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v, are abundant by-products of
nuclear fusion in the sun

p+p-"H+e +v, +0.42MeV

pte +p- H+V, +1.44MeV

“pp" 99.75% “pep” 0.25%

H + p - He +y +5.49 MeV

86%

‘He+’He — a+2p+12.86MeV

14%

‘He+a - 'Be+y+1.59MeV

“hep"| 2.4%10-5

3 +
Het+p - a+e +v,

7Be’ 99.89% |

"Be+e - 'Li+y+v, +0.8617MeV

10.11%

"Be+p - B+y+0.14MeV

[8B" 0.11%

Li+p - a+a+17.35MeV
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"B Be+e” +V, +14.6MeV
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3 types of experiments Coljury _{Chlorine _—Superkt SN
detecting solar neutrinos ::ﬂ ERE—
*Chlorine: 37Cl+v =37 Ar+e- é ::{ | £10%

1 exp running >30 yrs (US) o :: : gl ::p.a:
-Gallium: 71Ga+v ="16ere | 5 .0 o

3 exp (Russia, Italy) z 1ot .

104 [ i
-Cerenkov: e +v e+, i o
[

3 exp (Japan, Canada)

i [ i L i i i
0.1 0.3 | 3

Neutrino Energy (MeV)
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Conclusion:

The sun is still shining
(this is not trivial: it
takes ~ 1Myr for a
photon to emerge
from the sun)

The sun imaged with neutrinos
(courtesy R.Svoboda and the SK collab.)
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Total Rates: Standard Model vs. Experiment
Bahcall-Pinsonneault 2000

Conclusion':

+0.20
1'0-0. 16

We do not see

enough vs !

- do we understand
the sun well
enough ?

- are vs
playing T e ik

-p. Experiments mm

y , Theory W@ “Be mW DP—P. pep
‘ lC S P °B B CNO Uncertainties

AMIMMY

0.48+0.02

2.56+0.23

0.35+0.02

W

"It starts to be really interesting ! It would be nice if all this will end
with something unexpected from the point of view of particle physics.
Unfortunately it will not be easy to demonstrate this, even if nature

works this way..” B.Pontecorvo, 1972
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SNO: 1 kton Of Dzo

Vx+€ — Vx+e

g

— — Q
Ve+€ —>Ve+€ ‘s
&

sensitive to a v,,v, mix

1|I||I|||If[[f[ff|l|,l'

S = N W b~ N 0

T
1 2 3 4 5 6
6. (10" cm? )

T T T T | T T T

()

sensitive to v, only
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If m, is non-zero then leptons could behave like quarks
) the weak interaction eigenstate ‘V j> iS a superposition

of mass eigenstates ‘Vj> = ZUJI‘ I/l> sz is a 3X%3 unitary
J

matrix (like the CKM

What propagates is the mass matrix for quarks)
eigenstate |V,

Flight path

v,(0) =Py, 0)) e, (0)

What is produced and
detected is ‘I/j>

Assuming
L=E>>m;,  p >>m,

December 2002 KamLAND: Evidence for Neutrino 10
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‘Vj> DZUlje—i(mlz/ZE)L‘ Vz> DZZUﬁe—i(mlzﬂE)LU;l le>
! i

..that is neutrinos "acquire” components from other
flavors as they propagate

We can define a "transition probability”

_ *  —i(m}/2E)L
PV, - v, L)y=>UU e
z

..a periodic function
of the baseline L
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For 2 flavors this simplifies:

[ ek g sind Only one mixing parameter 6

—sin@ cosé

> 2
m; —m,
[eV?]

ﬁmzL

[km]

PV, -v,L)= sin” 28 sin”

E /J‘ [MeV]

Neutrino oscillations ‘ m, # ()

December 2002 KamLAND: Evidence for Neutrino 12
Oscillations



Excluded regions from
other experiments

Possible oscillations
from LSND

Oscillations from

£ “atmospheric neutrinos”
O
1070 - .
<]
Vo, It""“" | If the correct interpretation
AP [ t is that neutrinos oscillate
""" ST only two solutions are
- compatible with all solar data
—12 J | . .
1070 1072 10" 10°
tan’0
December 2002 KamLAND: Evidence for Neutrino Hitoshi Murayajga
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All of this is very interesting...

..but wouldn't it be great if we could
reproduce it with with artificial means ?

December 2002 KamLAND: Evidence for Neutrino
Oscillations
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Nuclear reactors are very intense sources of v, deriving
from beta-decay of the neutron-rich fission fragments

n

neutrons and decay

®
N . .Nz
O .. N, and N, still have too many
P .«
n® ® N,—N;+e+v,
Nl

N Wl
v Look for a deficit of v, at a distance L
_>
€ e — c?
¥ VvV, o
L Ve

December 2002 KamLAND: Evidence for Neutrino
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December 2002

Fred Reines preparing a reactor

anti-neutrino detector
KamLAND: Evidence for

Oscillations

{

circa 1953)

eutrino
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Complementary properties of

Reactors

E ~few MeV

Can probe very small.,,
Am?

0.01

10-3

Disappearance only _

— fair sin220

[ ® ° 510'
sensitivity .

47 source

10-#

— detector mass
grows with L? ~”

10-t@

1g-tt

10~*

December 2002

and Accelerators

KamLAND: Evidence for Neutrino

E ~few GeV

‘Good mass
sensitivity
requires
very large L

WMEW LMA SuperE Atm.

N -Appearance
possible
(produce p and T)

“Collimated” beam

Solar
Vaomomn

Orcillationy

-3 0.01 0.1 1

zind 26

0

17
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Example: 235U fission

SSSU‘FI’Z — X1+X2 +2n

10.000 —
stable nuclei with A |
most likely from fission < 1000 ¢
=
fé‘ zr 154;0 Ce :’* 0.100

together these have & .1
98 protons and |
136 neutrons

U

0.001 1 1 1 1 1 1 1 " 1 " 1 " 1 " 1 "
S| SRS © [ S [ 1| i 0 SR e [ i 710 e o
Mass number A

so, on average 6 n have to
decay to 6 p to reach stable matter
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Power/commercial reactors are generally used
since only requirement is to have large power

200MeV | fission
6V, / fission

A typical large power
reactor produces

3 Gw‘rher'mal and
6-1020 antineutrinos/s

the Chooz plant in France

December 2002 KamLAND: Evidence for Neutrino 19
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>99.9% of vare
produced by fissions in
235|) 238 239py 241py

10 20_0....
.o0cooooooo.oooo.oo.oo.ooooo.ooo.oooo.oo

asssl2e

Fissions/Sec

T T- T TTTTII

AAAAA
AAAAAAAALLLAAAAAAAAAAA‘““
AA
AAAA
AAA

1()HEE.IIIIIIIIIIIllllllllllllllsggaassggglllﬂﬁiﬁggggg

O
OOOOOO
oooooooooooo
00000000 Zﬁtj °

ZBLI -
10 18 239pu A
24QPU v
%HPU o
242Pu 0

YYYVYVYVYVYYVY

I IIIIIII| I T_T 11

1017
contribution <10-3

not taken into
account for neutrino € 10
flux calculations LTI T T TN AT
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v det. at low energy is tricky: beware of backgrounds !

_ N Event tagging by delayed coincidence
V.*p > € tNn iy energy, time and space

r =200 us l
ptn > d+y2.2MelV)

v 2200 keV
v 511 keV

10-40 keV SO0 Wiy

v 511 keV
1000 ton Scint.

E;, UE . +E +(M,—M, )+m . ==p E measurement

e
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The v, energy spectrum

ok
-

N
D
[\
AN

Calculated reactor
\,M Vv, spectrum
’ 2 T ’ ’ ° ! EV(MeV) (10 -8 /S MeV GWth)
Neutrinos with E<1.8 Me l/
are not detected

Observed spectrum
(interactions/MeV ton day)
D

So in practice only ~1.5 neutrinos/fission

December 2002 can be daracrzd above threshold



..disappearance experiments...
how well do we know the flux and spectrum ?
The 200 MeV/fission part:

s 10 ® Power 0962
m75 A Pressure  3.42x10 4
= g v Boron ppm 1.41x107
o025 & O T inlet 1.52x10
20 E B

11 | L1 1 1 I L1 1 1 | L1 1 1 I L1 1 1 1
0 25 5 7.5 10
% Input Error

11 | 111 | l L1 1 | | 11 1 I L1 1 | | 1
0 25 5 7.5 10
% Input Error '’

woulliauuvl io

Thermal power is
routinely measured
by the reactor
operator in order
to adjust the
reactor to the
highest licensed
power

Economics push the

error on this to
0.6-0.77%
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how well do we know the flux and spectrum ?
The 6 v/fission part:

Anti-neutrino spectra from 23°U, 23%Py and 241Pu fission
can be derived from p- spectroscopy

This is not entirely trivial as there are very many fission

branches and then many possible f decays for each branch

Schreckenbach et al. Phys. Lett. B160 (1985) 325
Hahn et al. Phys. Lett. B218 (1989) 365
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The v yield from 238U derives from fast-neutron fission
and could not be measured in the papers above

..but one can also calculate the v
yield from first principles

Errors of about 10% are typical in these calculations that
have to include ~1000 channels

So, 238U that contributes about 117% to the total yield,
/introduces a total error of about 1%

December 2002 KamLAND: Evidence for Neutrino 25
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All these techniques can be cross-checked using precise
v spectra measured at short baseline reactor experiments

From Bugey3 exp (short baseline, 1.5*10° events)

1.2
qFa
. +_.__.__._ """" Bugey3/“first
1.0 e g principle calculation”
0.9 = o S s s e s _+_
0.8 [ [ [ | [ -”l
0 1 2 3 4 5 6 7
1.2 Bugey3/"b
) | ugey 'es‘r
1.1 prediction” (uses
y [ ]SO g e + ____________________ p-spectra where
ool B B SR o +—+— possible and
0.8 ' : ' , ; ; calculation for 238()
0 1 2 3 4 5 6 7
Positron energy (MeV)
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of M 37.9m
1.0 & .\
08 \
Of course the use of " Y
short baseline experiments o,
to check normalization .~ o &
implies no oscillations, < g5 +""* 45.9 m &
as it can be directly é o5l \ 6«@
checked in cases where the =~ &
baseline was varied E \, &b‘
S o~
04 i. ‘“\'. 64.7 m
03 N
02 ° AVY
0.1 N
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Neutrino Mass (A n? ) sensitivity (:e\;Z )
1|0'1 1|tr2 1|0“'3 194 1t|r5 1c|rﬁ

—t

An experiment
relevant for solar
v will have ~100 km
baseline and hence
will need a huge
detector and a
"huge source”

Reactor Power x Target Mass (MW o ton)

December 2002 10m 100m 1km 10km 100 km
Baseline



Need to think regionally: large concentration of nuclear
power plants exist in Europe, eastern US and Japan

ﬁgﬁ“g -;3» { s

‘_Nnuth F'Ln'len:: s 'L“

SN

455
C 1
Intenmtionat Nuclkerr Sriely Cenieral ANL, Oec 7959

120"W W0 W o AO'E E60°E W0°E 120°E 180°E
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42"

~1 km high
o Mt Tkenoyama

West Asia

South Korea

L

Mlharna
irt t

rf*

L3 L) “ y
_ *ﬁ, !m-u-mfnufiﬂudea-ﬂdﬂyﬂ-mlunl.ﬂ.ﬂ_. Mer 1o
130°E 152 °E 134°E 136°E 13R8°E 140°E 142" E 144°E 146" £ '
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KamLAND: the ultimate
reactor neutrino
oscillation experiment

1 kton ligq. Scint. Detector
in the Kamioka cavern
*~1300 17" fast PMTs
+~700 20" large area PMTs
+30% photocathode coverage
‘H,O Cerenkov veto counter
‘Multi-hit deadtime-less
electronics
+ Am? sensitivity 70106 eV?
LMA-MSW solution
within reach on the earth !

December 2002 KamLAND: Evidence for Neutrino 31
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Site Distance| # of flux Signal .
Japan (km) | cores (Gcm‘zs'1) (vlyr) . \Qb' 9
Kashiwazaki | 160.0 | 7 4.25x10° | 348.1 \((\\ &
Ohi 1795 | 4 1.88X10° | 154.0 .9\ o ¥
Takahama 1906 | 4 1.24x10° | 101.8 \ 'Q(\ b‘bt
Hamaoka | 2140 | 4 1.03x105 | 84.1 S0 9 3
Tsuruga 1386 | 2 1.03x105 | 84.7 ',\\ o‘( L
Shiga 80.6 | 1 1.08x105 | 88.8 02 0o ° \,
Mihama 1454 | 3 1.03x105 | 845 ) 2 L
Fukushima-1 | 3440 | 6 5.3x10° | 435 o R
Fukushima-2 | 344.0 4 4.9x10* | 403 % R
Tokai-Il 2046 | 1 1.7x10* | 137 59
Shimane 4140 | 2 9.9x102 8.1 \
Onagawa 4302 | 2 9.8x10° | 8.1
lkata 561.2 3 8.4x10° 6.9
Genkai 755.4 4 5.3x1 og 4.3 Neutrino Flux at KamLAND
Senda[ 824.1 2 3.5x10 2.8 1 -
Tomari 783.5 2 2.4x10° 2.0 2 f
Korea ol
Ulchin 750 | 4 gg:q g: 72| of
Wolsong -690 | 4 5X =4
Yonggwang | ~940 6 8-4"10: 6.9 | TF —_— e
Kori ~700 4 8.0x10 6.6

6 0 200 400 600 300 1000
Total 69 1.34x10" 1102 L (km)
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The total electric power produced “as a
by-product” of the vs is:
~60 6W or...
~4% of the world's manmade power or...
*~20% of the world's nuclear power

Total expected signal from reactors in 1 kton:
%2 ev/day

Expected S/N ratio & 20
@ 10-14 U, Th, K contamination in the
scintillator

December 2002 KamLAND: Evidence for Neutrino 33
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Since reactors produce VV, while the sun
produces V, the equivalence of solar neutrino
oscillations with what can be observed with

the KamLAND reactor experiment rests on
the validity of CPT

—_ =

An unexpected oscillation pattern in
KamLAND could be an indication of
CPT violation
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KamLAND: neutrino physics on a shinkansen

Summer 2000 PMT installation
‘Winter 2000-01 Veto counter installation
‘Feb 2001 Balloon insertion
‘Mar-Apr 2001 Balloon inflation and test

Apr-May 2001 Plumbing for fill
‘Jun-Sept 2001 Fill MO and LS
*Aug-Sept 2001 Eng. runs with Macro Elec.

Sept 2001 FEE/DAQ/Trigger int. (LBL)
‘end Sept 2001 First data taking with FEE
Jan 22, 2002 Begin Data Taking

‘Dec 6, 2002 First Physics Paper (hep-ex/0212021)

December 2002 KamLAND: Evidence for Neutrino 36
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Cleaning the KamLAND sphere (Summer 2000)

y
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Installing 17" and 20" PMTs in KamLAND (Summer 2000)

December 2002 KamLAND: Evidence for Neutrino
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. WS

The completed detector, looking up

Deéember 2002 KamLAND: Evidence for Neutrino
Oscillations




Scintillator is a blend of

20% pseudocumene and
80% dodecane

Different density
paraffines are used
to tune the density of
buffer to 0.995 of that
of the scintillator

PPO concentration is
1.5 g/l of the final scint.

During blending the liquids
are pre-purified.

December 2002 KamLAND: Evidence for Neutrino 40
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KamLAMD Ewvent Display

Furn<Subrun<Event : 110-0-/1907

UT: Sat Feb 23 15:16:54 2002

TimeStamp @ 3416793063

TriggerType § Ox7F210 ~ Q=2

Time Difference 10,1 mzec
HumHit-M=zumsMzumZAHumHitA : 1315-199-1327-77
Total Charge : 9,02e+05 (1,17e+03)

Max Charge (ch): 3,54e+03 (2107

through-going
muon

color is

pulseheight

all tubes
illuminated

L.n.l.l-.;._.__.._._ - = "

1119.5 1465 1810,4 2155,8 2501,3 2846.7




KamLAMD Ewent Display
Fun-Subrun/Event § 110-0-/19244
UT: Sat Feb 23 15:Z2G:11 2002
TimeStamp § 13052924536
TriggerType § Ox33l0 ~ Ox2
Time Difference 28,3 mzec
HumHitsMsum-Mzum2-MumHitA
3,.21e+t05 {465}
2,22e+03 (640}

Total Charge :
Max Charge (chi:

BED.9  BEY.Y

1317-264-1322-46

110%9,5 1331.3 1553.2 1775




KamLAMD Ewvent Display
FunsSubrun<Event : 110-0-91185
UT: Sat Feh 23 15:57:00 2002
TimeStamp ¢ HI0000O0Z993
TriggerType & OxbQD / OxZ
Time Difference 925 nzec
MumHit~Mzum MsumZ-HumHitA : 58546610710
Total Charge ¢ 4,.12e+03 <02
Max Charge {chi: 38,7 (2102

g B

L




KamLAMD BEwent Display

FunsSubrunsEvent : 110,0-3772

UT: Sat Feb 23 15:17:050 2002

TimeStamp @ 43263651930

TriggerType 3 OxI210 / 0Ox2

Time Difference 4,13 msec
HumHit/MsumHzumZ-HumHitR 3 4E68-177~427 45
Total Charge ¢ 3.05e+03 {4713

Max Charge {chi: 882 {di

Corner-clipper
muon.

Cherenkov
ring in the

buffer but
no scintillation
activity



Anti-Neutrino Candidate

KamLAMD Event Display
Run/'Subrun/Event : 207/0.5160075

UT: Tue Jan 1 0OF7:40:01 2002

TimeStamp : 1027875306078

TriggerType § 0=kb00 / OxZ

Time Difference 111 micro sec
HumHit/MzumsHzum2- HumHitA § 476/293-451-/0
Total Charge : B72 {0}

Max Charge {(chi: 7.58 (396}

KamLAMD Ewvent Display
Run/Subrun/Event ¢ 207/0/5160074
UT: Tue Jan 1 07:40:01 2002

TimeStamp : 1027875301650 (COIOUf‘ is .rime)

TriggerTupe 1 Oxaldd ~ 0Ox2

Time Difference 18.7 msec

HumHit/Nzsum~NsumZ/HumHitA 3
Total Charge : 1,2e+03 (0}
Max Charge (chi: 11 {403}

B96/318/°56770

» L ] .
[ L] H
»
.. E )
. -
L.
]
. . - L.h-ihl... . .
E04  Bld 624 634 Bd44 B54 BRd BY4 T : 594 &04 614 6&24 B34 644 B854 Bed

Prompt Signal a4+ - 111 ys Delayed Signal
E=3.20MeV . 34cm E=2.22MeV

December 2002 KamLAND: Evidence for Neutrino
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The data set

Physics Live Time

Used for this analysis: o Bt : \/\
Mar 4 - Oct 6, 2002 z /\M

Total 145.1 days

370 M triggers 5 |

4 | ]
0 | | | | |

7-Mar  21-Mar  4-Apr  18Apr 2-May ay 30-May 13-Jun

calibration
days
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Triggering KamLAND

Prompt .
trigger thr. -Single ch. ATWD threshold
Correlated (antineutrino):
Run 137 | / - promt >~ 0.7MeV
216 Muons - del'd (1 ms) >~0.4 MeV
2 (all tubes firing) | .ppescaled singles >~0.4 MeV

10 -Trigger data readout for
all singles >~0.4 MeV

*(Supernova “burst trigger”)

200 400 600 800 100& QZOD T 1)4DDH't
umper or 1upes fi

(=]

"Approximate energy, exact energy value depends on location in the detector
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The position of an enerqy deposit is found by time
of arrival of light to the different PMTs

| Run#=487, Event# 305 to 2320, 1p.e. events | h
Entries 197572
10000~ g o P Mean 16.78
- all tubes R""f'sndf 697.11?::
8000 ....................... ............. ................. Constant 9336 32,66
= : - : Mean 1249 0.0188
— H E E Slglgma . 6.181 0.0177
6000 -_ ........ ....................... , ........ ....................... , ....................... ...........
Timing calibration was done - =
using a dye laser ( }\‘= 500 nm) 4000:_ ........ : ....................... : .......................... : ....................... : ...........
2000 o — — —

60

Time (ns)

single p.e. events 0

40

before
h2
and — : g e e
after 25000_ ........ > . ................ Flzhl‘l'snd' 4881:::
. ~ : all tubes Constant 2.603e+04 95.81
correction 20000 "1 _ooususs
15000
10000
5000 S S— E— -
0™ 0 20 40 60
Time (ns)
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Position Reconstruction Uncertainty
Along the Vertical Axis

BGe :1.012MeV (y+y)  %Zn :1.116 MeV (y)
0Co :2.506 MeV (y+Yy) AmBe: 2.20,4.40, 7.6 MeV (y)

| = 15— 1 Ge O Am/Be(2.2MeV).
—dT 6 10+ f5cm ®Zn 0 Am/Be(4.4MeV):
p p i  / ®Co 2 Am/Be(7.6MeV)
SN\ 5
- [ )
s 0 ‘.-'§| S N i Lo -
> :‘. " % n 'E
© 5 A bk LT -
0, ° 4 - Yy
O -10 P Fiducial S
(:) -15L- T U SRR ST SR NS ST R U ST N -
; -600 -400 -200 0 200 400 600
z position [cm]
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Enerqgy calibration and resolution

1 =
- Ge(0.511"2MeV) ~B.2%
: 2n{1.116MeV) ~ 7.13%
0.2 Co(2.5MeV)~6.9%
0.6
0.4
0.21—
u i '] ] I __JM [ ] k_l '] '] 1 1 i 1 '] '] '] I '] ']
0 1 2 3 4

5
energy [MeV]

AE/E ~ 7.5% //E , Light Yield: 260 p.e./MeV
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Autoradiography of KamLAND

238y . 214§ — > 214py — 5 210pp

B+y o
E=327MeV E=7.69 MeV
T=28.7 min. T=237Us
B
TOP flange Cmd N, 214Bj Vertex Distribution
o 6

chimney region

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

Central thermometer

Balloon

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

Bottom flange
and plumbing

Il'l':i‘i'lllli IlillllillllillllilllliIIIIiIIlIilII

0 5 10 15 20 25 30 35 40 45
X2+Y3m?)
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Number of Events

Number of Events

Correlations can be used to guantitatively measure
scintillator contaminations:

214Bl - 214pg - 210Pp Signal

250

200

150

100

50

Fiducial 4m

238 = (3.5+0.5)x10-18 g/g

4001y

N S - 350
2.5 3 3.5 ‘

Visible Energy (MeV) 3001

......... 150

250

2“Po_‘ o f_

U N W po  =1.928+1.537
214p0 : p1 =417.9+11.19
; : : ' p2 =222.7+ 7.387

| prompt t de.léayedl.

- —2227+74}.Ls |

e

18 L= 237 e

: : ; : =+ :
||I||||||‘1||||||||l‘||||||||||'

08 09

100 200 300 400 500 600 700 800 900 1000
AT (us)

Visible Energy (MeV) €rise 11Ul INeUUITU S5
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KamLAND is probably the
lowest radioactivity environment on Earth !

""""""""""""""""""""""""""""""""""""""""""""""""

Fid. vollume "R < 560cm

-t
(=)

1)
o
u>J 107 .................................................................. LR TEE TR
5 . VTR R S 2B(from data)
g . °C,"Li, B,
510 """""""""" ®He, L,
10‘!l GHe,”C,mC
10° '_...(from T.Hggner et.al.) -
2 . ; E
10 P2 Th=5.2x10""g/g T
10 = _-. - h 4' "‘|“I ~4 !
1 Tt Y AT R
10" [ A SRS OUSVE SHEES VS W——
10'2 | 1 | 1 I | I I 1 | I | | I
0 2 4 6 o 8 10
Dece...oo. o \Visible Energy(MeV) .,
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u-Induced Neutrons & Spallation-12B/12N
are both a background and a calibration source

December 2002

yellow: after muon 150usec~10msec
red: apply dL<=3m cut

np-capture(2.22MeV)

/

nC-capture(4.95MeV)
/

0 2 4 6 8 10 12 14 16
visible energy [MeV]
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In particular neutrons & '2B/!2N are the best
tool to establish the fiducial volume

Spallation B12/N12 R’ Distribution

1000
Rfl'd = 6‘5 m %:; N : i Ballf)on
Rf/d - 5 m . 35800,::|__|_—|_ —é‘f__|__|__|_§ Radius
A Vﬂ/ Vfid = 4. 6 A 600:— : -
400:— FiduciaI; E
» 2000 , . i ' IR
"E — | | 200— '
g 1600—_|_ : | , ,
— -—l—'_l_'—rl—._|_. | P P Y - R R B R
ﬂ, 1200_ | —I—'—I—'| 0 02 0.4 0.6 0.8 1 1.2@{6-5}'.4
L I |
8001 fiduciali
4001 | mm Fiducial mass 408 ton
| |
N S ' - (out of 1000)
0 0.2 04 06 O 1 12 14
( R/6.5m )®
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Selecting anti-neutrinos

- 0.5 pus < AT,_, < 660 ps -R<5m
-AR,, < 1.6m - thermometer cut [x%+y?>(1.2m)?]

- 1.8 MeV < E, < 2.6 MeV 3.46x103%! free protons

Tagging efficiency 78.3%

- 2 s veto for
showering py (E>3GeV)
-2svetoinaR =3 m
tube along all u

Dead-time 11.4%
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All cuts applied BUT the one on delayed energy
—. 6
¢
Ej_ « <«— Y fromniC
=
=
G
o delayed energy window
23
A [~~~ oo IoTTnT FTTmmm s s
p) m.::ba Eu::"’,; iu‘ﬂqn'?;,“ u'f'*‘inm 5a
| _ﬁ*; | | | | | |

0 I 2 3 4 5 6 7 3
Prompt Energy (MeV)
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December 2002

Estimated Systematic Uncertainties

a2

Total LS mass
Fiducial mass ratio
Energy threshold
Selection cuts
Live time

Reactor power
Fuel composition
Time lag

V. spectra
Cross section

~N

ONO=EMONDNARN
oo

NOI NOOOR KL=

Total systematic error 6.4 %

KamLAND: Evidence for Neutrino
Oscillations
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Time Dependence of
Reactor Power and Signals

=
=

x10°
2 - : e
s | s 1.5
> = - Vo o
@ 25 : —0.25 =
I : : =
e - o
2 : 3
; s :
4 - ; "i
15/ o . @015
- —@ : : . =
’ ® : S
10— : 0.1

5 ~—0.05

0 _ : : : : : : Jo
Mar Apr May Jun Jul Aug Sep
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Observed Event Rates
with €,.,,..; > 2.6 MeV

Data 54 events
Expected 86.8 + 5.6 events

Total Background 0.95 £ 0.99 events

accidental 0.0086 + 0.0005
SLi/8He 0.94 + 0.85

fast neutron < 0.5
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Evidence for

Reactor v, Disappeara

for E,> 3.4 MeV

Noss = Nec B 0.611 £ 0.085 (stat)
Nexpecfea’ + 0.041 (syst)

Inconsistent with 1/R2 flux dependence
at 99.95 % C.L.
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After 30 years of work reactor neutrinos finally
are unmasked !

1.4+

1.2+~ ¥

1.0 q##%%? ..... ..4‘..”".—— —————
o,
% s
¥ - .

& s A ILL s i
- %  Savannah River v ifa
o (06— O Bugey T SR

. * Rovno 8

4 Goesgen S
04 & Krasnoyark wi
[0 Palo Verde
02— MW Chooz
® KamlLAND
00 | | | | |
1 2 3 83 5
10 10 10 10 10
Distance to Reactor (m)
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Events/0.425 MeV

205— —— reactor neutrinos
- [ Qgeo neutrinos
15 - [ accidentals
10F
5F
OL.
25 — 2.6 MeV ® KamLAND data
- (analysis) — no oscillation
20F | —— best-fit oscillation
i : sin28 = 1.0
Am*= 6.9 x 10° eV?
6 8
Prompt Energy (MeV)
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Almost back-
ground free
measurement |

Shape prefers
deformation

..but...

Scaled no-osc.
shape compat.
at 53% CL

— need more
data for this
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Fit to Oscillations for E . n,t > 2.6 MeV

Best fit :
Amé = 6.9 x 10° el?
si?26=1.0
06" 02 04 ,06 08 1
sin~26
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ém’ (eV?)

A number (5 as of this morning) of phenomenological papers have
appeared on the LANL server even before our preprint

2v  Solar + CHOOZ

2v Solar + CHOOZ + KamLAND

-3 —3
10 \‘\ ‘ ‘ ‘\\\\‘ ‘ ‘ 10 \\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
LMA - I
10_4 — -] 10_4 = |
Sy S LMA - |
TN ol
o~
>
v
~—
N
-
S
-5 -5
0 . ] 0 |- S
* G.L.Fogli et ql., hep-ph/0212127
2 d.o.f. 1 ! 2 d.o.f.
90 % C.L 90 % C.L
........... 95 &4 csesesseses QR 7
"""""" 99.73 % 99737
flo_s\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\ —6 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
10 I e e e e e e o s v Iy o i |
¢ 061 02 03 04 05 06 07 08 09 1 O 01 02 03 04 05 06 07 08 09 1
P 2 ;
SiN~ Yy, sin’1Y,,
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Events/0.425 MeV

205— —— reactor neutrinos
- [ Qgeo neutrinos
15 - [ accidentals
10F
5F
OL.
25 — 2.6 MeV ® KamLAND data
- (analysis) — no oscillation
20F | —— best-fit oscillation
i : sin28 = 1.0
Am*= 6.9 x 10° eV?
6 8
Prompt Energy (MeV)
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Almost back-
ground free
measurement |

Shape prefers
deformation

..but...

Scaled no-osc.
shape compat.
at 53% CL

— need more
data for this
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Fit to Oscillations for E,.,ps > 0.9 MeV

Fix background but float
geo-neutrinos in the fit

Best fit:
AmZ = 6.9x10-5 eV?2
sin220 = 0.91

Resulting geo-neutrinos

4 events for 238U

5 events for 232Th

..still compatible with all
sensible geophysical
models at 95% CL

December 2002

KamLAND: Evidence for Neutrino

(inverse p decay threshold)

=
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Conclusions:

KamLAND observes a >4 sigma deficit
of reactor anti-neutrinos

Assuming that CPT is conserved the interpretation
of this result in terms of oscillations is
smack in the middle of the LMA-MSW solution:
The solar neutrino puzzle is now completely
understood: we can reproduce it on Earth !

We can move on and use neutrinos to do solar physics |

More precision data on oscillation and many other
phenomena is on the way... stay tuned !
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