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How does the Sun shine?
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National Aeronautics and The Solar Interior
Space Adminkstration

Neutrino endpoint
Reaction energy (MeV)

ptp —FD+€++VE pp

prte +tp—» D+v, pep pp 0.42
pep 1.44
l, Be 0.86

B 15

Pt D —- 3He + Y

*He + ‘He —»= 'Be + Y

86 % 99 % 0.1 %
Core
Fm——mm e m——— =
Radiative Be  Bete —w 'Lit vV, ! '‘Betp—=°B+y !
Zone b —mmm - — = — - -
Y l’ 1
3He + He — *He + 2p Li+p—w 2(*He) | B —=2(*He) + et + v, B

Convective a) (b)
Zone-



Solar Neutrino Experiment at Homestake

(1 FWHM Results)

1.4 Theoretical predictions
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Solar v Problem

128*2SNU 7.6%1-3SNU 5.1"1.9x10%cm’s SNO NG

101139

GALLEX Home  Kamio

Super-K SNO CC
IGNO stake  kande

SAGE

+5
59+5¢; 5546,

e
AT e

35°2%

Ga Cl H,O

- pp = Be pep cNO = ®B
Dlichael Sroyr, UC Irvine




Neutrino Mixing

« 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

A

vV,

\ V¢
/

Weak eigenstates
.flavor eigenstates”

@ o W

!

(Ugl U, U€3VV1\‘
U, U

. Ui (|l Vs,

u2 U:

\Uﬂ Urz UIB/\VSA\

Mass eigenstafes

3 independent parameters
+ 1 complex phase

9!23 9233 913
+ 6 m, m; ms

A}ﬂz;g, A}11223




Probability of Neutrino Mixing

+  Parametrize the mixing matrix as:

(cosB;, sinBp, O0) cos®;; 0 sin@;;3 Y1 0 0
—sin@, cosO;, 0 0 1 0 0 cosBr3; sinBy3
. 0 0 I { —sin 913ei8 0 c05913ei3 0 -sinB>3 cos0y3
solar v reactor v atmospheric v

The probability of v, — v, is:

Am’, L
Plv, = v, )=sin*0,, + 0084613{1 —sin”(26,,) -sinz( 4; )}

v



MSW Effect
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The KamLAND Experiment

Ist phase experiment
(Eg, = 1.8 MeV)
Vet p > et +n

2nd phase experiment
(Eg, =200 keV)
Vet e — Vot e

(O Neutrino Oscillation Search
by Reactor Anti-neutrinos

18

(O  Solar neutrino Detection

7Be Neutrino

Ve

supernova-burst v, relic supernova v,
atmospheric v, Proton Decays, -



Potential Reactor Anti-Neutrino Sources
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Nuclear Reactors in Japan

20 % of world nuclear power

Nuclear Power Stations in Japan

Blectric Power Development Co.-ooma(Commercial plant. Aug. 1999)
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KamLAND Is An Underground Experiment
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Muon flux vs overburden
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The KamLAND Detector

(O Detector site : Old Kamiokande site (2700 m.w.e.)

(O 1,000 ton Liquid Scintillator
80%: dodecane, 20%: pseudocumene, 1.5 g/liter: PPO
(P =0.78)
housed in spherical balloon (13m diameter)
of transparenet nylon/EVOH composite film (135U m)

/55 g8 5}99 gra 5) ’é o) 55\ supported by cargo net structure

5 /AN v O 3,000 m3 Scintillation Light Detector
74481 | © 18m diameter stainless steel tank filled with
o | ﬁ/ paraffin oil (Ap =0.04%, lighter than LS)
o N o 0 1,325 17-inch+554 20-inch PMT's
i ,{; ’H:’ 'm S Hjil\ ] id\.\ \I\'“ _ / photosensitive coverage ~22% »

HE WA O 31% thick acrylic wall (120 plates)
o W ) o : Rn barrier
0 N () Water|Cherenkov Outer Detector
0 ,@/ 225 \Kamiokande 20-inch PMT's

cdele @ @ o —o ol e qlof Present analysis
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Reactor Anti-Neutrino Experiments

Meutring Mass Sensitivity
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Finished in.March, 2000

e R t Pt ';!"[" AR R
R *,m"‘-r_’iﬂ a




PMT Installation Finished (Sep. 2000)




Full-Size Balloon Construction
~ Oct. 2000
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Data-Acquisition Electronics
Ready in December 2001

o G’e”f P
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Tr‘igger‘ Tr‘igger‘ ‘
Command Command
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f————— 23
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KamLAND fLaunch

Jan. 22,-2002
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Kkashiwazaki Nuclear Power Station @ 25 GW



Where Do The Anti-Neutrinos Come From?

For 235U fission, for instance,

2
39§U +n= X +X_ +2n

10.000 ¢
where X; and X, are stable :
nuclei e.qg. '
1.000 £
94 140 '

40 Zr 58Ce

0.100

fission yield (%)

which have a total of 98

protons and 136 neutrons, &

whereas 23°U has 143

neutrons. That is, onaverage, . [, . , , . . . .,

6 neufrons muS"' be‘l‘a decay’ . 70 80 90 100 110 120 130 140 150 160
.. _ Mass number A

giving 6 v,.

0.010

U




Fission Rate: v, Production

© Main Fuel Component : 3 535
. ° z 1020 .....L..l.J....
4 main isotopes 7 239p S nnnnteee
¥ “gnhu.u;aill““‘“
ZSSU’ 238U’ 239Pu’ 2411)“ ( 99.90/0) 10 9 "238l-!-2lllll.lllllllll.lIIIIIIIIIIIIIIIIIIIIIIII
others (240Pu, 2‘42Pu, y) (<0.1%) - "
235U °
24l|)u 25U m
. . . 18 239
@ Time evolution of fission rate : 10 i
241
Reactor thermal power 242g§
L 10" 240
calculation in one of the —_— Pu AAAAMAAMMMAAMMARRS

Palo Verde reactor core

10 16
242py,

0 50 100 150 200 250 300 350 400 450 500

Uncertainty <1% (neutrino yield) Days

: fuel-sampling & analyzing
for isotopic components

- N0 need for near detector




Thermal Power (MW)

Thermal Power Data & Calculated Fission Rate

One of the Japanese Reactors

3500] a
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=10
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x10"
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: f‘l Thermal Flux from Japanese and Korean Reactors
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Energy Spectrum of Reactor v,

1.2 T+
a) Bugey3 Measurement - 1.2+ / tt ;\i e I
LI 1 ;.:._......_.-;;---fi-rs-'l"—-pr"ihéiﬁle calculation Q 1.0 /% \&\i
|__ O 08 5
1.0 e e @ sl b
0.9+ e e B o4 ki\\g
0.8 ! I l l L ! 0.2 \\?1::,
0 1 2 3 4 5 6 7 = Of r - “‘
b) Bugey3 Measurement % | \i&
111 ) Best calculation = i i\?ﬁi\*
LOF-oee R e o e S PR g % e,
0.9 3 02 A
0.8 l l [ ! ! 1 © 1
0 1 2 3 4 S 6 7 04l //’ﬁ\% 64.7 m
. /;[/ \y
Positron energy (MeV) 0al ﬁ ?\s\?\
* Measurements agree with expectations to 0 } \%‘@
g X
o/ . f AN
~2 /O- 0.1 \ff
. EX3
No near detector is needed ! oL




Energy Spectrum of Reactor v,

Q@ V. associated with 235y, 239Py and 241pu

neutrinos/MeV/fission

measured 3 — spectra

from thermal neutron fissions
]

IIIIIIIT! T T1]
|||||||,|]

superposition of 30 hypothetical

B-decay branches 10 F E
conversion £, —> E,, 10 '25_ -
© V. associated with 238y 0L ]

calculation based on

744 unstable fission products 0

T
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TT IIIIIII
11 IIIIIII

10- llllIIlllIlllllllllIlllllllllIlllllllllllllllllll

o 1+ 2 3 4 5 6 7 8 9 10
Energy (MeV)




Cross Section and Spectrum
of Inverse Beta Decay

8

{a) v, interactions in detector [1/{day MeV)]
(b) v, flux at detector {IOH.F{S MeV cml}]
(¢ O(E,) [10™ em’)

E, (MeV)

0 21,2 0y (0
{TEGE_—UD{f +5g }EE, :IPE, )
Cp(0), (0))
'EE_, ]pE,)'

=0.0952 =7 10"* em?

B G% L?l.‘ISE' Hf

oy — (1+ ‘ﬁﬁinfr]
27 m?>
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Detecting Reactor v, in Liquid Scintillator

reaction process : inverse- 3 decay (Ve +p—> e +n )
+p—>d+Yy
distinctive two-step signature

©@ prompt part: et

V , energy measurement

e
E, A2 -m,?
E,~(E,+MN[]+-£]+ e
A=;1/!"-f'|/fp

© delayed part: v (2.2 MeV )

@ tagging : correlation of time,
position and energy between
prompt and delayed signal
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Performance of KamLAND Photodetectors

t00- gain calibration :
hatd single photoelectron peak
140—
o] for each PMT
i

%01 very good quality

0] single p.e. peak

40

[ o5 |-
20!
% 100 200 300 400 500 600 700 800 w [

gain calibration at higher p.e.’s ::’ | | -

: nitrogen laser i3
15 % intensity change with different filters ,Ll

i N P T T
1 105 14 115 12 {225 13 125

pe’s



Waveform Capture Electronics
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Timing calibration was done
using a dye laser ( A= 500 nm)

single p.e. events

Timing Calibration of PMTs

| Run#=487, Event# 305 to 2320, 1p.e. events | h
Entries 197572
10000~ P A S Mean 16.78
: : RMS 14.84
_ aqll tubes 2/ ndf 697.1/22
8000 B Feornenee o BRamea Constant 9336 32.66
= : Mean 1249 0.0188
— Sigma 6.181 0.0177
6000__' ey . , ............
4000 -_ ...............................................................................................
D000+ gy ]

60

be fO re Time (ns)
and — —Eme
after 25000_ ........ > ............ ................ th:sndf 43,;:::
. ~ all tubes C:::tanl 2.603e+04 95.81
correctlon 20000_ ........ .................... . ................ gigma -012317; gggl:;
15000 b
10000— ................... ........................................................
5000 .................. . ..........................................................................
-20 0 20 40 60

Time (ns)
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Position Reconstruction Uncertainty

68Ge :1.012 MeV (y + )
0Co :2.506 MeV (y +y)

65Zn :1.116 MeV (y)

AmBe : 2.20, 4.40, 7.6 MeV (y)

'S 15 ! A Ge O Am/Be(2.2MeV)|
o 10 | 5c¢m ®Zn 0O Am/Be(4.4MeV)|
e slal ¥ L ® Co_ o AmiBe(7.6MeV)
ROIT .
S e ! = Ag:%
S T N A .
N I P
N-10| i< Fiducial >' .
- RS R R R S TS RS S S SR BT
1—5600 -400 -200 0 200 400 600
¢ z position $m:
-Sm Sm




Energy Determination & Resolution

Ge(0.511"2MeV) ~B.2%

0.2

i Zn{1.116MeV) ~ 7.13%
0.8 Co(2.5MeV)~6.9%
0.6
0.4

uﬂ 1 2 3 4 D
energy [MeV]
AE o = 1.91% at 2.6 MeV > 2.13% for'v,

AE/E ~ 7.5% /4y E , Light Yield ~ 300 p.e./MeV
Energy scale stable to 0.6% through out the period



KamLAND Trigger Scheme

prompt trigger:
200 PMT hits (0.7 MeV)

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

= +
Votp —> e’ +n

{p—>d+y

trigger efficiency

trigger efficiency

Trigger Efficiency

1| >
Q
-
10° —
@
c
Qo
>
0.5I— . : 10 2-
0
Q2
1 6
04 0.6 1
visible energy [MeV]

j J 10*

r* 0.9 MeV 1.3

—— 10

prompt trigger - )

—— 10

|10

2 0.7 MeV | 1

2

1 1.5
visible energy [MeV]

entries [events/50KeV]



KamLANMD Event Display o
RunsSubrun’Event -+ 11ax£92Muon Candldate
UT: Sat Feb 23 15:25:11 2002

TimeStamp : 13052924536

TrigegerType : Ox3al) / Ox2

Time Difference 28.3 msec

HumHit/Hsum/Hsum2- HumHitA : 1317/264-1322-/46
Total Charge : 3.21e+05 (465}

Max Charge {(ch): 2.22=+03 (640)




An Anti-neutrino Candidate

B0d  Bld4 24 634 hdd AE4 BRd BV

At~110 usec
AR~0.35 m
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u-Induced Neutrons & Spallation-12B/12N

yellow: after muon 150usec~10msec
red: apply AL < 3m

np-capture(2.22MeV)

/

nC-capture(4.95MeV)
V'

5
10

d
10

3
10
10

N12, B12
10

0 2 4 6 8 10 12 14 16
visible energy [MeV]



R3 Vertex Distributions of Neutrons & 12B/12N

Spallation B12/N12 R’Distribution
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Test of n-Capture Time With
Cosmic-ray Muon-Induced Neutrons

spallation_dt _c

2
10

l IIIIIH‘

10

l IIIIIH|

T = 206 + 3 us

IIIIIH|

Entries
Mean
RMS

x2 I ndf
Constant

4919

354.4

205.9

136.1 /121

6.201 + 0.02907
-0.004845 + 7.143e-05

| | | |
200 400 600

Requirements:

E,> 10 MeV, E = 1.8-2.6 MeV, At,y= 150-1500 us, rog<5m




Radioactivity inside Liquid Scintillator

238y . 214g; —» 214py —» 210pp

B+y o
E=3.27MeV E=7.69 MeV
T=28.7 min. T=237 Us
%L
N § .1 | ?'%Bj Vertex Distribution

event selection
AR < 100 cm

.................

5 us <At <1000 pns

E > 1.3 MeV

prompt

.................

0.3 <E jolayed <1 MeV

[ 1 IIIIIIIIIIIIIIIIIIIIIIII|IIJI|IIII|IIJI|lII

0 5 10 15 20 25 30 35 40 45
X24+Y3(m?)




Energy Spectrum of Radioactivity
inside Liquid Scintillator

— _ N
% """"""" | Requirements for reactor v, detection:
R 238) 232Th ~ 10-14g/g
Cf. 5 40K ~ 10-15 g/g
= )
I T e R ®He,’Li, |
_ 6He.11C.1°C

2Th=5.2x10""g/g T
E_"- ' -I" ket ey Sy : £ _.1.5'4-_',_.'._|.' P
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Estimated Systematic Uncertainties

E > 2.6 MeV

Total LS mass
Fiducial mass ratio
Energy threshold
Tagging efficiency
Live time

Reactor power
Fuel composition
Time lag

V. spectra

Cross section

Total Uncertainty

o
2.13

4.06 ) 4.60
2.13

2.06

0.07

2.05

1.00

0.28

2.48

0.2

6.42 %
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v, Event Selection

Data Sample
Mar. 4 - Oct. 6, 2002 162 ton-yr (145.1 days)

> Inverse B-decay selection
Erompt > 2.6 MeV
no OD signals
0.5 < AT < 660 usec
AR < 1.6m, 1.8 < Eyyqy < 2.6 MeV
tagging efficiency 78.3%
(AmBe, LED)
» Spallation event cut
AT, < 2sec, AEM > 3 GeV
or AR < 3m -
> Fiducial selection 5 10 15 20 25 30 35 40 45 50
R < 5m: 408 ton, x2 + y2 (m?)
3.46 x 103! free protons

~~
| I [ (. |
@ & A N S N A & @




Correlation Between Prompt
and Delayed Energies
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5@ Observed Event Statistics

Based on 162 ton-yr, with E, ..+ > 2.6 MeV

Final sample
Expected

Background

Accidental
)Li/8He (B, n)

fast neutron

54
86.8 + 5.6(sys)

0.95 + 0.99

0.0086 + 0.0005
0.94 = 0.85

< 0.5



Evidence for
Reactor v, Disappearance

=0.611 £ 0.085 (stat)
+ 0.041 (sys)

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 v, Flux
from Reactor Anti-Neutrino Experiments

1.4F CMA-
Am2 = 10-5 2 G6.Foglietal., PR
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Energy Spectrum (E,.ompt > 2.6 MeV)

20F — reactor neutrinos

:_ 1 geo neutrinos
15E accidentals
10F

z

= f

l(‘{a OI—III PN T T N T T N T T Y I T T T N T T N |
X [

S 25L 2.6 MeV e KamI.AND data
= [ analysis threshold ~—— no oscillation

2

[

20 C —— best-fit oscillation
- I sin’20 = 1.0
- Am*=6.9x 107 eV?

Prompt Energy (MeV)



Neutrino Oscillation Study
for E,compt > 2.6 MeV

Best fit :
Am2 = 6.9 x 10-9 eV?
sin20 = 1.0
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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 V, 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.



