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Where do Neutrinos Appear in Nature?
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Neutrinos from the Sun

Solar radiation: 98 % light
2% neutrinos
At Earth 66 billion neutrinos/cm? sec

Hans Bethe (born 1906, Mobel prize 1967)
Thermonuclear reaction chains (1938)




Bethe’s Classic Paper on Nuclear Reactions in Stars

No neutrinos
from nuclear reactions

in 1938 ...

The combination of four pi
electrons can oceur essentially of
The first mechanism starts with
of two protons to form a deuter|
emission, vis.

With positron

H4-H=D4 (1)
The deuteron is then transformed into He* by
further capture of protons; these captures occur
very rapidly compared with process (1). The
second mechanism uses carbon and nitrogen as
catalysts, according to the chain reaction

CoH =Ny, N =P gt
CitpH=Nitgy, )
N4 H =04y, (L6 e N15 4 g+ 2)

NU4H = C24-Het.

Fred Reines
(1918 - 1998)

First Detection (1954 - 1956)
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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.”

First Measurement of Solar Neutrinos

Inverse beta decay

of chlorine

600 tons of
Perchloroethylene

Homestake so
observat [




Super-Kamiokande Neutrino Detector
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Missing Neutrinos from the Sun
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Neutrino Flavor Oscillations

Ve cos0 sin0Y)( vy
Two-flavor mixing [

Vu) \—sin0 cos@)\v

Each mass eigenstate propagates as eP?
2

with p='JE2—mzuE—mE

Phase difference %z implies flavor oscillations

& Probability v, — Vv,

B

!

sin?(28)
Bruno Pontecorvo

(1913 - 1993)
Invented nu oscillations

Primary Cosmic Rays

Zenith-angle distribution of atmospheric nus
in Super-Kamiokande [hep-ex/0210019]
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2 Muon-
Neutrinos

Half of the muon neutrinos
from below are missing

Missing Neutrinos from the Sun

Heavy Water || Heavy Water
V+e —*V+e vetd—p+pre|vidsptn+v

Chlorine Gallium

Three-Flavor Neutrino Parameters

| Atmospheric/K2K CHOOZ Solar/KamLAND 26 ranges
37° < By3 <54° 03 <17 30° <8y <36°  hep-ph/0405172
Ci3 e °Si3) iz S S
€23 523 16 12 C12 Atmospheric
—5S23 Ca3, 513 Gz A ANEDE | 1400-3000
= cosByp etc., & CP-violating phase am?/mev?

Tasks and Open Questions

= Precision for 0,; and 055

= How large is 0,37

= CP-violating phase &7

= Mass ordering?
(mormal vs inverted)

» Absolute masses?
(hierarchical vs degenerate)

= Dirac or Majorana?

Atmosphere
2
Sun
1 3




Neutrinos from Thermal Plasma Processes

Effective Neutrino Neutral-Current Couplings
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Solar Neutrinos from Compton Process Thermal vs. Nuclear Neutrinos from Sun
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Axion or Graviton Emission Processes in Stars

C_N Nucleon
hiucleons 2fy ‘Hﬁu’?'&'ﬂl d"a Bremsstrahlung
C
f ‘Pe'!p'YS‘Pe a*a Primakoff
a

Compton

Pair
Electrons Annihilation

Electromagnetic
Bremsstrahlung

Search for Solar Axions

Axion Helioscope (Sikivie 1983)
Axion-Photon-Oscillation

= Tokyo Axion Helioscope
(Results since 1998)

=> CERN Axion Solar Telescope (CAST)
(Data since 2003)

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, ...)

Search for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

Recoil energy

Galactic

dark matter (few keV) is

particle ~ measured by

(e.g.neutralino) tnergﬁ’ , * lonisation

Crystal deposition » Scintillation
« Cryogenic
Indirect Method (Neutrino Telescopes)
Annihilation

Galactic dark High-energy

matter neutrinos

particles (GeV-TeV)

are accreted o can be measured




Muon Flux from WIMP Annihilation in the Sun
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Need a km? water Cherenkov detector
to reach solar background

Semsrr RafTell. Hace Pl bttt i Plvesis .

AMANDA - South Pole Neutrino Telescope
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AMANDA - South Pole Neutrino Telescope
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High-Energy Neutrino Telescopes Global Cosmic Ray Spectrum

. L e
Antares Nestor Baikal 5w, Fluxes of Cosmic Rays
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Neutrino Beams: Heaven and Earth

Cosmic-ray

spectrum x E2-7

What are
the sources ?

Target:
Protons or Photons

target

Approx. equal fluxes of 1012 1014 - \},ruwu- , 1018 1020
] ()
photons & neutrinos —

GLE",VW{,.’ Photon mean free path < few 10 Mpc
v eVeVp. Proton magnetic field deflection § GZK cutoff

Opportunity for neutrino astronomy
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directional

beam

Equal neutrino fluxes

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

magnetic
fields

l"e\’p\’t in all flavors due to
oscillations

F. Halzan [2002)
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High-Energy Neutrinos from the Sun

log,(E/GeV)

Figure 4: Cosnric ray induced E3-weighted nentrine flures at the Earth integrated over the solid
angle of the Sun. The flures from the Sun oblained in this study (solid lines) are compared with
the earlier calculution S5G [22] and the one MK derived from [2], as well as those from the
&= atmosphere as calculated for the vertical fiux fcurve V) (1], the horizontal flur {curve

Ear
H) [21]. and the prompt charm-induced fluz (curve P) [1].

Ingelman & Thunman, High Energy Heutrino Production by
Cosmic Ray Interactions in the Sun [hep-ph/9604288]

FEARP. 26 Jowve§ ok 20804, LIGE

e e T Ty —

* Portion of the Hubbje Ultga Deep Field

4 s !

Thermal plasma reactions
E-1eV-30keV
Ho apparent way to measure

Nuclear burning reactions
E-0.1-15MeV
Routine detailed measurements

Cosmic-ray interactions in the Sun
E-10-10° GeV

Dark matter annihilation in the Sun
E-GeV-TeV(?)

e e T Ty — FEARP. 28 Jorve 4 Aok 2004, LHGE. ¢

Cosmological Limit on Neutrino Masses

Future high-E neutrino telescopes (?)

Future high-E neutrino telescopes (?)

Cosmic neutrino “sea” - 115 cm™® neutrinos + anti-neutrinos per flavor

For all

LUy <40eV stable flavors

A classic paper:
Gershtein & Zeldovich
JETP Lett. 4 (1966) 120




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 i Yp
« Elgaroy & Lahav, astro-ph/0303089 hehum oz |

BBN Concordance

Qgh?
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Implied by CMBR and
large-scale structure
2dF (Galaxy-galaxy correlation)
+ WMAP (Cosmic microwaves)

Deuterium

= + Small-scale CMBR

4y, < 1.2V (breaks degeneracy with bias)

+ Priors (1o)

)va <1.0eV h =0.72 + 0.08
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s in Astrophysics and Cosmology

= Dominant radiation component in the early universe
« Crucial role in big-bang nucleosynthesis
» Dark-matter component (but subdominant)
= May be responsible for baryonic matter in the
universe (leptogenesis)
* Important (sometimes dominant) cooling agent of stars
* May trigger supernova explosions
= May be crucial for r-process nucleosynthesis

Neutrinos
responsible
for ordinary
astrophysical
and
cosmological
phenomena
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Heavenly + Cosmological limit (future detection?) of nu mass scale
laboratories = Flavor oscillations of solar and atmospheric neutrinos
for new « Neutrino oscillations from a future galactic supernova
particle + Limits on “exotic” neutrino properties

physics (dipole moments, right-handed interactions, decays,

phenomena flavor-violating neutral currents, sterile nus, ...)

B Ordinary Matter 4% [ Neutrinos
(of this only about ] : 0.1-2%
10% luminous) .

+ Look into the solar interior (“measure” temperature)
Neutrinos as * Watch stellar collapse directly
astrophysical = Neutrinos from all cosmological supernovae
messengers = Astrophysical accelerators for cosmic rays

« Annihilation signature for neutralino dark matter
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Neutrinos in Astrophysics and Cosmology

Part I:
Introduction

Part II:
Neutrinos in Ordinary Stars

Part lll:
Supernova Neutrinos

Part IV:
Cosmological Neutrinos
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