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ll Ordinary Matter 4% ~, Neutrinos
(of this only about | 0.1-2%
10% luminous) e .
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Baryogenesis in the Early Universe

Sakharov conditions for creating the
\ Baryon Asymmetry of the Universe (BAU)
® + C and CP violation
« Baryon number violation
« Deviation from thermal equilibrium

Particle-physics standard model
« Violates C and CP

force carriers

Andrei Sakharov || * Violates B and L by EW instanton effects
1921-1989 (B —L conserved)

« However, electroweak baryogenesis not quantitatively
possible within particle-physics standard model

B Ordinary Matter 4% ..~ | Neutrinos

(of this only about : | . 0. 1T2% : - A.Riotto & M.Trodden: Recent progress in baryogenesis
10% luminous) R . ! Ann. Rev. Nucl. Part. Sci. 49 (1999) 35

« Works in SUSY models for small range of parameters




Hubble Diagram Einstein’s "Greatest Blunder”

aaf 3 g@@nce | Density of gravitating mass & energy 1Curvat|.re t[Trm
sarch Toar G s very small or zero
#HighZ SN Seareh Team 4 LY. N ! :

42F e supsmova Cosmology Project _=$ 3 ACCEIEHREI\TINC _ "'_-»-L . Hewton's constant (Euclidean spatlal geometry)
@ a0k 1 lUNi\(EESE | A ) ;
E "W : 2 3 Friedmann equation for
= ¥ - 0,053,007 ] Hubble’s expansion rate
E s .,‘-:."'-'=~ o 03, e00 ]

aaf ,.-r" - 0,=1.0,0,:00 ] Cosmological constant A

|| Borisovich " vag¥ | (new constant of nature)
" || Zeldovich (27| allows for a static universe
| 1914-1987 # by “global anti-gravitation”

Accelerated expansion

= Quantum field theory of elementary particles
inevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish
» Ground state (vacuum) provides gravitating energy
= Yacuum energy p, .. is equivalent to A

A(m-M) (mag)

(©4=0.3,2,=0.7)

The: Bk Urniver s iny B 67 Hane 3004, Hursich. Gormarn
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Formation of Structure
| Smooth ” Structured |

Structure forms by
gravitational instability
of primordial

density fluctuations

S RafTell. Hacx Pl bemtibut i Plvesis . . The: Barke Universe in Brseh. &7 Hare 2084, Huorich. Gorman
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Power Spectrum of Cosmic Density Fluctuations Generating the Primordial Density Fluctuations

Wavelength A [h=! Mpe)
1000 1

1 Early Development
™3 of the Universe
E B Banc
1 ¥—t+ Early phase of exponential expansion
E g‘- oot oh s barare (Inflationary epoch)
1000 E l

100
= Cosmic Microwave Background

1 }ra
# Cluster abundance ny
n Weak le y

Zero-point fluctuations of quantum
fields are stretched and frozen

Current power spectrum P(k} [(h-' Mpc)?]

10 =
ik lensing Cosmic density fluctuations are
4 Lyman Alpha Forest ] e frozen quantum fluctuations
Tegmark & Zaldarriaga, astro-ph/ 0207047 + updates ,_,‘_\ 1 15 éu-c::
) SPRPIPPTTT EEPPEFIPETI RPN EEPEAPPTTTN BT
0.001 0.01 0.1 1 10

Wavenumber k [h/Mpe]
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Weakly Interacting Particles as Dark Matter

Tren Asrscomomcas bovessss, B09: 1-40, FH73 Prbraary 12

S R e s More than 30 years ago,
beginnings of the idea of
weakly interacting particles
(neutrinos) as dark matter

Format of Structure
Smooth ” Structured |

GRAVITY OF NEUTRINDS OF NONZERD MASS IN ASTROPHYSICS

W euarisen bave &
Ayaiic of e
vrial mans s

%, fhem they would doinate the gravitisicnal
tha inivarse. & semple el 5 secterbasd e

w» Massive neutrinos are no
s longer a good candidate
(hot dark matter)

However, the idea of
weakly interacting massive
i i+ P SO S < O particles as dark matter

A i et et e is now standard




Formation of Structure Neutrino Mass Limits from Large-Scale Structure

| Smooth ” e ] Statistical 95% C.L. limits depend on used data and on
priors for other parameters. For detailed analyses see

« Hannestad, astro-ph/0303076

« Elgaroy & Lahav, astro-ph/0303089

2dF (Galaxy-galaxy correlation)
+ WMAP (Cosmic microwaves)

= + Small-scale CMBR
«m, < 1.2eV (breaks degeneracy with bias)

+ Priors (1o)
h =0.72+ 0.08
Qy =0.28+0.14

A fraction of hot dark matter
suppresses small-scale structure

Neutrinoless 33 Decay Improved Evidence for Ov2[3 Decay

Ov mode, enabled ) Some nuclei decay onl H.V. Klapdor-Kleingrothaus et al.: Data Acquisition and Analysis of the 76Ge
by the BB mode ey g Y Double Beta Experiment in Gran Sasso 1990-2003, arXiv:hep-ph/0403018
, €.8.

P P ° Possible evidence for
7éAs . 8 0v2p line now ~ 4o
—2
76, 7
0-!- Ge -
[
76 .
SE 2+ E " l /
+ £ 7
34 |
° |
- 21 3 q n
Half life ~ 102" yr W m i L \ |
N s T H - i
Measured IS PTI . | i ]
quantity Mee| = _.--_.;\-1 Ugi/"m; ‘ 1
i=1 Hoo
2010 2020 2030 2040 2050 2060
Energy, keV

Best llmit = Fig. 31. The single site sum spectrum of the four detectors 2,0,4.5 for the peried
from 76Ge |meE.'_ = November 1995 to May 2003 (51.389 kgy), and its it (see section 3), in the range

2000 - 2060 ke V,




Leptogenesis by Majorana Neutrino Decays Lee-Weinberg-Curve

In see-saw models for neutrino masses, out-of-equilibrium b Ly
neutrinos freeze out
decays of right-handed heavy Majorana neutrinos provide nonrelativistically

source for CP- and L-violation 10° « Density suppressed
by annihilation
before freeze-out

Cosmological evolution 104 |
«+B=L=0earlyon 108
» Thermal freeze-out of heavy Majorana neutrinos

» OQut-of-equilibrium CP-violating decay creates net L
« Shift L excess into B by sphaleron effects

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

10?

0,h?

Hot Dark Matter
Cold Dark Matter

Sufficient deviation from Limits on

Limits on -
masses of The WIMP miracle:

:qumbnu.m d1str1but|c3n of ‘ ST : :
eavy Majorana neutrinos couplings ordinary Typical gauge
neutrinos ! T Bl couplings and

at freeze-out
masses of order the
electroweak scale

Requires Majorana neutrino masses below 0.1 eV —» roughly DM density

Buchmuller, Di Bari & Plimacher, hep-ph/0209301 & hep-ph/0302092

Supersymmetric Extension of Particle Physics Search for Neutralino Dark Matter

T
every boson has a fermionic partner and vice versa z Direct Method (Laboratory Experiments)
m Standard particle Superpartner Galactic Recoil energy
Sleptons (€, Ve, ) | 0 | dark matter (few keV) is
Squarks (0, d, . particle B m;.-as.ur:f:l by
Gluinos (e.g.neutralino) -ergy.( . * fontsation
Wino Crystal deposition » Scintillation
Zino «» Cryogenic
Az (T‘ ghoting 'T' PHYSICAL REVIEW D VOLUME 31, NUMBER 12 15 JUNE 1985
n == - Detectability of certain dark-matter candidates
- Mark W. Goodman and Edward Witten
. . . . . Joseph Henry Labaratories, Princeton University, Princeton, New Jersey 08544
= |f R-Parity is conserved, the lightest SUSY-particle (LSP) is stable (Received 7 January 1985)
* Most plausible candidate for dark matter is the neutralino, We consider the possibility that the neutral-current neutring detector recently proposed by
similar to a massive Majorana neutrino Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses | —10° GeV; or strongly interacting particles of masses 1—10"" GeV.




Direct Detection Methods

Incident WIMP
b ns_cancrcu WIMP

TAUP 2003 - University of Washington, Seattle A, Morales (Unlv. Zaragoza)

Projected WIMP Sensitivities

10° . . . .
DAMA positive CRESST Run23
N . CRESSTRun24  ~" -~ "7
10 e T CDMS 3
o Zeplin |
2 107+
g EDELWEISS
é-" CDMS-Soudan projection?
s —
& P ‘\ 3
i MSSM N ]
" Bednyakov et al CRESST Il projection/
400 600 800 1000
2
WIMP mass [GeV/c']
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DAMA Evidence for WIMP Detection

DAMA experiment in Gran Sasso (Mal scintillation
detector) observes an annual modulation at a
6.3c statistical CL, based on 110 ton-days of data
[Riv. N. Cim. 26 (2003) 1-73]
220 km/s
% 01 D r Tl T IV e Vo Vi VT -
% 005"
Earth s &
30 kmds é 0 b
] it
o !
50050
Annual modulation of £ B P i Pl
WIMP signal a 150 1000 1500 2000 2500
“smoking gun” signature Time (day)

= Detector stability ?
« ,,Background stability" ?

Can We See the Dark Matter?
- | GLAST Project

MAGIC airshower
telescope, La Palma

& Dark matter particles can
directly annihilate
=1

The dark halo of our galaxy
can slightly glow in
high-energy gamma rays

HESS airshower
telescope, Namibia

e e ey —



TeV Gammas from the Galactic Center

High-Energy Gamma Rays from Neutralino Annihilation

: [ Whipple (astro-ph/0403422) H CANGAROO-II (astro-ph/0403592) i
XX —> Yy Or Zy SO S T Sewtar

T T 1

Heutraling continuum gamma ray

w'E fhux owareds gaacs centre - 1 B 0= )
) HFW model, 1= 107 ar )

A | §,,.-—7%a

. Gondolo, 1 g

“. astro-ph/0403064 s

Declination (J2000, deg)

3 i HE
" 3 e
| i . Stoehr et al.,
w )
d i astro-ph/0307026 ]
& ™ 1 T, L1000 L 1 | I T PP | M S S T |
5 3 : . ) 2670 2668 2666 2664 2662 2660
o ; eV « Flight Ascension (J2000, deg)
3 Figure 8. MSSM models of cos interest (dots) and o detection e CANG,
1™ r -1 limits for VERITAS and GLA: 'AS the limits are shown for a
—— Background, E,*" | pointing &t the centre of the Milky Way, assuming an NFW profile (solid)
10 13 k = = 300 GaV nautraling sdced 1 and W pmdl)e (short dashes), The er solid line gives. estimased
oo 50 GeV neutraling added -} limits. AST for a larger er e ins i which
" 3 avoids regions of high contamination by di alactic emis:
b ) : 1 its for a pointing ot the brightest high latinsd s are shown for boah 7
R R | lescopes using boug dashes, The brightest subbalo was chusen from the § Hooper et al., Have atmospheric Cherenkov telescopes observed dark matter?

anificial skies used in making Fig. 7. astru-phID'i-D‘iZDS

Phiton snergy [Gev]

Search for Neutralino Dark Matter High-Energy Neutrino Telescopes
Direct Method (Laboratory Experiments) Antares Nestor Baikal
Project Project 200 PMTs
Recoil energy
Galactic
dark matter (few keV) is
particle . measured by
(e.g.neutralino) ﬂhergy * Iou:ns,?tloq
Crystal deposition » Scintillation
« Cryogenic
Indirect Method (Neutrino Telescopes)
Annihilation
Galactic dark High-energy
matter neutrinos
particles (GeV-TeV)
are accreted <u can be measured Amanda Il, 800 PMTs
_ IceCube Project




Future WIMP Sensitivities

| Genius/CRESST | Earth I Sun |

T o ¥ o
-, 10 - 10

ERIIEA

o 10’ ' o’ 10 w’ T 10 0 10° 0’ '
Neutralino Mass if3eV) Neutrallng Mass i(ieV) Neutraling Mass ({ieV)

Axion Physics in a Nut Shell

Particle-Physics Motivation Solar and Stellar Axions

CP conservation in QCD by Axions thermally produced in stars,
Peccei-Quinn mechanism

Y| = °  vyannng-----
— Axions a ~ =0 7
m,f, = myf ke
" ae 7 |+ Ho excessive energy drain:

o
w
g

3

£
=

g

53
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For f,» f, axions are “invisible” || my <10 meV [
and very light | | » Search for solar axions (CAST) |
In spite of small mass, axions ' Microwave resonator
are born non-relativistically - (1 GHz = 4 peV)
(*“non-thermal relics”)
Q===== T

— “Cold dark matter”

candidate Cosmic - Primakoff

m, ~ 1-1000 peV String conversion Byt

Pl M Pk bt fok Pl M. Germas:

Some Dark Matter Candidates

Supersymmetric particles
+ Neutralinos

» Axinos .
« Gravitinas Gauge hierarchy problem
| Little Higgs models ]

I Axions ] | CP Problem of strong interactions

I Kaluza-Klein excitations ] | Large extra dimensions

|
|
I Mirror matter ] | Exact parity symmetry |
|
|
|

| sterile neutrinos | | Right-handes states should exist

I Wimpzillas (superheavy particles) | | Super GZK cosmic rays

I MeV-mass dark matter | | Explain cosmic-ray positrons

| Q-balls |
I Primordial black holes |

Why not?

Search for Solar Axions

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation

Primakoff
production

Axion

= Tokyo Axion Helioscope
(Results since 1998)

= CERN Axion Solar Telescope (CAST)
(in preparation)

Alternative Technique:
Bragg conversion in crystal
Experimental limits on solar axion flux
o =2 4 8 B 10 from dark-matter experiments

Axion energy [keV] (SOLAX, COSME, DAMA, ...)

The: Barke Universe in Brseh. &7 Hare 2084, Huorich. Gorman
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Recent Picture of CAST (12 August 2002)
——=

104 103 10?2 107!

Axion mass m, [eV]

Telescope

Axion Line

1 10 100

Experimental Search for Galactic Axions

DM axions m, = 10-3000 peV N .
Velocities ingalaxy v, ~ 103 ¢ ATCGI-E\:a\V: Ensr;ghes
Energies therefore  E,~ (1 10°) m, B
Axion Haloscope (Sikivie 1983) . Axion Signal
B.,. ~ 8 Tesla
Microwave 4 Thermal noise of
R cavity & detector
Q= 10°
Primakoff Conversion . . .
Qummnn v 2 Experiments in Operation
Cavity « Axion Dark Matter Experiment
overcomes (ADMX), Livermore, US
momentum
e « CARRACK Il, Kyoto, Japan

Ringberg Castle, Tegernsee




