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Massive Neutrinos : Massive Neutrinos : DiracDirac
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Standard Model + right handed  Standard Model + right handed  
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Standard Model + right handed  Standard Model + right handed  
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Parameters : Parameters : DiracDirac
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Exercise
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Wave packets : Neutrino Wave packets : Neutrino oscosc. . 

Relativistic neutrinos :

Same result
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Coherent neutrino emission in plasma : 
Interrupted by e.m interactions of the source particles
(pressure broadening)

Reactor  : e.m. interactions of produced e-

Accelerator : time scale of weak interactions
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Only the difference of potential is relevant

Net effect :   
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Some Neutrino SourcesSome Neutrino Sources
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SolarSolar
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solsolae mP(∆)νP( θν =→

Neutrino spectrum
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AtmosphericAtmospheric
),2

ATMATMMP(∆)νP( θν τµ =→



Reactor : Reactor : ……,,ChoozChooz/Palo Verde,/Palo Verde,……
),( 2

choozatmee M∆P)ννP( θ=→

%7.2%8.201.1 ±±=R



Reactor : Reactor : ……,,KamLANDKamLAND
),( 2

sunsunee m∆P)ννP( θ=→



Accelerator : K2KAccelerator : K2K
),2

ATMATMMP(∆)νP( θν µµ =→



LSND, MinibooneLSND, Miniboone
eννµ →

8GeV
Booster

magnetic horn
and target

decay pipe
25 or 50 m

LMC

450 m dirt detector
absorber

eννµ → 

0.64.229.87 ±±

Proton beam producing π +

=)( eN ν

MeVEMeV 6020 <<md 30=

GeVEGeV 15.0 << md 500=



The Neutrino Matrix :SM + The Neutrino Matrix :SM + ν ν massmass
ALL oscillation neutrino data BUT LSND
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The Neutrino Matrix : SM + The Neutrino Matrix : SM + ν ν massmass
ALL oscillation neutrino data BUT LSND
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SM + SM + ν ν massmass

0001.00009.0 ±=Ων

Neutrinos: Cosmological dark matter to be discovered

eV) 1( 03.0~νΩ

If lowest mass is negligible, and normal hierarchy

If highest mass is 1 eV



PlanPlan

I.      Neutrinos as Dirac Particles

II. Making Neutrinos

III. Neutrinos as Majorana Particles



Neutrino SourcesNeutrino Sources

Reactor
Accelerator



Cosmic Neutrino BackgroundCosmic Neutrino Background

56 cm-3 at 1.9K (0.17 meV)

Possible mechanical effect : torque of order GF if 
target and neutrino background are polarized 
(Stodolsky effect) and net neutrino-antineutrino 
asymmetry

Still far from observability, awaiting for future 
technology



Neutrinos from Thermal PlasmaNeutrinos from Thermal Plasma

BremsstrahlungBremsstrahlung

Photo (Compton)Photo (Compton) PlasmonPlasmon decaydecay Pair annihilationPair annihilation



Solar (thermonuclear) NeutrinosSolar (thermonuclear) Neutrinos

SK, SNOClGa



Thermonuclear NeutrinosThermonuclear Neutrinos



GeoneutrinosGeoneutrinos

Site U
(106 cm-2s-1)

Th
(106 cm-2s-1)

Kamioka 3.7 3.2

GS 4.2 3.7



SanduleakSanduleak −−69 20269 202

Large Large MagellanicMagellanic Cloud Cloud 
Distance 50 Distance 50 kpckpc
(160.000 light years)(160.000 light years)

Tarantula NebulaTarantula Nebula

Supernova 1987ASupernova 1987A
23 February 198723 February 1987



Stellar Collapse and Supernova ExplosionStellar Collapse and Supernova Explosion
Collapse (implosion)Collapse (implosion)ExplosionExplosionNewborn Neutron StarNewborn Neutron Star

~ 50 km~ 50 km

ProtoProto--Neutron StarNeutron Star
ρρ ≈≈ ρρnucnuc == 33 ××10101414 g cmg cm−−33

T T ≈≈ 30 30 MeVMeV

NeutrinoNeutrino
CoolingCooling



Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

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

KamiokandeKamiokande (Japan)(Japan)
Water Water CherenkovCherenkov detectordetector
Clock uncertainty  Clock uncertainty  ±±1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)
Water Water CherenkovCherenkov detectordetector
Clock uncertainty  Clock uncertainty  ±±50 ms50 ms

BaksanBaksan ScintillatorScintillator TelescopeTelescope
(Soviet Union)(Soviet Union)
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s



Limits on Supernova Relic NeutrinosLimits on Supernova Relic Neutrinos

Super-Kamiokande :

MeV 19.3   (90%CL)   scm 1.2 -1-2 >≤Φ
eν

Ando et al (2004)



Atmospheric NeutrinosAtmospheric Neutrinos



ν
χ + χ

Undiscovered neutrino sourcesUndiscovered neutrino sources

Neutrinos from
the Sun

χ

χ
ν

Neutrinos from
the Earth



GRBs?

by Eli Waxman

Sources above 10GeV Sources above 10GeV 



Sources above 10GeV Sources above 10GeV 

90% CL upper limits in 10-8 cm-2s-1 for E-2 spectrum
from AMANDA II (2000-2002) :





E-2.7

E-3.0





Flavor ratio for far Flavor ratio for far ππ sourcessources

 basisflavor in  1:1:1 with end  We
10%) ~precision (present  basis massin  1:1:1 with end We

) 1 ,cossin ,sincos (       0,
2

    

||2||)(

separate packets  wave: eDecoherenc
0:2:1 start with We

12
2

12
2

12
2

12
2

1323

22

⇒

++∝⎥⎦
⎤

⎢⎣
⎡ ==

+∝

θθθθθπθ

νφ

ν

µieii

i

UU



ManMan--made Neutrino Sources : Reactorsmade Neutrino Sources : Reactors
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ManMan--made Neutrino Sources : Acceleratormade Neutrino Sources : Accelerator
• conventional beams / superbeams

• β-beams
• neutrino factories
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