedan

exciting new effect thatpointstowardsthequark-gluonplasma.In high-energy proton-

protonor deuteroncollisions,theproductionof ahigh-pT jet dueto hardparton-parton

scatteringis accompaniedby anotherjet in theoppositeazimuthaldirection.However,

thisbalancingjet is absentin centralAu-Au collisions.87 Thequark-gluonplasmainter-

pretationis thatthepartonthatshouldhaveproducedtheoppositejet wasquenchedby

scatteringonthenakedquarksandgluonsin theplasma,dispersingits transverseenergy.
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However, althoughthis interpretationlooks very natural,it cannotyet be regardedas

established.

Headingfurther back to when the temperatureof the Universeexceededabout

100 GeV andits agewas< 10−10 s, we believe that the Universewasdominatedby

anelectroweakplasmain which theHiggsmechanismwasswitchedoff andStandard

Model particleslost their masses.This pictureis supportedby latticesimulations,but

only experimentsat theLHC will provideuswith all theinformationweneedto calcu-

latethis phasetransitionreliably. If this electroweakphasetransitionwasfirst order, it

wouldhaveprovidedanopportunityfor electroweakbaryogenesis,analternative to the

leptogenesisscenariodiscussedearlier.88

Headingeven further back, in GUTs therecould have beenan analogousphase

transitionin thevery earlyUniversewhenit was< 10−30 s old. However, it is unclear

whatexperimentalsignaturesthismighthaveproduced.Also in theveryearlyUniverse,

theremay have beena transitionto a ‘string plasma’phase.perhapsthis is what laid

down theperturbationsseenin theCMB?

The most important question of all ...

... is undoubtedlytheonewehavenot yethadthe‘branes’to ask.
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