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Physics Target in KamLAND
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KamLAND

Kamioka Liquid Scintillator Anti-Neutrino Detector
1,000 ton Liquid Scintillator

Pseudocumene (20%)

Dodecane (80%) PPO (1.5 g/l)
l;l l;[ H H

H-C=C~- —C { H
H H

Dodecane (C2154) : 80% Pseudocumene : 20% PPQ) :1.5g/1

(1,2, 4-Trnnmethy| Benzene) (2.5-Diphenyloxazale)
1,325 17 inch + 554 20 inch PMTs
/

commissioned in February, 2003
photocathode coverage : 22% — 34%

Water Cherenkov Outer Detector



Reactor Neutrino



Neutrino Oscillation

MNS (Maki-Nakagawa-Sakata) Matrix
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AmM? in eV?

Solar Neutrino Problem
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KamLAND Experiment

] _ J usss fO 2 flavor neutrino oscillation
: s , 5 1.27Am2[eV3I[m)]
Wb B P P(ve — v,) = 1 — sin® 20 sin”( EMoV] )

most sensitive region
Am? = (1/1.27) - (E[MeV]/L[m]) - (7/2)
- ~3x 10" "eV?

—> | MA solution

Fission number flux(10 fission/cm 2)
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AL (distance spread from reactors)
175 £ 35 km ~ 20%

E1R

AE (energy resolution)

17 inch PMTs 7.4% /\/E(MeV)
17 inch + 20 inch 6.5% /\/E(MeV)

Good condition to confirm solar neutrino oscillation



Reactor and Geo Neutrino Analysis

previous result S / B ratio map (energy v.s. radius)
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(1) efficient accidental background rejection

(2) combined analysis of reactor and geo neutrinos




Anti-Neutrino Event Selection

(a) Accidental B.G. discrimination 2.2 < Eprompt < 2.3 MeV
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Anti-Neutrino Candidates

prompt vertex delayed vertex
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Accidental backgrounds are suppressed by Lratio Selection



Systematic Uncertainty

“full volume” calibration lowered the fiducial volume error

(4.7% in previous analysis)

preliminary

Detector related Reactor related
Fiducial volume Ve Spectra 2.4%
Energy scale 1.5% Reactor power 2.1%
L-selection eff. 0.6% Fuel composition 1.0%
OD veto 0.2% Long-lived nuclei 0.3%
Cross section 0.2% Time lag 0.01%

2.4% 3.4%

Total systematic uncertainty : 4.1%



New Calibration System

4pi calibration system [
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Full Volume Calibration
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sce Energy Scale Error
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Nuclear Fission

N @ N neutron rich fission fragment
7 beta decay
NZ—’ N3 + e- +Ve
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Reactor Anti-Neutrino Spectrum

overall fission ratio
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Events/MeV/sec

(a, n) Background Estimation

natural abundance
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13C(a, n)'%0O Cross Section
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events/MeV/alpha

(a, n) Background Estimation

Improvement

(1) cross section measurement at 4% precision

(2) proton quenching measurement at a neutron facility

(3) Po®3C source calibration

-6 . .
x10 Po'3C source calibration |-

6 ground state 163.3 + 18.0 events for ground state
4 18.7 + 3.7 events for excited state
| 2nd excitted state
2/ \
[ o
B . . 11% for ground state
3 4 5 6 7 8

visible energy [MeV] 20% for excited state



Rate Analysis above 2.6 MeV

“Reactor” rate analysis Pe”f:'j” A et updeed R

(2.6 MeV threshold) 14 Glodays o> Ay
No osci. expected 1549 § . ;
Background 63 ‘o
Observed events 985 e o wos zos aes 2007
Ratio = (obs. - B.G.) / No osci. :: preliminary 0’06@
0.594 + 0.020(stat) * 0.026(syst) 1.2F ‘\\((§\o°

1 >

8.50 disappearance significance

Fit constrained through B.G. expected
w2/ ndf= 3.1/4 _
Fit with a horizontal line 2 90% C.L.
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Energy Spectrum above 0.9 MeV

exposure : 2881 ton-year (3.8 x 766 ton-year for “KamLAND 2004”)

geo neutrinos

previous result (above 2.6 MeV)

“Geo + Reactor”

>

00 e KarL AND data combined analysis
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> - | accidental Background 276
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ol b b b L el —
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E rompt MeV) goodness of fit using equal probability bins
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NO OSCI.

v2/ndf= 63.9/17

Scaled no oscillation spectrum is excluded at 5.20



L/E plot

Ratio = (observed - B.G.) / (no osci. expected)
R wio geo neutrino

1.4 :— e KamLAND data
- best-fit osci. e
1.2 best-fit osci. + Expected Geo V, — : _
- - consistent with geo
- neutrino expectation
1:_ + from an earth model
.% 0.8 \20"/ geo neutrino
~ 06F + + + flux uncertainty
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Distortion effect is clearly illustrated by L/E plot



short baseline

experiment \12
1

Ratio

1.4

Neutrino Oscillation

previous result (above 2.6 MeV)
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KamLAND covers the 2nd and 3rd maximum
—> characteristic of neutrino oscillation



Alternate Hypothesis

V. D. Barger et al., Phys. Rev. Lett. 82, 2640 (1999)

previous result (above 2.6 MeV) N
E. Lisi et al, Phys. Rev. Lett. 85, 1166 (2000)

<
14  « KamLAND data « CHOOZ data
- best-fit osci.
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best model is neutrino oscillation



Alternate Wavelength

previous result (above 2.6 MeV)

< >
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LMA O and LMA II are disfavored at more than 4o



Oscillation Parameters

small matter effect
SNO KamLAND y KamLAND only

20 +0.14
o 15k tan20 = 0.56 —0.09
X F
<] n +
"l Am2 = 758702 x 105 eV/?
I (marginalized error)
e PEEEE 8 2 eutting effect
99% C.L. L neutrino etrecC
s 973%CL. |1 | >00 ™\ LMAIl - o _
C\l> 10_4_ best fit I | | % :3neutlno_
> - m-% 25 2 neutino
= SN L oy
5 preliminary :
T 7.5/
SNO R :
---------- 95% C.L. S A -
----- wict [ 749 7 N
e b L1MmAQ ¢ preliminary
ST SN /& 0T Nt TS V010205 0405060705051
10" 1 10 20 30 40 sin’ 6,
tan°0 Ay

same result for Am?



Precise measurement of Am?

KamLAND 2004 This result
o KamLAND + SNO
12
+0.07
tan20 = 0.40 +88; tan20 = 0.49 _0.05
11
2 — +0.4 -5 2
Am== 7.9 5 x 107 eV AM?2 = 7.597023 x 105 eV?
10
N Am?: systematic uncertainty 2.0%
N% 9 - dominated by linear energy scale uncertainty
E
T~ L T
N: KamLAND + SNO
5 - B 95% C.L.
6 o[ . . 99% C.L.
preliminary == 25wc-
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Am? is measured at 2.8% precision by KamLAND



Geo Neutrino



Geo Neutrino Detection in KamLAND

anti-neutrino flux
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Anti-neutrino energy, E  (MeV)

238U — 206Ph 4 8%He + 6~ + 67, + 51.7 MeV (100%) <—
282Th — 298Ph 4 6*He 4 46 + 40, + 42.7 MeV (100%) <—
YK — YCa+e” 4+ 7, +1.31 MeV (89.28%)

VK +em =% Ar+ v, + 1.51MeV(10.72%)



Geo Neutrino Production

ZETh 228
Wyl ! 19y
MeV 5.3, 5.4 MeV]
| 22 Ac B decay
B.13h deca
4-2.2 MeV
s / 2245
58 3.66 d
=0.1 M 5.7 MeV
558

5.3 MeV

2

1I:Ipn,
iigd
3 MeV
208T]
5d 4.1 min
A ¥ 0.5 Mey
2Ephy
Stable

Anti-neutrinos are produced by beta-decays,
and radiogenic heat are generated by all decays



Earth Energetics

“+* . radiogenic heat generation

Ve BSE (bulk silicate
Earth) model
.4%3; analyses of meteorite
- total ~19 TW

understanding heat

\/
planet dynamics and

formation mechanisms

heat flow from surface

44TW or 31 TW

Geo neutrino detection directly tests
the radiogenic heat generation



Reference Earth Model

UCC U:2.8ppm/Th:10.7 ppm oceanic crust
MCC U:1.6 ppm/Th:6.1 ppm U:0.10 ppm/Th:0.22 ppm

LCC U:02ppm/Th:1.2 ppm
continental Rudnick et al. (1995)

crust

chondrite meteorite

: Inner Core ¢ h/U ~ 39
Fali ¢ |radiogenic heat ~ 16 TW
. . o y
mantle core
U:0.012 ppm/ Th: 0.048 ppm U:0ppm/Th: 0 ppm

no U/Th in core

Mantle = Meteorite (BSE model) — Crust



Distance and Cumulative Flux
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Geo Neutrino Estimation
Analysis : KamLAND (rate + shape + time) + SNO

geo neutrinos (U, Th) model enggtgdevents 36,5 TNU)
S00F 5 KamLAND dat X ! *
- — 1o oscillation : ThIU mass ratio
250¢ best-fit oscillation _ ¢
% - i accidental 15 |xed . 3-9
Ar 0
< = i — best-fit osci. + BG -
C\S 150:_ ﬁ_ﬁ#ﬁi + Expected Geo V. 10~ prellmlnary
g . n :
S 100 i i
a4 B i
- .. 4= I |
- L preliminary & :
O()_HlllllHI2|IIH?l)lllléll-llllsllllléllll7 8 O_IIIISO 5 1(|)0IIII15|0IIII200
Eprompt (MeV) Ny + Np,
Reference model (16 TW) U+Th = 74.9722 event
U :56.2 event (28.9 TNU) 39 47133 TNU

Th:13.1 event (7.6 TNU) (previous result : 57.47355 TNU)

TNU (Terrestrial Neutrino Unit) = events/103? target-proton/year




Summary

e KamLAND improved sensitivity to ve observation.

data-set : 766 ton-yr — 2881 ton-yr (o, n) B.G. uncertainty :
E threshold : 2.6 MeV — 0.9 MeV 32% — 10% (ground state)
syst. uncertainty : 6.5% — 4.1% 100% — 20% (excited state)

® |n the reactor neutrino analyses, we showed

- Oscillatory shape including 2nd and 3rd maximum
- Exclusion of LMA IT and O at more than 40 C.L.
- Precise measurement of oscillation parameters.

KamLAND only  tan2@ = 0.56 5, Am?2=7.58"02! x 105 eV?2

KamLAND + SNO tan20 = 0.4975,s Am?2=7.59"02 x 105 eV?2

e (Geo neutrino flux is measured with better precision.



