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The KamLAND Collaboration
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Nuclear reactors are very intense sources of Nuclear reactors are very intense sources of ννee derivingderiving
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Eνmeasurement

Event tagging by coincidence in time, 
space and energy of the neutron capture
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A specific signature is provided by the inverseA specific signature is provided by the inverse--ββ reactionreaction

1.8 MeV

{{

→→ only ~1.5 antineutrinos/fission can be detectedonly ~1.5 antineutrinos/fission can be detected

Threshold: Threshold: EEνν>1.8MeV>1.8MeV
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The The ννe e energy spectrumenergy spectrum
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~1 km high 
Mt Ikenoyama
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KamLANDKamLAND: : 
KamKamiokaioka LLiquid scintillatoriquid scintillator
AAntintiNNeutrinoeutrino DDetectoretector

••1 1 ktonkton liqliq. . ScintScint. Detector. Detector

in the in the KamiokandeKamiokande caverncavern

••1325 17” fast PMTs1325 17” fast PMTs

••554 20” large area PMTs554 20” large area PMTs

••34% photocathode coverage34% photocathode coverage

••HH22O O CerenkovCerenkov veto counterveto counter
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The completed detector, looking upThe completed detector, looking up
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Scintillator is a blend ofScintillator is a blend of
20% pseudocumene and 20% pseudocumene and 
80% 80% dodecanedodecane

Different density Different density 
paraffinesparaffines are usedare used
to tune the density of to tune the density of 
buffer to 4buffer to 4··1010--44 ofof
that of the scintillatorthat of the scintillator

PPO concentration is PPO concentration is 
1.52 1.52 g/lg/l in scintillatorin scintillator
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Many reactors contribute to the antineutrino flux at Many reactors contribute to the antineutrino flux at KamLANDKamLAND
**EEνν>3.4MeV >3.4MeV 
((EEpromptprompt>2.6MeV)>2.6MeV)

4.84.87.87.8··10103317.417.466986986YonggwangYonggwang
6.16.19.99.9··10103311.511.544712712UlchinUlchinSouth Korea

South Korea

4.64.67.57.5··1010339.29.244735735KoriKori
4.34.37.17.1··1010338.28.244709709WolsongWolsong

5.15.18.38.3··1010336.06.033561561IkataIkata
6.36.31.01.0··1010443.83.822401401SimaneSimane
9.39.31.51.5··1010446.56.533431431OnagawaOnagawa

2.12.13.43.4··1010335.35.322830830SendaiSendai
4.84.87.87.8··10103310.110.144755755GenkaiGenkai

1.41.42.32.3··1010333.33.322783783TomariTomari

31.131.15.15.1··10104414.214.266349349Fukushima1Fukushima1
55.255.29.09.0··1010441.61.6118888SikaSika

29.529.54.84.8··10104413.213.244345345Fukushima2Fukushima2

62.562.51.01.0··1010554.54.522138138TsurugaTsuruga

Total NominalTotal Nominal

Japan
Japan

74.374.31.21.2··10105510.210.244191191TakahamaTakahama
114.3114.31.91.9··10105513.713.744179179OhiOhi

62.062.01.01.0··1010554.94.933146146MihamaMihama
62.062.01.01.0··10105510.610.644214214HamaokaHamaoka

181.7181.7

3.33.3

24.324.3

PPthermtherm

(GW)(GW)

1.31.3··101066

1.61.6··101044

4.14.1··101055

FluxFlux
(cm(cm--2 2 ss--11))

803.8803.87070--

10.110.111295295Tokai2Tokai2

254.0254.077160160KashiwazakiKashiwazaki

Rate Rate nooscnoosc**

(yr(yr--11 ktkt--11))
Cores Cores 
(#)(#)

Dist Dist 
(km)(km)SiteSite
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A brief history of A brief history of KamLANDKamLAND

369.7369.7Oct Oct -- Jan 11Jan 11
20042004Run BRun B

515.1515.1Mar 9, 2002 Mar 9, 2002 ––
Jan 11, 2004Jan 11, 2004DataData--set presented hereset presented here††

Jan/Feb 2003Jan/Feb 2003

Mar 9 Mar 9 –– Oct 6Oct 6
20022002

Jan 2002Jan 2002

DatesDates Live timeLive time
(days)(days)

--Electronics upgrade & 20” Electronics upgrade & 20” 
PMT commissioningPMT commissioning

145.4145.4**Run ARun A
(data(data--set of 1set of 1stst paper)paper)

--Start data takingStart data taking

* W
as

 1
45
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is

†† T.ArakiT.Araki et al,et al, arXiv:heparXiv:hep--ex/0406035 Jun 13, 04ex/0406035 Jun 13, 04
submitted to Phys Rev submitted to Phys Rev LettLett
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A limited range of baselines contribute to the fluxA limited range of baselines contribute to the flux
of reactor antineutrinos at of reactor antineutrinos at KamiokaKamioka

Over the data periodOver the data period
Reported hereReported here

Korean reactorsKorean reactors
3.43.4±±0.3%0.3%

Rest of the worldRest of the world
+JP research reactors+JP research reactors

1.11.1±±0.5%0.5%

Japanese spent fuelJapanese spent fuel
0.040.04±±0.02%0.02%
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z

VertexingVertexing is performed using timing from the 17” PMTsis performed using timing from the 17” PMTs

-65 (1.1MeV)
-68 (1.0MeV)

-60 (2.6MeV)
Am/Be(~8MeV)
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Tagged Tagged cosmogenicscosmogenics can be used for calibrationcan be used for calibration

1212BB

1212NN

Fit to data shows that
12B:12N ~ 100:1

τ=29.1ms
Q=13.4MeV

τ=15.9ms
Q=17.3MeV

µ
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Energy calibration uses discrete Energy calibration uses discrete γγ and and 1212B/B/1212NN

68Ge

65Zn

60Co

n-p

Carefully include Carefully include BirksBirks law, law, CherenkovCherenkov and light absorption/opticsand light absorption/optics
to obtain constants for to obtain constants for γγ and and ee––type depositionstype depositions

n-12C

σσ/E ~ 6.2% at 1MeV/E ~ 6.2% at 1MeV
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Estimate of total volume and Estimate of total volume and fiducialfiducial fractionfraction
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neutronsneutrons

Fraction of volume Fraction of volume insideinside the the fiducialfiducial radius verifiedradius verified
using using µµ--producedproduced 1212B/B/1212N and n (assumed uniform)N and n (assumed uniform)

1212B/B/1212NN
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-- RRpromptprompt, delayed, delayed < 5.5 m< 5.5 m
-- ∆∆RRee--nn < 2 m< 2 m
-- 0.5 0.5 µµs < s < ∆∆TTee--nn < 1 ms< 1 ms
-- 1.8 MeV < 1.8 MeV < EEdelayeddelayed < 2.6 MeV< 2.6 MeV
-- 2.6 MeV < 2.6 MeV < EEpromptprompt < 8.5 MeV< 8.5 MeV

Tagging efficiency 89.8%Tagging efficiency 89.8%

…In addition:…In addition:
-- 2s veto for showering/bad 2s veto for showering/bad µµ
-- 2s veto in a R = 3m tube along 2s veto in a R = 3m tube along tracktrack

DeadDead--time 9.7%time 9.7%

Selecting antineutrinos, Selecting antineutrinos, EEpromptprompt>2.6MeV>2.6MeV
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fiducialfiducial cutcut

Balloon edgeBalloon edge
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2.52.5Antineutrino spectrumAntineutrino spectrum
0.20.2Antineutrino xAntineutrino x--sectionsection

1.01.0Fuel compositionFuel composition
0.010.01Time lagTime lag

1.61.6Cuts efficiencyCuts efficiency

2.12.1Reactor Reactor PPthermalthermal

0.060.06Live timeLive time

4.24.2FiducialFiducial fractionfraction

%%SystematicSystematic

6.56.5TotalTotal

2.32.3Energy threshold Energy threshold 

2.12.1Scintillator volumeScintillator volume
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Inconsistent with simple 1/RInconsistent with simple 1/R22 propagation propagation 
at 99.995% CLat 99.995% CL

EventsEventsBackgroundBackground

7.57.5±±1.31.3TotalTotal
<0.89<0.89µµ--induced ninduced n
4.84.8±±0.90.988He/He/99LiLi

2.692.69±±0.020.02AccidentalsAccidentalsObserved events   258
No osc. expected  365±24(syst)
Background         7.5±1.3

ResultsResults

(Observed(Observed--Background)/Expected = 0.686Background)/Expected = 0.686±±0.044(stat)0.044(stat)±±0.045(syst)0.045(syst)

Caveat: this specific number does not have an absolute meaning iCaveat: this specific number does not have an absolute meaning in n KamLANDKamLAND, , 
since, with oscillations, it depends on which reactors are on/ofsince, with oscillations, it depends on which reactors are on/offf

(766.3 (766.3 tonton··yryr,,
~4.7~4.7×× the statistics of the first paper)the statistics of the first paper)
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2003 saw a substantial dip in reactor antineutrino flux2003 saw a substantial dip in reactor antineutrino flux
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90% CL90% CL

Good correlation with reactor fluxGood correlation with reactor flux
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(But a horizontal line still gives a decent fit with χ2=5.4/4)

Fit constrainedFit constrained
through knownthrough known
backgroundbackground
χ2=2.1/4

~0.03 for~0.03 for
3TW3TW

hypotheticalhypothetical
Earth coreEarth core
reactorreactor
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Very clean measurementVery clean measurement

AccidentalAccidental
backgroundbackground

Expect 1.5 nExpect 1.5 n--1212CC
capturescaptures
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Energy spectrum now adds substantial informationEnergy spectrum now adds substantial information

Best fit toBest fit to
oscillations:oscillations:

∆∆mm22=8.3=8.3··1010--55 eVeV22

sinsin2222θθ=0.83=0.83

StraightforwardStraightforward
χχ22 on the on the histohisto

is is 19.6/1119.6/11

Using equalUsing equal
probability binsprobability bins
χχ22//dofdof=18.3/18=18.3/18

(goodness(goodness
of fit is 42%)of fit is 42%)

A fit to a simple rescaled reactor spectrumA fit to a simple rescaled reactor spectrum
is excluded at 99.89% CL (is excluded at 99.89% CL (χχ22=43.4/19)=43.4/19)
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∆∆mm22=8.3=8.3··1010--55 eVeV22

sinsin2222θθ=0.83=0.83

LMA2 excludedLMA2 excluded
at 99.6% CLat 99.6% CL

UnUn--binned likelihood fit to 2binned likelihood fit to 2--flavor oscillationsflavor oscillations

““LMA0” disfavoredLMA0” disfavored
at 94% CLat 94% CL
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∆m2 = 6.9 x 10-5 eV2

sin2 2 θ = 1.0

This resultThis result

∆∆mm22=8.3=8.3··1010--55 eVeV22

sinsin2222θθ=0.83=0.83

First First KamLANDKamLAND resultresult
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A shapeA shape--only fit givesonly fit gives
similar resultssimilar results

∆∆mm22=8.3=8.3··1010--55 eVeV22

sinsin2222θθ=0.98=0.98
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KamLANDKamLAND uses a range of L and uses a range of L and 
it cannot assign a specific L to each eventit cannot assign a specific L to each event
Nevertheless the ratio of detected/expectedNevertheless the ratio of detected/expected

for Lfor L00/E (/E (or 1/Eor 1/E) is an interesting quantity, as it decouples) is an interesting quantity, as it decouples
the the oscillation patternoscillation pattern from the reactor energy spectrumfrom the reactor energy spectrum

no oscillation expectationno oscillation expectation

HypotheticalHypothetical
single 180kmsingle 180km

baselinebaseline
experimentexperiment
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More exotic, nonMore exotic, non--oscillations models for the antineutrinooscillations models for the antineutrino
channel start being less favored by datachannel start being less favored by data

DecayDecay**

excluded atexcluded at
95% CL95% CL

DecoherenceDecoherence††

excluded atexcluded at
94% CL94% CL

*V.Barger et al. Phys. Rev. Lett. 82 (1999) 2640
†E.Lisi et al., Phys. Rev. Lett. 85 (2000) 1166
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Combined solar Combined solar νν –– KamLANDKamLAND 22--flavor analysisflavor analysis

Includes (small) matter effectsIncludes (small) matter effects
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ConclusionsConclusions

Data consistent with large flux swings in 2003Data consistent with large flux swings in 2003

Welcome to precision neutrino physics !Welcome to precision neutrino physics !

Together with solar Together with solar νν

Spectrum distortions now quite significant, shapeSpectrum distortions now quite significant, shape--only very powerfulonly very powerful

Best Best KamLANDKamLAND fit to oscillations fit to oscillations ∆∆m=8.3m=8.3··1010--55 eVeV22, sin, sin2222θθ=0.83=0.83
LMA2 is now excludedLMA2 is now excluded

KamLANDKamLAND reactor exposure: 766.3 reactor exposure: 766.3 ton·yrton·yr (470% increase)(470% increase)
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