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ABSTRACT

Thepastfew yearshave seerseveralbreakthroughs particleastroplysics
andcosmology In several casesnew obsenationscanonly be explained
with theintroductionof new fundamentaphysics. In thistalk | summarize
someof theserecentadvancesand describeseveral areaswhereprogress
maywell bemadein thefuture. More specifically | focusonsupersymmet-
ric andaxiondarkmatter self-interactingdark matter cosmic-micrevave-
backgroundandlarge-scale-structurestsof inflation, andthedark-enegy
problem.
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1 Intr oduction

Theaimof particlephysicsis to understanthefundamentalaws of nature. Theprimary
tools in this ende&or have beenand continueto be acceleratorexperimentswhich
provide controlledervironmentsfor preciseexperiments. However, this avenuemay
have limitations, especiallyconsideringhatmary of themostpromisingideasfor new
physicsbeyondthe standardnodel—e.g.grandunificationandquantumgravity—can
be testedonly at enegiesmary ordersof magnitudegreaterthanthoseaccessibldy
currentandplannedaccelerators.

We haverecentlyseemanincreaseeffort to developcosmologicabndastroplysical
tools to searchfor and/orconstrainnev physics beyond the standardmodel. These
efforts do have precedents:Newton’s law of universalgravitation was motivated by
planetaryorbits. Helium wasfirst discoveredin the solar spectrum. Positronsand
muonswereboth discoveredin cosmic-rayexperiments.For seseral yearsbeforethe
adwentof LEP, big-bangnucleosynthesigrovidedtheonly boundto thenumberof light
neutrinos(e.g.,Ref. 1). Cosmologyfor alongtime provided by far the moststringent
upperlimits to stable-neutrinanasses.

The promiseof usingastroplysicsto studyfundamentaphysicshasalsobeenre-
alized more recently most notably with the evidencefor inflation from the cosmic
microwave background CMB), evidencefor an acceleratedcosmologicalexpansion,
andatmospheri@andsolarneutrinos.

At the Snovmass2001 workshopon the future of high-enegy physics, a work-
ing group (P4) wascorvenedto identify opportunitiesfor advancesat the interfaceof
particle physics, astroplysics, and cosmology* This working group covereda broad
rangeof topics, subdvided into eighttopical groups: (1) dark matterandrelic parti-
cles;(2) gammaraysandX-rays;(3) theCMB andinflation; (4) structurformationand
cosmologicaparameterq5) cosmicrays;(6) gravitationalradiation;(7) neutrinoastro-
physics;and(8) the early Universeandtestsof fundamentaphysics. Recentadwances
in theseareadncludethefollowing:

(1) CMB measurementsave now mappedhelocationof thefirst acoustigpeakin
the CMB power spectrumwhich determineshe geometry’ andfound that the total
enegy densityof the Universe(in units of the critical density)is Q. = 1.007033,
providing for the very first time strongevidencethat of the threepossibilities(open,
closed or flat), the spatialgeometryof the Universeis flat.* ® TheseCMB experiments
moreover supporthehypothesighatlarge-scalestructuregren from primordialdensity
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fluctuationgthatlook muchlik e thosepredictedby inflation.

(2) Thediscrepang betweera matterdensity(2,, ~ 0.3 and€2;.; ~ 1 providesin-
dependentorroboratiorof theremarkableecentsuperneaevidence’!! thatsuggests
that~ 70% of theenegy densityof theUniverseis in theform of somemysteriousand
theoreticallyunanticipatedegative-pressurédark enegy”.

(3) CMB dataverify, througha completelyindependentvenue,the big-bangnu-
cleosynthesipredictionthatbaryonsmalke up only ~5% of the critical density When
combinedvith dynamicaandCMB evidencefor anonrelatvistic-matterdensityof 30%
of critical, we infer that25% of thetotal densityof the Universemustbein theform of
nonbaryoniadark matter(the bestbetbeingsupersymmetriparticlesor axions).

(4) The sensitvities of experimentsto directly detectsupersymmetri@and axion
dark matterhave beenimproved by several ordersof magnitudeandare now probing
thecosmologically-releantregionsof parametespace.

(5) Neutrinosfrom astroplysical sources(atmosphericand solar neutrinos)have
provided corvincing evidencefor neutrinooscillationsandthusdemonstrateéhat very
concreteadvancesn fundamentaphysicscanoccurwith astroplysicalsources.

Herel summarizeafew of thetopicsof the SnavmassP4working group,focusing
on several subjectghat| find particularlyinterestingandproviding updatesn several
casewheretherehasbeenprogressiuringthe pastyear

2 Particle Dark Matter

Almostall astronomerswvill agreethatmostof themassn theUniverseis nonluminous.
Dynamicsof clustersof galaxieshave long suggeste@ universalnonrelatvistic-matter
density<2,, ~ 0.1 — 0.3 (in unitsof thecritical density).It hasalsobeenappreciatedor
alongtimethatif therewerenomatterbeyondtheluminousmatterwe see theduration
of the epochof structureformationwould be very short,therebyrequiringfluctuations
in the CMB considerabljargerthanthoseobsened!?

However, the mostrobust obsenational evidencefor the existenceof dark matter
hasalwaysinvolved galacticdynamics. Thereis simply not enoughluminousmatter
obsenredin spiralgalaxiegoaccounfor theirobsenedrotationcurves(for example that
for NGC6503shavnin Fig. 1; from Ref.13). Theserotationcurvesimply theexistence
of adiffusehaloof darkmatterthatvastly outweighsandextendsmuchfurtherthanthe
luminouscomponent.Summingthe contritutionsfrom all galaxies,we infer thatdark
matterassociatedavith galaxiescontributes,.;, = 0.1. On the otherhand,big-bang
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Fig. 1. Rotationcurve for the spiral galaxy NGC6503. The pointsarethe measured
circularrotationvelocitiesasa function of distancefrom the centerof the galaxy The
dashedanddottedcurvesarethe contribution to the rotationalvelocity dueto the ob-
sened disk and gas, respectrely, andthe dot-dashcurwe is the contribution from the
darkhalo. FromRef. 13.
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nucleosynthesisuggestabaryondensity(2, < 0.1 (Ref.14). Thus,thebulk of thehalo

mustbe nonbaryonic.In the pastfew years,the existenceof nonbaryoniadark matter
hasreceved independenand preciseconfirmationwith nev CMB resultsalludedto

above. Thereis simply no goodfit to the CMB power spectrumwithout nonbaryonic
darkmatter Thedatarequirea nonbaryonic-dark-mattetensity(,,,h% = 0.13 & 0.04

(andh is the Hubbleparametem unitsof 100km sec! Mpc1).

So, what could this dark matterbe? A neutrinospeciesof massO(10¢eV) could
provide theright dark-matteidensity but N-body simulationsof structureformationin
a neutrino-dominated)niversedo a poorjob of reproducinghe obsered structure'?
Furthermorejt is difficult to see(essentiallythe Pauli principle) how sucha neutrino
could make up the halo dark matter'® It appeardikely thenthat someexotic particle
darkmatteris required.

For the pasttwo decadesthetwo leadingcandidate$rom particletheoryhave been
weakly-interactingnassve particles(WIMPSs), suchasthe lightestsuperpartne(LSP)
in supersymmetriextensionof the standardnodel!”'® andaxions!?

2.1 Weakly-Interacting Massive Particles

Supposehatin additionto theknown particlesof thestandardnodel,thereexistsanew
stableweakly-interactingnassve particle(WIMP), . At sufficiently earlytimesatfter
thebig bang,whenthetemperaturearegreaterthanthe massof theparticle, 7’ > m,,,
theequilibriumnumberdensityof suchparticlesis n,, o< 7, butfor lowertemperatures,
T < m,, the equilibrium alundanceis exponentiallysuppressedy, oc e~™/T. If
the expansionof the Universewereslow enoughthatthermalequilibriumwerealways
maintainedthenumberof WIMPstodaywould beinfinitesimal. However, theUniverse
is not static,soequilibriumthermodynamicss nottheentirestory.

At hightemperature§l’ > m, ), x’s areatundantandrapidly corvertingto lighter
particlesandvice versa (xy < [, wherell arequark-antiquarkandlepton-antilepton
pairs,andif m,, is greatetthanthe massof the gaugeand/orHiggsbosonsj! couldbe
gauge-and/orHiggs-bosorpairsaswell). Shortlyafter?” dropsbelov m, thenumber
densityof x’s dropsexponentially andtheratefor annihilationof x's,I" = (ov) n,—
where(ov) is the thermallyaveragedotal crosssections for annihilationof xy into
lighter particlestimesrelative velocity v—dropsbelav the expansionrate, I’ < H. At
this point, the x’s ceasdo annihilateefficiently, they fall out of equilibrium,andarelic
cosmologicalabundanceremains. The equilibrium (solid curve) and actual (dashed
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Fig. 2. Comwving numberdensityof WIMPs in the early Universe.Thedashedturves
arethe actualabundancedor differentannihilationcrosssectionsandthe solid curve
is theequilibriumabundance.
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curve) alundance®f WIMPs percomoving volumeareplottedin Fig. 2 asafunction
of x = m, /T (whichincreasesvith increasingime). As theannihilationcrosssection
is increasedhe WIMPs stayin equilibrium longer sowe areleft with a smallerrelic
alundancevhenthey dofinally freezeout. An approximatesolutionto the Boltzmann
equationyieldsthe cosmologicaWIMP abundancgin unitsof thecritical densityp,.),

Q, =

My My (3 x 10727 cm? secl> = 1)

peh® (0.av)
Theresultisto afirstapproximationndependenf theWIMP massandisfixedprimarily
by theannihilationcrosssection.

The WIMP velocitiesat freeze-outare typically someappreciabldraction of the
speedf light. Thereforefrom Eqg. (1), theWIMP will have acosmologicabbundance
of orderunity todayif theannihilationcrosssectionis roughly10~? GeV-2. Curiously
thisis theorderof magnitudeonewouldexpectfrom atypicalelectraveakcrosssection,

Oé2

Oweak = 2 ) (2)
Myeak

wherea ~ O(0.01) andmyex ~ O(100GeV). The numericalconstantn Eqg. (1)
neededo provide €2, ~ 1 comesessentiallyfrom the ageof the Universe. But why
shouldthe ageof the Universehave arnything to do with the ageof the Universe?This
unanticipateccoincidencesuggestghatif a new, asyet undiscowered,stablemassve
particlewith electraveakinteractionsxists,thenit shouldhave arelic densityof order
unity andis thereforea naturaldark-mattercandidate. This hasbeenthe argument
driving the massve experimentaleffort to detectWIMPs.

Thefirst WIMPs consideredveremassve Dirac or Majorananeutrinoswvith masses
in the rangeof a few GeV to a few TeV. (Due to the Yukava couplingwhich givesa
neutrinoits massthe neutrinointeractionsbecomestrongabove a few TeV, andit no
longerremainsasuitableWIMP candidate?) LEP ruledoutneutrinomasseselow half
the Z° mass.Furthermoreheaier Dirac neutrinoshave beenruled out asthe primary
componenbftheGalactichaloby direct-detectiomxperimentgdescribedbelow),?! and
heavier Majorananeutrinoshave beenruled out by indirect-detectiorexperiment$?27
(alsodescribedelow) overmuchof theirmasgange.ThereforeDiracneutrinosannot
comprisethe halo dark matter?® Majorananeutrinoscan,but only over a smallrange
of fairly largemasses.

A muchmorepromisingWIMP candidateeomesrom electraveak-scalesupersym-
metry(SUSY) 171829 SUSYwashypothesizedh particlephysicsto curethenaturalness
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problemwith fundamentaHiggs bosonsat the electraveak scale. Coupling-constant
unificationattheGUT scaleseemdo beimprovedwith SUSY, andSUSYis anessential
ingredientin theoriesthatunify gravity with the otherthreefundamentaforces.

The existenceof a nev symmetry R-parity, in SUSY theoriesguaranteeghatthe
lightestsupersymmetriparticle(LSP)is stable.In theminimal supersymmetriexten-
sionof the standardmodel(MSSM), the LSPis usuallythe neutralino,alinearcombi-
nationof the supersymmetripartnersof the photon, Z°, andHiggs bosons.Another
possibilityaresneutrinosbut theseparticlesinteractlik e neutrinosandhave beenruled
outover mostof theavailablemassange?® Givena SUSY model,the crosssectionfor
neutralinoannihilationto lighter particles,andthustherelic density canbe calculated.
Themassscaleof supersymmetrynustbeof ordertheweakscaleto curethenaturalness
problem,andthe neutralinowill have only electraveakinteractions.Thereforejt is to
be expectedthatthe cosmologicaheutralinoabundances of orderunity. In fact, with
detailedcalculations pnefinds thatthe neutralinoabundancen a very broadclassof
supersymmetriextensionof thestandaranodelis nearunity andcanthereforeaccount
for the darkmatterin our halo3!

Thisisillustratedin Fig. 3wherethecosmologicahtundance?, (timesh?)isplotted
versusthe neutralinomassm,. Eachpoint represent®nesupersymmetrienodel,or
equivalently onechoiceof theMSSM parametersModelswith 2, h? > 1 areexcluded
if theUniverses atleastl0Gyr old, while thosewith 2, 4? < 0.025 arecosmologically
consistentbut probablygivetoofew neutralinogo accountor thedarkmatterin galactic
halos. The numerougnodelsin which the neutralinoabundances betweerthesetwo
limits provide excellentdark-mattercandidates.

2.2 DirectDetectionof WIMPs

SUSY particlesarenow the primarytargetsof the next generatiorof acceleratoexper
iments. However, onecanalsotry to detectneutralinosn the Galactichalo. In order
to accountfor the dynamicsof the Milky Way, the local dark-matterdensitymustbe
po =~ 0.4GeV/cm?, andwhatever particlesor objectsmake up the dark-matterhalo
mustbe moving with avelocity dispersiorof 270km/sec.
Perhapshemostpromisingtechniqueo detectWIMPsis detectiorof theO (30 keV)
nuclearecoilproducedy elasticscatteringf neutralinogromnucleiin low-background
detectors? 3* A particlewith massm, ~ 100 GeV andelectraveak-scalénteractions
will have a crosssectionfor elasticscatteringrom a nucleuswhichis o ~ 10738 cm?.
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Fig. 3. Cosmologicalabundanceof a WIMP versusthe WIMP mass. Each point
representdhe resultfor a given choice of the MSSM parameters.The spikes arise
simply asa consequencef our methodof tiling the SUSY parametespace—thg have
no physicalsignificance FromRef. 17.
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If thelocal halodensityis p, ~ 0.4 GeV cm~3, andthe particlesmove with velocities
v ~ 300 kmsec!, thentheratefor elasticscatteringf theseparticlesrom, e.g.,germa-
niumwhichhasamassny ~ 70 GeV, will beR ~ poov/m, /my ~ 1 eventkg=tyr—1.
If a100-GeVWIMP moving atv/c ~ 1072 elasticallyscattersvith anucleusof similar
massjt will impartarecoilenegy upto 100keV to thenucleus.Thereforejf we have
1 kg of germaniumye expectto seeroughlyonenucleusperyearspontaneouslyecoil
with anenegy of O(30keV).

More precisecalculationsof the detectionrateincludethe properneutralino-quark
interaction,the QCD andnuclearphysicsthatturn a neutralino-quarknteractioninto
a neutralino-nucleusteraction,anda full integrationover the WIMP velocity distri-
bution. Evenif all of thesephysical effectsareincludedproperly thereis still some
uncertaintyin the predictedevent ratesthat arisesfrom currentlimitationsin our un-
derstandingof, e.g., squark,slepton,chagino, and neutralinomassesand mixings.
Therefore ratherthanmake a single preciseprediction,theoristsgenerallysuney the
available SUSY parametespace.Doing so, onefinds eventratesbetweenl 0~ to 10
eventskg~! day ! (Ref. 17), asshavn in Fig. 55 of Ref. 17, althoughtheremay be
modelswith ratesthatarea bit higheror lower.

2.3 Energetic Neutrinos from WIMP Annihilation

Enegetic neutrinosfrom WIMP annihilationin the Sunand/orEarthprovide an alter
native avenuefor indirect detectionof WIMPs3® If, uponpassingthroughthe Sun,a
WIMP scatter®lasticallyfrom anucleughereinto avelocity lessthantheescapeeloc-
ity, it will be gravitationally boundto the Sun. This leadsto a significantenhancement
in thedensityof WIMPsin thecenterof the Sun—orby asimilarmechanismtheEarth.
TheseWIMPs will annihilateto, e.g., ¢, b, and/ort quarks,and/orgaugeand Higgs
bosons Amongthedecayproductsof theseparticleswill be enegeticmuonneutrinos
which canescapdrom the centerof the Sunand/orEarthandbe detectedn neutrino
telescopesuchasIMB, BaksanKamiokande MACRO, or AMAND A. Theenepies
of thesemuonswill betypically 1/3to 1/2theneutralinomasge.g.,10sto 100sof GeV)
sothey will bemuchmoreenegeticthanordinarysolarneutrinogandthereforecannot
be confusedwith them)3% The signatureof sucha neutrinowould bethe Cerenkov ra-
diationemittedby anupwardmuonproducedy a chaged-curreninteractionbetween
theneutrinoanda nucleusn therock below the detector

Theannihilationrateof theseNIMPs equalgheratefor captureof theseparticlesin
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the Sun,which canbe calculated®” Theflux of neutrinosat the Earthdependslsoon
the Earth-Sundistance WIMP annihilationbranchingratios,andthe decaybranching
ratiosof the annihilationproducts. The flux of upward muonsdependson the flux of
neutrinosandthe crosssectionfor productionof muons,which depend®n the square
of theneutrinoeneny.

As in the caseof directdetectionthe precisepredictioninvolvesnumeroudactors
from particleandnucleamhysicsandastroplysics,andonthe SUSY parameterswWhen
all thesdactorsaretakeninto accountpredictiondor thefluxesof suchmuonsn SUSY
modelsseemto fall for the mostpartbetween10=° and1 eventm=2 yr—! (Ref. 17),
asshowvn in Fig. 57 of Ref. 17, althoughthe numbersmay be a bit higheror lower in
somemodels.PresentlyIMB, KamiokandeBaksanandMA CRO constrairtheflux of
enepgeticneutrinodrom theSunto be < 0.02 m=2 yr—! (Ref.22-25).Largerandmore
sensitve detectorssuchas superkKamiokandé® andAMAND A?" are now operating,
andothersarebeingconstructed?

2.4 RecentResults

Therehasbeernsomecontrorersyandexcitementamongdark-matteexperimentalistn
recentyears.TheDAMA collaboratiod” hasfor severalyearsseeranannuamodulation
in the eventratein their Nal detectoy which they attribute to a WIMP. A WIMP can
interactwith nucleieitherthrougha scalarinteraction(wherethe WIMP-nucleuscross
sectionscaleswith the nuclearmass) or throughanaxial-vectorinteraction(wherethe
WIMP-nucleuscrosssectiondependson somethindik e the nuclearspin or magnetic
moment). If the DAMA modulationis attributedto a WIMP with a scalarinteraction
with nuclei,thenit impliesaWIMP massandWIMP-nucleoncrosssectionin theregion
indicatedn Fig. 4. For severalyears null searchei theCDMS Gedetectot’ ruledout
mostof thisregion. Thispastyear new null resultsfrom EDELWEISS" andZEPLIN*2
seemto have now ruledouttheentireDAMA parametespace.

But whatif the WIMP hasan axial-vectorinteraction?Both Na and| have a spin
carriedprimarily by anunpairedoroton. Although™Gealsohasaspincarriedprimarily
by a proton, its isotopicalundances only 7%. Thus,if the DAMA modulationis due
to aWIMP with a spin-dependennteractionwith protons,it would evadedetectionin
CDMS* (andprobablyalsoin EDELWEISS;a carefulanalysisis now in progress').
In Ref. 43, however, we shaved usingthe model-independeranalysisof Refs.45 that
if the DAMA modulationwere attributedto a WIMP-proton axial-vector interaction,
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thentheseWIMPs would accumulateefficiently in the Sun(which is madeprimarily
of protons)and annihilatetherein. The resultingflux of enegetic neutrinoswould
have beenwell over an orderof magnituddargerthanthe currentupperboundsfrom
KamiokandeBaksanandMACRO, asshavnin Fig. 5. Alternatively, asmallfractionof
thenuclearspinsin Naandl couldbedueto neutronsandif so,theDAMA modulation
couldbeexplainedby aWIMP with a spin-dependenhteractionwith neutrons.In this
case,however, the WIMP-neutroninteractionwould have to be quite strong,andthe
WIMP would have alreadyshavn up in anotherof DAMA’s detectorghatis madeof
Xe, asshowvn in Fig. 6, and probablyalsoin ZEPLIN (a detailedanalysisis now in
progres$!).

2.5 WIMPs and Exotic CosmicRays

WIMPs might alsobe detectedsia obsenationof exotic cosmic-raypositrons antipro-
tons,andgammaraysproducedoy WIMP annihilationin the Galactichalo. The diffi-
culty with thesetechniquess discriminationbetweenVIMP-inducedcosmicraysand
thosefrom traditional astroplysical (“background”)sources. However, WIMPs may
producedistinctive cosmic-raysignaturesAsiillustratedin Fig. 7, WIMP annihilation
might produceacosmic-ray-positroexcessathighenegies:®+” Therearenow several
balloon(e.g.,BESS,CAPRICE,HEAT, IMAX, MASS, TS93)andsatellite(AMS and
PAMELA) experimentghathave recentlyflown or areaboutto be flown to searchor
cosmic-rayantimatter In fact,the HEAT experimentmayalreadyshov someevidence
for a positronexcessat high enegies®

WIMP annihilationwill producean antiprotonexcessat low enegies?’ although
Ref. 50 claimsthattraditionalastroplysical sourcescan mimic suchanexcess. They
arguethattheantiprotorbackgroundthigherenegies(=few GeV)isbetterunderstood,
andthata searchor anexcessof thesehigherenegy antiprotonsvould thusprovide a
betterWIMP signature.

Direct WIMP annihilationto two photonscan producea gamma-rayline, which
could not be mimicked by a traditionalastroplysical source at an enegy equalto the
WIMP mass WIMPs couldalsoannihilatedirectlyto aphotonanda Z° boson’!*? and
thesephotonswill bemonoenegeticwith anenepgy thatdiffersfrom thatof thephotons
from direct annihilationto two photons. Resolutionof both lines and measurement
of their relative strengthsvould shedlight on the compositionof the WIMP. Ground-
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positronflux. Shavn arethe HEAT dataaswell astheoreticalmodelsof background
andthebackgroundvith asupersymmetridark-matteannihilationsignaladded.From
Ref.46.
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basedexperimentslike STACEE or CELESTEor the GLAST satellitewill seekthis
annihilationradiation.

It wasrecentlyargued? thattheremay be a very densedark-matterspike, with a
dark-mattedensitythatscaleswith radiusr asp(r) o r=25 from the Galacticcenter
aroundthe black hole at the Galacticcenter If so, it would give rise to a hugeflux
of annihilationradiation. However, othershave questionedvhetherthis spike really
arises’*

2.6 Axions

The otherleadingdark-mattercandidates the axion!® The QCD Lagrangianmay be
written

2
g ~
Locn = Lyen + 055 5GG. 3)

wherethe first termis the perturbatve Lagrangianresponsibldor the numerougphe-
nomenologicakuccessesf QCD. However, the secondterm (where( is the gluon
field-strengthtensorand G is its dual), which is a consequencef nonperturbatie ef-
fects,violatesC' P. Fromconstraint¢o theneutrorelectric-dipolenomentd,, < 1072
ecm, it canbeinferredthatd < 10~1°. Butwhy is # sosmall? Thisis the strong<' P
problem.

The axion arisesin the Peccei-Quinn(PQ) solutionto the strongC' P problem?®
which twenty-five yearsafter it was proposedstill seemsto be the most promising
solution. A global U (1) p symmetrybrokenatascalefpg, andé yieldsa dynamical
field whichis the Namhu-Goldstonenodeof this symmetry At temperaturebelow the
QCD phasdransition,nonperturbatie quantumeffectsbreakexplicitly the symmetry
anddrive # — 0. Theaxionis the pseudo-Namir-Goldstonébosonof this nearglobal
symmetry Its massis m, ~ eV (107 GeV/ f,), andits couplingto ordinarymatteris
o fil.

ThePeccei-Quingolutionworksequallywell for any valueof f,. However, avariety
of astroplysical obsenationsand laboratoryexperimentsconstrainthe axion massto
bem, ~ 10~* eV. Smallermassesvould leadto an unacceptablyarge cosmological
alundanceLargermassesareruledoutby acombinatiorof constraint§rom supernea
1987A, stellarevolution, laboratoryexperiments anda searchfor two-photondecays
of relic axions.

Curiouslyenoughjf theaxionmasss in therelatively smallviablerange therelic
densityis 2, ~ 1 and may thereforeaccountfor the halo dark matter Suchaxions
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would be producedwith zeromomentumby a misalignmentmechanismin the early
Universeandthereforeactascold darkmatter During theproces®f galaxyformation,
theseaxionswould fall into the Galacticpotentialwell andwould thereforebe present
in our halowith avelocity dispersiomear270km sec™.

If m, ~ 10~* eV, themagnitudeof theexplicit symmetrybreakings incrediblytiny
comparedvith thePQscale sotheglobalPQsymmetryalthoughbroken,mustbevery
closetoexact. Therearephysicalargumentsnvolving, for example thenonconseration
of globalchagein evaporationof a black hole producedby collapseof aninitial state
with nonzeroglobal chage, that suggesthat global symmetriesshouldbe violatedto
someextentin quantumgravity. In orderfor the PQ mechanismnto work for m, ~
10~4, the couplingof a genericglobal-symmetry-violatingerm from quantum-greaity
effectsmustbe extraordinarilysmall(e.g.,< 107°°).5% Of coursewe have atthis point
no predictve theoryof quantumgravity, andseveralmechanismsor forbiddingthese
global-symmetryiolating termshave beenproposed” Thereforetheseagumentsy
no means‘rule out” the axion solution. Rather discovery of anaxionwould provide
muchneededtluesto the natureof Planck-scalghysics.
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Fig. 8. Regionsof axionmass-couplingparametespacecurrentlybeingprobedby an
ongoingsearchat Livermore3®
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Thereisaveryweakcouplingof anaxionto photonghroughtheanomaly Theaxion
canthereforedecayto two photonsput thelifetime is 7, ., ~ 10°° s (m, /107°eV) =5
which is hugecomparedo the lifetime of the Universeand thereforeunobserable.
However, the ay termin the Lagrangianis £,,, « aE - B whereE and B arethe
electricandmagnetidield strengths Thereforejf oneimmersesaresonantavity in a
strongmagnetidield, Galacticaxionsthatpasghroughthedetectomaybecornvertedto
fundamentaéxcitationsof thecavity, andthesemaybeobsenable’® Suchanexperiment
is currently undervay®® and hasalreadybegun to probe part of the cosmologically
interestingparametespacdsed-ig. 8), andit shouldcovermostof theinterestingegion
parametespacean thenext few years.A relatedexperimentwhichlooksfor excitations
of Rydbepg atoms,is alsoseekingdark-matteraxions®® Althoughthesensitvity of this
technigueshouldbeexcellent,it canonly coveralimited axion-massange. The CERN
Axion SolarTelescop€CAST)project! issearchindor m, ~ O(eV) axionsbylooking
for resonantornversionof thermalaxionsfrom the Suninto x rays. This massrangeis
availableonly if thereareloopholesin the stellarevolution calculationghatnominally
excludethesemasses.

2.7 Self-Interacting Dark Matter?

N-body simulationsof structureformationwith collisionlessdark mattershov dark-
mattercusps,densityprofilesthatfall asp(r) o« 1/r with radiusr nearthe galactic
centef®? while somedwarf-galaxy rotation curvesindicatethe existenceof a density
corein their centers’® This haspromptedsometheoriststo considerself-interacting
dark matter®* If dark-matterparticleselasticallyscatterfrom eachotherin a galactic
halo, then heatcan be transportedrom the halo centerto the outskirts;in this way,
the cuspcanbe smoothednto a core. In orderfor this mechanisnto work, however,
the elastic-scatteringrosssectionmustbe oy ~ 10~24=25)(m, /GeV) cm?, roughly
thirteenordersof magnituddargerthanthecrosssectionexpectedor WIMPs,andeven
furtherfrom thatfor axions.If the crosssectionis strongeythe halowill undego core
collaps€’® andif it is wealer, the heattransportis not sufficiently efficient to remove
the dwarf-galaxy dark-mattercusp.

Thehugediscrepang betweerthemagnitudeof therequiredscatteringrosssection
andthatfor WIMPs and axionshasmadeself-interactingdark matterunappealingo
mostWIMP andaxiontheoristybutseeg.g.,Refs.66). However, theoreticaprejudices
aside self-interactingdark matternow seemsuntenableobsenationally If darkmatter
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is collisional, dark-mattercoresshouldequilibrateandbecomeround. Non-radialarcs
in the gravitational-lensingsystemMS2137-23requirea non-sphericatore andthus
rule out the scatteringcrosssectionsrequiredto producedwarf-galaxy cores’” One
possibleloopholeis that the scatteringcrosssectionis inversely proportionalto the
relative velocity of thescatteringparticles;thiswould lengthertheequilibrationtime in
thecoreof theclusterMS2137-23.Thispossibilityhasnow beernruledout, however, by
x-ray obsenationsof the giantelliptical galaxy NGC 4636 which shavs a very dense
dark-mattercuspat very smallradii.5®

3 TheCosmicMicr owaveBackground, Lar ge-Scalétruc-
tur e, and Inflation

3.1 RecentProgressin the CMB

In the pastfew years,the cosmicmicrowave backgroundCMB) hasbegunto provide
perhapsthe most exciting opportunityfor learningaboutnew physics at ultra-high-
enepy scalegfor recentreviews, see,e.g.,Refs.69-71). We have alreadyseenspec-
tacularadvancesn measurementsf temperaturdluctuationsin the CMB*® thathave
led to major adwvancesin our ability to characterizehe largest-scalestructureof the
Universe,the origin of densityperturbationsandthe early Universe. In just the past
few monthswe have seenthe first detectionof CMB polarizatior? anda spectacular
measurementf fluctuationsfrom 10-deyreeto sub-dgreeangularscales. In the next
few monthswe shouldseesvenmoreimprovementsrom the MAP satellite’® andeven
morewith thelaunchof the Plancksatellit€* in 2007.

The primaryaim of theseexperimentshasbeento determinghe CMB power spec-
trum, Cy, asa function of multipole moment/. Structure-formatioritheoriespredicta
seriesof bumpsin the power spectrumn theregion 50 < ¢ < 1000, arisingfrom oscil-
lationsin the baryon-photorfluid beforeCMB photondastscatter® Therich structure
in thesepeaksallows simultaneousleterminatiorof the geometryof the Universe? ™
thebaryondensity Hubbleconstantmatterdensity andcosmologicatonstantaswell
asthenature(e.g.,adiabaticjsocunature,or topologicaldefects)andspectrunof pri-
mordial perturbations’”

Within the pasttwo years,threeindependenexperimentsthat usedifferenttech-
nigques,observingstratgies,andfrequenciehave eachmeasuredhe power spectrum
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Fig.9. TheCMB powerspectrunmeasuredecentlyoy BOOMERanG™ Similarresults
have beenobtainedalsoby DASI” andMAXIMA. ™
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Fig. 10. The CMB power spectrummeasuredecentlyby ARCHEOPs,aswell asby
previousexperiments.FromRef. 9.
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in therangeb0 < ¢ < 1000 (Refs.78,79,72) andthe existenceof the secondandthird
peakshasnow beenconfirmed’® asshavn in Fig. 9. Theseexperimentsrepresentl
watershedeventin cosmology asthey suggesfor the first time that the Universeis
flat andthatstructuregrew from anearlyscale-ivariantspectrunof primordialdensity
perturbations Thesetwo propertiesarerobust predictionsof inflation %*! a periodof
accelerate@xpansionin the very early Universedriven by the vacuumenegy associ-
atedwith somenew, yetundeterminedyltra-high-enegy physics. Thenew resultsfrom
ARCHEOPS’, shovn in Fig. 10, overlapandalsointerpolatebetweerthelargest-angle
measurementsom COBE andthe degree-scalexperiments.The agreemenivith the
earlierexperimentds stunning.
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Fig. 11. Logarithmichistory of the Universe.

AlthoughtheserecentCMB testssuggesthatwe areontherighttrackwith inflation,
we still have no ideawhat new physics may have given rise to inflation. Plausible
theoreticalmodelsplacethe enegy scaleof inflation anywherefrom the Planckscale
to the electraveak scale,and associatehe inflaton (the scalarfield responsiblefor
inflation)with new fieldsthatarisein stringtheory GUTSs,thePeccei-Quinmechanism,
supersymmetrpreaking,andelectraveak-scalghysics,asshovnin Fig. 11.
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3.2 Inflation, Gravitational Waves,and CMB Polarization

Perhapshe mostpromisingavenuetoward furthertestsof inflation aswell asdetermi-
nationof the enegy scaleof inflation is the gravitational-wave background.Inflation
predictsthatquantumfluctuationsin the spacetimenetric duringinflation shouldgive
rise to a stochastigyravitational-wave backgroundwith a nearly-scale-ivariantspec-
trum (definedto bethefourth root of theinflaton potentialduringinflation) 22 Inflation
morewer predictsthatthe amplitudeof this gravitational-wave backgroundshouldbe
proportionatto the squareof the enegy scaleof inflation.

Thesegravitational waves will producetemperaturdluctuationsat large angles.
Upperlimits to theamplitudeof large-angleéemperaturdluctuationsalreadyconstrain
the enegy scaleof inflation to be lessthan 3 x 10'® GeV. However, since density
perturbationscan also producesuchtemperaturefluctuations,obsened temperature
fluctuationscannotalonebe usedto detectthe gravitational-wave background.

Instead progressanbe madewith the polarizationof the CMB. Both gravitational
wavesanddensityperturbationsvill producdinearpolarizationin theCMB, andthetwo
polarizationpatternsdiffer. More precisely gravitational waves producepolarization
with adistinctive curl patternthatcannotbemimickedby densityperturbationgatlinear
orderin perturbatiortheory;seebelawn).8# Moreover, inflation robustly predictsthat
theamplitudeof this curl depend®n the squareof the enegy scaleof inflation.

Isthissignalatall detectable?f theenegy scaleof inflationis muchbelov theGUT
scalethenthepolarizatiorsignalwill likely betoosmallto everbedetected However, if
inflationhadsomethingo dowith GUTs—asmary, if notmosttheoristselieve—then
the signalis concevably detectabldy a next-generatiorCMB experiment?® Although
the MAP satellite launchedust lastmonth,is unlikely to have sufficient sensitvity to
detectthe curl componenfrom inflationary gravitational waves, the Plancksatellite,
a EuropearnSpaceAgeng experimentto be launchedn 2007, shouldhave sufiicient
sensitvity to detectthe CMB curl componentasiong asthe enegy scaleof inflation
is greaterthanroughly 5 x 10 GeV. However, Planckwill notbetheendof theline.
An experimentthatintegratesmoredeeplyon a smallerregion of sky canimprove the
sensitvity to the inflationary gravitational-wave backgroundoy almosttwo ordersof
magnitude’ Moreover, thereareseveralvery promisingideasbeingpursuechow that
couldimprovethedetectosensitvity by morethananorderof magnitudevithin thenext
decade.Puttingthesetwo factorstogetherit becomedikely thata CMB polarization
experimenthatprobednflationaryenegy scalego below 101> Ge\V\—andthusaccesses
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theentirefavoredGUT parametespace—coulde mountedon aten-yeatimescalgif
notsooner).

3.3 CosmicShearand the CMB

Thereis, however, anothersourceof a curl component. Cosmicshear(CS)—weak
gravitational lensingof the CMB dueto large-scalestructurealongtheline of sight—
resultsin afractionalcornversionof thegradientmodefrom densityperturbationso the
curl component” The CS-inducedurl thusintroducesanoisefrom which IGWs must
be distinguished.If the IGW amplitude(or E;.5) is sufficiently large, the CS-induced
curlwill beno problem.However, asE;, 5 is reducedthe IGW signalbecomesmaller
andwill atsomepoint getlostin the CS-inducedhoise. If it is not correctedfor, this
confusionleadsto aminimumdetectabldGW amplitude?®°

In additionto producinga curl componentCSalsointroducedlistincthigherorder
correlationsn the CMB temperatur@attern.Roughlyspeakinglensingcanstretchthe
imageof theCMB onasmallpatchof sky andthusleadto somethingakinto anisotropic
correlationson that patchof sky, eventhoughthe CMB patternat the surfaceof last
scattehadisotropiccorrelations By mappingtheseeffects,the CScanbe mappedasa
functionof positiononthesky.”* Theobsered CMB polarizationcanthenbecorrected
for thesdensingdeflectiongo reconstructheintrinsic CMB polarizationatthesurface
of lastscatter(in which the only curl componentvould bethatdueto IGWSs).

Refs.89,90shaw thatif the gravitational-wave backgrounds large enoughto be
accessiblavith thePlancksatellite thenthecosmic-shearontributiontothecurlcompo-
nentwill notgetin theway. However, to go beyondPlanck,thecosmic-sheadistortion
to theCMB curl will needo besubtractedy mappingthecosmic-sheadeflectiorwith
higherordertemperature-polarizatiooorrelations. Ultimately, if the enegy scaleis
Eunn < 2 x 10 GeV, thentherewill beanirreduciblecosmic-sheamducedcurl, even
with higherordercorrelations.Thus,if theenegy scaleof inflationis below thisvalue,
the gravitational-wave backgroundwill not be detectablewvith the CMB polarization.
Either way, the cosmic-sheadistortionsto the CMB will be of interestin their own
right, asthey probethe distribution of dark matterthroughoutthe Universeaswell as
the growth of densityperturbationsat early times. Thesegoalswill be importantfor
determiningthe matterpower spectrumandthusfor testinginflation andconstraining
theinflatonpotential.
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Fig. 12. Minimum inflation potentialobserableat 1o asa function of survey width
for a one-yearexperiment. The left panelshavs an experimentwith noise-equialent
temperaturgNET, the detectorsensitvity) s = 25 uK y/sec. The solid curve shavs
resultsthatcouldbeobtainedf therewerenocosmicshear Thelong-dastcurve shavs
the minimum detectablanflaton-potentiaheightwith the optimal detectionstratey.
SeeRef. 89 for moredetailsandafull descriptionof the othercurves.
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3.4 CMB and Primordial Gaussianity

Anotherpredictionof inflationis thatthedistribution of massn theprimordialUniverse
shouldbe arealizationof a Gaussiamandomprocess.This meanghatthe distribution
of temperaturgerturbationsn the CMB shouldbe Gaussiarandit moreoer implies
apreciserelationbetweenrall of the higherordertemperatureorrelationfunctionsand
the two-point correlationfunction. Theserelationscan be testedwith future precise
CMB temperatur@ndpolarizationmaps.SeeRef. 92 for a brief review.

3.5 Structur e Formation and Inflation

Large-scalegalaxy sureys have becomea reality, particularlywith the advent of the
Two-DegreeField” andSloanDigital Sky Suneys®* We arenow mappingthedistribu-
tion of galaxiesover hugevolumesin the Universe.Moreover, just over two yearsago,
four independengroupsreporteddetectionof cosmicshearthroughthe obsenation of
ellipticity correlationsin distantgalaxies? In the future, cosmic-sheameasurements
will mapthedistributionof matter(ratherthanjusttheluminousmattemprobedby galaxy
surweys) over large volumesof space

If the big bangis a cosmicacceleratgrsubtlecorrelationsin the debrisfrom the
explosion canprovide valuableinformationon inflation, just assubtlecorrelationsin
jetsin acceleratoexperimentsanprovideinformationaboutthecollisionsthatgiverise
to them. Theprimaryaimsof galaxy suneys andcosmic-sheamapsaredetermination
of the power spectrumP (k) of the cosmologicalmatterdistribution asa function of
wavenumber(inversedistance):. Thesemeasurementareimportantfor the studyof
inflation, asinflation relategheamplitudeandshapeof the power spectrumP (k) to the
inflaton potentialV'(¢) asa function of the value ¢ of theinflaton. Measurementsf
P(k)with theCMB attheverylargestscalesto intermediatescalesith galaxysureys,
to the smallestscaleswith subglacticstructuré® arenow beingpursued Moreover, as
discusse@bove,inflation predictsvery preciserelationsbetweerall of thehhigherorder
correlationfunctionsfor the primordial massdistribution andits two-pointcorrelation
function, andtheserelationscanalsobe testedwith the obsened distribution of mass
in theUniversetoday Thegrowth of densityperturbationwia gravitationalinfall alters
the precisestructureof the correlationhierarcly from the primordial one. However,
it doessoin a calculableway so that the primordial distribution of densityperturba-
tions (Gaussiaraspredictedby inflation? or otherwise?)canbe determinedrom the
distribution obseredin the Universetoday®”
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Information aboutthe primordial distribution of matter can also be obtainedby
studyingthealbundancesindpropertieof therarestobjectsin the Universe:clustersof
galaxiestodayandgalaxiesat high redshift(see,e.g.,Ref. 98). Suchobjectsform at
rare(z 30) high-densitypeaksn theprimordialdensityfield. Inflation predictsthatthe
distribution of suchpeaksshouldbe Gaussianlf thedistributionis non-Gaussian—for
example,skew-positive with an excessof high-densitypeaks—therthe abundanceof
theseobjectscanbe considerablylarger In suchskew-positve models,suchobjects
would alsoform over amuchwider rangeof redshiftsandthusexhibit a broaderange
of propertiege.g.,sizes,agesjuminosities temperatures)’

4 Dark Energy

In additionto confirmingthe predictionsof big-bangnucleosynthesiandthe existence
of darkmatter the measuremertf classicalcosmologicaparameterfiasresultedn a
startlingdiscovery over the pastfew years: roughly 70% of the enepgy densityof the
Universeis in theform of somemysteriousegative-pressurédark enegy”.'® Super

nova evidencefor anacceleratingJniversé®!* hasnow beendramaticallybolsterecoy

thediscrepang betweerthetotal cosmologicatlensity<,.; ~ 1 indicatedby the CMB

anddynamicalmeasurementsf the nonrelatvistic-matterdensitys?,, ~ 0.3.

As momentousisthesaesultsarefor cosmologythey maybeevenmoreremarkable
from thevantagepoint of particlephysics,asthey indicatethe existenceof new physics
beyondthestandaranodelplusgeneratelatvity. Eithergravity behaesverypeculiarly
ontheverylargestscalesand/orthereis someform of negative-pressurdarkenegy that
contributes70%of theenegy densityof theUniverse.For thisdarkenegy to accelerate
theexpansionijts equation-of-statparametetw = p/p mustsatisfyw < —1/3, wherep
andp arethedark-enegy pressur@ndenegy density respectrely. Thesimplestgyuess
for this dark enepy is the spatiallyuniform, time-independentosmologicakonstant,
for whichw = —1. Anotherpossibilityis quintessencé! or spintessenc¥? acosmic
scalarfield thatis displacedfrom the minimum of its potential. Negative pressuras
achiezedwhenthekinetic enegy of therolling field is lessthanthe potentialenegy, so
that—1 < w < —1/3 is possible.(In fact,equation®f statew < —1, whichviolatethe
dominant-eney conditionin generakelativity, have now beenconsiderediswell.!%)

Although it is the simplestpossibility, a cosmologicalconstantwith this valueis
strangeasquantungravity would predictits valueto be 10'?° timestheobsenedvalue,
or perhapszeroin the presencef somesymmetry Oneof the appealingfeaturesof
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dynamicalmodelsfor dark enegy is thatthey may be compatiblewith a true vacuum
enegy whichis preciselyzero,to which the Universewill ultimatelyevolve.

Thedarkenegywasacompletesurpriseandremainsacompletemysterytotheorists,
a stumblingblock that, if confirmed,mustbe understoodeforea consistentunified
theorycanbe formulated. This dark enegy may be a directremnantof stringtheory
andif so,it providesanexciting newvw window to physicsatthe Planckscale.

The obviousfirst stepto understandhe natureof this dark enegy is to determine
whetherit is a true cosmologicalconstant,or whetherits densityevolveswith time.
Thiscanbeansweredby determiningheexpansiorrateof theUniverseasafunctionof
redshift. In principlethis canbe accomplishedvith a variety of cosmologicabbsenra-
tions(e.g.,quasatlensingstatisticsclusterabundanceandpropertiestheLyman-alpha
forest,galaxyandcosmic-sheasuneys, etc.). However, the currentbestbetfor deter
mining the expansionhistory is with supernea searchesparticularly thosethat can
reachto redshiftsz > 1. Here,bettersystematic-erroreduction bettertheoreticalun-
derstandingf superneaeandevolution effects,andgreaterstatistics areall required.
Bothground-base(k.g.,theDMT % orWFHRI'%®) andspace-base@.g.,.SNAP%) su-
perno/asearchesanbeusedo determingheexpansiorhistory. However, for redshifts
z 2, 1, theprincipalopticalsupern@a emission(includingthe characteristisilicon ab-
sorptionfeature)getsshiftedto theinfraredwhichis obscuredy theatmosphereThus,
a space-basedbsenatory appeardo be advisableto reliably measurehe expansion
historyin the crucialhigh-redshiftregime.

Althoughsuperneaeprovide perhapshemostdirectprobeof theexpansiorhistory;
therearea numberof otherindirectprobesaswell. Ratherthanreview themall, | sim-
ply discussasanexample,oneproposaimaderecentlyby N. Weinbeg andme 107108
Wide-anglecosmic-sheasurweys of blankregionsof the sky have alreadybegun, and
muchlarger suneys will soonto be undertalen. Individual galaxy clustersshouldbe
detectablen thesecosmic-sheamaps,but it is possiblethat proto-clustersmassve
overdensitieshatarestill in the procesf undegoing gravitational collapsewill also
appeain thesesuneys. Unlikevirialized clusterdi.e.,thosethathave undegonegrav-
itational collapse) which emit copiousamountsof x-ray radiation,thesenorvirialized
clustersshouldbe x-ray underluminouspor appeardark in x-ray bands. We shoved
thatthe ahundanceof bothvirialized anddark clustersthat will be detectedn a given
cosmic-sheasurwey, aswell astheratio of thetwo, will dependntheequation-of-state
parameterv, asshovn in Fig. 13. At least50 squaredegreeswill needto be surweyed
in orderfor this testto be carriedout.
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Fig. 13. The numberper squared\é\f;ree of virialized (x-ray luminous)and dark(x-
ray underluminousklustersthat shouldbe detectedn in a cosmic-sheasurwey. The
solid anddashedcurvesarefor power spectranormalizedto COBE andto the cluster
alundance.For eachvalueof w, thereis a uniquenormalizationthat fits both COBE
andtheclusteralundance SeeRef. 108for moredetails.
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Most discussion®f obsenationalprobesof dark enegy have involved the effects
of quintessencen the expansionhistory However, if a quintessencéield exists, it
may have somecouplingsto ordinarymatter If so,it could give rise to otherobserv-
able.consequencem particular if thecosmologicalconstant’evolveswith time(i.e.,
is quintessencejhenthereis a preferrediramein the Universe.Couplingsof elemen-
tary particlesto the quintessencéeld may thusgive rise to small apparentiolations
of Lorentzand/orCPT symmetry(see,e.g.,Ref. 109). A variety of acceleratoand
astroplysicalexperiment$’®:19 canbe doneto searcHor suchexotic signatures.

5 Summary and Conclusions

Particle astroplysics and cosmologynow represent very broadand active research
front in non-acceleratoprobesof new physics beyond the standardmodel. Herel
have reviewed dark-mattersearchesthe relation betweenobsenationsof the cosmic
microwave backgroundthe currentcosmologicamassdistribution, andthe early Uni-
verse,andthe dark-enegy problem. Thereare a numberof relatedtopicsthat | did
not discuss,suchas neutrinoastroplysics, the cosmologyof extra large dimensions,
cosmicrays,andthe growing connectiondetweergamma-andx-ray astroplysicsand
particlephysics.At first, somedegreeof skepticismmaybewarrantedvhendiscussing
astroplysicsasa laboratoryfor advancesn fundamentaphysics. On the otherhand,
thereis no questionthatcosmologyis now in the processf makingincrediblestrides,
andshouldcontinueto do so for the foreseeablduture. Moreover, thereare several
precedentsincluding a very recentandvery decisve one,for discovering new funda-
mentalphysicswith astroplysical obsenationsor sources.Whethertheseprecedents
will befollowedin the futurewill ultimatelyonly be determinedwith furthervigorous
cosmologicakxperimentation.
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