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Solar Neutrino Puzzle, 
its Evolution & 

Solution



2002 - The Year of Neutrinos2002 - The Year of Neutrinos
Spring: Neutrino Oscillations Established
by Astroparticle Physics Experiments with

Solar Neutrinos
(37Cl, Gallium, Superkamiokande, SNO, ...)

and 
Atmospheric Neutrinos
(SuperK, Macro, ...)

December: Neutrino Oscillations
Confirmed by Terrestrial Experiment
(KamLAND) 

October: Nobel Prize
for Davis and Koshiba



Sun Glasses for Neutrinos?

1000 light years of dense 1000 light years of dense 
matter needed to shield solarmatter needed to shield solar
neutrinosneutrinos

Bethe & Bethe & PeierlsPeierls 1934:1934:
“…“… this evidently meansthis evidently means
that one will never be ablethat one will never be able
to observe a neutrino.to observe a neutrino.””

8.3 light minutes8.3 light minutes



Solar radiation: 98 %  lightSolar radiation: 98 %  light
2 %  neutrinos2 %  neutrinos

At Earth 66 billion neutrinos/cmAt Earth 66 billion neutrinos/cm22 secsec

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

ReactionReaction--
chainschains

EnergyEnergy
26.7 26.7 MeVMeV

HeliumHelium

Neutrinos from the Sun



Bethe’s Classic Paper on Nuclear Reactions in Stars

No neutrinosNo neutrinos
from nuclear reactionsfrom nuclear reactions

in 1938 in 1938 ……



Thermonuclear Reactions and Gamow Peak
Maxwell

distribution
Tunneling
probability

Coulomb repulsion prevents nuclearCoulomb repulsion prevents nuclear
reactions, except for Gamow tunnelingreactions, except for Gamow tunneling

Tunneling probabilityTunneling probability

With With SommerfeldSommerfeld parameterparameter

Parameterize cross section withParameterize cross section with
astrophysical Sastrophysical S--factor factor 
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p2HeHeHe 433 +→+



<< 0.420 0.420 MeVMeV
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2Hpep ν+→++ −
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2Hpep ν+→++ −

γ+→+ HepH 32 γ+→+ HepH 32

pppp--II

p2HeHeHe 433 +→+ p2HeHeHe 433 +→+

<< 18.8 18.8 MeVMeV

hephep
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0.862 0.862 MeVMeV
e

77 LieBe ν+→+ −
e

77 LieBe ν+→+ −

0.384 0.384 MeVMeV
e

*77 LieBe ν+→+ −
e

*77 LieBe ν+→+ −

<< 15 15 MeVMeV

γ+→+ BpBe 87 γ+→+ BpBe 87

e
*88 eBeB ν++→ +

e
*88 eBeB ν++→ +

pppp--IIII HeHepLi 447 +→+ HeHepLi 447 +→+ pppp--IIIIII HeHeBe 44*8 +→ HeHeBe 44*8 +→

Hydrogen burning: Proton-Proton Chains

15%15%85%85%

0.02%0.02%90%90% 10%10%

0.24%0.24%100%100%

γ+→+ BeHeHe 743 γ+→+ BeHeHe 743



Hydrogen Burning: CNO Cycle
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Solar Neutrino Spectrum



First Measurement of Solar Neutrinos

Inverse beta decayInverse beta decay
of chlorineof chlorine

600 tons of600 tons of
PerchloroethylenePerchloroethylene

HomestakeHomestake solar neutrinosolar neutrino
observatory (1967observatory (1967−−2002)2002)



John John BahcallBahcall Raymond Davis Jr.Raymond Davis Jr.

First Indication of Missing Solar Neutrinos

HomestakeHomestake

ChlorineChlorine

77BeBe

88BB

CNOCNO

Measurement (1970Measurement (1970 –– 1995)1995)

Calculation of expectedCalculation of expected
counting rate from counting rate from 
various source reactionsvarious source reactions 77BeBe

88BB

CNOCNO

UncertaintyUncertainty



Super-Kamiokande Neutrino Detector

42 m42 m

39.3 m39.3 m



Cherenkov EffectCherenkov Effect

WaterWater

Elastic scattering or Elastic scattering or 
CC reactionCC reaction

Neutrino

Neutrino
LightLight

LightLight

CherenkoCherenko
v Ringv Ring

Electron or Electron or MuonMuon
(Charged Particle)(Charged Particle)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ISAPP, 28 June-9 July 2004, LNGS, Gran Sasso, Italy



Superkamiokande: Our Sun in the Light of 
Neutrinos

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ISAPP, 28 June-9 July 2004, LNGS, Gran Sasso, Italy
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Third Measurement of Solar Neutrinos

Inverse beta decayInverse beta decay
of galliumof gallium

100 tons of100 tons of
Gallium tetrachlorideGallium tetrachloride

(30 tons of (30 tons of GaGa))

GALLEX / GNO solar neutrinoGALLEX / GNO solar neutrino
observatory (1990observatory (1990−−2004)2004)

Ga-71 + νe Ge-71 + e-

Sensitive to neutrinos Sensitive to neutrinos 
from the from the 

primary ppprimary pp--reactionreaction

M.Altmann et al., M.Altmann et al., 
Phys. Phys. LettLett. B 616 (2005) 174. B 616 (2005) 174



Solar Neutrinos – Experimental Status I

Galliumνe

Clνe

SuperKνe νμ ντ

100%

80%

60%

40%

20%

0%

Solar Neutrino Flux at Earth

Energy dependent
electron neutrino deficit
(flavour conversion)

Energy dependent
electron neutrino deficit
(flavour conversion)



Charged Current Reaction (CC) on deuterium
works for νe only

The Sudbury Neutrino Observatory SNO
A 1 kilo-ton heavy water detector

with photomultiplier-readout

p n

ν

ν Neutral Current 
Reaction (NC)

works for all 
active ν flavours

p n

νe

e

p



Solar Neutrinos – Experimental Status II

Galliumνe

Clνe

SuperKνe νμ ντ

νe νμ ντ

νe

SNO Neutral Current

SNO Charged Current

100%

80%

60%

40%

20%

0%

Solar Neutrino Flux at Earth

Energy dependent
electron neutrino deficit
(flavour conversion)

Energy dependent
electron neutrino deficit
(flavour conversion)

Direct measurement of 
neutrino flavour
conversion

Direct measurement of 
neutrino flavour
conversion



Solar Neutrino Results: The Full Picture

HomestakeHomestake

77BeBe

88BB

CNOCNO

ChlorineChlorine

GallexGallex/GNO/GNO
SAGESAGE

CNOCNO

77BeBe

pppp

88BB

GalliumGallium

ElectronElectron--Neutrino DetectorsNeutrino Detectors

(Super(Super--))
KamiokandeKamiokande

88BB

WaterWater
ννee++ ee−−→→ ννee++ ee−−

SNOSNO

88BB

ννee++ dd→→ pp ++ pp ++ ee−−
Heavy WaterHeavy Water

88BB

νν ++ dd →→ pp ++ nn ++ νν
Heavy WaterHeavy Water

All FlavorsAll Flavors

SNOSNO

88BB

WaterWater
νν + + ee−−→→ νν + + ee−−



How to Understand This ?
Neutrino-Masses and Neutrino-Mixing

Neutrino MixingNeutrino Mixing
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The same, written a little differently …
For 3 massive neutrinos we have

3 mixing angles and 
(at least) 1 CP-violating phase
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Neutrino oscillations are a direct consequence ...



Neutrino Flavor Oscillations
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InventedInvented nu nu oscillationsoscillations
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Neutrino Oscillations:Neutrino Oscillations:
The Global PictureThe Global Picture

Atmospheric Neutrino
Anomaly

Solar Neutrinos:
MSW Solutions
(Matter effects important)

LOW solution

Vacuum SolutionPre
fe
rre

d

Pre
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Confirmation by a terrestrial experiment

KamLAND Electron Antineutrinos from Nuclear Reactors

Detected in SuperK by inverse beta-decay on p

Baseline: some 100 km, Energy: some MeV

Sensitivity Δm2 - range of  ~ 10-5 eV2



Conclusions and Outlook

Thermal plasma reactionsThermal plasma reactions
E ~ 1 E ~ 1 eVeV -- 30 30 keVkeV
No apparent way to measureNo apparent way to measure

Nuclear burning reactionsNuclear burning reactions
E ~ 0.1 E ~ 0.1 -- 15 15 MeVMeV
Routine detailed measurementsRoutine detailed measurements

CosmicCosmic--ray interactions in the Sunray interactions in the Sun
E ~ 10 E ~ 10 -- 101099 GeVGeV
Future highFuture high--E neutrino telescopes (?)E neutrino telescopes (?)

Dark matter annihilation in the SunDark matter annihilation in the Sun
E ~ E ~ GeVGeV -- TeVTeV (?)(?)
Future highFuture high--E neutrino telescopes (?)E neutrino telescopes (?)

Solar Neutrino Experiments (Cl, Ga, SuperK, SNO) 
have proven nuclear burning reactions to fuel stars 
and neutrinos to be massive particles exhibiting 
flavour mixing 



Δm2  ~ (10 - 50 meV)2

Wanted: Absolute Values for the Masses

Oscillations only tell us
Mass Differences

Δm2  ~ (10 - 500 μeV)2

What is the absolute 
mass scale ??

m

hierarchical

degenerate

How to find out ??
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