
First Results from KamLAND 

 Kam-Biu Luk

University of California, Berkeley

KamLAND Collaboration



1. Solar Neutrino ‘Problem’
2. KamLAND Experiment
3. Detector Construction
4. Reactor Anti-neutrinos
5. Detector Performance
6. Analysis & Results
7. Conclusions

Outline



How does the Sun shine?





Solar Neutrino Experiment at Homestake

ne +  37Cl Æ  37Ar +  e-

Theoretical predictions



Checking the Homestake Experiment





•     If neutrinos are massive, it is possible that the weak eigenstates
      are not the same as the mass eigenstates:

PMNS (Pontecorvo-Maki-Nakagawa-Sakata) matrix 

Neutrino Mixing



•     Parametrize the mixing matrix as:

•     The probability of ne Æ  ne is:

Probability of Neutrino Mixing

P ne Æ ne( ) ª sin4 q13 + cos4 q13 1 - sin2 (2q12) ⋅sin2 Dm12
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      Fluxes
      (106 cm-2 s-1)

ne : 1.76(11)

nmt  : 3.41(66)

ntotal : 5.09(64)

nSSM : 5.05

SNO Results



The KamLAND Experiment

180 km



Potential Reactor Anti-Neutrino Sources



Nuclear Reactors in Japan

~80GW

 ~ 180 km



KamLAND Is An Underground Experiment
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Present analysis

The KamLAND Detector

~22%
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Reactor Anti-Neutrino Experiments





Dismantling Kamiokande, 1998



Construction of 3000 m3 Stainless-Steel Tank
(~September 1999)Finished in March, 2000



Installation of PMTs, May 2000



Full-Size Balloon Construction
~ Oct. 2000



Installation of Balloon, March 2001



Mixing & Filling Liquid Scintillator
May 2001Oil Filling finished in Sept. 2001



Data-Acquisition Electronics
Ready in December 2001 
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Where Do The Anti-Neutrinos Come From?

nXXnU 2
21

2 3 5

   92
+++ Æ

For 235U fission, for instance,

where X1 and X2 are stable
nuclei e.g.

40
94 Zr Ce140

58

which have a total of 98
protons and 136 neutrons,
whereas 235U has 143
neutrons. That is, on average, 
6 neutrons must beta decay,
giving 6 ne.



Fission Rate: ne Production 



Thermal Power Data & Calculated Fission Rate

One of the Japanese Reactors



Thermal Flux from Japanese and Korean Reactors
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•  Measured b spectra for 235U, 239,241Pu
   at ILL.  Converted them into ne spectra.
   For 238U, use theoretical calculation to
   get ne spectrum.

•  Reactor ne spectra have been measured 
   at short distance:

Gösgen (1986)
Bugey (1996)
Chooz (1999)
Palo Verde (2001)

•  Measurements agree with expectations to
   ~2%:  

No near detector is needed !

Energy Spectrum of Reactor ne

 Bugey3 Measurement
     Best calculation

   Bugey3 Measurement
first-principle calculation



Energy Spectrum of Reactor ne



Cross Section and Spectrum 
of Inverse Beta Decay 



Detecting Reactor ne in Liquid Scintillator





Performance of KamLAND Photodetectors



Waveform Capture Electronics

Typical single photon

Atypical multi-pulse train



Timing Calibration of PMTs



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

-5m 5m

Position Reconstruction Uncertainty



Energy Determination & Resolution

DE/E ~ 7.5% /√E ,  Light Yield ~ 300 p.e./MeV
Energy scale stable to 0.6% through out the period 

  DEsyst = 1.91% at 2.6 MeV ‡ 2.13% for ne



KamLAND Trigger Scheme

  prompt trigger:
    200 PMT hits (0.7 MeV)

 delayed trigger:
    120 hits for 1 msec. after
                         primary trigger

0.9 MeV

0.5 MeV

Trigger Efficiency



OD

ID

A Muon Candidate 



Prompt E ~ 3.2 MeV

Dt~110 msec

Delayed E ~ 2.22 MeV

DR~0.35 m

n

An Anti-neutrino Candidate

m



Data-Collection Up Time



12B12N

DL < 3m

m-Induced Neutrons & Spallation-12B/12N



DV/V = 4.06 % 

DVfid/Vfid = 4.6 %

Neutron

R=5m

R=5m

R3 Vertex Distributions of Neutrons & 12B/12N



Test of n-Capture Time With
Cosmic-ray Muon-Induced Neutrons

Requirements: 
Ep > 10 MeV,  Ed = 1.8-2.6 MeV,  Dtpd = 150-1500 ms,  rpd < 5 m

tfit = 206 ± 3 ms



Radioactivity inside Liquid Scintillator



Energy Spectrum of Radioactivity 
inside Liquid Scintillator
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Requirements for reactor ne detection:
 238U  232Th ~ 10-14 g/g

                 40K ~ 10-15 g/g   



Estimated Systematic Uncertainties

4.60

 E > 2.6 MeV  %
Total LS mass 2.13
Fiducial mass ratio 4.06
Energy threshold 2.13
Tagging efficiency 2.06
Live time 0.07
Reactor power 2.05
Fuel composition 1.00
Time lag 0.28
ne spectra 2.48
Cross section 0.2

Total Uncertainty 6.42 %
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Data Sample   
Mar. 4 – Oct. 6, 2002    162 ton•yr (145.1 days) 

ÿ   Inverse b-decay selection
          Eprompt > 2.6 MeV
          no OD signals
          0.5 < DT < 660 msec 
          DR < 1.6m, 1.8 < Edelay < 2.6 MeV
          tagging efficiency 78.3%
                             (AmBe, LED)
ÿ   Spallation event cut
         DTm < 2sec , DEm > 3 GeV 
                            or  DRm < 3m
ÿ   Fiducial selection
          R < 5m : 408 ton, 
                       3.46 x 1031 free protons 

 ne Event Selection

Eprompt > 2.6 MeV

x2 + y2 (m2)
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Correlation Between Prompt
and Delayed Energies

g  from n12C



2002

Time Variation of Reactor Power and Signal



Based on 162 ton•yr, with Eprompt > 2.6 MeV

Final sample 54   
Expected 86.8 ± 5.6(sys)

Background 0.95 ± 0.99
 
    Accidental 0.0086 ± 0.0005

   9Li/8He (b, n) 0.94 ± 0.85
     fast neutron < 0.5 
     

Observed Event Statistics



Nobs – NBG
Nexpected

= 0.611 ± 0.085 (stat)
                ± 0.041 (sys)

Evidence for 
Reactor ne Disappearance

Probability of getting 54 events from 86.8 events 
due to a statistical fluctuation is 0.05% with 
Poisson statistics 



Ratio of Measured and Expected ne Flux
from Reactor Anti-Neutrino Experiments

LMA: 
 Dm2 = 5.5x10-5 eV2

 sin22q = 0.833
G.Fogli et al., PR
 D66, 010001-406,
(2002)

LMA flux prediction
at 95% C.L.
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Energy Spectrum (Eprompt > 2.6 MeV)



Best fit :
 Dm2 = 6.9 x 10-5 eV2

  sin22q  = 1.0

 Neutrino Oscillation Study 
for Eprompt > 2.6 MeV

ne ‡ nx

95 % C.L.



Spectrum of Prompt Energy

c2 = 0.3/8 d.o.f.
93% C.L.

53% C.L.



•  KamLAND is routinely taking data since January 2002.
•  Background and energy resolution are better than 
   expected.
•  Analysis of first 145 days of data shows clear deficit
   of ne events. This finding is consistent with the LMA 
   oscillation solution of the solar neutrino problem. 
   The other solutions are strongly disfavored.
•  Data taking continues. Higher statistics should allow 
   us to probe spectral distortion and perform precise 
   measurement of neutrino mixing parameters. 


