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* KamLAND construction started : 
April, 1997

* Operation started : 
January, 2002 



Detector Calibrations
:

Energy scale, Timing, γ detection efficiency, 
n capture time, n detection efficiency,

Trigger efficiency, Light transport study,….

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)

Radioactive Sources, Laser system, LEDs,
Cosmic-ray µ, µ spallation products 

Off-Axis Calibration System
R&D

µ

n

12N, 12B,…

γ



Radioactivity inside 
Liquid Scintillator

Emax



214Bi – 214Po – 210Pb Signal

prompt

delayed

β+γ

α

∆T = |tprompt – t delayed|

τ =
τ (214Po:α)

= 237 µs

238U = (3.5±0.5)x10-18 g/g
inside fiducial volume



235U + n N1+ N2+  6.1β- + 6.1νe + xn



Event Rate from Power-Plant Reactors

~80GW

~ 180

6 % of world nuclear thermal power



Investigate Solar Neutrino Anomaly
Under Laboratory Conditions
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J.N. Bahcall et al., J. High Energy Phys. (2003)KamLAND :

Thermal power ~ 80GW

<E> ~ 3 MeV

<base line> ~ 180 km

∆m2 ~ 10-5 eV2



A. Smirnov, ν 2002
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Reactor Data

One of Japanese Reactors

(2002) (2002)



原子炉データから得られた
エネルギー分布を入れる

νe Energy Spectrum



data analysis

νe Flux at Kamioka

Mar. 4 – Oct. 6, 2002



Reactor νe Detection 
in Liquid Scintillator

~210 µs



KamLAND e+ Prompt Energy Spectrum

PRL 80 (1998)635

E > 2.6 MeV



νe Event Selection
data sample :   March 4 – Oct. 6, 2002

exposure time :   162 ton•yr (145.1 days)

inverse β - decay selection

Eprompt > 2.6 MeV
1.8<Edelay<2.6 MeV
0.5 <∆T<660 µ sec
∆R<1.6m
no OD signals
R<5m

µ-induced spallation event cut

∆Tµ < 2sec , ∆Eµ >3 GeV or ∆Rµ<3m

γ from n12C



Production Points of 
Candidate Events

prompt delayed



Analysis Summary

Final sample 
162 ton•yr,     Eprompt > 2.6 MeV

54 ev

Expected

Background 0.95 ± 0.99 ev

accidental 0.0086 ± 0.0005
9Li/8He (β, n) 0.94 ± 0.85
fast neutron 0 ± 0.5

86.8 ± 5.6 ev



Nobs – NBG
Nexpected

= 0.611 ± 0.085 (stat)
± 0.041 (syst)

Evidence for 
Reactor νe Disappearance

99.95 % C.L.
K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003)



Ratio of Measured to Expected νe Flux 
from Reactor Neutrino Experiments

LMA:
∆m2 = 5.5x10-5 eV2

sin2 2Θ = 0.833
G.Fogli et al., PR
D66, 010001-406,

(2002)



Energy Spectrum (Eprompt > 2.6 MeV)
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data : consistent with

distorted shape at 93 % C.L.
&

no oscillation shape at 53% C.L.



Neutrino Oscillation Study, 
Combining Event Rate & Energy Spectrum

νe νx

Eprompt > 2.6 MeV

Best fit :
∆m2 = 6.9 x 10-5 eV2

sin2 2 θ = 1.01



Before & After KamLAND : 
90, 95, 99, 99.73% C.L.

J.N. Bahcall et al., J. High Energy Phys. (2003)
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KamLAND + Solar

Exclusion C.L.

LOW :  4.8 σ
VAC  :  4.9 σ

With the results from KamLAND, 
one can confidently state that the 

solar neutrino problem was solved, 
if CPT is invariant

V. Berger et al., Phys. Lett. B555  (2003) 



185.5 days data : March 4 – December 1, 2002

❋ Spin-Flavor Precession 
( µν with solar magnetic field )

 νe νµ νe :  majorana ν

❋ Neutrino Decay
 

νe (ν2)  νe (ν1) + Majoron

SFP OSC
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Energy Distributions of 
Prompt  & Delayed Events

Data Sample : March 4 --- December 1, 2002
185.5 days = 0.28 kton・yr
R < 5.5 m
systematic uncertainty = 6.3 %analysis

energy region for
solar  anti-neutrinosolar  anti-neutrino
energy region for

analysis
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 90 % C.L. limit

Φν < 3.7 x 102 cm-2s-1

< 0.028 %
of  8Bν ( 8.3 < Eν < 14.8 MeV)

a factor 30 improvement 
over previous best measurement (SK)

K. Eguchi et al., Phys. Rev. Lett. 92, 071301 (2004)



LMAS-ESFPR

Spin-Flavor Precession : 

νe νµ νe
☼

(E.Kh. Akhmedov and J. Pulido, Phys. Lett. B553, 2003)

within present 
astrophysical expectatives

µν < 1.3 x 10(-9 to -11) µB (90 % C.L.)

for BT(0.05R☼) = (10-1000) kG

µν < 1.0 x 10-10 µB ：current best limit 
from MUNU  



νe

U, Th

νe

40% of a total heat flow



Geoneutrino Generation

• Heat Generation inside the Earth
-- total heat flow     ~ 40 TW    ?
-- U/Th contribution ~ 16 TW ???

• Geochemical Earth Model
-- no reliable values of U/Th concentration

in Crust, Mantle and Core

238U   206Pb + 8 4He + 6 e- + 6 νe + 51.7 MeV
232Th 208Pb + 6 4He + 4 e- + 4 νe + 42.7 MeV

νe detection is essential 



Geoneutrino Production Points

[U]   : 2.7 ppm (C.C.), 0.08 ppm (O.C.), 0.01 ppm (Mantle), 0 (Core)
[Th] : 4[U]



Geoneutrino Flux ?
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~４νe：
238U  ~５ νe：

232Th

：～40TW (model-dependent)

(0 – 110) TW at 95 % C.L.

Radiogenic heat



～200 /kton•dayννe + e-→ νe + e-



KamLAND Goal
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(14C/12C = 10-18)
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Present KamLAND

106 reduction



Requirements & Achievements of
Radioactive Impurities in

Liquid Scintillator  

238U
232Th

40K
85Kr

210Pb

(3.5 ± 0.5) x 10-18 g/g
(5.2 ± 0.8) x 10-17 g/g
< 2.7 x 10-16 g/g
~  1    Bq/m3

~ 100 Bq/m3

10-16 g/g
10-16 g/g
10-18 g/g

~ 1 µBq/m3

~ 1 µBq/m3

impurities         present                  goal

☺
☺

~10-2

10-6

10-6

reduction



Physics 1 : 
Reconfirmation of Oscillation Solution 

CPT Invariance

Seasonal Variation 

Just So Resonance Day / Night Variation



Physics 2 :
Determination of Θ12 ?
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KamLAND reactor 



Physics 3 : 
Test of Standard Solar Model

＜3He + 4He >
< 3He + 3He > = 2φ(7Be)

φ(pp) – φ(7Be)



Reactor neutrino detection
strong evidence on disappearance
more data for convincing energy deformation

Geoneutrino detection
more data

Solar neutrino detection
R&D: final stage
more funding 


