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Portion of the Hubble Ultra Deep FieldPortion of the Hubble Ultra Deep Field

Dark Energy 73%Dark Energy 73%
(Cosmological Constant)(Cosmological Constant)

NeutrinosNeutrinos
0.10.1−−2%2%Dark MatterDark Matter

23%23%

Ordinary Matter 4%Ordinary Matter 4%
(of this only about(of this only about
10% luminous) 10% luminous) 
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Weakly Interacting Particles as Dark MatterWeakly Interacting Particles as Dark Matter

However, the idea ofHowever, the idea of
weakly interacting massiveweakly interacting massive
particles as dark matterparticles as dark matter
is now standardis now standard

More than 30 years ago,More than 30 years ago,
beginnings of the idea ofbeginnings of the idea of
weakly interacting particlesweakly interacting particles
(neutrinos) as dark matter(neutrinos) as dark matter

Massive neutrinos are noMassive neutrinos are no
longer a good candidatelonger a good candidate
(hot dark matter)(hot dark matter)
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LeeLee--WeinbergWeinberg--CurveCurve

Weakly interacting Weakly interacting 
massive particlesmassive particles
((WIMPsWIMPs) possible as ) possible as 
cold dark mattercold dark matter

•• For For mmνν ≳≳ 1 1 MeVMeV
neutrinos freeze outneutrinos freeze out
nonrelativisticallynonrelativistically

•• Density suppressedDensity suppressed
by annihilationby annihilation
before freezebefore freeze--outout
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Survival of the WeakestSurvival of the Weakest

BoltzmannBoltzmann suppressionsuppression
of equilibrium densityof equilibrium density
n n ∝∝ exp(exp(−−m/T)m/T)

Number density freezesNumber density freezes
out when annihilationout when annihilation
rate is slower thanrate is slower than
cosmic expansion ratecosmic expansion rate

GondoloGondolo
astroastro--ph/0403064ph/0403064
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Electroweak Scale FavoredElectroweak Scale Favored ??
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BoltzmannBoltzmann collision equation forcollision equation for
number density n of particlesnumber density n of particles
with annihilation cross section with annihilation cross section σσAA

Resulting cosmic mass densityResulting cosmic mass density

Concordance dark matter densityConcordance dark matter density 006.0110.0h2 ±=Ω 006.0110.0h2 ±=Ω

Mass for Mass for WWeakly eakly IInteracting nteracting MMassiveassive
PParticle (WIMP) as dark matter article (WIMP) as dark matter 

GeV10m ≈ GeV10m ≈

With electroweak cross sectionWith electroweak cross section
((MajoranaMajorana neutrino)neutrino)

Cosmic dark matter density of thermal relicsCosmic dark matter density of thermal relics
and  approximate electroweak gauge coupling and  approximate electroweak gauge coupling strengthstrength
favor electroweak scale for scale of new phyfavor electroweak scale for scale of new physicssics
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SupersymmetricSupersymmetric Extension of Particle PhysicsExtension of Particle Physics

In In supersymmetricsupersymmetric extensions of the particleextensions of the particle--physics standard model,physics standard model,
every boson has a every boson has a fermionicfermionic partner and vice versapartner and vice versa

SleptonsSleptons (e, (e, ννee, …), …)
SquarksSquarks (u, d, …)(u, d, …)

SpinSpinSuperpartnerSuperpartner

00

1/21/2GluinosGluinos
WinoWino
ZinoZino
PhotinoPhotino ((γγ))

1/21/2

3/23/2

HiggsinoHiggsino

GravitinoGravitino

~~

~~ ~~
~~~~

•• If RIf R--Parity is conserved, the lightest SUSYParity is conserved, the lightest SUSY--particle (LSP) is stableparticle (LSP) is stable
•• Most plausible candidate for dark matter is the Most plausible candidate for dark matter is the neutralinoneutralino,,

similar to a massive similar to a massive MajoranaMajorana neutrinoneutrino

NeutralinoNeutralino = C= C11 PhotinoPhotino + C+ C22 ZinoZino + C+ C33 HiggsinoHiggsino

1/21/2 Leptons (e, Leptons (e, ννee, …), …)
Quarks  (u, d, …)Quarks  (u, d, …)

11 GluonsGluons
WW±±

ZZ00

Photon (Photon (γγ))

00

22

HiggsHiggs

GravitonGraviton

SpinSpin Standard particleStandard particle
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Hunting Hunting WIMPsWIMPs

Search for new particles at accelerators,Search for new particles at accelerators,
notably the Large notably the Large HadronHadron ColliderCollider (LHC)(LHC)
at CERN (> 2007)at CERN (> 2007)

Search for WIMP annihilation products in the form ofSearch for WIMP annihilation products in the form of
•• Gamma rays (e.g. EGRET, HESS, MAGIC, GLAST)Gamma rays (e.g. EGRET, HESS, MAGIC, GLAST)
•• AntiAnti--protons (AMS)protons (AMS)
•• PositronsPositrons
•• HighHigh--energy neutrinos from the Sun or Earthenergy neutrinos from the Sun or Earth

(e.g. Super(e.g. Super--K, Amanda/K, Amanda/IceCubeIceCube, , AntaresAntares, …), …)

Recoil energyRecoil energy
(few (few keVkeV) is ) is 
measured bymeasured by
•• IonisationIonisation
•• ScintillationScintillation
•• CryogenicallyCryogenically
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Direct Detection ExperimentsDirect Detection Experiments
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Projected WIMP SensitivitiesProjected WIMP Sensitivities
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Dark SUSYDark SUSY
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AxionAxion Physics in a Nut ShellPhysics in a Nut Shell

CosmologyCosmology

CosmicCosmic
StringString

In spite of small mass, In spite of small mass, axionsaxions
are born are born nonnon--relativisticallyrelativistically
(“non(“non--thermal relics”)thermal relics”)

→→ “Cold dark matter”“Cold dark matter”
candidate candidate 
mmaa ~ 1~ 1--1000 1000 μμeVeV

Search for Search for AxionAxion Dark MatterDark Matter

SS

NN

γγaa

BBextext

Microwave resonatorMicrowave resonator
(1 GHz (1 GHz == 4 4 μμeVeV))

PrimakoffPrimakoff
conversionconversion

ParticleParticle--Physics MotivationPhysics Motivation

CP conservation in QCD byCP conservation in QCD by
PecceiPeccei--Quinn mechanismQuinn mechanism

For  For  ffaa ≫≫ ffππ axionsaxions are “invisible”are “invisible”
and very lightand very light

→→ AxionsAxions aa ~ ~ ππ00

mmππffππ ≈≈ mmaaffaa

γγ

γγ
aa

Solar and Stellar Solar and Stellar AxionsAxions

AxionsAxions thermally produced in stars,thermally produced in stars,
e.g. by e.g. by PrimakoffPrimakoff productionproduction

•• Limits from avoiding excessiveLimits from avoiding excessive
energy drainenergy drain

•• Search for solar Search for solar axionsaxions (CAST)(CAST)

aaγγ



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Astroteilchenphysik in Deutschland, 4-5 Oct 2005, Zeuthen

E E ≈≈ ffaa

•• UUPQPQ(1) spontaneously broken (1) spontaneously broken 
•• Higgs field settles in Higgs field settles in 
“Mexican hat”“Mexican hat”

aa

V(aV(a))

E E ≈≈ ΛΛQCD QCD ≪≪ ffaa

•• UUPQPQ(1) explicitly broken (1) explicitly broken 
by by instantoninstanton effects effects 

•• Mexican hat tiltsMexican hat tilts
•• AxionsAxions acquire a massacquire a mass

aa

V(aV(a))

ΘΘ=0=0
__

AxionsAxions as as PseudoPseudo NambuNambu--GoldstoneGoldstone BosonsBosons

•• The realization of the The realization of the PecceiPeccei--Quinn mechanism involves a new Quinn mechanism involves a new chiralchiral
U(1)  symmetry,  spontaneously broken at a scale U(1)  symmetry,  spontaneously broken at a scale ffaa

•• AxionsAxions are the corresponding are the corresponding NambuNambu--Goldstone modeGoldstone mode
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LeeLee--Weinberg Curve for Neutrinos and Weinberg Curve for Neutrinos and AxionsAxions

log(log(ΩΩaa))
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CDMCDM HDMHDM
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Thermal RelicsThermal Relics
NonNon--ThermalThermal
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log(log(ΩΩνν))

log(mlog(mνν))

ΩΩMM

3 3 eVeV

CDMCDMHDMHDM

10 10 GeVGeV

NeutrinosNeutrinos

Thermal RelicsThermal Relics



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Astroteilchenphysik in Deutschland, 4-5 Oct 2005, Zeuthen

Experimental Search for Galactic Experimental Search for Galactic AxionsAxions

PowerPower

FrequencyFrequency mmaa

AxionAxion SignalSignal

Thermal noise of Thermal noise of 
cavity & detectorcavity & detector

Power of galactic Power of galactic axionaxion signalsignal

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×

ρ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
π

×

⎟
⎠
⎞

⎜
⎝
⎛×

−

−

325
aa

5

2

3
21

cm/g105GHz2
m

10

Q
T5.8

B

m22.0

V
W104

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

×

ρ
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
π

×

⎟
⎠
⎞

⎜
⎝
⎛×

−

−

325
aa

5

2

3
21

cm/g105GHz2
m

10

Q
T5.8

B

m22.0

V
W104

Microwave EnergiesMicrowave Energies
(1 GHz (1 GHz ≈≈ 4 4 μμeVeV))

DM DM axionsaxions
Velocities in galaxyVelocities in galaxy
Energies thereforeEnergies therefore

mmaa = 10= 10--3000 3000 μμeVeV
vvaa ≈≈ 1010−−33 cc
EEaa ≈≈ (1(1 ±± 1010−−66) m) maa

AxionAxion HaloscopeHaloscope ((SikivieSikivie 1983)1983)

BBextext ≈≈ 8 Tesla8 Tesla

Microwave Microwave 
ResonatorResonator
Q Q ≈≈ 101055

PrimakoffPrimakoff ConversionConversion
γγaa

BBextext

CavityCavity
overcomesovercomes
momentummomentum
mismatchmismatch

2 Experiments in Operation2 Experiments in Operation
•• Axion Dark Matter ExperimentAxion Dark Matter Experiment

(ADMX), Livermore, US(ADMX), Livermore, US
•• CARRACK II, Kyoto, JapanCARRACK II, Kyoto, Japan
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Axion Dark Matter SearchesAxion Dark Matter Searches

Limits/sensitivities Limits/sensitivities assume assume axionsaxions are the galactic dark matter are the galactic dark matter 

1. Rochester1. Rochester--BrookhavenBrookhaven--
FermilabFermilab
PRD 40 (1989) 3153PRD 40 (1989) 3153

2. University of Florida2. University of Florida
PRD 42 (1990) 1297PRD 42 (1990) 1297

3. US 3. US AxionAxion Search Search 
(Livermore)(Livermore)
ApJLApJL 571 (2002) L27571 (2002) L27

5. CARRACK I (Kyoto)5. CARRACK I (Kyoto)
preliminarypreliminary
hephep--ph/0101200ph/0101200

55

4. ADMX (Livermore)4. ADMX (Livermore)
Phys Phys ReptsRepts 325 (2000) 1325 (2000) 1

44

6. CARRACK II (Kyoto)6. CARRACK II (Kyoto)
hephep--ph/0101200ph/0101200

66

112233
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Some Dark Matter CandidatesSome Dark Matter Candidates

SupersymmetricSupersymmetric particlesparticles
•• NeutralinosNeutralinos
•• AxinosAxinos
•• GravitinosGravitinos

Gauge hierarchy problemGauge hierarchy problem

Little Higgs modelsLittle Higgs models

KaluzaKaluza--Klein excitationsKlein excitations Large extra dimensionsLarge extra dimensions

AxionsAxions CP Problem of strong interactionsCP Problem of strong interactions

Sterile neutrinosSterile neutrinos RightRight--handeshandes states should existstates should exist

WimpzillasWimpzillas ((superheavysuperheavy particles)particles) Super GZK cosmic raysSuper GZK cosmic rays

MeVMeV--mass dark mattermass dark matter Explain cosmicExplain cosmic--ray positronsray positrons

Mirror matterMirror matter Exact parity symmetryExact parity symmetry

Primordial black holesPrimordial black holes

QQ--ballsballs
Why notWhy not ??
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Portion of the Hubble Ultra Deep FieldPortion of the Hubble Ultra Deep Field
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