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Particle dark matter: An overview
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Abstract. I discusssomecompellingsuggestionsaboutparticleswhichcouldbethedarkmatterin
theUniverse,with specialattentionto experimentalsearchesfor them.
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Thisis thewrite-upof atalk givenataconferencewhereI wasprobablytheonly particle
physicist.My taskwasto giveanoverview of oneareaof cosmologywhichhasasymbiotic
relationwith particlephysics— viz., thecandidatesfor darkmatter.

I couldproceedin twoways.Oneis to giveverybriefoutlinesof all differentsuggestions
(or all I know about)for darkmattercandidateparticles.Thesecondis to focuson a few
compellingones,andgive somedetailsof them. After somethought,I chosethesecond
path. I will divide this talk into threesections,by threedifferentkindsof particleswhich
arepotentialcandidatesfor darkmatter.

1. Light neutrinos

Neutrinosinteractveryfeebly, only throughweakinteractions.Despitethis fact,they were
in thermalequilibriumin theveryearlyUniversebecausethedensityof particleswasmuch
higherat thattime,andsothemeanfreepath(or theaveragereactiontime) wassmall.At
that stage,their numberdensitydifferedfrom that of the photonsonly becauseoneis a
fermionandtheotheris a boson,andtherelationwas�������� �
	�� (1)

This ageof thermalequilibrium endedoncethe densityof the particlesbecamesmall
enoughin anexpandingUniverse,andit happenedwhenthetemperaturewasabout 
 MeV.
After that,theneutrinosfollowedonly theoverall expansion.Thephotonnumberdensity
alsofell by thecubeof thescalefactor, sotheratioremainedthesame.Theonly exception
to this statementoccurredwhen the temperaturedroppedsomewhat below the electron
mass,and ������� annihilationsproducednew photons. This event increasedthe photon
numberdensityby a factorof 
�
�� � , sothatin thepresentUniverse
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If theneutrinosaremassive,theenergydensityis obtainedby multiplying thisby themass.
Thetotal energy densityof theUniverseis parametrizedby 
��'&)(+*),.-�/��' #" $ , where ( is
theHubbleparameterin unitsof 
�����01"324�
5
687% �
5 . Thus,thefractionof energy density
contributedby light neutrinoswouldbe9 ��� : �����
�� & ( * ,;-�/��' #" $ � � : �<�= -�/ �?> 
( * , � (3)

Atmosphericneutrinodataindicateneutrinomassesof order 
��@�
5 eV. Solarneutrinodata
indicateevensmallermasses.Althoughthesedonotapplyfor all neutrinospecies,it surely
is suggestiveof thefactthat

9 �BA 
 .
Beforediscardinglight neutrinosasdarkmattercandidateson this ground,I would like

to emphasizethat thereis a very strongassumptionimplicit in this entireargument,viz.
thattheneutrinoshavenochemicalpotentialsothattheirnumberis thesameasthatof the
antineutrinos.If chemicalpotentialis nonzero,thenumberdensityof neutrinosdependon
it aswell asthetemperature,andonecannotevenstartwith thesimplerelationof eq. (1).

If the neutrinoshave chemicalpotential, they can contribute a larger fraction to the
energy densityof the Universe.This issuehasbeenanalyzedrecently[1]. We show the
resultsin figure1. Thehorizontalaxiscorrespondsto neutrinomass.Theverticalaxis is� �DC �FE� in unitsof theCMBR � 	 in thepresentUniverse.Thelinesin thisplot correspond
to thevalues(+*), 9 � � 
��'G@HF
�� � and 
�� = respectively, startingfrom theinnerline.

2. Axions

Sofar we talkedaboutlight neutrinos.They areknown to exist. Theothercandidatesto
bediscussedhave not yet beendetectedin any experiment.Thus,I needsomemotivation
for talkingaboutthem.
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Figure 1. Neutrino massand degeneracy allowed by cosmologicalenergy density
bounds.Thecurvesarecontoursfor JLKNM�O
PBQSRUT�V'WXRUT4Y and R#T�Z respectively. From
ref. [1].
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For thecaseat hand,themotivationcomesfrom stronginteractions.Theseinteractions
arebelievedtobedescribedby thegaugetheorycalledQCD.In agaugetheory, onedecides
onsomesymmetryof theLagrangianandwritesdownall termsthatareconsistentwith this
symmetry. For stronginteractions,this symmetrywasfoundin the1970s.If onecaresto
do only perturbativecalculationswith theLagrangianobtainedfrom this symmetry, there
is noproblem.If, however, oneincludesnon-perturbativeeffects,oneencountersoneterm
which violatesparityandtime-reversalsymmetries:[X\^]+_ � [a`�bdcfe�gih�j *� =�k *@l�m �Fnl�m � H (4)

wherel�m � is thegeneralizationof theelectromagneticfield-strengthtensorfor therelevant
symmetry. Here j is thegaugecouplingconstant,and h is anarbitraryparameter.

Theterminvolving this parameteris thegeneralizationof a term op > oq , which violates
parity andtime-reversalsymmetries.Among other things, this term will give rise to an
electricdipolemomentfor theneutron.Theexperimentalboundsarevery strongon this,
which restrictsthis parameterseverely: hsr 
��@�
5 � .

Very small parametersalways presentcertainconceptualdifficulties in quantumfield
theories.If they arenotzero,onehasto justify themby somesymmetry. PecceiandQuinn
discoveredsuchasymmetryby introducingaHiggsfield t u�vxw%y which hasaninteractionC j *� =�k * t u�vxw�yz�{ \ l�m � nl�m � H (5)

where
z { \

hasthedimensionsof mass.Thefield, of course,hasotherinteractions,includ-
ing a potentialof its own, which is minimumat t u � h z { \ . In general,now, we canwritet u�vxw�y � h z { \|g u�vxw�y . This field u�vxw�y vanishesat the minimum andis qualifiedto be a
quantumfield. It is calledtheaxionfield.

Noticehow it hassolvedouroriginalproblem.If weaddthetermsshown in eqs(4) and
(5) andusethe definition of the quantumfield, we seethat the parameterh cancelsout.
Saidanotherway, h is forcedto equalto zeroby this procedure.We haveaninteractionof
theaxionobtainedby replacingt u by u in eq. (5), but thatdoesnot violateparity andtime
reversalprovidedtheaxionis intrinsically negativeunderthesesymmetries.

We now examinehow the axioncanbe importantasthe dark matter. The equationof
motionof theaxionfield, neglectingits interactions,is}u g ��~��u g : * � u � ��H (6)

assumingthefield to bespatiallyhomogeneous.This is similar to theKlein–Gordonequa-
tion, but therearetwo differences.Oneof themis thesecondtermon theleft side,which
showstheeffectsof theexpansionof theUniverse.Theotheris hiddenin thenotation,and
is thefact that the ‘mass’ : � appearingin theequationis not a constant.It arisesdueto
co-operativeeffects,anddependson thetemperature.

At early times,whenthe temperaturewasvery high, : � waszero. This is becauseall
non-perturbative effects involve a factor -#�L7�v C 
�� j *4y , which is negligible sinceat high
energies j is very small for QCD. In this stage,the solutionof eq. (6) is given by u � #���+2����'��� . As the Universecoolsdown, j increases,andbecomeslarge enoughto make
the non-perturbativeeffectsimportantwhenthe temperaturedropsdown sufficiently, say
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below a value � \^]@_ . To find the solutionafter this time, let us first forgetabout ~ and
alsothetime-dependenceof : � . In thatcase,thesolutionwould beu ���  #��2 : �)� H (7)

where � is a constant.If ~ A : � andalsothetime variationof : � is small,we canstill
try asolutionlike this,wherenow both � and : � shouldberegardedasfunctionsof time.
Substitutingthesolutionin eq. (6), we now obtain�� � v : � � * y � C ��~8: � � * H (8)

or : � � *4��$ �  #����2��N�'���4H (9)

where � is thescalefactorof theUniverse,i.e., ~ � �� � � . Theenergy densityin these
oscillations,at thepresenttime,would begivenby� � � 
=8� : * � � *�� � � (10)

The axion massin the presentUniverseis determinedby
z { \

. It dependsmildly on the
axionmodels,andis givenbyv : � y � z�{ \�� :�� z � H (11)

wherethequantitieson theright sidesrelateto propertiesof thepions,andarevery well-
known. However, wedon’t know themagnitudeof theoscillationsin thepresentUniverse.
Therefore,weuseeq. (9) to write� � � 
= v : � y � � : � � *��4�;� v �!$ � ��$� y�H (12)

where � is the valueof the scalefactorat any arbitrarytemperature� . The oscillations
started,aswesaid,around� � � \�]@_ � 
���� MeV. At thattime, : � � ~ � ��*��#�;� , and� � z { \ . Usingtheseestimatesandutilizing thefactthat � � � � � � � ��� , we obtain� � � 
= :�� z �z { \ > � ��*\^]@_ z *{ \�|� ¡ >�¢ � �� \�]@_�£ $ H (13)

which gives, � � 
�� �
5�* z { \
¥¤!-�/ � (14)

Thus,axionscanbeanimportantsourceof darkmatterif
z { \

is closeto 
)��5�* GeV.
Let usnow seewhat is experimentallyknown abouttheseaxions.In figure2, we show

thepresentstatus[2]. Thehorizontalaxis is theaxionmass.Theverticalaxisdenotesits
couplingwith two photons,which allows thedecaymode u§¦©¨%¨ . As I saidearlier, there
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Figure 2. Summaryof axionsearchresults.Theshadedregionsareexcluded. Taken
from ref. [2]. Someof thelegendshave beenslightly editedto conformwith thenota-
tionsusedin thispaper.

is slight modeldependencein thesequantities.Thepredictionsof two compellingmodels
areshown in thegraphby thelinesmarkedDFSZandKSVZ.

If theaxionmassis in theeV range,thedecayphotonscouldbedetectedthroughtele-
scopes,andthe failure to do sohasbeenindicatedin thefigure. However, if

z { \
indeed

equals
�� 5�* GeV andwe take eq. (11) asa strict equality, theaxionmasscomesout to be
��@�%Ü eV. So,if theaxionshasto contributesignificantlyto theenergy densityof theUni-
verse,we shouldfind themaroundthatvalueof mass.In this case,thetwo photondecay
modeis soslow thattheaxioncanbeconsideredstableoncosmologicaltimescales.How-
ever, becauseof the coupling,the axionsmay be resonantlyconvertedinto a microwave
signal in a cavity wherea strongmagneticfield is present.Theseexperimentsarevery
promising.As we see,they arealreadyprobingverycloseto theinterestingregion.

3. WIMPs

We now cometo theWIMPs, which is anacronym for “Weakly InteractionMassive Par-
ticles.” Therearea varietyof waysin which suchparticlesmaybemotivated.Themost
recentandmostcompellingof themis supersymmetry. Supersymmetricmodelshavenew
particles— bosonicpartnersof known fermionsandfermionicpartnersof known bosons.
Therearephenomenologicallystrongreasonsto suspectthat thesenew particles,or “su-
perpartners”,canbe producedor annihilatedonly in pairs. If that is true, the lightestof
thesesuperpartnerswill beastableparticle.It will not decayspontaneously. Thesecanbe
examplesof WIMPs. ThereareothermodelsalsowhichpredictWIMPs.
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Thenumberdensityof theseWIMPsin theearlyUniverseis governedby theBoltzmann
equation.In thehomogeneousandisotropicUniverse,this takestheform� �� � � C ��~ � C�Ý�Þ v � * C � *bdß y�H (15)

where � bdß is the equilibrium numberdensityfor the temperatureat any given time. The
decreaseof numberdensitydueto theexpansionof theUniverseis representedin thefirst
termin this equation,andthesamedueto pairannihilationsgoesin thesecondterm.

It is convenientto switchto dimensionlessvariablesdefinedbyàs� � á H w � : ���âH (16)

where : is the massof the WIMP and

á
is the entropy of the backgroundphotonsat a

temperature� . Theevolutionequationnow becomes� à� w � C à bdßwäã^å�æ4æ~ vçw%yéè ¢ àà bdß%£ * C 
#êëH (17)

where ã å�æ4æ ��� bdß Ý�Þ�ì : $#w^��$�í�*)���%î Ý�Þ , putting in the equilibrium numberdensityfor
a non-relativistic particle. The importantthing to noticehereis that à hardly changesifã å�æ4æ A ~ vçw%y at any given eracharacterizedby a temperaturedeterminedby w . Using~ vçw%y ì ��*)�4�|� � : *��#�|�Dw%* , we findã�åïæ�æ~ vxw�y ì : �|�Dw 5�í�* � ��î Ý�Þ � (18)
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Figure 3. Summaryof WIMP searchresultsandfutureprospects.Fromref. [3].
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As w�¦öõ , i.e., for large time, this ratio goesto zero. It meansthat after a while, the
pairannihilationratewill benegligible,becausetheUniversehasmeanwhilebecomelarge
enoughsothattheparticlesdonotfind eachother. Theremnantdensityof theWIMPscan
beobtainedby numericalintegrationof eq. (17), but a roughestimatecanbeobtainedby
thedensityat theerawhen ã å�æ4æ � ~ vçw%y . Thesolutionof w eq. (18) is now determined
oncethe massand the annihilationcross-sectionareknown. After this era, the number
densityjustscalesinverselyasthevolumeof theUniverse.

Let menow turn to theexperimentalsearches[4]. Thesearesummarizedin figure3. As
I just said,theparameterswhich determinethedensityof WIMPs in thepresentUniverse
arethemassandtheannihilationcross-section.Thetwo axesin thisplot arepreciselythese
two parameters.For thecross-section,only thecross-sectionwith thenucleonsis probedin
theexperiments.Thesolid linesareexclusionsplotsfrom alreadypublisheddata,andthe
dottedlinesareprojectionsfor futureexperiments.Thescatterplotsareexpectedvaluesof
the parametersfor variouschoicesof the basicparametersin the supersymmetricmodel.
It doesseemthattheexperimentsin thenearfuturewill beableto decidewhetherWIMPs
really dominatetheenergy densityof theUniverse.
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