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BaryogenesisBaryogenesis in the Early Universein the Early Universe

SakharovSakharov conditions for creating the conditions for creating the 
BBaryon aryon AAsymmetry of the symmetry of the UUniverse (niverse (BAUBAU))
•• C and CP violationC and CP violation
•• Baryon number violationBaryon number violation
•• Deviation from thermal equilibriumDeviation from thermal equilibrium

ParticleParticle--physics standard modelphysics standard model
•• Violates C and CPViolates C and CP
•• Violates B and L by EWViolates B and L by EW instantoninstanton effectseffects

(B (B −− L  conserved)L  conserved)

•• However, electroweak baryogenesis not quantitativelyHowever, electroweak baryogenesis not quantitatively
possible within particlepossible within particle--physics standard modelphysics standard model

•• Works in SUSY models for small range of parametersWorks in SUSY models for small range of parameters

Andrei SakharovAndrei Sakharov
19211921−−19891989

A.Riotto & M.Trodden: A.Riotto & M.Trodden: Recent  progress in baryogenesis Recent  progress in baryogenesis 
Ann. Rev. Nucl. Part. Sci. 49 (1999) 35Ann. Rev. Nucl. Part. Sci. 49 (1999) 35
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Hubble DiagramHubble Diagram

Accelerated expansionAccelerated expansion
((ΩΩMM == 0.3, 0.3, ΩΩΛΛ == 0.7)0.7)

Decelerated expansionDecelerated expansion
((ΩΩMM == 1)1)

Supernova IaSupernova Ia
as cosmologicalas cosmological
standard candlesstandard candles
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Einstein’s  “Greatest Blunder”Einstein’s  “Greatest Blunder”

Friedmann equation forFriedmann equation for
Hubble’s expansion rateHubble’s expansion rate 3a
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•• Quantum field theory of elementary particlesQuantum field theory of elementary particles
inevitably implies vacuum fluctuations becauseinevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish e.g. E and B fields can not simultaneously vanish 

•• Ground state (vacuum) provides gravitating energyGround state (vacuum) provides gravitating energy
•• Vacuum energy Vacuum energy ρρvacvac is equivalent to is equivalent to ΛΛ

Cosmological constant Λ
(new constant of nature)
allows for a static universe
by “global anti-gravitation”

Newton’s constantNewton’s constant

Density of gravitating mass & energyDensity of gravitating mass & energy Curvature termCurvature term
is very small or zerois very small or zero
(Euclidean spatial geometry)(Euclidean spatial geometry)
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H vs hH vs h--barbar
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Expansion of Different Cosmological ModelsExpansion of Different Cosmological Models

Time (billion years)Time (billion years)

Adapted from Bruno Leibundgut

Cosmic scale factor aCosmic scale factor a

todaytoday−−1414

ΩΩMM = 0= 0

−−99

ΩΩMM = 1= 1

−−77

ΩΩMM > 1> 1

ΩΩMM = 0.3= 0.3
ΩΩΛΛ = 0.7= 0.7
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Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

Coma ClusterComa Cluster

A gravitationally boundA gravitationally bound
system of many particlessystem of many particles
obeys the virial theoremobeys the virial theorem

gravkin EE2 −= gravkin EE2 −=
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Velocity dispersionVelocity dispersion
from Doppler shiftsfrom Doppler shifts
and geometric sizeand geometric size

Total MassTotal Mass
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Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

FritzFritz Zwicky:Zwicky:
DieDie RotverschiebungRotverschiebung vonvon
Extragalaktischen NebelnExtragalaktischen Nebeln
(The redshift of extragalactic(The redshift of extragalactic
nebulae)nebulae)

HelvHelv. Phys.. Phys. ActaActa 6 (1933) 1106 (1933) 110

In order to obtain the observed average Doppler effect ofIn order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is foundwould have to be at least 400 times larger than what is found
from observations of the luminous matter.from observations of the luminous matter.
Should this be confirmed one would find the surprising resultShould this be confirmed one would find the surprising result
that that dark matter dark matter is far more abundant than luminous matter.is far more abundant than luminous matter.
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Giant Arc in Cluster Cl 2244Giant Arc in Cluster Cl 2244--0202

z = 2.237z = 2.237

z = 0.336z = 0.336
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Giant Arcs Giant Arcs –– Gravitationally Lensed Background GalaxiesGravitationally Lensed Background Galaxies

A.Tyson, Physics Today, 1992:6, pg.24
ObserverObserver

ForegroundForeground
cluster ofcluster of
galaxiesgalaxies

Background galaxyBackground galaxy

Distorted imageDistorted image
(Partial Einstein ring)(Partial Einstein ring)
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Gravitational Lensing in Clusters of GalaxiesGravitational Lensing in Clusters of Galaxies

Galaxy cluster ClGalaxy cluster Cl 0024+16540024+1654
[Hubble Space Telescope][Hubble Space Telescope] Numerical SimulationNumerical Simulation
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Structure of Spiral GalaxiesStructure of Spiral Galaxies

Spiral Galaxy NGC 2997 Spiral Galaxy NGC 891891
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“Rotation Curve” of the Solar System“Rotation Curve” of the Solar System

Kepler’s LawKepler’s Law

radius
MG

v centralNewton
rotation =

radius
MG

v centralNewton
rotation =
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Rotation curve of the galaxyRotation curve of the galaxy NGC 6503NGC 6503
from radio observations of hydrogen motionfrom radio observations of hydrogen motion
[MNRAS 249 (1991) 523][MNRAS 249 (1991) 523]

Galactic Rotation Curve from Radio ObservationsGalactic Rotation Curve from Radio Observations

Expected from luminous Expected from luminous 
matter matter in the diskin the disk

Observed flat Observed flat 
rotation curverotation curve

Spiral galaxySpiral galaxy NGC 3198NGC 3198 overlaidoverlaid
with hydrogen column densitywith hydrogen column density
[[ApJApJ 295 (1985) 305]295 (1985) 305]
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Structure of a Spiral GalaxyStructure of a Spiral Galaxy
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Dark HaloDark Halo

Structure of a Spiral GalaxyStructure of a Spiral Galaxy
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Galaxy Distribution in the SkyGalaxy Distribution in the Sky
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

Structure forms byStructure forms by
gravitational instabilitygravitational instability
of primordialof primordial
density fluctuationsdensity fluctuations
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Generating the Primordial Density FluctuationsGenerating the Primordial Density Fluctuations

ZeroZero--point fluctuations of quantumpoint fluctuations of quantum
fields are stretched and frozenfields are stretched and frozen

Early phase of exponential expansionEarly phase of exponential expansion
(Inflationary epoch)(Inflationary epoch)

Cosmic density fluctuations areCosmic density fluctuations are
frozen quantum fluctuationsfrozen quantum fluctuations
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A Slice of the UniverseA Slice of the Universe

Galaxy distribution from theGalaxy distribution from the CfA redshiftCfA redshift surveysurvey
[[ApJApJ 302 (1986) L1]302 (1986) L1]

Cosmic Cosmic 
“Stick Man”“Stick Man”

~ 185
~ 185 Mpc

Mpc
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2dF Galaxy2dF Galaxy RedshiftRedshift Survey (15 May 2002)Survey (15 May 2002)

2dF2dF

Las CampanasLas Campanas
CfACfA

~ 1300

~ 1300
Mpc
Mpc
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Power Spectrum of Density FluctuationsPower Spectrum of Density Fluctuations

Field of density fluctuationsField of density fluctuations
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Gravitational Growth of Density PerturbationsGravitational Growth of Density Perturbations

The dynamical evolutionThe dynamical evolution
of small perturbationsof small perturbations

1
)x(

)x( <<
ρ

δρ
=δ 1

)x(
)x( <<

ρ
δρ

=δ

is independent for eachis independent for each
Fourier mode Fourier mode δδkk

•• For pressureless,For pressureless,
nonrelativistic matternonrelativistic matter
(cold dark matter)(cold dark matter)
naively expectnaively expect
exponential growthexponential growth

•• Only powerOnly power--lawlaw
growth in expandinggrowth in expanding
universeuniverse

Matter dominatesMatter dominates
a a ∝∝ tt2/32/3

SubSub--horizonhorizon
λλ ≪≪ HH−−11

SuperSuper--horizonhorizon
λλ ≫≫ HH−−11

δδkk ≈≈ constconst δδkk ∝∝ aa22 ∝∝ tt

δδkk ∝∝ a a ∝∝ tt2/32/3

Radiation dominatesRadiation dominates
a a ∝∝ tt1/21/2
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Processed Power Spectrum in Cold Dark Matter ScenarioProcessed Power Spectrum in Cold Dark Matter Scenario

PrimordialPrimordial
spectrumspectrum

Suppressed by stagnationSuppressed by stagnation
during radiation phaseduring radiation phase

Primordial spectrumPrimordial spectrum
usually assumed to beusually assumed to be
of powerof power--law formlaw form

n2
k k)k(P ∝δ= n2
k k)k(P ∝δ=

HarrisonHarrison--ZeldovichZeldovich
(“flat”) spectrum(“flat”) spectrum
n n == 11

expected from inflationexpected from inflation
(n may be slightly less(n may be slightly less
than 1, depending on than 1, depending on 
details of inflationarydetails of inflationary
phase)phase)
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Power Spectrum of Cosmic Density FluctuationsPower Spectrum of Cosmic Density Fluctuations
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
Dynamical range  Dynamical range  ∆∆T = 3.353T = 3.353 mK  (mK  (∆∆T/T/ T T ≈≈ 1010--33))

Dipole temperature distribution from Doppler effectDipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic framecaused by our motion relative to the cosmic frame
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COBE Temperature Map of the Cosmic Microwave BackgroundCOBE Temperature Map of the Cosmic Microwave Background

T = 2.725 K (uniform on the sky)T = 2.725 K (uniform on the sky)
Dynamical range  Dynamical range  ∆∆T = 3.353T = 3.353 mK  (mK  (∆∆T/T/ T T ≈≈ 1010--33))

Dipole temperature distribution from Doppler effectDipole temperature distribution from Doppler effect
caused by our motion relative to the cosmic framecaused by our motion relative to the cosmic frame

Dynamical range  Dynamical range  ∆∆T = 18T = 18 µµK  (K  (∆∆T/T/ T T ≈≈ 1010--55))

Primordial temperature fluctuationsPrimordial temperature fluctuations
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Last Scattering SurfaceLast Scattering Surface
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Power Spectrum of CMBR Temperature FluctuationsPower Spectrum of CMBR Temperature Fluctuations

Sky map of CMBR temperatureSky map of CMBR temperature
fluctuationsfluctuations
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Flat Universe from CMBR Angular FluctuationsFlat Universe from CMBR Angular Fluctuations

totmax 200 Ω≈l totmax 200 Ω≈l

ΩΩtot tot = 1.02 = 1.02 ±± 0.020.02

Spergel et al. (WMAP Collaboration)Spergel et al. (WMAP Collaboration)
astroastro--ph/0302209ph/0302209

Triangulation with acoustic peakTriangulation with acoustic peak

Known physicalKnown physical
size of acoustic peaksize of acoustic peak
at decoupling (zat decoupling (z ≈≈ 1100)1100)

MeasuredMeasured
angular sizeangular size
today (ztoday (z == 0)0)

flat (Euclidean)flat (Euclidean)

negative curvaturenegative curvature

positive curvaturepositive curvature
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CMBR CMBR -- The Cosmic Rosetta StoneThe Cosmic Rosetta Stone

PowerPower--law index (tilt)law index (tilt)
n = n = 1.01.0, , 1.11.1, , 1.21.2

Hubble constantHubble constant
HH00 = = 5050, , 6060, , 7070

Total densityTotal density
ΩΩtottot = = 1.01.0, , 0.50.5, , 0.30.3

Baryon densityBaryon density
ΩΩBB = = 55, , 7.57.5, , 1010 ××1010--33

Physics Today 1997:11, 32Physics Today 1997:11, 32
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Concordance Model of CosmologyConcordance Model of Cosmology

A FriedmannA Friedmann--LemaîtreLemaître--RobertsonRobertson--Walker model with the followingWalker model with the following
parameters perfectly describes the global properties of the univparameters perfectly describes the global properties of the universe erse 

The observed largeThe observed large--scale structure and CMBR temperature fluctuationsscale structure and CMBR temperature fluctuations
are perfectly accounted for by the gravitational instability mecare perfectly accounted for by the gravitational instability mechanismhanism
with the above ingredients and a powerwith the above ingredients and a power--law primordial spectrum of law primordial spectrum of 
adiabatic density fluctuations (curvature fluctuations) P(k) adiabatic density fluctuations (curvature fluctuations) P(k) ∝∝ kknn

Expansion rateExpansion rate 11
0 Mpcskm)472(H −−±= 11
0 Mpcskm)472(H −−±=

AgeAge years10)2.07.13(t 9
0 ×±= years10)2.07.13(t 9
0 ×±=

Vacuum energyVacuum energy 04.073.0 ±=ΩΛ 04.073.0 ±=ΩΛ

Baryonic matterBaryonic matter 004.0044.0B ±=Ω 004.0044.0B ±=Ω

Spatial curvatureSpatial curvature 1
0curv H5R −> 1
0curv H5R −> 02.002.1tot ±=Ω 02.002.1tot ±=Ω

MatterMatter 04.027.0M ±=Ω 04.027.0M ±=Ω
02.002.1M ±=Ω+ΩΛ 02.002.1M ±=Ω+ΩΛ

PowerPower--law indexlaw index 03.093.0n ±= 03.093.0n ±=
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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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What is wrong with neutrino dark matter?What is wrong with neutrino dark matter?

Galactic Phase Space (“Galactic Phase Space (“TremaineTremaine--GunnGunn--Limit”)Limit”)
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Fermi gasFermi gas

mmνν >> 100 100 −− 200 200 eVeV

SpiralSpiral
galaxiesgalaxies

DwarfDwarf
galaxiesgalaxies

•• NusNus are “Hot Dark Matter”are “Hot Dark Matter”
•• Ruled out Ruled out 

by structure formationby structure formation

Neutrino Free Streaming (Neutrino Free Streaming (CollisionlessCollisionless Phase Mixing)Phase Mixing)

•• AtAt TT << 11 MeVMeV neutrinoneutrino scatteringscattering inin earlyearly universeuniverse ineffectiveineffective
•• Stream freely untilStream freely until nonnon--relativisticrelativistic
•• Wash out density contrasts on small scales Wash out density contrasts on small scales 

NeutrinosNeutrinosNeutrinosNeutrinos

OverOver--densitydensity
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

A fraction of hot dark matter A fraction of hot dark matter 
suppresses smallsuppresses small--scale structurescale structure
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Neutrino Free Streaming Neutrino Free Streaming –– Transfer FunctionTransfer Function

Hannestad, Neutrinos in Cosmology, hepHannestad, Neutrinos in Cosmology, hep--ph/0404239ph/0404239

Transfer functionTransfer function

P(k) = T(k) PP(k) = T(k) P00(k)(k)

Effect of neutrino freeEffect of neutrino free
streaming on small scalesstreaming on small scales

T(k) = 1 T(k) = 1 −− 88ΩΩνν//ΩΩM M 

valid forvalid for

88ΩΩνν//ΩΩM M ≪≪ 11

Power suppression for Power suppression for λλFSFS ≲≲ 100 Mpc/h100 Mpc/h

ΣΣmmνν = 0= 0

ΣΣmmνν = 0.3 eV= 0.3 eV

ΣΣmmνν = 1 eV= 1 eV
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Recent Cosmological Limits on Neutrino MassesRecent Cosmological Limits on Neutrino Masses

AuthorsAuthors ΣΣmmνν/eV/eV
(limit 95%CL)(limit 95%CL) Data / PriorsData / Priors

Spergel et al. (WMAP) 2003Spergel et al. (WMAP) 2003
[astro[astro--ph/0302209] ph/0302209] 0.690.69 WMAP, CMB, 2dF, WMAP, CMB, 2dF, σσ88, HST, HST

Hannestad 2003Hannestad 2003
[astro[astro--ph/0303076]ph/0303076] 1.011.01 WMAP, CMB, 2dF, HSTWMAP, CMB, 2dF, HST

Tegmark et al. 2003Tegmark et al. 2003
[astro[astro--ph/0310723]ph/0310723] 1.81.8 WMAP, SDSSWMAP, SDSS

Barger et al. 2003Barger et al. 2003
[hep[hep--ph/0312065]ph/0312065] 0.750.75 WMAP, CMB, 2dF, SDSS, HSTWMAP, CMB, 2dF, SDSS, HST

Crotty et al. 2004Crotty et al. 2004
[hep[hep--ph/0402049]ph/0402049]

1.01.0
0.60.6

WMAP, CMB, 2dF, SDSSWMAP, CMB, 2dF, SDSS
& HST, SN& HST, SN

Hannestad 2004Hannestad 2004
[hep[hep--ph/0409108]ph/0409108] 0.650.65 WMAP, SDSS, SN Ia gold sample,WMAP, SDSS, SN Ia gold sample,

LyLy--αα data from Keck sample data from Keck sample 

Seljak et al. 2004Seljak et al. 2004
[[astroastro--ph/0407372]ph/0407372] 0.420.42 WMAP, SDSS, Bias,WMAP, SDSS, Bias,

LyLy--αα data from SDSS sample data from SDSS sample 
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LeeLee--WeinbergWeinberg--CurveCurve

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

•• For mFor mνν ≳≳ 1 MeV1 MeV
neutrinos freeze outneutrinos freeze out
nonrelativisticallynonrelativistically

•• Density suppressedDensity suppressed
by annihilationby annihilation
before freezebefore freeze--outout



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany 4th MPI Young Scientists Workshop, 18-22 July 2005, Ringberg Castle, Germany

Supersymmetric Extension of Particle PhysicsSupersymmetric Extension of Particle Physics

In supersymmetric extensions of the particleIn supersymmetric extensions of the particle--physics standard model,physics standard model,
every boson has a fermionic partner and vice versaevery boson has a fermionic partner and vice versa

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

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 lightestParity is conserved, the lightest SUSYSUSY--particle (LSP) isparticle (LSP) is stablestable
•• Most plausible candidateMost plausible candidate forfor dark matter is the neutralino,dark matter is the neutralino,

similar to a massive Majoranasimilar to a massive Majorana neutrinoneutrino

NeutralinoNeutralino = C= C11 PhotinoPhotino + C+ C22 ZinoZino + C+ C33 HiggsinoHiggsino
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The Search for Dark Matter in our GalaxyThe Search for Dark Matter in our Galaxy

Direct search experimentsDirect search experiments
exist forexist for

•• WIMPsWIMPs
((WWeakly eakly IInteracting nteracting MMassive assive 
PParticles, often assumed toarticles, often assumed to
be supersymmetric neutralinos)be supersymmetric neutralinos)

•• AxionsAxions
(Very low(Very low--mass very weakly mass very weakly 
interacting bosons, motivatedinteracting bosons, motivated
by CP problem of QCD)by CP problem of QCD)

(With permission of David Simmonds ©)
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Search for Neutralino Dark MatterSearch for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

CrystalCrystal
EnergyEnergy
depositiondeposition

Recoil energyRecoil energy
(few keV) is(few keV) is
measured bymeasured by
•• IonisationIonisation
•• ScintillationScintillation
•• CryogenicCryogenic

GalacticGalactic
dark matterdark matter
particleparticle
(e.g.neutralino)(e.g.neutralino)
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Direct Detection MethodsDirect Detection MethodsDirect Detection MethodsDirect Detection Methods
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Direct Detection ExperimentsDirect Detection Experiments
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CRESST Experiment to Search for Dark MatterCRESST Experiment to Search for Dark Matter
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One of the CRESSTOne of the CRESST Detector CrystalsDetector Crystals
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DAMA Evidence for WIMP DetectionDAMA Evidence for WIMP Detection

Annual modulation ofAnnual modulation of
WIMP signal aWIMP signal a
“smoking gun” signature“smoking gun” signature Time (day)

DAMA experiment in Gran Sasso (NaI scintillationDAMA experiment in Gran Sasso (NaI scintillation
detector) observes an annual modulation  at adetector) observes an annual modulation  at a
6.36.3σσ statistical CL, based on statistical CL, based on 110 ton110 ton--days of data days of data 
[[Riv. N. Cim. 26 (2003) 1Riv. N. Cim. 26 (2003) 1−−73]73]

• Detector stability ?
• „Background stability“ ? 
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Limits from WIMP Search ExperimentsLimits from WIMP Search Experiments

astro-ph/0008339

Expectation fromExpectation from
supersymmetric modelssupersymmetric models

DAMA claimedDAMA claimed
detectiondetection

Paolo Gondolo et al.Paolo Gondolo et al.
http://www.physto.se/~edsjo/darksusyhttp://www.physto.se/~edsjo/darksusy
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Projected WIMP SensitivitiesProjected WIMP Sensitivities
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Search for Neutralino Dark MatterSearch for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

CrystalCrystal
EnergyEnergy
depositiondeposition

Recoil energyRecoil energy
(few keV) is(few keV) is
measured bymeasured by
•• IonisationIonisation
•• ScintillationScintillation
•• CryogenicCryogenic

GalacticGalactic
dark matterdark matter
particleparticle
(e.g.neutralino)(e.g.neutralino)

Indirect Method (Neutrino Telescopes)

SunSun

Galactic darkGalactic dark
mattermatter
particlesparticles
are accretedare accreted

AnnihilationAnnihilation
HighHigh--energy    energy    
neutrinosneutrinos
((GeVGeV--TeVTeV))
can be measuredcan be measured
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HighHigh--Energy Neutrino TelescopesEnergy Neutrino Telescopes

BaikalBaikal
200200 PMTsPMTs

Amanda II, 800Amanda II, 800 PMTsPMTs
IceCube ProjectIceCube Project

Antares Antares 
ProjectProject

NestorNestor
ProjectProject
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Muon Flux from WIMP Annihilation in the SunMuon Flux from WIMP Annihilation in the Sun

Need a kmNeed a km33 water Cherenkov detectorwater Cherenkov detector
to reach solar backgroundto reach solar background
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Can We See the Dark Matter?Can We See the Dark Matter?

HESS airshowerHESS airshower
telescope, Namibiatelescope, Namibia

MAGIC airshowerMAGIC airshower
telescope, La Palmatelescope, La Palma

GLAST ProjectGLAST Project

Dark matter particles canDark matter particles can
directly annihilatedirectly annihilate

The dark halo of our galaxyThe dark halo of our galaxy
can slightly glow incan slightly glow in
highhigh--energy gamma raysenergy gamma rays

γγ→χχ γγ→χχ
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Some Dark Matter CandidatesSome Dark Matter Candidates

Supersymmetric particlesSupersymmetric particles
•• NeutralinosNeutralinos
•• AxinosAxinos
•• GravitinosGravitinos

Gauge hierarchy problemGauge hierarchy problem

Little Higgs modelsLittle Higgs models

AxionsAxions CP Problem of strong interactionsCP Problem of strong interactions

KaluzaKaluza--Klein excitationsKlein excitations Large extra dimensionsLarge extra dimensions

Mirror matterMirror matter Exact parity symmetryExact parity symmetry

Sterile neutrinosSterile neutrinos RightRight--handes states should existhandes states should exist

Wimpzillas (superheavy particles)Wimpzillas (superheavy particles) Super GZK cosmic raysSuper GZK cosmic rays

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

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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