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Outline

• Neutrino oscillation of 2-flavour
• KamLAND
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Solar-neutrino Experiments
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What Have Learned From Solar Neutrino
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Neutrino Oscillation: Two-flavour Case
• When a neutrino is produced in a weak reaction, its identity is well
   defined. For example:

n → p + e- + νe
π+ → µ+ + νµ

    In this case, νe and νµ are described by the weak eigenstates | νe〉 and
   |νµ〉 respectively.

•  Once a neutrino is produced and travels as a free particle, its flavour
    is no longer defined until a measurement is made. Consider

 π+ → µ+ + νµ

    at t = 0, the state vector (wavefunction) describing the neutrino is

 |ν(0)〉 = |νµ〉

   At any other time, the state vector is given by

 |ν(t)〉 = Ce(t)|νe〉 + Cµ(t)|νµ〉           s.t. Ce(0)=0, Cµ(0)=1
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Two-flavour Case (cont.)
The probability that the neutrino appears as νµ when a measurement is
made is given by

|νe〉

|νµ〉
〈νµ|ν(t)〉 = Cµ(t)

Similarly, the probability that the neutrino appears as νµ
is

〈νe|ν(t)〉 = Ce(t)

Clearly,                               Cµ
2(t) + Ce

2(t) = 1 

• Now also express the state vector as a combination of two energy
  eigenstates |ν1〉 and |ν2〉 such that these two states have the same
  momentum p (an approximation), i.e.

  

! 

E1 = m1
2

+ p2
             and !!!!!!!!!!!!E2 = m2

2
+ p2

|ν1〉

|ν2〉

|ν(t)〉 = C1(t)|ν1〉 + C2(t)|ν2〉

• The time evolution of the coefficients is:

  

! 

C1(t) = C1(0)e-iE1 t             and             C2(t) = C2(0)e-iE2t
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Two-flavour Case (cont.)
• Since
                     |ν(t)〉 = C1(t)|ν1〉 + C2(t)|ν2〉 = Ce(t)|νe〉 + Cµ(t)|νµ〉

 we have Ce(t) = C1(t) 〈νe|ν1〉 + C2(t) 〈νe|ν2〉

 Cµ(t) = C1(t) 〈νµ|ν1〉 + C2(t) 〈νµ|ν2〉
 In matrix notation,
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• At t = 0,
C1(0) = -sinθ         and             C2(0) = cosθ

• At any time,  

  

! 

Ce(t) =sin"cos" e-iE2t #e-iE1 t( )
Cµ (t) =sin2"e-iE1 t + cos2"e-iE2t
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Two-flavour Case (cont.)
• The probabilities of observing the neutrino as a νe or νµ are:
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• If m1 and m2 << p, the neutrino is moving at approximately c, thus

            ct = L,   E1 ≈ p + m1
2/2p,    E2 ≈ p + m2

2/2p, E1 ≈ E2 ≈ p = E
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Hence,
Appearance probability:

Disappearance probability (chance
that it will survive):
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A Few Facts About Neutrino Oscillation

• Oscillation is only possible if
        Δm2 = m2

2-m1
2 ≠ 0

    - the neutrinos must have different masses
    - at least one of the neutrinos must have mass

• For a given energy E, the wavelength of the oscillation
  is given by

  

! 

" =
4E

#m
2

• The amplitude of the oscillation is determined by
A = sin22θ

The amplitude grows with the mixing angle θ

• Both the mixing angle θ and Δm2 are not calculable.
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Determining Mixing Angle And Δm2

where Nobs is the observed number of events
           Nexp is the expectation number of events
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• Calculate the χ2 value for each combination (Δm2, sin22θ, …).

• The most likely answer of Δm2 and sin22θ is the combination that
   gives the smallest χ2 value.

• Use statistical methods to compare observed events and expectation
  at each combination of sin22θ and Δm2 values:
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• For the elementary approach, form a likihood function:

Prob. of observed no.
of events in n-th bin
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Mixing Angle And Δm2 From Solar Neutrino

The most likely
answer that can
account for the
results from all
solar-neutrino expts 
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Checking The Results

• This region can be explored with
  reactor νe. For a mean energy E
  of 4 MeV, the wavelength of the
  oscillation is roughly

~ 100 km

  

! 

" =
4E

#m
2
$

2.5 x 4

10
-4

m=100 km



13

Nuclear Reactors In Japan

~80GW

 ~ 180 km86% of ν events
from ~180 km
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The KamLAND Experiment
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The KamLAND Detector

ρ

Δρ

µ

(3.2 kton)
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Looking Inside The KamLAND Detector
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Detecting Reactor νe in Liquid Scintillator
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The Observed Energy Spectrum Of Reactor νe
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An Anti-neutrino Candidate

Prompt E ~ 3.2 MeV

Δt ~ 110 µsec

Delayed E ~ 2.22 MeV

ΔR ~ 0.35 m

µ

timecharge
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Reconstructing Position

68Ge   : 1.012 MeV (γ + γ)         65Zn   : 1.116 MeV (γ)
60Co   : 2.506 MeV (γ +γ)         AmBe : 2.20 , 4.40, 7.6 MeV (γ)

-5m 5mPosition resolution ~ 25 cm
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Determining Energy

• Light Yield: ~ 300 p.e./MeV
• Energy resolution: ΔE/E ~ 7.5% /√E
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12B12N

ΔL < 3m

Neutrons And 12B/12N Produced by Cosmic-ray Muons
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Natural Radioactivity In The Detector
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Energy Spectrum of Radioactivity
inside Liquid Scintillator
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Selecting νe Candidates

Requirements:
     - Rprompt, delayed < 5.5 m
     - ΔRe-n < 2 m
     - 0.5 μs < ΔTe-n < 1 ms
     - 1.8 MeV < Edelayed < 2.6 MeV
     - 2.6 MeV < Eprompt < 8.5 MeV

   Tagging efficiency 89.8%

In addition:
- 2s veto for showering/bad μ
- 2s veto in a R = 3m tube along track

      Dead-time 9.7%

5.5 m5.5 m
fiducial fiducial cutcut

Balloon edgeBalloon edge
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γ  from n12C

Correlation Between Prompt
and Delayed Energies
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Result From KamLAND

•  Based on 766.3 ton•yr, with Eprompt > 2.6 MeV
Final sample, Nobs 258 events  
Expected, Nno 365 ± 24(sys) events
Background, Nbg 7.5 ± 1.3 event 

    Accidental 2.69 ± 0.02 event
   9Li/8He (β, n) 4.8 ± 0.9 event
     µ-induced neutron    < 0.9 event

• Evidence for Reactor νe Disappearance

= 0.686 ± 0.044 (stat) ± 0.045 (sys)
Nobs - Nbg

Nno
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How Does It Compare With Expectation?

 
    Δm2 = 5.5x10-5eV2

 sin22θ = 0.833
G.Fogli et al., PR
 D66, 010001-406,
(2002)

flux prediction
at 95% C.L.
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Implication of Observed Rate Deflict

  Before
KamLAND
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Energy Spectrum Helps

Δm2=8.3x10-5 eV2

sin22θ = 0.83
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Likelihood Fit To 2-Flavour Oscillation

Δm2=8.3·10-5 eV2

sin22θ=0.83

LMA2 excluded
at 99.6% CL

““LMA0LMA0”” disfavored disfavored
at 94% CLat 94% CL
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Combining Results

Includes small matter effectsIncludes small matter effects
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Combined result
Solar vs KamLAND
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Observed Pattern Of Oscillation

For a hypothetical
Experiment with a
baseline of 180km
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Summary

• Studies of solar neutrino led to the discovery of
   neutrino oscillation

• KamLAND using reactor confirmed neutrino oscillation

• The mixing angle θ and Δm2 in the 2-flavour formulism are
  now pretty well-determined  


