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Particle dark matter: An overview
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Abstract. | discusssomecompellingsuggestionaboutparticleswhich couldbethedarkmatterin
the Universe with specialattentionto experimentakearche$or them.
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Thisis thewrite-upof atalk givenataconferencavherel wasprobablytheonly particle
physicist.My taskwasto giveanoverview of oneareaof cosmologywhichhasasymbiotic
relationwith particlephysics— viz., the candidate$or dark matter

| couldproceedn twoways. Oneisto giveverybrief outlinesof all differentsuggestions
(or all I know about)for dark mattercandidateparticles. The seconds to focuson a few
compellingones,andgive somedetailsof them. After somethought,| chosethe second
path. | will divide this talk into threesectionspy threedifferentkinds of particleswhich
arepotentialcandidatesor darkmatter

1. Light neutrinos

Neutrinosinteractveryfeebly, only throughweakinteractions Despitethis fact,they were
in thermalequilibriumin theveryearlyUniversebecaus¢hedensityof particleswasmuch
higherat thattime, andsothe meanfree path(or the averagereactiontime) wassmall. At
that stage their numberdensitydiffered from that of the photonsonly becauseneis a
fermionandtheotheris a bosonandtherelationwas

Ny, = %nv. Q)

This age of thermal equilibrium endedoncethe density of the particlesbecamesmall
enoughn anexpandingUniverse andit happenedvhenthetemperaturevasaboutl MeV.

After that, the neutrinosfollowed only the overall expansion.The photonnumberdensity
alsofell by the cubeof thescalefactor sotheratioremainedhesame.Theonly exception
to this statemenibccurredwhen the temperaturedroppedsomevhat below the electron
mass,and ete~ annihilationsproducednew photons. This event increasedhe photon
numberdensityby afactorof 11/4, sothatin the presenUniverse
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(n,,)o = 214—1 (nv)o ~110cm 3. (2)
If theneutrinosaremassve, theenegy densityis obtainedoy multiplying this by themass.
Thetotal enegy densityof the Universeis parametrizedy 10*A2Q eV/cmS, whereh is
the Hubbleparametein unitsof 100 kms—* Mpc ™. Thus,thefractionof enegy density
contributedby light neutrinoswould be

myny my 1
= = D= 3
104h2Q eV /cm® QnaJ h?$) ®)

Atmosphericneutrinodataindicateneutrinomasse®f order10~! eV. Solarneutrinodata
indicateevensmallermassesAlthoughthesedo notapplyfor all neutrinospeciesit surely
is suggestie of thefactthatF, <« 1.

Beforediscardindight neutrinosasdark mattercandidate®n this ground,| would like
to emphasizehatthereis a very strongassumptiorimplicit in this entireargument,viz.
thatthe neutrinoshave no chemicalpotentialsothattheir numberis the sameasthatof the
antineutrinoslf chemicalpotentialis nonzerothe numberdensityof neutrinosdepencbn
it aswell asthetemperatureandonecannotevenstartwith the simplerelationof eq. (1).

If the neutrinoshave chemicalpotential,they can contribute a larger fraction to the
enegy densityof the Universe. This issuehasbeenanalyzedrecently[1]. We shav the
resultsin figure 1. The horizontalaxis correspondso neutrinomass.The vertical axisis
n, —ny in unitsof the CMBR n, in thepresentUniverse.Thelinesin this plot correspond
to thevaluesh?*QF, = 1/8, 1/4 and1/2 respectiely, startingfrom theinnerline.

v

2. Axions

Sofar we talked aboutlight neutrinos.They areknown to exist. The othercandidateso
bediscussedave notyet beendetectedn any experiment. Thus,| needsomemotivation
for talking aboutthem.

1000 [~ .

< 100} .
~ L

2 10 ¢ &
1> |

|C ; ]
> -

E o1l R

001 L sl sl 2ol Ml M

0.0010.01 0.1 1 10 100

min eV

Figure 1. Neutrino massand degenerag allowed by cosmologicalenegy density
bounds.The curvesarecontoursfor h>QF, = 1/8, 1/4 and1/2 respectiely. From
ref. [1].
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For the caseat hand,the motivationcomesfrom stronginteractions.Theseinteractions
arebelievedto bedescribedy thegaugeheorycalledQCD.In agaugeheory onedecides
onsomesymmetryof the Lagrangiarandwritesdown all termsthatareconsistentith this
symmetry For stronginteractionsthis symmetrywasfoundin the 1970s.If onecaresto
do only perturbatve calculationswith the Lagrangianobtainedfrom this symmetry there
is noproblem.If, however, oneincludesnon-perturbatie effects,oneencountereneterm
whichviolatesparity andtime-reversalsymmetries:

0g> ~
#GWG‘W , (4)
whereG,,, is thegeneralizatiorf theelectromagnetitield-strengttiensorfor therelevant
symmetry Hereg is the gaugecouplingconstantandé is anarbitraryparameter
Theterminvolving this parameteis the generalizatiorof aterm E - B, whichviolates
parity and time-reversalsymmetries. Among other things, this term will give rise to an
electricdipole momentfor the neutron. The experimentalboundsarevery strongon this,
which restrictsthis parameteseverely:§ < 10710,
Very small parametersalways presentcertainconceptuadifficulties in quantumfield
theories.If they arenotzero,onehasto justify themby somesymmetry PecceandQuinn
discoreredsucha symmetryby introducinga Higgsfield a(z) which hasaninteraction

EQCD = Epert +

9> a@) . =

3272 fpq MO ©
wherefpq hasthedimensionsf mass.Thefield, of coursehasotherinteractionsjnclud-
ing a potentialof its own, whichis minimumata = 6 fpq. In generalnow, we canwrite
a(z) = 0fpq + a(z). Thisfield a(z) vanishesat the minimum andis qualifiedto be a
guantunfield. It is calledtheaxionfield.

Noticehow it hassolvedour original problem.If we addthetermsshavn in eqs(4) and
(5) andusethe definition of the quantumfield, we seethat the parametef cancelsout.
Saidanothemway, 6 is forcedto equalto zeroby this procedure We have aninteractionof
the axionobtainedoy replacinga by a in eq. (5), but thatdoesnot violate parity andtime
reversalprovidedthe axionis intrinsically negative underthesesymmetries.

We now examinehow the axion canbeimportantasthe dark matter The equationof
motionof the axionfield, neglectingits interactionsjs

i+3Ha+m2a=0, (6)

assuminghefield to be spatiallyhomogeneousThisis similar to the Klein—-Gordonequa-
tion, but therearetwo differences Oneof themis the secondermon theleft side,which
shavsthe effectsof the expansionof the Universe.Theotheris hiddenin the notation,and
is thefactthatthe ‘mass’m, appearingn the equationis nota constant.It arisesdueto
co-operatie effects,anddepend®nthetemperature.

At earlytimes,whenthetemperaturavasvery high, m, waszero. Thisis becausall
non-perturbatie effectsinvolve a factorexp(—1/g?), which is negligible sinceat high
enepiesg is very smallfor QCD. In this stage the solutionof eq. (6) is givenby a =
constant. As the Universecoolsdown, g increasesandbecomedarge enoughto make
the non-perturbatie effectsimportantwhenthe temperaturaropsdown sufficiently, say
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belov avalueTgcp. To find the solutionafter this time, let us first forgetabout# and
alsothetime-dependencef m,. In thatcasethesolutionwould be

a = Acosmygt, @)

whereA is aconstantlf H < m, andalsothetime variationof m,, is small,we canstill
try asolutionlik e this,wherenow both A andm, shouldberegardedasfunctionsof time.
Substitutingthe solutionin eq. (6), we now obtain

%(maAz) = —3Hm,A?, (8)
or
mqeA?R® = constant, (9)

whereR is the scalefactorof the Universe,i.e., H = R/R. The enegy densityin these
oscillations,atthe presentime, would be givenby

1, .
po =3 (méAQ)O . (20)
The axion massin the presentUniverseis determinedoy fpq. It dependsnildly onthe

axionmodels,andis givenby

(ma)OfPQ ~ m7rf7r ) (11)

wherethe quantitieson theright sidesrelateto propertiesof the pions,andarevery well-
known. However, we don't know themagnitudeof the oscillationsin thepresentUniverse.
Thereforewe useeq. (9) to write

1
Po = 3 (ma)o (maAz)T X (R3/R8)7 (12)
where R is the value of the scalefactorat ary arbitrarytemperaturd’. The oscillations
startedaswe said,aroundl’ ~ Tqcp ~ 100 MeV. At thattime,m, ~ H ~ T%/Mp, and
A ~ fpq. Usingtheseestimatesindultilizing thefactthatR/ Ry = Ty /T, we obtain

g = Lmntx (Tacofeg < To )3 (13)
2 frq Mp Tocp)
whichgives
~ 1n—12 Irq
Q1071278 (14)

Thus,axionscanbeanimportantsourceof darkmatterif fpq is closeto 10'* GeV.,

Let usnow seewhatis experimentallyknown abouttheseaxions. In figure 2, we show
the presensstatug[2]. The horizontalaxisis the axion mass.The vertical axis denotests
couplingwith two photonswhich allows the decaymodea — ~v. As | saidearlier there
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Figure 2. Summaryof axionsearchresults. The shadedegionsareexcluded. Taken
from ref. [2]. Someof thelegendshave beenslightly editedto conformwith the nota-
tionsusedin this paper

is slight modeldependencen thesequantities.The predictionsof two compellingmodels
areshown in thegraphby thelinesmarked DFSZandKSVZ.

If theaxionmassis in the eV range the decayphotonscould be detectedhroughtele-
scopesandthe failure to do so hasbeenindicatedin the figure. However, if fpg indeed
equals10'2 GeV andwe take eq. (11) asa strict equality the axion masscomesout to be
10—5 eV. So, if the axionshasto contrikute significantlyto the enegy densityof the Uni-
verse,we shouldfind themaroundthatvalueof mass.In this case thetwo photondecay
modeis soslow thattheaxioncanbeconsideredtableon cosmologicatime scalesHow-
ever, becausef the coupling,the axionsmay be resonantlyconvertedinto a microvave
signalin a cavity wherea strongmagneticfield is present. Theseexperimentsare very
promising.As we see they arealreadyprobingvery closeto theinterestingregion.

3. WIMPs

We now cometo the WIMPs, which is anacrorym for “Weakly InteractionMassve Par-

ticles” Therearea variety of waysin which suchparticlesmay be motivated. The most
recentandmostcompellingof themis supersymmetrySupersymmetriecnodelshave new

particles— bosonicpartnersof known fermionsandfermionic partnersof known bosons.
Thereare phenomenologicallgtrongreasongo suspecthatthesenew particles,or “su-

perpartners”canbe producedor annihilatedonly in pairs. If thatis true, the lightest of

thesesuperpartnerwill beastableparticle.It will notdecayspontaneouslyThesecanbe
examplesof WIMPs. Thereareothermodelsalsowhich predictWIMPs.
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Thenumberdensityof theseWIMPsin theearlyUniverseis governecby the Boltzmann
equation.In thehomogeneouandisotropicUniverse this takestheform

dn
dt
wheren,q is the equilibrium numberdensityfor the temperatureat ary giventime. The
decreas®f numberdensitydueto the expansionof the Universeis representeth thefirst
termin this equation andthe samedueto pair annihilationsgoesin the seconderm.
It is convenientto switchto dimensionlessariablesdefinedby

= —3Hn — ov(n® — niq) , (15)

Y= z=m/T, (16)
wherem is the massof the WIMP and s is the entropy of the backgroundphotonsat a
temperaturd’. The evolution equatiornow becomes

2
(i) ~1|, (17)
Yeq
wherelann = neqov ~ m3z—3/2e~%gv, puttingin the equilibrium numberdensityfor
a non-relatvistic particle. Theimportantthing to notice hereis thaty hardly changesf

T.nn < H(z) atary giveneracharacterizedy a temperatureleterminedcby z. Using
H(z) ~T?/Mp = m?/Mpz?, wefind

d_y _ _Yeq Lann
dz x H(x)

I‘lann 1 —
~ M /2 xr A 18
@) mMpz/“e” ov (18)
a
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Figure 3. Summaryof WIMP searctresultsandfuture prospectsFromref. [3].
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As z — oo, i.e., for largetime, this ratio goesto zero. It meansthat after a while, the
pairannihilationratewill benegligible, becaus¢he Universehasmeanwhilebecomdarge
enoughsothatthe particlesdo notfind eachother Theremnantensityof the WIMPs can
be obtainedby numericalintegrationof eq. (17), but aroughestimatecanbe obtainedby
the densityatthe erawhenT,,, = H(z). Thesolutionof z eq. (18) is now determined
oncethe massand the annihilationcross-sectiorare known. After this era,the number
densityjust scalesnverselyasthe volumeof the Universe.

Let menow turnto theexperimentakearche§4]. Thesearesummarizedn figure3. As
| just said,the parametersvhich determinethe densityof WIMPs in the presentUniverse
arethemassandtheannihilationcross-sectionThetwo axesin this plot arepreciselythese
two parametersk-or thecross-sectiomnly thecross-sectiowith thenucleonsds probedn
theexperiments.The solid lines areexclusionsplots from alreadypublisheddata,andthe
dottedlinesareprojectionsor futureexperiments.The scattemplotsareexpectedvaluesof
the parametergor variouschoicesof the basicparametersn the supersymmetrienodel.
It doesseenthatthe experimentsn thenearfuturewill beableto decidewhetheWIMPs
really dominatethe enegy densityof the Universe.
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