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KamLAND Phase I

• Reactor Anti-Neutrino Disappearance

• Geo-Neutrinos

• Neutron Disappearance

• Solar Electron Anti-Neutrino Search

• Supernova Watch

• Cosmic Ray Muon Spallation (work in progress)

(January 21, 2002 to May 12, 2007)



Reactor Anti-Neutrino 
Disappearance



! 

p+12C"13N +#

! 

13N"13C +e+ + $ e

! 

p+13C"14 N +#

! 

15O"15N +e+ + $ e

! 

p+14 N"15O +#

! 

p+15N"12C +%

! 

p+15N"16O +#

! 

p+16O"17F +#

! 

17F"17O +e+ + $ e

! 

p+17O"14 N +%

! 

~ 4 &10-4

pp → De+νe pe−p → Dνe

Dp →3He γ

3He 4He → 7Be γ

7Be e− → 7Li νe(γ) 7Be p → 8B γ

3He 3He → 4He p p

7Li p → 4He 4He 8B → 8Be∗ e+ νe

4He 4He

3He p → 4He e+ νe

(pp) (pep)

(  Be)7

(  B)8

(hep)

98.5%

99.77% 0.23%

84.7% ~2!10   %
-5

13.8%

13.78% 0.02%

pp chain CNO cycle

The Standard Solar Model
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The Solar Neutrino Problem
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Neutrino Oscillations
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Neutrino Oscillations
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 consider only two neutrino oscillations:



Reactor Anti-Neutrino Disappearance Experiments

νe

Ne+

Nµ+

Nτ+

(A, Z) → (A, Z + 1) + e− + νe → → νe + p → n + e+

→ νµ + p → n + µ+

→ ντ + p → n + τ+

Beta Decay of Neuron Rich Fission Fragments



Reactor Anti-Neutrino Disappearance Experiments

L

P (νe → νe) = 1 − sin2 2θ sin2
1.27∆m2L

E

νe

Ne+

Nµ+ = 0

Nτ+ = 0

(A, Z) → (A, Z + 1) + e− + νe → → νe + p → n + e+

→ νµ + p → n + µ+

→ ντ + p → n + τ+

Beta Decay of Neuron Rich Fission Fragments
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LMA and KamLAND
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The KamLAND Detector



Detection of Electron Anti-Neutrinos

(>1 MeV)       

Eνe
≈ Eprompt + 0.8 MeV



KamLAND Reactor Anti-
Neutrino Disappearance Studies

• 1st Result (162 ton·year exposure)

• 2nd Result (766 ton·year exposure)

• 3rd Result (2880 ton·year exposure)



1st KamLAND Reactor Result
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Nobs − Nbkgd

Nno−osc
= 0.611 ± 0.085stat ± 0.041syst











DiscoveryMeasurement



2nd KamLAND Reactor Result

• Increased fiducial volume: 5 m  5.5 m radius

• Increased live time

• Exposure: 162 ton·year  766 ton·year



•                                (11% CL)

•                                (0.4% CL) for an undistorted shape

χ2

p
/dof = 24.2/17

χ2

p
/dof = 37.8/18







3rd KamLAND Reactor Result



(1) Increased exposure: 766 ton·year  2880 ton·year

• Increased fiducial volume: 
5.5 m  6 m radius.

• Increased live time.

• Improved statistical 
precision.

• Improved history of signal 
to background variations 
and small baseline 
perturbations due to the 
power fluctuations of the 
nuclear power reactors.

KamLAND PRL 2005



(2) Lower analysis threshold: 2.6 MeV  0.9 MeV

(unified reactor neutrino and geo-neutrino analysis)

Unified Analysis
Threshold



(3) Reduced Systematic Errors

Uncertainty %

Fiducial volume 4.7

Energy threshold 2.3

Cuts efficiency 1.6

Live time 0.1

Reactor thermal power 2.1

Fuel composition 1.0

Anti-neutrino spectra 2.5
Cross section 0.2

Total uncertainty 6.5

Future
improvements}

Recent Full Volume Calibration

Off-axis Calibration 
Campaign



The 3rd KamLAND Reactor Result is...

Treated as S
ECRET/SCI



The 3rd KamLAND Reactor Result is...

Treated as S
ECRET/SCI



Please wait one month.



Geoneutrino Results



Reactor 
anti-neutrinos

Geoneutrinos
2.6MeV reactor

analysis threshold

• Radioactive decays: 40K, 232Th, 238U 
must contribute a significant fraction

• Anti-neutrinos from 232Th and 238U 
decays visible in KamLAND

• Reactor neutrinos main background

• Use KamLAND to measure 
radiogenic heat contribution

Total Earth heat-flow:  30-40TW
Where does the heat come from?

Geoneutrinos



• For 749 days of livetime

• “Rate” result

• Observed: 152 events

• Background: 127 ± 13 events

• Geoneutrinos: 

• “Shape” result

• Central value: 28

• ~2 sigma effect

Expected
Reactor

U

Th

Expected

Total BG

Data

Accidental

Expected
Reactor

Geoneutrino Results

25
+19
−18

Current data limit radiogenic heat to < 160TW



KamLAND Phase II
The Low Background Phase

• Measurement of the 7Be Solar Neutrino Flux

• Improved Geo-Neutrino Measurement

• Supernova Watch

(May 12, 2007 to present)
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.Friedland et al., PLB 594, 347 (2004).
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Figure 1: Schematic survival probability. The figure shows the electron neutrino

survival probability, Pee, as a function of neutrino energy for the (daytime) LMA oscillation

solution. For small values of the parameter β defined in equation 2.2 and equation 2.3, the

kinematic (vacuum) oscillation effects are dominant. For values of β greater than unity,

the MSW (matter) oscillations are most important. For solar conditions, the transition

between vacuum and matter oscillations occurs somewhere in the region of 2 MeV.

If β > 1, the survival probability corresponds to matter dominated oscillations,

Pee = sin2 θ12 (β > 1, MSW). (2.7)

The survival probability is approximately constant in either of the two limiting
regimes, β < cos 2θ12 and β > 1. The LMA solution exhibits strong energy de-
pendence only in the transition region between the limiting regimes.

At what neutrino energy does the transition take place between vacuum oscil-
lations and matter oscillations? The answer to this question depends upon which

neutrino source one discusses, since the fraction of the neutrino flux that is produced
at a given radius (i.e., density and µe) differs from one neutrino source to another.
The 8B neutrinos are produced at much smaller radii (higher densities) than the p−p

neutrinos; the 7Be production profile is intermediate between the 8Be and p− p neu-
trinos. According to the BP00 solar model, the critical energy at which β = cos 2θ12

is, for tan2 θ12 = 0.41,

E(crit) " 1.8 MeV (8B); " 2.2 MeV (7Be); " 3.3 MeV (p − p). (2.8)

9

Vacuum 
Oscillation

New 
Physics?

Matter 
Oscillation

sin
2
2θ12

1 −

1

2
sin

2
2θ12

Pee

Pee

Testing the SSM and the LMA MSW

• Observation the transition from Matter  Vacuum Oscillations.

• Contribute to an improved measurement of the Solar pp 
Neutrino Flux.

• Need a 5% Measurement.



Detection of 7Be Solar Neutrinos
νe

νe

 e-

 e-Detect through neutrino-electron elastic scattering:
(no delayed coincidence to suppress backgrounds)

Pre-Purification Spectrum
(4m Radius Fiducial Volume)











Isotope T1/2
Current

Concentration Goal Purification
Level Method

210Pb 22.5 yr 10-20 g/g 10-25 g/g 10-5 Distillation

40K 109 yr 1.9x10-16 g/g 10-18 g/g 10-2 Distillation

85Kr 11 yr 700 mBq/m3 1 μBq/m3 10-6 N2 purging

238U 109 yr 3.5x10-18 g/g 10-18 g/g

232Th 1010 yr 5.2x10-17 g/g 10-16 g/g

222Rn 3.8 days <1mBq/m3 [Produces 210Pb]



After 10-6 reduction in 
210Pb and 85Kr

Goal: S/B = ~6:1

Pre-Purification
Spectrum

Post-Purification
Spectrum

7Be ν 79.9 event / day
pep ν 3.8 event / day
CNO ν 16.3 event / day



Borexino
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Fit: χ2/NDF = 41.9/47
7Be: 47±7±12 cpd/100 tons
210Bi+CNO: 15±4±5 cpd/100 tons
85Kr: 22±7±5 cpd/100 tons
210Po: 0.9±1.2 cpd/100 tons

Stainless Steel SphereExternal water tank

Nylon Inner Vessel
Nylon Outer Vessel

Fiducial volume

Internal
PMTs

Scintillator

Buffer

Water
Ropes

Steel plates
for extra
shielding

Borexino Detector

Muon
PMTs

arXiv:0708.2251v1 [astro-ph]

~30% Measurement



~ milli-liter
 system

~ liter system

real system

~ 1.5 kilo-liter / hour

KamLAND Liquid Scintillator 
Purification Development



KamLAND Purification System

• Distillation into separate components: Pseudocumene (PC), 
Dodecane (NP) & PPO



LS is taken from KamLAND

• Liquid Scintillator (LS) is fed from KamLAND into a small (2m3) 
holding tank



• Pseudocumene distillation in first tower

• Remainder sent to next tower

Pseudocumene Distillation



• Dodecane is distilled in the 2nd tower

• Remainder in the distillation tower is further concentrated and 
sent to PPO tower

Dodecane Distillation



• PPO is the final step in distillation

• Remainder is discarded

PPO Distillation



• Distilled PC, NP and PPO are blended to remake the liquid 
scintillator

PC, NP,  and PPO Mixing



• Final step is N2 purging of the Liquid Scintillator

• Radon and Krypton Removal

Distillation of Pseudocumene



Purified LS is Returned to KamLAND



Purified LS Monitoring

• Radon content measured with miniLAND

• Krypton monitored with RGA

• Attenuation Length and Light Yield 
Measurements



KamLAND Purification Status
• December 2006 - begin testing complete 

purification system in a closed circulation loop

• May 12, 2007 - first transfer of purified liquid 
scintillator into KamLAND
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0.9 < E < 1.1 MeV
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~ 300 m3 after 10 day operation

new LS 
separation

purification is now going on ...



KamLAND Purification Status

• December 2006 - begin testing complete 
purification system in a closed circulation loop

• May 12, 2007 - first transfer of purified liquid 
scintillator into KamLAND

• August 1, 2007 - scheduled purification stop 
(due to blasting for XMass experiment)

• Restart purification after blasting is complete 
(Fall 2007/Winter 2008)



• KamLAND Phase 1 (January 21, 2002 to May 12, 2007)

• KamLAND results strengthen support for “neutrino disappearance” and 
LMA-MSW as the solution to the Solar Neutrino Problem

• Precision measurements: best-fit KamLAND+Solar oscillation parameters 
are: 

• New results soon!

• First indication of Geoneutrino detection: new tool to investigate the Earth

• KamLAND Phase 2 (Low Background Phase, May 12, 2007 to present)

• Measurement of solar 7Be neutrinos: is solar oscillation only LMA-MSW? 
Investigating SSM

• Geoneutrino measurements will continue with significantly lower 
backgrounds

• Lower supernova threshold to ~0.2MeV

Summary

tan
2
θ = 0.45

+0.09
−0.07∆m

2
= 8.0

+0.6
−0.4 × 10

−5
eV

2



Thank you!

KamLAND Collaboration Meeting
September 2006, Toyama, Japan


