


79 Jahre Neutrino
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Sun Glasses for Neutrinos?

1000 light years of lead

needed to shield solar
neutrinos

Bethe & Peierls 1934:
“... this evidently means
that one will never be able

to observe a neutrino.”

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA



First Detection (1954 - 1956)

Clyde Co)‘aﬁ' .|__,_ Fred Reines
(1@-- 1974) R (1918 - 1998) |

(a) 2 J

Anti-Electron
Neutrinos

from

Hanford
Nuclear Reactor

in coincidence
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Where do Neutrinos Appear in Nature?

v

Nuclear Reactors | ke

Sun v

v" Particle Accelerators

s S| Supernovae
|| (Stellar Collapse)

SN 1987A v/

Astrophysical
Accelerators Soon ¢

v Earth Atmosphere
(Cosmic Rays)

v Earth Crust
(Natural

Radioactivity)

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa

Cosmic Big Bang
(Today 330 v/cm?)
Indirect Evidence
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Stellar Collapse and Supernova Explosion

Main-sequence star Helium-burning star

Hydrogen Burning Helium Hydrogen
Burning Burning

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa Hew Views of the Universe, 9-13 Dec 2005, Chicapo j



Stellar Collapse and Supernova Explosion

Onion structure

Collapse (implosion)

H

Ree

Degenerate iron core:
p =~10° gem™
T =~10"0 K
Mee = 1.5 My

~ 8000 km

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

Explpsion

)

Neutrino
Cooling

Proto-Neutron Star
P ™ Ppyc =3 x10'* g cm™
T =~ 30 MeV

Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS




Stellar Collapse and Supernova Explosion

Newborn Neutron Star

)

Gravitational binding energy

E, ~ 3x 108 erg ~ 17% M, 2

Neutrino
Cooling

This shows up as
99% Neutrinos
1% Kinetic energy of explosion
(1% of this into cosmic rays)
0.01% Photons, outshine host galaxy

Proto-Neutron Star
P ™ Ppyc =3 x10'* g cm™
T =~ 30 MeV

Neutrino luminosity

L, ~ 3x10°3 erg / 3 sec
3 x 10" L,

While it lasts, outshines the entire
visible universe

& &

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa
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Neutrino Signal of Supernova 1987A
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yeome Raffelt, Max-Planck-Institut fur Physikc, Miinchen, Gaermam

Kamiokande (Japan)
Water Cherenkov detector
Clock uncertainty +1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector
Clock uncertainty +50 ms

Baksan Scintillator Telescope
(Soviet Union)
Clock uncertainty +2/-54 s

Within clock uncertainties,
signals are contemporaneous

Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS



The Energy-Loss Argument

Volume emission
of novel particles

Neutrino
diffusion

Emission of very weakly interacting
particles would “steal” energy from the
neutrino burst and shorten it.

(Early neutrino burst powered by accretion,
not sensitive to volume energy loss.)

Late-time signal most sensitive observable

SN 1987A neutrino signal
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David Schramm put me to work ...

David Schramm
(Editor Physics Reports)

“Why don’t you write a
review on astrophysical
particle limits?”

Hew Views of the Universe, 9-13 Dec 2005, Chicapo j



David Schramm put me to work ...
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Large Detectors for Supernova Neutrinos

SNO (800) | Super-Kamiokande (104)
MiniBooNE (190) B Borexing (80) Kamland (330)

In brackets events
for a “fiducial SN”
at distance 10 kpc

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS



Super-Kamiokande Neutrino Detector
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Simulated Supernova Signal at Super-Kamiokande

10 _I | | 1T 11 | 111 | L | N | b1 | 11 I_
— 8 - Accretion -
N N Phase -
. _ _
AL i
o O -
-E; B Kelvin-Helmholtz i
& - Cooling Phase -
PO — ]
= B _
= _ i
::, e -
B 2 - _
0 B _
0 1 2 3 4 )
Time post bounce [s]
Simulation for Super-Kamiokande SN signal at 10 kpc,
based on a numerical Livermore model
[Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS




The Future: A Megatonne Detector?

Megatonne detector motivated by [-Overview of the experiment
 Long baseline neutrino oscillations (expect to start - ‘UU?)
* Proton decay s T
o Atmospheric neutrinos N approved
e Solar neutrinos X, au=p Ehokaimurs)
* Supemova neutrinos Hyper-K: lﬂi}d kt o m b .:fﬂ-}
(~10° events for SN at 10 kpc) S ) 2 I i
s ) “’“‘"“ © 4MW 50 GeV PS
* mé'.].l-‘-*f S _Esf:;n:enﬁunalvheam}
Phase-1 (0.77MW —.15'&11;“-:[{} o
G ~ Phase-1 X 200
: SECT I ON
. f A0 ]| | Similar discussions in
| + US (UNO project)
TN =T + Europe (MEMPHYS project)

Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS



Southpole Ice-Cherenkov Neutrino Detectors

AMANDA I (0.1 km?3 , 800 PMTs) Future IceCube (1 km?> , 4800 PMT5s)

--—*

T [AMANDA-A

Iee Top

Snow Layer
AMANDA-B10

Optical

lceCube
i e | | Module 'l
1 _- : |

' " III
&1 g,  HV divider
o cal -~
|| : 4 pressur
£ B i S R
T

Ly e
w == homsing
—— 24NN} m

- milicon gel

light diffuser ball

AMANDA nx of 2000
Eiffel Tower as compurisor
(troe scaling)

nomed in an

AMANDA A (top)

woomed in on on
AMANDA-B10 (bottom)

optical module (OM)
Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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IceCube as a Supernova Neutrino Detector

Each optical module (OM) picks up < | | | |
Cherenkov light from its neighborhood. E
SN appears as “correlated noise”. k=
m
- 300 gg;ﬁia E
Cherenkov . =
photons W / \ S
per OM N M
from a SN - nm-
at 10 kpc T Time [s]
OM
Noise - H IceCube SN signal at 10 kpc, based
per OM on a numerical Livermore model
< 500 Hz - gl [Dighe, Keil & Raffelt, hep-ph/0303210]

Hew Views of the Universe, 9-13 Dec 2005, Chicapo j



Three-Flavor Neutrino Parameters

Atmospheric/K2K CHOOZ Solar/KamLAND 2G ranges
37° <073 <54° 03 <17’ 30° <012 < 36° hep-ph/0405172
_'8
Ci3 e °S13) Ciz S12 Y71 75501?;5
C 1 -5 C
L3 s 12 12 2 Atmospheric

—523 Ca3 A€ 7593 C13 (J8%¥] | 1400-3000

Cip =cos6y, etc., & CP-violating phase Amzf meV2
Normal Inverted Tasks and Open Questions

3 _ 2 « Precision for 0,, and 0
Sun 12 23

] » How large is 043/

» CP-violating phase 57
Atmosphere » Mass ordering?
Atmosphere (normal vs inverted)
2 e Absolute masses?
Sun (hierarchical vs degenerate)

1 3 _  Dirac or Majorana?

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS



Oscillation of Supernova Anti-Neutrinos

Measured v spectrum at a detector like
Super-Kamiokande

Assumed flux parameters

_I il | IR I 11 I I I P11 I I |||I_'
o 10 — —
-+ L .
a
A B -
ag - i
g - _
B 5 |
3 _ -
o
O . i
0 i II|||||I|||1I|II|II||I |
0 10 20 30 40 50 60 70
Neutrino energy [MeV]

Flux ratio ve : v, =0.8:1
{E(Ve)) =15MeV
E(vy)) =18 MeV

Mixing parameters
,ﬁmgun — 60 meV?
sin”(20) = 0.9

No oscillations

Oscillations in SN envelope

Earth effects included

II(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomas),
hep-ph/0303210, hep-ph/0304150, hep-ph/0307050, hep-ph/0311172

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Supernova Shock Propagation and Neutrino Oscillations

R (cm)

Schirato & Fuller:
Connection between
supernova shocks,
flavor transformation,

and the neutrino signal
[astro-ph/0205390]

J

-

Resonance
density for

2
AMzem

R. Tomas, M. Kachelriess,
G. Raffelt, A. Dighe,
H.-T. Janka & L. Scheck:

Neutrino signatures of
supernova forward and
reverse shock propagation
[astro-ph/0407132]

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Experimental Limits on Relic Supernova Neutrinos

Super-K upper limit

B
5 B solar v, - -2 .-
10 29 cm2 s for

10* L ~ reactor V, J Kaplinghat et al. spectrum

: L || ouser IRl [hep-ex/0209028]

::m ( hep solar v

E 10

5 10'}f

rlN /N

¢ 10"}

'E < relip# —

> 10"F KON, Upper-limit flux of

2 — Kaplinghat et al.,

Ve aimosphere ¥ astro-ph/9912391
10° Integrated 54 cm™2 s
10 Lot

0 10 20 30 40 50 60 70 80 90 100
Neutrino Energy (MeV) Cline, astro-ph/0103138
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Improved Sensitivity with Neutron Tagging

J.Beacom and M.Vagins, hep-ph/0309300 [Phys. Rev. Lett., 93:171101, 2004]

Super-Kamiokande limited by

* Solar neutrinos for E,, < 18-19 MeV GadOIinium

* Sub-Cherenkov muons from atm nus . .
R et Ve vy Antineutrino

Solution:

Neutron tagging ve +p —> et +n DeteCtOF
Water: Neutron capture on protons ZG&[OUSly

2.2 MeV gammas, invisible in SK

Add gadolinium to SK: OUtpe I'fO rming

+ Efficient neutron capture
» 8 MeV gamma cascade, easily visible Old

« 0.1% (100 tons of Gd Cls3)

achieves > 90% tagging efficiency KamiOKa nde )
SN relic nus: A few events per year Su per'
L]

in SK with no background at all

Geore Raffelt, Max-Planck-Institut flir Phyysik, Minchen, Germa Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS



Diffuse Supernova Neutrino Background in GADZOOKS!

Beacom & Vagins, hep-ph/0309300
[Phys. Rev. Lett., 93:171101, 2004]

j/ \'\
3t \\
10 \ | GADZOOKS! |
'I..LIL
— ‘, -
= 2 \€— Reactor v_
¥ I U v c
= \
= \ _
= 10! \ Supernova v,
= 1 (DSNB) .
v \ Atmospheric
-
[‘_1
= 0
w® 10
=
<
o

107, s 10 15 20 25 30 35 40
Measured E, [MeV]

FIG. 1: Spectra of low-energy v. +p — e’ + n coincidence
events and the sub-Cerenkov muon background. We assume Pushing the boundaries of neutrino

full efficiencies, and include energy resolution and neutrino os- . .
cillations. Singles rates (not shown) are efficiently suppressed. astronomy to Cosmologlcal distances

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, LIS






Dark Energy 73%
| (Cosmological Constant)

»

| . | Neutrinos
Normal Matter 4% § - o |

| (of this about 10% [PEEEEEEE Dark -
| luminous) - Matter 23% : % fa_..'

-

. 4 3 L »
-~ :
3 :

L]
; i ] . o i " : 5
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Formation of Structure

Structure forms by
gravitational instability
of primordial

density fluctuations

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA



Formation of Structure

Structure forms by
gravitational instability
of primordial

density fluctuations

A fraction of hot dark matter
suppresses small-scale structure

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA




Power Spectrum of Cosmic Density Fluctuations

Wavelength A [h~! Mpc]
104 1000 100 10 1
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100

® Cosmic Microwave Background

YO

(0 #w Cluster abundance

m Weak lensing

4 Lyman Alpha Forest

Current power spectrum P(k) [{(h~! Mpc)3]

Tegmark & Zaldarriaga, astro-ph/0207047 + updates

1-_-IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIII!II 1 L 1 11iin
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Neutrino Free Streaming - Transfer Function

Power suppression for Arg < 100 Mpc/h

(m,)/T,

1.2
1.0

0.8
0.6
0.4

0.2
0.0

Transfer function
P(k) = T(k) Py(k)

Effect of neutrino free
streaming on small scales

T(k) ~ 1 - 8Q,/Q,,

valid for

8Q,/Qy < 1

- II -
:||||| L1 '-|—_
0.01 0.10
k (h/Mpc)

Hannestad, Neutrinos in Cosmology, hep-ph/0404239

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Recent Cosmological Limits on Neutrino Masses

S
Soos " aeeo phioasres wisp
T oo
ramestac zgos?ﬁro-ph/()?,oao?ﬁj 0
P oot |09 | R

Barger et al. 2003
(hep-ph/0312065] 0.75 WMAP, CMB, 2dF, SDSS, HST
Crotty et al. 2004 1. WMAP, CMB, 2dF, SDSS
[hep-ph/0402049] | 0. & HST, SN
Hannestad 2004 WMAP, SDSS, SN la gold sample,
'hep-ph/0409108] Ly-a data from Keck sample
Seljak et al. 2004 0.42 WMAP, SDSS, Bias,
‘astro-ph/0407372] ] ~ Ly-a data from SDSS sample

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA



Sensitivity Forecasts for Future LSS Observations

¥m, > 0.21 eV detectable
& Perotto,
hep-ph/0403296 ideal CMB & 40 x SDSS xm, > 0.13 eV ;Ifl‘;ctable

Abazajian & Dodelson Future weak lensing o(m.) - 0.1 eV
astro-ph/0212216 survey 4000 deg? 2
)

: o(m,) ~ 0.15 eV (Planck
Kaplinghat, Knox & Song, EMB l2nsing (m, ( )
astro-ph/0303344 o(m,) ~ 0.044 eV (CMBpol

Wang, Haiman, Hu,
Khoury & May,
astro-ph/0505390

Weak-lensing selected

sample of > 10° clusters gl =Lz =)

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA



“Weighing” Neutrinos with KATRIN

Tritium B-decay d @ | | » Sensitive to common mass scale m
34 53He s e + Ve ol & - for all flavors because of small mass
differences from oscillations
'y e . . . :
Electron spectrum * q ¢ Best limit from Mainz und Troitsk
m< 2.2eV (95% CL)
Endpoint « KATRIN can reach 0.2 eV
energy ¢ Under construction
18.6 keV + Data taking foreseen to begin in 2007
» E
——
m
QT,,E/ Main Spectrometer
Z
z # 5 Pre-
%71 4 waTs Spectrometer
DPS Detector
|
http://www-ik.fzk.de/katrin/ !

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy
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Extending the Mass Bound to Other Low-Mass Particles

Assume a generic hot dark matter particle that was in thermal equilibrium at
some cosmological epoch

¢ Internal particle degrees of freedom (e.g. spin states) gy

* Mass my

+ Effective number of thermal degrees of freedom at freeze-out g.

mass density X 183 eV gy

4 /3 for bosons

Contribution to cosmic h2 _ Mx8x 10.75 { 1 for fermions

Free-streaming length

Perform maximum likelihood analysis for different choices of gy and gs
to derive cosmological limit on my

Geore Raffelt, Max-Planck-Institut flir Physik, Minchen, Germamy Hew Views of the Universe, 9-13 Dec 2005, Chicapo, USA



Axion Freeze-Out

30 200

Cosmic thermal degrees of :z
s | freedom

Freeze-out temperature

140
;“’IED
@
= 100
e
£ 80
&0
40

20 —

0 20 40 60 B8O 100 120 140 160 180 200 10 10 10 10

T (MeV) fo (MeV)

Lo = Qﬂ(non+6un_ + non_augﬁ ~| Cosmic thermal degrees of

fafr “| freedom at axion freeze-out
T T — 211;+11;_6u11:0)6ua

1—-z

Car == ~0.094
a T 31+2z)

Chang & Choi, PLB 316 (1993) 51
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Mass Limits on Hot Dark Matter Axions and Neutrinos

Hannestad, Mirizzi & Raffelt Hannestad, astro-ph/0409108
hep-ph/0504059 (Seesaw proceedings, Paris, 2004)
1 2 :'_ B ‘I O : | I I
10 | . 8 -
8 ~ 6 N
e [ "¢ i
a gF - Q _
4t _
A T T T T : :
of 95% CL - 2 PRCL
ob="" " ¥ O Y
0.0 05 1.0 1.5 20 25 0.0 0.2 04 06 08 1.0
>m, (eV)

Neutrinos

m, < 1.05 eV (95% CL) >m,, < 0.65 eV (95% CL)
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Search for Solar Axions

Primakoff
production

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation

BIIIIIIIIIIII
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= Tokyo Axion Helioscope
(Results since 1998)

= CERN Axion Solar Telescope (CAST)
(Result since 2003)

Alternative technique:

Bragg conversion in crystal
Experimental limits on solar axion flux
from dark-matter experiments
(SOLAX, COSME, DAMA, ...)
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CAST Movies
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Results and Prospects of the CAST Experiment
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CAST Collaboration:

First results from the
CERN Axion Solar
Telescope (CAST)

PRL, in press (2005)
(hep-ex/0411033)

CAST Phase Il and
future cosmological
sensitivity probably
connect
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Ordinary Matter 4%
| (of this only about

10% luminous)
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