
Neutrino Oscillations on Earth
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Length & Energy Scales
1.24

(Pe Jminimum)

Eν= 1 GeV, Δm2=10-3 eV2 , L = 1240 km Super-K

E = 1 MeV Δm2=10-3 eV2 L = 1 2 km
Chooz,
Palo VerdeEν  1 MeV, Δm 10 eV , L  1.2 km Palo Verde

Eν= 1 MeV, Δm2=10-5 eV2 , L = 125 km



Reactor Neutrino Experiments

• ν from n-rich fission productsνe from n rich fission products
• detection via inverse beta decay (νe+pJe++n)
• Measure flux and energy spectrumgy p
• Variety of distances L= 10-1000 m



Binding Energy of Nucleig gy

1 MeV/nucleon

Fission
1 MeV/nucleon

200 MeV/fission



Nuclear Reactors make 
AntineutrinosAntineutrinos

Z=N=Z

Uranium

(nJp+e+ν)x6
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Detection Signal

ν + p J n + e+

511keVγ
2.2 MeVγγ

p+e
d

n

511keVγ

Coincidence signal: detect
• Prompt:    e+   annihilation   J Eν=Eprompt+En+0.8 MeVp p
• Delayed:  n capture 180 μs capture time





Previous Oscillation Searches
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Previous Measurements

Flux and Energy Spectrum J ~1-2 %Flux and Energy Spectrum 1 2 %



Enter

• Long Baseline (180 km)
• Calibrated source(s)
• Large detector (1 kton)Larg  t ctor (  ton)
• Deep underground (2700 mwe)



Designed to 
test solar neutrino
oscillation parameters
on Earth (!)
KamLAND has a much KamLAND has a much 
longer baseline
than previous
(reactor) experiments



Only a few places in the World could hostOnly a few places in the World could host
an experiment like KamLAND…an experiment like KamLAND…



KamLAND uses
the entire Japanese
nuclear power

Kashiwazaki

nuclear power
industry as a
long-baseline source

Takahama

Ohi



Application: Neutrino signal from 
l l i i N Knuclear explosion in N. Korea

• 6 ν’s/200 MeV → 2x1023 ν/ Terajoule6 ν s/200 MeV  2x10 ν/ Terajoule
• 1kton TNT = 4 Terajoule
• → 8x1023 ν/kt→ 8x10 ν/kt
• KamLAND = 1032 protons
• R = 1000 km• R = 1000 km

N NNν Np σ
4πR2 = 0.003 ν/10ktSignal =



The total electric power produced “as a The total electric power produced “as a 
byby--product” of the product” of the νν’s is:’s is:byby--product  of the product  of the νν s is:s is:

••~60 GW or...~60 GW or...
••~4% of the world’s manmade power or…~4% of the world’s manmade power or…pp
••~20% of the world’s nuclear power~20% of the world’s nuclear power

Neutrinos are “free of charge”!



Spectrum DistortionSpectrum Distortion



KamLAND Detector

1000 Ton (135 μm)

1879

(Cosmic veto)(Cosmic veto)





Sphere Construction 



PMT InstallationPMT Installation



PMT Installation





Filling the Detectorg

DANGER



Selecting antineutrinos, ESelecting antineutrinos, Epromptprompt>2.6MeV>2.6MeV

-- RRprompt, delayedprompt, delayed < 5.5 m< 5.5 m (543.7 ton)(543.7 ton)

5.5 m5.5 m
fiducial cutfiducial cut

-- ∆∆RRee--nn < 2 m< 2 m
-- 0.5 0.5 μμs < s < ∆∆TTee--nn < 1 ms< 1 ms
-- 1 8 MeV < E1 8 MeV < Ed l dd l d < 2 6 MeV< 2 6 MeV1.8 MeV < E1.8 MeV < Edelayeddelayed < 2.6 MeV< 2.6 MeV
-- 2.6 MeV < E2.6 MeV < Epromptprompt < 8.5 MeV< 8.5 MeV

Tagging efficiency 89 8%Tagging efficiency 89 8% B ll  dB ll  dTagging efficiency 89.8%Tagging efficiency 89.8%

…In addition:…In addition:

Balloon edgeBalloon edge

-- 2s veto for showering/bad 2s veto for showering/bad μμ
-- 2s veto in a R = 3m tube along track2s veto in a R = 3m tube along track

DeadDead--time 9.7%time 9.7%



Ratio of Measured and Expected νe Flux 
from Reactor Neutrino Experimentsfrom Reactor Neutrino Experiments

Solar ν:
Δm2 = 5.5x10-5 eV2

G.Fogli et al., PR
D66, 010001-406,Δm  5.5x10 eV

sin2 2Θ = 0.833
, ,

(2002)



Measurement of Energy Spectrum



Oscillation EffectOscillation Effect

Δm2 = 7:58x10‐5 eV2 (Note SuperK result: Δm2 = 2.5x10‐3 eV2)
sin2 2θ = 0.92 



Why Does the Sun Shine?Why Does the Sun Shine?

• Sun ≡ Ball of H gas compressed bySun ≡ Ball of H gas compressed by 
gravity → HEAT (not enough)

• HEAT Nuclear fusion• HEAT → Nuclear fusion
p + p → d + e+ + ν  + energy
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Hydrogen

Helium 3

y g

Helium 4

Helium 3Helium 3
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Solar PropertiesSolar Properties

L☼= 3 8 x 1026 W = 2 4 x 1039 MeV/sL☼= 3.8 x 10 W = 2.4 x 10 MeV/s

M☼= 2 x 1030 kg =1057 Mp☼ g p

Solar Fusion Cycle:
2 4 2 26 ( )2e- + 4p → 4He + 2ν + 26.7 MeV (thermal)
Rν = Neutrino rate = 2 L☼/26.7MeV = 1.8x1038 ν/sec

Flux at earth = Rν/(4πR2) = 6x1010/cm2/sec





Solar Neutrinos



Solar Neutrino Energy SpectrumSolar Neutrino Energy Spectrum



Missing Solar Neutrinos…g



Neutrino “Oscillations”?

Rorbit



Solar Neutrino DisappearanceSolar Neutrino Disappearance

νeνe

νμ

Matter Effect:Matter Effect:

νe+e‐ ≠ νμ+e‐

→ resonant matter oscillations









Matter Enhanced Oscillation (MSW)
Mikheyev Smirnov WolfensteinMikheyev, Smirnov, Wolfenstein

ν2

ν1









Best fit values:
Δm2 = 7.59+0.2

-0.21 x 10-5 eV2

tan2θ = 0.49+0.07
-0.05



Summary of Solar Neutrino Results
Open circles: combined best fit
Closed circles: experimental datap



Now that m≠0, we have a choice:Now that m≠0, we have a choice:

• Dirac neutrinos: νL νR νL νRDirac neutrinos: νL, νR, νL, νR.

• Majorana Neutrinos: νL = νR νL = νRMajorana Neutrinos: νL  νR, νL  νR.

N t th t i t i h 0 thNote that since neutrinos have q=0, the
distinction between ν and ν is more subtle. 
What is the difference between ν and ν ?



Elliot and VogelElliot and Vogel



Elliot and Vogel



Back to Neutrino Mixing…Back to Neutrino Mixing…









Maki – Nakagawa – Sakata Matrix

Gateway to
CP Vi l i !CP Violation!

CP violation



<

Why so different???Why so different???yy

(Harrison, Perkins, Scott 1999)



Neutrinos: The Best is Yet to Come?
• Absolute mass scaleAbsolute mass scale

• Mass hierarchy
• θ13 – the last mixing angle

• Antineutrino=neutrino (Majorana)?
• CP violation

Taipei, June 2009 57




