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Sun Glasses for Neutrinos?Sun Glasses for Neutrinos?

1000 light years of lead 1000 light years of lead 
needed to shield solarneeded to shield solar
neutrinosneutrinos

8.3 light minutes8.3 light minutes

Bethe & Peierls 1934:Bethe & Peierls 1934:
“… this evidently means“… this evidently means
that one will never be ablethat one will never be able
to observe a neutrino.”to observe a neutrino.”
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AntiAnti--Electron Electron 
NeutrinosNeutrinos
from from 
Hanford Hanford 
Nuclear ReactorNuclear Reactor

eνeν

First Detection (1954 First Detection (1954 -- 1956)1956)

Fred ReinesFred Reines
(1918 (1918 –– 1998)1998)

Nobel prize 1995Nobel prize 1995

Clyde CowanClyde Cowan
(1919 (1919 –– 1974)1974)
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Where do Neutrinos Appear in Nature?Where do Neutrinos Appear in Nature?

AstrophysicalAstrophysical
Accelerators        Accelerators        Soon ?Soon ?

Cosmic Big Bang   Cosmic Big Bang   
(Today 330 (Today 330 νν/cm/cm33))

Indirect EvidenceIndirect Evidence

Nuclear ReactorsNuclear Reactors SunSun

ParticleParticle--
AcceleratorsAccelerators

Earth AtmosphereEarth Atmosphere
(Cosmic Rays)(Cosmic Rays)

Earth Crust   Earth Crust   
(Natural        (Natural        
RadioactivityRadioactivity2003 ?2003 ?

SupernovaeSupernovae
(Stellar Collapse)(Stellar Collapse)

SN 1987ASN 1987A
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Problem of Missing Solar NeutrinosProblem of Missing Solar Neutrinos

John BahcallJohn BahcallJohn Bahcall Raymond Davis Jr.Raymond Davis Jr.Raymond Davis Jr.

HomestakeHomestakeHomestake

ChlorineChlorineChlorine

Calculation of
expected count
rate in experiment
from various
source reactions

Calculation ofCalculation of
expected countexpected count
rate in experimentrate in experiment
from variousfrom various
source reactionssource reactions

77BeBe
CNOCNO

88BB

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

UncertaintyUncertaintyUncertainty

77BeBe
CNOCNO

88BB
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Missing Neutrinos from the SunMissing Neutrinos from the Sun

HomestakeHomestakeHomestake

ChlorineChlorineChlorine

77BeBe
CNOCNO

88BB

Gallex/GNO
SAGE

Gallex/GNOGallex/GNO
SAGESAGE

GalliumGalliumGallium

CNOCNO

77BeBe

pppp

88BB

(Super-)
Kamiokande

(Super(Super--))
KamiokandeKamiokande

WaterWaterWater

88BB

Electron-NeutrinosElectronElectron--NeutrinosNeutrinos

SNO
(Deuterium)

SNOSNO
(Deuterium)(Deuterium)

νe+d→p+p+e−ννee+d+d→→p+p+ep+p+e−−

88BB

ν+ d→p + n + ννν ++ dd→→ pp ++ nn ++ νν

All Neutrino
Flavors

All NeutrinoAll Neutrino
FlavorsFlavors

88BB
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Missing Neutrinos from the SunMissing Neutrinos from the Sun

HomestakeHomestakeHomestake

ChlorineChlorineChlorine
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88BB
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WaterWaterWater
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Electron-NeutrinosElectronElectron--NeutrinosNeutrinos

SNO
(Deuterium)

SNOSNO
(Deuterium)(Deuterium)

νe+d→p+p+e−ννee+d+d→→p+p+ep+p+e−−

88BB

ν+ d→p + n + ννν ++ dd→→ pp ++ nn ++ νν

All Neutrino
Flavors

All NeutrinoAll Neutrino
FlavorsFlavors

88BB

20 April 200220 April 2002
Solar Neutrino ProblemSolar Neutrino Problem

finally solvedfinally solved
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Bruno PontecorvoBruno Pontecorvo
(1913 (1913 –– 1993)1993)

Invented neutrino oscillationsInvented neutrino oscillations
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AtmosphericAtmospheric SolarSolar LSNDLSNDSystemSystem

Status of Evidence for Neutrino OscillationsStatus of Evidence for Neutrino Oscillations

τµ ν→ν τµ ν→ν µτν→νe µτν→νe eν→νµ eν→νµChannelChannel

StatusStatus EstablishedEstablished EstablishedEstablished UnconfirmedUnconfirmed

TestTest Long Baseline (K2K)Long Baseline (K2K) KamLANDKamLAND 2002 ?2002 ? MiniBooNEMiniBooNE 2004 ?2004 ?

Three massThree mass eigenstateseigenstates withwith
mm11 << m<< m22 << m<< m33 ~ 50~ 50 meVmeV (hierarchical)(hierarchical)
mm11 ~ m~ m22 ~ m~ m33 >> 50>> 50 meVmeV (degenerate)(degenerate)

SimplestSimplest
interpreinterpre--
tationtation

Experimental orExperimental or
statisticalstatistical

flukefluke

θ2sin2 θ2sin2 0.90.9−−11 0.20.2−−0.60.6 0.0010.001−−0.030.03

22 eV/mδ 22 eV/mδ LMALMA 0.20.2--2  or  6.52  or  6.5310)45.1( −×− 410)22.0( −×−

Mutually inconsistent, even with a sterile neutrinoMutually inconsistent, even with a sterile neutrino
EvidenceEvidence forfor physicsphysics beyondbeyond flavorflavor oscillations (CPT violation ...) ?oscillations (CPT violation ...) ?ImplicationImplication
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Testing LSND at MiniBooNETesting LSND at MiniBooNE

wwwwww--boone.fnal.govboone.fnal.gov
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Kamland Reactor Neutrino Experiment (Japan)Kamland Reactor Neutrino Experiment (Japan)

Japanese nuclear reactorsJapanese nuclear reactors
60 GW (20% world capacity)60 GW (20% world capacity)

•• Witout OscillationsWitout Oscillations
2 Neutrino captures / day2 Neutrino captures / day

•• Data taking sinceData taking since
22 January 200222 January 2002
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LongLong--Baseline ExperimentsBaseline Experiments

CERN CERN –– Gran SassoGran Sasso FermiLabFermiLab––Soudan (MINOS)Soudan (MINOS)
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1010--33 1010--22 1010--11 11 ΩΩ
Assuming h = 0.75Assuming h = 0.75

MassMass--EnergyEnergy--Inventory of the UniverseInventory of the Universe

luminousluminous TotalTotalBaryonsBaryons

ΛΛDark MatterDark Matter

NeutrinosNeutrinosSuperSuper--KK
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2dF Galaxy2dF Galaxy RedshiftRedshift Survey (15 May 2002)Survey (15 May 2002)

~ 1300

~ 1300
Mpc
Mpc

Las CampanasLas Campanas
Redshift SurveyRedshift Survey

CfA Redshift SurveyCfA Redshift Survey
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1010--22 1010--11 11 10 eV10 eV
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1010--33 1010--22 1010--11 11 ΩΩ
Assuming h = 0.75Assuming h = 0.75

MassMass--EnergyEnergy--Inventory of the UniverseInventory of the Universe

luminousluminous TotalTotalBaryonsBaryons

ΛΛDark MatterDark Matter

NeutrinosNeutrinosSuperSuper--KK 2dF Galaxy Survey2dF Galaxy Survey

Tritium Tritium Mainz/TroitskMainz/Troitsk

KATRIN, SDSS  (Future)KATRIN, SDSS  (Future)
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LeptogenesisLeptogenesis by by MajoranaMajorana Neutrino DecaysNeutrino Decays

A classic paperA classic paperA classic paper
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Neutrinoless Neutrinoless ββββ DecayDecay
0ν mode, enabled 
by Majorana mass
00νν mode, enabled mode, enabled 
by by Majorana massMajorana mass 2ν mode22νν modemode

76Ge76Ge
76Se76Se

76As76As

O+O+

2–2–

2+2+

O+O+

Some nuclei decay only
by the ββ mode, e.g.
Some nuclei decay onlySome nuclei decay only
by the by the ββββ mode, e.g.mode, e.g.

Half life ≈ 1021 yrHalf life Half life ≈≈ 10102121 yryr
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Neutrino Mass Limits and Future SensitivityNeutrino Mass Limits and Future Sensitivity

2020 eVeV

33 eVeV

22 eVeV

11 eVeV

SuperSuper--KamiokandeKamiokande

SN 1987ASN 1987A

with gravity waveswith gravity waves

with black holewith black hole

2.22.2 eVeV

0.30.3 eVeV

Mainz/Mainz/TroitskTroitsk

0.80.8 eVeV

0.30.3 eVeV

2dF2dF RedshiftRedshift SurveySurvey

Tritium endpointTritium endpoint

SupernovaSupernova NusNus
TimeTime--ofof--flightflight

Cosmic structureCosmic structure

KATRINKATRIN

Sloan Digital Sky SurveySloan Digital Sky Survey

•• Assume 3 massAssume 3 mass eigenstateseigenstates with very small mass differences with very small mass differences 
as indicated by atmospheric and solar neutrinosas indicated by atmospheric and solar neutrinos

•• The cosmological limit refers toThe cosmological limit refers to mmνν = = ΣΣ mmνν/3/3
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Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,
signals are contemporaneoussignals are contemporaneous

Kamiokande (Japan)Kamiokande (Japan)
Water Cherenkov detectorWater Cherenkov detector
Clock uncertainty  Clock uncertainty  ±±1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)
Water Cherenkov detectorWater Cherenkov detector
Clock uncertainty  Clock uncertainty  ±±50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope
(Soviet Union)(Soviet Union)
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s
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Brief History of Neutrino AstronomyBrief History of Neutrino Astronomy

19701970 19801980 19901990 20002000 2010201019751975 19851985 19951995 20052005

GALLEXGALLEX

BorexinoBorexino

LSD (Mont Blanc)LSD (Mont Blanc)

MACROMACRO

SK ISK I SuperSuper--K IIK II

Antares/NemoAntares/Nemo
NestorNestor

BaikalBaikal

KamlandKamland
MiniBooNEMiniBooNE

SNOSNO

Amanda / IceCubeAmanda / IceCube

SAGESAGE

LVD (Gran Sasso)LVD (Gran Sasso)

GNOGNO

SN 1987ASN 1987A

Kamiokande II+IIIKamiokande II+III
IMBIMB--33

8080
330330

2020

240240
400400

940940
370370
85008500
800800

many many σσ

190190

EventsEvents
fromfrom aa SN SN 
at 10 kpcat 10 kpc

7070

HighHigh--EE
CosmicCosmic
NusNus

Baksan Scintillator Telescope (BST)Baksan Scintillator Telescope (BST)

Water/IceWater/Ice
CherenkovCherenkov

ScintillationScintillation

RadioRadio
chemicalchemical

SolarSolar
NusNus

SolarSolar
NusNus

HomestakeHomestake
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Simulated Supernova Signal in SuperSimulated Supernova Signal in Super--KamiokandeKamiokande

MonteMonte--Carlo simulation Carlo simulation 
for Superfor Super--KamiokandeKamiokande
signal of SN at 10 kpc,signal of SN at 10 kpc,
based on a numerical  based on a numerical  
Livermore modelLivermore model

Total of about 8300 Total of about 8300 
events for t < 18 sevents for t < 18 s

Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216
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The Future: A Megatonne Detector?The Future: A Megatonne Detector?

Megatonne detector motivated byMegatonne detector motivated by
•• Long baseline neutrino oscillationsLong baseline neutrino oscillations
•• Proton decayProton decay
•• Atmospheric neutrinosAtmospheric neutrinos
•• Solar neutrinosSolar neutrinos
•• Supernova neutrinos Supernova neutrinos 

(~10(~1055 events for SN at 10 kpc)events for SN at 10 kpc)

Similar discussions inSimilar discussions in
•• USA (UNO project)USA (UNO project)
•• Europe (Frejus Tunnel)Europe (Frejus Tunnel)
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AMANDA AMANDA –– Neutrino Telescope at the SouthpoleNeutrino Telescope at the Southpole
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ANTARES ANTARES –– Neutrino Telescope in the MediterraneanNeutrino Telescope in the Mediterranean
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Core of the Galaxy NGC 4261 Core of the Galaxy NGC 4261 
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Neutrino Sky in Amanda and SuperNeutrino Sky in Amanda and Super--KamiokandeKamiokande
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Where do we stand? Where are we going?Where do we stand? Where are we going?

•• Solar nu problemSolar nu problem
•• AtmosphericAtmospheric
neutrino anomalyneutrino anomaly

•• Very small mass differencesVery small mass differences
•• Large mixing anglesLarge mixing angles

Solved by flavor oscillationsSolved by flavor oscillations

KaKarlsruhe rlsruhe TriTritiumtium
NNu Experimentu Experiment

Absolute neutrino massAbsolute neutrino mass

Double Beta ExperimentsDouble Beta Experiments
(Genius, Majorana, Cuore, …)(Genius, Majorana, Cuore, …)

Precision cosmologyPrecision cosmology

Precision determination ofPrecision determination of
mass & mixing matrixmass & mixing matrix

Asymmetry between nus & antiAsymmetry between nus & anti--nus ?nus ?

Sky in the light of neutrinosSky in the light of neutrinos

•• CosmicCosmic
AcceleratorsAccelerators

•• Novel highNovel high--energyenergy
phenomenaphenomena

GalacticGalactic
supernovasupernova
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NeutrinolandNeutrinoland
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NeutrinolandNeutrinoland
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Thanks toThanks to
you all for coming!you all for coming!

Have a Have a 
safe trip home!safe trip home!


