force carriers

Ordinary Matter 4% .. Neutrinos

| (of this only about Dark Matter § 0.1-2%
10% luminous) 23% .

* Portion of the Hubble Ultga Deep Field

. £ -
o ' 7/

i

Ordinary Matter 4% . | Neutrinos

l (of this only about Dark Matter QSR
10% luminous) 230 . '

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

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

= Works in SUSY models for small range of parameters

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




Hubble Diagram
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Einstein’s “Greatest Blunder™

Curvature term
is very small or zero
(Euclidean spatial geometry)

‘ Density of gravitating mass & energy

Newton’s constant

Yakov osmological consta
Borisovich ew constant of nature
Zeldovich allo or a sta erse

1914-1987

| = 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 eneragy
= Vacuumi energy:py,c Is eguivalentto A

Hubble Diagram

m-M (mag)

A(m-M) (mag)
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ora Raffelt. Max-Planck-Institut fur Phsik. Minchen

Accelerated expansion
(Qy=0.3,9Q,=0.7)

ILIAS First Annual Meeting. 29-30 Aoril 2004, Paris. France




Formation of Structure Formation of Structure

‘ Smooth

-

Structured ‘ ‘

Smooth

p—

Structured ‘

Seora Raffelt. Max-Planck-Institut fir Phsik. Minchen. German,

cora Raffelt. Max-Planck-Institut fur Phvsik. Minchen. Germany

1000

100

Current power spectrum P(k) [{h™' Mpc)?]

= Cosmic Microwave Ba

#Cluster abundance

s Weak lensing

g

.8
3 ;
ckground }h 3

“ALya

Wavenumber k [h/Mpc]

iy E Cosmic density fluctuations are
“4Lyman Alpha Forest _)\ 1 frozen quantum fluctuations
L 4 B Bang P
Tegmark & Zaldarmaga, astro-ph 0207047 + updates ,_,5\ 15 Buvion Yes
LES il G pisapl sul ul PR
0.001 0.01 0.1 1 10
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Structure forms by
gravitational instability
of primordial

density fluctuations

Generating the Primordial Density Fluctuations

Early Development
of the Universe

B B Bang
" Fracmon

Early phase of exponential expansion
(Inflationary epoch)

Zero-point fluctuations of quantum
fields are stretched and frozen

B Bana PLus

1




Gravitational Waves from Early Universe Weakly Interacting Particles as Dark Matter

B. Barish Stochastic BaCk I'Ound Lot i e LY More than 30 years ago,
TAUP 03 g GRAVITY OF NEUTRINOS OF NONZERD MASS IN ASTROPHYSICS beginnings Of the idea Of
e S o e weakly interacting particles
6 TFO +IFO S (neutrinos) as dark matter
4 anoune S %+ Bar (Warm) T S
2 H i § SewrvowCyo) Massive neutrinos are no
0 = | g sy longer a good candidate
_ -2 h’” . ot (hot dark matter)
E -4 3cosmic Stings é{}*%f::’
% -6 /,-’""""‘--- nihesisge, ca)
-8 i
< qoh& 7 '{ Adv LIGO
Cé% (2Nd Gen )
-12 Zinflation . .
-14 < eiase . i I However, the idea of
; ; Transitions U weakly interacting massive
-16-14-12-10 -8 L:’G [Fﬁz]_z 0 2 4 6 particles as dark matter
— . . 2 et o is now standard

ra Raffelt. Max-Planck-Institut fur Phvsik. Minchen. German,

Formation of Structure

Formation of Structure

Smooth Structured ‘ ‘ Smooth Structured

o Raffelt. Max-Planck-institut fur Phsik. Minchen. Germany AS First Annual Meatina. 20-30 Aoril 2004, Paris. France ora Raffelt. Max-Planck-Institut fir Phsi

A fracti f hot dark matter
suppresses small-scale structure




Neutrino Mass Limits from Large-Scale Structure

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

Im,<2.1leV

eora Raffelt. Max-Planck-Institut fr Phsik. Miinchen. Germany

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

+ Small-scale CMBR
(breaks degeneracy with bias)

+ Priors (1o)
h =0.72+0.08
0, =0.28+0.14

Three-Flavor Neutrino Parameters

Atmospheric/K2K
41° <023 < 49°

CHOOZ
613<8°

Solar/KamLAND
32°< Byp <36°

16 ranges
hep-ph/0306001

Sun

Inverted

Sun

Atmosphere

e P53

G2 Si2 Vi Solar
_ C 67-77
iz vz Atmospheric
I81RZ8) 2200 - 3000

Am?/mev2

Tasks and Open Questions

* Precision for 8, and 6,3
(815 < 45° and 6,3 = 45°?)

* How large is 6;3?

- CP-violating phase?

> Mass ordering?
(hormal vs inverted)

- Absolute masses?
(hierarchical vs degenerate)

> Dirac or Majorana?

Tritium B-decay @ 2 ;
3H—)3He+e‘+ve TN _ i : . ) m:;
Electron spectrum 3He 'q ~ . s

Endpoint || | ||| il

energy ' T

18.6 keV > 1

> E
> G53 1954 {gah 7998 200
m yea

Currently best limits from Mainz
and Troitsk experiments

m<2.2eV (95% CL)

= Scaled-up spectrometer (KATRIN)
should reach 0.2 eV

= Currently under construction

= Measurements to begin 2007

ora Raffelt. Max-Planck-Institut fir Physik. Minchen. Germany

Neutrinoless B3 Decay

Measured
quantity

Best limit
from 76Ge

ora Raffelt. Max-Planck-Institut fir Phsi

Ov mode, enabled
by Majorana mass Standard 2v mode
P P P P

N 2
Mee|= in‘uei‘ mj
i=

Mee| < 0.35€V

Some nuclei decay only
by the BB mode, e.qg.

76As

O+ 76Ge

Half life ~ 1021 yr

Spectrum

Sum of 2} Energy




Improved Evidence for Ov2f3 Decay Leptogenesis by Majorana Neutrino Decays

H.V. Klapdor-Kleingrothaus et al.: Data Acquisition and Analysis of the 76Ge - : _nf S
Double Beta Experiment in Gran Sasso 1990-2003, arXiv:hep-ph/0403018 sy m odels for neutrino m.asses’ el Of equnllbr! um
decays of right-handed heavy Majorana neutrinos provide

g Possible evidence for source for CP- and L-violation
8t 0v2f line now ~ 4o N -
i Cosmological evolution
eB=L=0earlyon
R * Thermal freeze-out of heavy Majorana neutrinos
25 = Out-of-equilibrium CP-violating decay creates net L
g,. = Shift L excess into B by sphaleron effects
Sufficient deviation from . Limits on
2 S L Limits on
m equilibrium distribution of: masses of
I . . Yukawa .
"IH heavy Majorana neutrinos . ordinary
couplings .
o at freeze-out neutrinos
E-'_':z. 31, The single site sum spectrum uf.ﬂu‘ fcu_nr d_z-n\-nw 1.545 ﬁn!' the period Requires Majorana neutrino masses below 0.1 eV
November 1995 to May 2003 (51.380 kg y), and its fit (see section 3), in the range
2000 - 2060 ke V- Buchmiiller, Di Bari & Plumacher, hep-ph/0209301 & hep-ph/0302092

eora Raffelt. Max-Planck-Institut fr Phsik. Miinchen. Germany cora Raffelt. Max-Planck-Institut fur Phvsik. Minchen. Germany

Lee-Weinberg-Curve Supersymmetric Extension of Particle Physics

e For m, 2 1 MeV In supersymmetric extensions of the particle-physics standard model,
neutrinos freeze out every boson has a fermionic partner and vice versa

nonrelativisticall
10° g /- Density suppressed Standard particle

by annihilation Leptons (€, v, Sleptons (€ n

before freeze-out Quarks (u, d Squarks (U,

10%

10° Gluinos
Wino
Zino
Photon (y) Photino (¥)

o [oow

= |[f R-Parity is conserved, the lightest SUSY-particle (LSP) is stable
= Most plausible candidate for dark matter is the neutralino,
similar to a massive Majorana neutrino

Weakly interacting

10° massive particles

(WIMPs) possible as
cold dark matter

0, h°

Hot Dark Matter
Cold Dark Matter

o Raffelt. Max-Planck-institut fur Phsik. Minchen. Germany




Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Direct Detection Methods

Incident WIMP
N\ Scattered WIMP

Recoil energy

Galactic !
dark matter (few keV) is
particle > measured by
(e.g.neutralino) ‘nergy_/ _ = lonisation Detector-Target
Crystal deposition = Scintillation
= Cryogenic
PHYSICAL REVIEW D VOLUME 31, NUMEER 12 15 JUNE 1985 e S

Detectability of certain dark-matter candidates

Mark W. Goodman and Edward Witten
Jaseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544
(Received 7 January 1985)

We consider the possibility that the neotral-current neutrino detector recently proposed by
Drukier and Stodolsky could be used 1o 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.

TAUP 2003 - University of Washington, Seattie A. Morales (Univ. Zaragoza)

Projected WIMP: Sensitivities

DAMA Evidence for WIMP' Detection

DAMA experiment in Gran Sasso (Nal scintillation 10-3 , , ' y ,
detector) observes an annual modulation at a DAMA positive
6.3c statistical CL, based on 110 ton-days of data CRESST Run24  CRESST Run23
[Riv. N. Cim. 26 (2003) 1-73] 10* e TTTTEMS
220 kmis —
= T Fihe M o Vi |V 5> 4Vibe VI 5] 'ré 10° i
Earth % : § EDELWEISS
30 km/s & E 11[,']"3 E CDMS-Soudan projection3
e = E
w = 3
3 o] -7
2 107 7 L 3
Annual modulation of E £ [ | : MSSM ]
WIMP signal a 01500 1000 1500 2000 2500 L Bednyakov et ol CRESST Il projection]
“smoking gun” signature Time (day) 107 +—= T T T
0 200 400 600 800 1000

« Detector stability ?
- ,,Background stability* ? WIMP mass [GeV/c’]

ora Raffelt. Max-Planck-Institut fir Phsi
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Can We See the Dark Matter? High-Energy Gamma Rays from Neutralino Annihilation

GLAST Project
XX —> vy Oor Zy

” T T il

| s MAGIC airshower ° N k|

Dark matter particles can telescope, La Palma Wk Rt o g e 1

directly annihilate ' : 1

xx - w i Gondolo, | & TL—
- " “-._astro-ph/0403064 3 || < 07 -
The dgrk halo of our galaxy 3 N\ ! .
HESS airshower ﬁia"hsgg';:ly ngr‘:l'ln':; - T ] Stoehr et al.,
telescope, Namibia g gy g ys § i astro-ph/0307026

- % ™ i 100 1000

w0’ -i
] Figure 8 MSSM models of nd 3-o detection
10" } limits for VERI 5 are shown for a
| pointing at the centre of the ¥ Way, assuming an NFW profile (solid)
0" _’ S prod 3 (.xllmn _\Iue._‘-u The .|m.cr solid line gives l'\|l||\|I|l:d
| or a larger arca observation of hich

. 3 sas of high contamination by diffuse Galactic E
10 k| inting at the brightest high latitude subhalo ane both
1 gorars s T Y s 7T MY pgo| | telescopes u long dashes. The brightest subhalo was chosen from the 6
Phoun ey [BeV] anificial skies used in making Fig. 7.

eora Raffelt. Max-Planck-Institut fr Phsik. Miinchen. Germany

Axion Physics in a hell Experimental Search for Galactic Axions
solar and Steflar Axions DM axions Mg = 10-3000 peV Microwave Energies

Velocities in gal v, ~103¢
CP conservation in QCD by Axions thermally produced in stars, Energies mer%foarxey B~ (1£10%m (1 GHz ~ 4 peV)
Peccei-Quinn mechanism e.g. by Primakoff production a a

Y PAAANG === a A T
— Axions a ~ n© N -li::: Axion Haloscope (Sikivie 1983) P

Axion Signal

m f. =~ myfy . X Beyy = 8 Tesla
* No excessive energy drain:

¥ : .
For f,»f_ axions are “invisible” m, < 10 meV i Thermal noise of

Microwave i :
and very light = Search for solar axions (CAST) T f\cavity & detector
Q~10° 1 : >
Search for Axion Dark Matter Frequency my
In spite of small mass, axions Microwave resonator
are born non-relativistically - (1 GHz =4 peV) Primakoff Conversion z s :
(“non-thermal relics”) e Y 2 Experiments in Operation
dlemaan y Cavity = Axion Dark Matter Experiment
— “Cold dark matter” overcomes (ADMX), Livermore, US
candidate i - Primakoff momenturm = CARRACK II, Kyoto, J
Cosmic 5 , Kyoto, Japan
m, ~ 1-1000 peV String conversion X Bgy Bext  mismatch

eora Raffelt. Max-Planck-institut fir Phsik. Minchen. Germany



Sea r Solar Axions

Recent Picture of CAST (12 ust 2002)

Axion Helioscope (Sikivie 1983)
;:ggalc(%gn Axion-Photon-Oscillation
N
'y a ANANNNANNNN 'Y
Sun

BT LELEL L

= 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 8 10 from dark-matter experiments
Axion energy [keV] (SOLAX, COSME, DAMA, ...)

cora Raffelt. Max-Planck-Institut fur Phvsik. Minchen. Germany

Axion-Like Particles as Highest-Energy Cosmic Rays?

\ hep-ph/0103175, hep-ph/0302030

Traverse
cosmological distance
without ¢ZK cutoff

Telescope

8 Production of UHE axions in a Back-conversion to UHE y in

source at cosmological distance galactic B-field (B ~ 1 pG,

7777
17

Axion-photon-coupling ayy [GeV'l]

§ \ (E ~ 1020 eV) coherence length Lg ~ 1 kpc)

N\

§ X Oscillation length Mixing angle

A Y A B )
" o 100y ) mg 2 7710100y )G\ my

: . . - 2 2
Maximum transition probabili a—>y)= 2BLg ) =0.4
107 10% 105 104 108 102 10! 1 10 100 P ty pla = 1) = & (28Lg )’ %0

Axion mass m_ [eV]

Not totally absurd, but with g;o= 1 would need a huge primary flux

eora Raffelt. Max-Planck-institut fir Phsik. Minchen. Germany
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Global Cosmic Ray Spectrum

Spectrum of Highest-Energy AGASA Events
. 26
H F i o e R 10 F T TTTT] T T TTTTT] é
» F [ =
:E' b T _ (1 particle per m'~secend) - AGASA ]
S $ | -
i o @
|o"[h o “_5 1025? B
E ¥ = = ' 1 .
m'm:— “‘_ Knes KT - -.‘_,.*._+__ .16 ® (3 * ]
1w Ny ¥ - o
b % T —————— E - 1
16-’5: ‘\ B D S m I E T.LI 10243" ._‘- L
m-"'_: ":,"" F e Uniform sources b .
BULLETS '
i : aeie ) E "_ =
0 Kosri e Rien) e, HIGH ENERGY PARTICLES IN ASTROPHYSICS - : : 1
T, ROGER CLAY - BRUCE DAWSON 10 JRE o
1e® 18" 10" 10" 10" 10" 10" 10" 10" 10" m;;ﬂ;ﬁo" Energy [GV] astro-ph/0008102
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Neutrino Beams: Heaven and Earth

rOton
accelerator I

target

directional
beam

R L —

magnetic

fields F. Halzen (2002)

-

Target:

Protons or Photons
Approx. equal fluxes of
photons & neutrinos

Equal neutrino fluxes
in all flavors due to
oscillations

Seora Raffelt. Max-Planck-Institut fir Phsik. Minchen. German,

e

ANTARES - Neutrino Telescope in the Mediterranean

24

2.000-0-0-00-000-000 F

o Raffelt. Max-Planck-institut fur Phsik. Minchen. Germany

Gamma-, Neutrino- and Proton-Astronomy.

R ™3 || Cosmic-ray
= f E
S °F. . Lo | || spectrum x E2.7
..J.” 2t -
i j What are
3 Ell the sources ?
5 05 1E
= (]
Sos 2
o1 [<

1012 1014 1016 1018 102

E (eVinucleus)

ESIF%XO:(W Photon mean free path < few 10 Mpc
Proton magnetic field deflection GZK cutoff

Opportunity for neutrino astronomy

= Point back to sources
= No absorption (reach across the universe)

cora Raffelt. Max-Planck-Institut fur Phvsik. Minchen. Germany

High-Energy Neutrino Telescopes

Antares Nestor Baikal
Project Project 200 PMTs

Amanda II, 800 PMTs
IceCube Project

eora Raffelt. Max-Planck-Institut fir Phvsik. Minchen. German
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Neutrino Sky at AMANDA (2000) Search for Neutralino Dark Matter

1555 events Direct Method (Laboratory Experiments)
. Recoil energy
Galactic L
dark matter (few keV) is
particle e measured by
(e.g.neutralino) ey = lonisation
Crystal deposition = Scintillation
= Cryogenic
Indirect Method (Neutrino Telescopes)
. Annihilation .
Galactic dark High-energy
matter ° neutrinos
particles (GeV-TeV)
F.Halzen, Workshop “Neutrino Telescopes”, Venice, March 03 are accreted sun can be measured

cora Raffelt. Max-Planck-Institut fur Phvsik. Minchen. Germany

Seora Raffelt. Max-Planck-Institut fir Phsik. Minchen. German,

Future WIMP Sensitivities Southpole Ice-Chere Neutrino Detectors
AMANDA I1 (0.1 km3, 800 PMTs) Future IceCube (1 km3, 4800 PMTS)

Direct Detection Indirect, km3 Detector Bl
M — ey
| cenius/cressT || Earth | sun | i
=y 3 = 7 reey— TT [AMANDAA
5 g i
Z o < fi
< 2 Ill
" v & i
N .
18 J e I_:-_ o AMARDABID
LI [Ty "
1o 3
o HEN
F '“: T !! . 1400 m
N it
10 10 1’ 10 10 10 10’ 10 10 10 10’ 10 | iHE
Neutraling Mass (GeV)| Neutraling Mass {GeV)| Neutraling Mass {GeV)| A tH g
- it
4 2400 m
T
PRO— i
rouiror e o =
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IceCube as a Supernova Neutrino Detector Supernova Collapse and Explosion

Each optical module (OM) picks up - Collapse burst Kelvin—Helmholtz cooling
i
Cherenkoy light from its neighberhood. E @ @ (€)] : @
SNlappearsiasieomelatedinoiser. E:E T T TTTT] o LLLLL B R R
~ 300 Biavore 2
Cherenkov A =
photons [ as / \ S —
per OM K ’g P 4 E
from a SN - i = =
at 10 kpc = : "
P! o Time [s] -
NOiSSM i IceCube SN signal at 10 kpc, based E
per i on a numerical Livermore model Nu source %
<500 Hz ¢/ N || Dighe, Keil & Raffelt, hep-ph/0303210] region Hot Bubble
4 - £ mﬁ‘"""mw
% \.g ~:-IS ; ool 0ol
v = 1
I il 10 10 1 10
— Time after onset of collapse [sec]

Large Detectors for SN Neutrinos Simulated Supernova Signal at Super-Kamiokande

SNO (800) LVD (400) Super-Kamiokande (10%) 10 T T T T T
MiniBooNE (190) %M%gg Kamland (330) X Accretion |
B i Phase .
2 0 ]
o B[ ]
= = Kelvin-Helmholtz -
= 4 | Cooling Phase =]
53
N ]
& o[ ]
o ]
0 1 2 3 4 5 6
Time post bounce [s]
;2 brafflfgts ?‘:esnl\}i Simulation for Super-Kamiokande SN signal at 10 kpc,
T tr ; ¢ , ucnfo k based on a numerical Livermore model
lteCibe CLCELEITES AV LS [Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]




Two-Detector Sky Coverage with Super-K & IceCube

1.10
05—

Dighe,
Keil,
Raffelt
hep-ph/

'|| 0303210

in

[ D ]| 15%

ra Raffelt. Max-Planck-Institut fir Phvsik. Minchen. Germany

IceCube
Earth Suitable for two-
effects B detector method

appear Approx. same signal

in both detectors

Convection in Supernovae (2-D Simulation)

astro-ph/0309833

Muller, Rampp, Buras, Janka, & Shoemaker,
“Towards gravitational wave signals from
realistic core collapse supernova models,”

Asymmetric neutrino emission

A
W

_ry s

< 0 P
Bounce gLl
Nt

1000

W

o

50

100 150 200 250
L [msec]

The gravitational-wave signal from convection

is a generic and dominating feature
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Movies
courtesy
H.-T. Janka
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