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Introduction

Reactor antineutrino experiments:
look for a flux deficit at a distance L

Detector

<l

Nuclear reactor \ V,
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Neutrino Oscillations

* Write the weak states Vv, as a linear combination of mass

eigenstates V.
- Z Uyv,
J

cosf,, sinf,, 0 1 0 0 cosf, 0 e ’’sind,, 1 0 0
U=|—-sin6,, cosf, 0| X |0 cosf, sin6,| X 0 1 0 X [0 e 0
0 0 1 0 —sinf,, cos0., —e_ié"”sinG13 0  cosf, 0 0
T L Tk
P(v,—~v,, L)=1-sin’2¢sin’—; L =
[ osc y)
0SC 1.27Am
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MSW Effect’

Ve, Vu, VT Ve, Vu’ VT \)e e
P P > - =
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% 7° % W
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q, © q, © ¢ v,
2N 21
=1+ L=
n p2 f1(0) = T2G.N
7 TT L

P(v,~v,,L)=sin"20, sin =

m

LOSC
1+ sec20

L, )

1-1/2

2
Losc
L, )

* L. Wolfenstein, Phys. Rev. D 17, 2369 (1978)
S.P. Mikheev and A. Yu. Smirnov, Sov. J. Nucl. Phys. 42, 913 (1985)
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Solar Neutrino Oscillation Parameters

('\l> I |
&
Na .
<10 [ .
L | “T.MA”
i ] L, ~10"km
- —90% CL |
L —05% CL .
99% CL
5| —99.73% CL
10 = —
10 1

tan 20
S.N. Ahmed ef al. (SNO Collaboration), Phys. Rev. Lett. 92, 181301 (2004)
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Reactor Experiments

e Control source and detector

L
e RockhasZ >R  — L‘)SC < 1: Matter effects are negligible

earth
0

e Detect anti-neutrinos imstead of neutrinos

However...
* Disappearance only — limited O sensitivity

®* ATTsource
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Reactors In Japan
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Reactors In Japan
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80% of total flux from baselines 140-210 km
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The KamLAND Detector

Chimney

Liquid Scintillator
(1 kton)

LS Balloon
(diam. 13m)

Containment

Vessel —— N

1879 Inner

<—Detector PMTs
(34% coverage)

Outer Detector| |\ N\
N .« Buffer Oil

Outer Detector

—-

PMTs ~
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Event Signature

ve—l-p—>n+e+
511 keVz Q
HO=ANR
511 keV y

. At ~ 210 us

2.2 MeV y

"“‘@@

Coincidence signal: detect

— Prompt: e"energy + annihilation y

—Delayed: n-capture y
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Event Signature

ve—l-p—>n+e+
511 keV¥ 2.2 MeV v
_ 3 A
..... V.e. N O /;‘ !
511 keV y

. At ~210 us |

Coincidence signal: detect
— Prompt: e"energy + annihilation y
—Delayed: n-capture y
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Event Reconstruction

KamLAMD Event Display

FunsSubrunsEvent 3 Z207/0-/0160074

UT: Tue Jan 1 07:d40:01 2002

TimeStamp ¢ 1027375301650

TriggerType § Oxall / OxZ2

Time Difference 18,7 mzec : .
MumHit~/Nzum/Hzum2/MumHitA : 5963185670 ((:()l()r IS; tl rT]Ej)
Total Charge : 1,2e+03 (03

Mawx Charge f(chi: 11 (403

Reconstruct event
position and energy

from PMT-hit
timing and total
light collected

s . . -

hed  B0d G614 624 634 Bdd 654 Bed 674 584
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Calibration

reconstruction with radioactive

|
o8
% Calibrate energy and position
8 gamma Sources
@
|

z-axis dependence ot z deviation

20
'g' = e AmBe(4.4MeV) ® Co 1+ .
S5 % AmBe(7.6MeV) A Zn B Gellatrhey)
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- - v Ge S
) 0.8 Co(2.5MeV).
T [ - X :
N
5_ % - -2 Vg
- 0.6
- 0
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Calibration

. Chi2 /ndf = 650.3 /495
Tagged cosmogenics are s sl it cpyam 3N
. . s B12 =31660+04 + 2081
also used for calibration 5 sl
1=29.1ms j
<13.4MeV o & o 150 2o o 20 00 400 %0 50
time difference from muon [msec]
IZN :é 2500:
=15.9ms %
Q=17.3MeV :

1L

Fit to data gives “B:"*N ~ 100:1

PRI S [ T S

1 1 L L 1 L L L 1 1 1 1 L L 1 I
4 6 8 10 12 14 16 18 20
visible energy [MeV]
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Energy Scale

Correct for Birk's quenching, Cherenkov
emission, light absorption/optics

0.04— @ Y-ray sources 0 2B/"N
- b
0.02— S i e S SRS oS b i A S
| 7Ge wgco { e
= ¢
3 ° ; I
[ 65 J'
L0.02 e T ---------------
-0.04—
P R | | | | | | | 1

Energy (MeV)
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Event Selection

511 kqu 2.2 MeV y
— . Pl
VG» /g‘ o
511 keV y

. At~ 210 us N

* Time correlation: 0.5 Us <At <1 ms

* Vertex correlation: AR <2 m
e Delayed event energy: 1.8 MeV <E;<2.6 MeV

e Prompt event energy: 2.6 MeV < Ep < 8.5 MeV

e Spherical fiducial volume: Rp, R <55m

Total efficiency: 89.8 £ 1.5 %
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Data Collection

Jan 11, 2004

Live time

Dates (days)
Start data taking Jan 2002 -
Run A Mar 9 - Oct 6 145.4
(data-set of 1%t paper)* 2002
Electronics upgrade & 20”
PMT commissioning Jan/kFeb 2003 )

Oct-Jan 11

Run B 2004 369.7
Data-set presented here Mar 9, 2002 - 515.1

Exposure: 766.3 ton-yr (4.7 times our previous result)

*K.Eguchi ef al. (KamLAND Collaboration), Phys. Rev. Lett. 90, 021802 (2003).
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Prompt/Delayed Event Energies
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Fiducial Cut

Pl CRPRESS 5.5 m fiducial cut
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Fiducial Volume and Systematic

flow meter meas.
purification tank meas.

3,000 m° tank meas.

LN \ N
AL TR
N \
ON \

YL ]

1180 1200 1220

scintillator volume (m 3’)

| 1 L ALl LA i

1120 1140 1160

spallation neutrons

12B / 12N
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Fiducial Volume and Systematic

121 /12 4000¢ :
BIPN ik
= 3000F- P
- p— - I *—'— . L
2 2500F- ! balloon
= = : —+— ! radius
S 2000 ; :
B = :
= 1500F- :
1000  —
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500F- 5
0:..|...|...i...|..i..==_,_,_
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1000 : ;
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= = ' H
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u - M | M M | M M | M | M M 1 M | A
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Backgrounds

* Accidentals: 2.69 + 0.02 events
* off-time window selection
* random event pairing
e “swap” Ep/Ed cuts™

* Correlated backgrounds: spallation products
* veto full detector for 2s after showering/bad-j
* apply 2s veto in 3m-radius tube along good-| tracks
— 9.7% correction to exposure

* Remaining correlated backgrounds:
e "He/’Li: 4.8 £ 0.9 events

e fast n: < (.89 events

* Total Backgrounds: 7.5 £ 1.3 events

*Y.-F.Wang et al., Phys. Rev. D 62, 013012 (2000)
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Reactor Fuel Cycle

o
L
% L
a 020
= ]0 .
% E.- lli'll.l.ill!.ll.lIllli..!li.lllllll'iiiiilll:!::
.E i ;;111111&111;;;11111111111111111;1;;1111»
—ll“l‘
I
10 93‘-----““"'"“'“::5335555555555!!--"“““m
- 00000
;DDOGGQGDGGUGDDDOG EESU °
i U >99.9% of V are
10 13_:__ ';[’:Pu A ¢
i S Pu v produced by fissions of
- Pu ©
I 22p 235U’ 238U, 239Pu, 241Pu
1 lTi !11117111111!1!11?7111’7'
- 'rrrfvvrrrvvv"’"""'
AL
[ pooooo0d
10 16:‘ DuDDDDDDEIDDD”DDDDUUDD
- :jleIDEIEIIJEIDDDD:'EDD
_|I]l?:ljlljlfllliIIIIII|IIII-IIII||IIIIIIII|IIII|'-IIIII|__j_|__
0 50 100 150 200 250 300 350 400 450 500
Days

SLAC Experimental Seminar 24 June 22, 2004



Simulation Inputs

E 10 3 ® Power 0.962
m 73 F A Pressure  3.42x1073
—= 5 E m Flow 1.11x1075
= - ¥ Boron ppm 1.41x1073
Lo2s5 E O T inlet 1.52x10
o =
e O FE®S w |
S25 F
-5 5—
7.5 F
_10:_.IJJlllI.L[l!I.JEJ]|.||.|l|.L|.llIl]]]]|]|.||.|.l|.]

10 75 5 25 0 25 5 175 10
% Input Error

Economics pushes the uncertainty on the power to < 1%
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V. Spectra

10 E T I | T T =
e °U, *°Pu, and **'Pu: V_spectra are derived Eean
= '1,;— =
from [3-spectra measurements ;E:m :
A. A. Hahn et al., Phys. Lett. B218, 365 (1989) el
K. Schreckenbach et al., Phys. Lett. B160, 325 (1985) = } 1
103 E
._ ]
e 25J: no measurements are available, so we 104 Al
must rely on calculations E S 1
5| U 11
Wk e
P. Vogel et al., Phys. Rev. C52 (2498) : (E
1[]-5 | I I I | | | I ] ]
1 2 3 4 5 6 7 8 9 10

KINETIC ENERGY OF BETAS IN MEY

SLAC Experimental Seminar 26 June 22, 2004



The Detected V, Spectrum

Reactor v, spectrum (a.u.) Observed spectrum (a.u.)

I~

70

60

50

40

30

20

v tp—n+e’ cross
section (104 cm?)*

10

2 3 4 ] 6 7 8 9 10

E (MeV)

* P. Vogel and J. F. Beacom, Phys. Rev. D60, 053003 (1999)
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Bugey 3

Short baseline (L = 15 m, 40 m), 1.5 x 10’ events

2
11
Qb e
08 l | | | l 1

Positron energy (MeV)

B.Achkar et al., Phys. Lett. B 374, 243 (1996).
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Bookkeeping...

Site Dist | Cores | Pierm Flux Rate noosc™

(km) | (#) 6W) | (em=2st) |(yr?! kt?)

Kashiwazaki | 160 | 7 | 243 41105 254.0
Ohi 179 | 4 [ 137 1.9-10° 114.3
Takahama 191 | 4 | 102 1.2:10° 74.3
Tsuruga 138 2 45 1.0-10° 625
Hamaoka 214 | 4 | 106 1.0-10° 62.0
Mihama 146 | 3 49 1.0-10° 62.0
Sika 88 1 1.6 9.0-10* 55.2
g [Fukushimal [ 349 [ 6 [ 142 5.1-10* 311
© |Fukushima2 | 345 | 4 | 132 4,810 29.5
Tokai2 295 | 1 3.3 1.6-10* 10.1
Onagawa 431 3 6.5 15104 9.3
Simane 401 | 2 38 1.0-10* 6.3
Ikata 561 3 6.0 8.3-10° 51
Genkai 755 | 4 10.1 7.8:10° 48
Sendai 830 | 2 5.3 3.4-10° 2.1
Tomari 783 | 2 3.3 2.3-10° 14
Y |Vlchin 712 | 4 115 9.9-103 6.1
3 (Yonggwang | 986 | 6 | 174 | 7.810° 438
g Kori 735 | 4 9.2 75108 46
£ |Wolsong 709 | 4 | 82 | 7M1MO° 43

Total Nominal| - 70 |181.7/ 1.3-10° | 803.8

Japanese research reactors / spent fuel / rest of the world: 1.1 £ 0.5%

SLAC Experimental Seminar

29

June 22, 2004



Survival Probability

e Events observed: 258

* No oscillation expectation:
365 % 24 (syst)

* Background: 7.5 £ 1.3

* Average survival probability:
0.686 £ 0.044 (stat) = 0.045 (syst)

V_disappearance at 99.995% C.L.

SLAC Experimental Seminar

Systematic %0
Scintillator volume 2.1
Fiducial fraction 4.2
Energy threshold 2.3
Efficiency of cuts 1.6
Live time 0.06
Reactor power 2.1
Fuel composition 1.0
Time lag 0.01
Antineutrino spectra 2.5
V_- p cross section 0.2
Total systematic error| 6.5%
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Time Variation

[
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1.2

Source-Signal Correlation

o o
)l oo
| |

observed V, rate (events/day)
=
T~
|

0.2
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-
-
-

—— Data
= Background
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no-osc V, rate (events/day)
32
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Energy Spectrum

11 L 1T 1T 1 1T 1T 1 1T 1T 1 | L | 1T 1T 1 | 1
' —— no-oscillation
- — best-fit oscillation
Best oscillation fit: : I accidentals
2 _ -5 2 = spallation
Am>=83x10°eV? 2 . B s
sin22.9 — 0.83 E —e— KamLAND data
= : +
=
X* for 20 equal g — ‘ +
probability bins: = 5
183 (18 d.o.f) |
Tt i
| |
e L | e e
2 3 4 5 6 7 3
E  (MeV)
prompt

A rescaled no-oscillation spectrum 1s excluded at 99.89% C.L.
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L/E Spectrum

B A
14— Y
- 2.6MeV ® KamLAND data
12 C analysis threshold  _ best-fit oscillation
_ .
1 e
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L/E Spectrum

B A
14— .
- 26MeV ® KamLAND data
{2 C analysis threshold - ___ best-fit oscillation
B Py 5 ----- best-fit decay
1__ -+~ bestfit decoherence’
2 08
ZS - )(2 = 28.6/18
- _
Z 0.6 !
041 S
- X =30.1/18
02f
G B [ | L0 1 1 I “ L 01 I [ | L0 1 1 I |; A I I | I |
0 10 20 30 40 50 60 70 80

L/E (km/MeV)

"V.Barger et al. Phys. Rev. Lett. 82 (1999) 2640
fE.Lisi et al., Phys. Rev. Lett. 85 (2000) 1166
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Oscillation Parameter Contours

10 //mmmm——————————

Best fit: i

Am*=8.3x 107 eV’
sin“20 = 0.83

4
. .. 10
Maximal mixing

disfavored at
79% C.L.

B iy

Am? (eV?)

LMA 1I disfavored at "
99.6% C.L.

LMA 0 disfavored at
94% C.L.
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Shape-Only Contours
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Comparison with Previous Results

Previous result: This result:
Am?> =69 x 107 eV? Am®>=8.3x 107 eV?
sin’20=1.0 sin’20 = 0.83

10'3

-4
10

A m” (eV 2)

-5
10

b L ERT

0 02 04.06 08 1 “o 0z o1 05 o 1
sin“20 sin” 20
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| --=--YY% C.L. Yy CL.
- —99.73% C.L. B 99.73% C.L.
4 solar best fit » KamLAND best fit
L1111 | Lo I | |
10" 1 10
tan” 0
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Global Solar + KamLAND Analysis

1.2x10™

1x107*

8x10~

Am? (eV)

6x107°

4x107

Am*=821x10"eV”

tan’0=0.40"7 "

KamLAND+Solar

B 95% C.L.

99% C.L.
B 99.73% C.L.
B global best fit

0.2
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0.3 0.4 0.5 0.6 0.7 0.8

tan® 0
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Conclusions

* Factor ~4.7 increase in exposure strengthens our previous
findings of antineutrino disappearance

* Correlated variation of the signal with source modulations
observed at a moderate C.L.

* Fit to neutrino oscillation 1s decent, while fits to no-
oscillation, rescaled no-oscillation, decay, and decoherence
are poor due to significant spectral distortion

* Global solar + KamLAND analysis excludes LMA II and
gives a precision measurement of the oscillation parameters

e Statistics are on the same level as systematics; future work
will focus on reducing systematics

* Stay tuned for more physics from KamLAND!
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