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First result v.s. present result

First res. | Present res.
Exposure (ton-yr) |162 766.3 X 4.7

Live time (day) 145.1 |515.1 x 3.55

May 4 - Oct 6, | May 9, 2002
2002 - Jan 11, 2004

Fiducial (radius) S5m 5.5 m x 1.33

Neutrino observed / | 54 258
no-oscillation /%68 |/3652
Significance of 99.95% 199.995%
Disappearance

Significance of 53% 199.9 A
Spectral distortion
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a few /day in KamLAND
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The v, energy spectrum

Reactor v, 5pec1‘rum (a.u.)

Observed spectrum (a.u.)
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v +p—n+e’ cross
section (10-43 cm?)
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Calibrate with Radioactive

z—deviation [ecm)]
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Z-deviations with source calibration
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Balloon shape

1.2 <E <1.6MeV (4K y energy region)
—2<z<2m (equator) K. Ichimura, I. Shimizu, K. Inoue
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Improvement of Energy Fitter

Energy calibration uses discrete y and 2B/!2N
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Carefully include Birks law, Cherenkov and light absorption/optics
to obtain constants for y and e-type depositions

o/E ~ 6.2% at 1MeV




Position dependence (spallation neutron)

visible energy ratio of meutron capture : r-dependence{Rxy=200)
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All effects are 3-dimensionally understood, calibrated:
R?, transparency of scintillator, shade of balloon ropes, etc




Time dependence (Spallation neutron)

time variation of spallation neutron energy
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« Relative calibration
1s performed for
each run
(1 run ~= 1 day)
using 4K peaks

« Stable for 2 years



Two-photoelectron peak found by energy fitter
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« Energy fitter knows

expected number of
photoelectrons for each
event, each PMT, because
he fits energy by
comparing it with actually
observed.

Energy fitter detected a 2-
p.e. peak for the first time,
by choosing u ~ 2 events,
showing that his
expectation 1s very
accurate.



Nonlinearity calibration (Cherenkov/Birks)
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2B B~ spectrum is used: good for e*
(previously, only gammas)

Chi2 { ndl = 6503 / 495
const = 4838 + 031
B12 = 3166es+04 1 2081
decay time [msec] = 2076+ 02706

Energy Scale October 2003 (Berkeley meeting ver.)
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Energy scale error of 2.6-MeV e*

5-m fiducial

5.5-m fiducial

Cherenkov/Birks (statistic) 0.35 0.35
Cherenkov/Birks (systematic) | 0.93 0.93
Time dependence 1.3 1.3
Position dependence 0.85 0.92
20>’ PMT non-linearity 0.8 0.8
Total 2.01 % 2.04 %




Improvement of Energy Fitter

Energy calibration uses discrete y and 12B/!2N
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Carefully include Birks law, Cherenkov and light abserption/optics

to obtain constants for y and e-fype depositions

o/E ~ 6.2% at 1MeV
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Systematic error: almost
same as the first result

Reliability increased by
employing '°B -
calibration

Position uniformity and its
reliability increased

by + + First result



Estimate of total volume and fiducial fraction

flow meter meas.

purification tank meas.

3,000 m 3 tank meas.

spallation neutrons

11]-”11“

1120 1140 1160 1180 1200 1220

scintillator volume (m 3]

# :
L ; i . I . L . 1 p i
0.57 0.58 0.59 0.6 0.61 0.62

ratio




Scintillator volume measured 3 times
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Fraction of volume /nside the fiducial radius verified
using p-produced 2B/'2N and n (assumed uniform)
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- ]
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Energy dependence of fiducial volume

®HeLi (prompt energy>4MeV)

"He’Li coincidence £ o
L
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e AL M el
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Energy dependence of = 5 5
vertex at 5.5m ol | ’
<5cm e
-zni— _+_
+2.7% energy-dependent = ‘
volume error B .

(delayed R/6.5m)"



Time variation of tfiducial volume

Stable for 2 years



3m

inder

cut

Spallation cut

“showering muon”
Q - (dE/dx)yp x (track length)
> 10° photoelectrons (~3 GeV)
~ 1/30 of all muons
---> all volume 2 sec veto

“non-showering muon”
other muon good reconstructed
---> 2 sec 3-m cylinder

“bad reconstructed muon”
track reconstruction failed
but, from charge, Nhit,
1t should be a muon
---> all volume 2 sec veto



3m

inder

cut

Spallation cut

Vetotime by muon

 ID muon veto (2msec)
» Bad reconstructed muon veto (2sec)
* Showering muon veto (2sec)
« Non-showering muon veto
(2sec, 3m cylinder cut)

Spallation events (*He”Li)
Showering muon

350 — 0.2
Non-showering muon
86 — 5.7

Rejection efficiency for *He’Li = 98.7%

Dead time (x volume ratio) = 9.7%




Muon fitter improved

03.8% neutrons are in r=3m column
from the previous muon
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[Livetime for each run

Livetime

Runtime

Livetime

Runtime
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miss reconstructed probability [%]
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Vertex fitter efficiency

* Probability of vertex
failure <0.1 %

f J « Simple algorithm
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g (vertex should be
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Systematic Error

Systematic %

Scintillator volume g1
Fiducial fraction 4.2
Energy threshold 2.3
Cuts efficiency 1.6
Live time 0.06
Reactor Py ormal 2.1
Fuel composition 1.0
Time lag 0.01
Antineutrino spectrum | 2.5
Antineutrino x-section | 0.2

Total

6.5

 Almost same as
the first result
(6.4 %)
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Background: long-lived delayed-n 3-decay
’Li (He)

¢ l1me spectrum
dC=-10" pe. h1

Nert = 331 » Large statictics ->

Mean = Q.28

RME =o02104 found that most are

Chi2f ndf = 10.7/13

[\ After “showering p”| 2 21 57sooe "Li (*He <15%

p1 =M3T1 1208

p2 = 0.343+0.07713 @90% CL)
Tagged delayed coincidence

- Fit: 1=214%22 ms both from time and
& °Li 257 ms energy spectra
» SHe 172 ms
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counts/bin

Energy spectrum of °Li
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’Li events in the final neutrino sample

used in the analysis——
a 48 +09

estimated from
spallation cut
efficiency

)

* 4 (the best fit)
energy spectrum

of the final

R neutrino sample

1] 5 10 15 20 25 30
number of Li

B shape only analysis
12—  best-fit number of °Li=4

dgrec

 upper limit at 95% C.L.




Extracting fast neutron sample

Choosing events with
Outer Detector (OD) hit
greater or equal to 5

Energy spectrum

Position dependence

-> 0D veto efficiency
no-OD muon (rock muon)
(Monte Carlo)

Currently, upper limit:
< 0.89 in the data sample

&

5

Fast n energy spectrum
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Background

Background Events
Accidentals 2.69+0.02
8He/°Li 4.8+0.9

( -induced n <0.89

Total 7.5+1.3




Very clean measurement

Delayed coincidence events:
the neutrino sample

Expect 1.5 n-12C
captures

- ' // /\L
SE- |- /
s b
S r
mg 3: - 1 nﬂf"&
_ - ‘Jb:b *.“Lfﬂ'
Er ______________________________ - Rpmmpf, delayed <55 m ’g\g\
- | AR, <2m >
0 8 -05us < AT, < 1ms
Accidental - 2s veto for showering/bad y
background - 2s veto in a R = 3m tube along track

Dead-time 9.7%



Present result v.s. first result

Expect 1.5 n-12C
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Quality: the same
Sample increased

First result | o000 = 1 cvent

delayed energy window
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R l (766.3 ton-yr,
esuy TS ~4 7x the statistics of the first paper)

Background |Events
Observed events 258 Accidentals |2.69:0.02
No osc. expected 365124(syst) |eHe/sLi 4.8:0.9
Background 7.5+1.3 u-induced n | <0.89

Total 7.5+1.3

Inconsistent with simple 1/R? propagation
at 99.995% CL

(Observed-Background)/Expected = 0.686+0.044(stat)+0.045(syst)

Caveat: this specific number does not have an absolute meaning in KamLAND,
since, with oscillations, it depends on which reactors are on/off

Meutrine 2004 Hew Results from KamLAND 20



Selecting antineutrinos, E,.qnpt>2.6MeV

1 <o Sy 5.5 m
% - dfﬂp ":”5_-' = fiducial cut
- R <55m‘3h W ¥ 05
prompt, delayed - l_g o : .
- ﬂR:-n <2m 3 M;.' i
02 Gk
- 0.5 HS < ATE-“ £ 1 ms .nE_ u.'r!‘; r

- 1.8 MeV < Egjqpeq < 2.6 MeV -

- 2.6 MeV < E,,, < 8.5 MeV o

Tagging efficiency 89.8% as_.

2 PPYPLPPTT PPTTY TP FRTTI PRy PYPPIRVITI ITTT
'umuu.uusmin? 048 1
(e +r‘ ;

..In addition:
- 2s veto for showering/bad p
- 2s veto in a R = 3m tube along track

Dead-time 9.7%
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Events / 0.425 MeV

Eﬂ ] LI L]

Meutrino 2004

Energy spectrum now adds substantial information

6

40

—— no-oscillation
—— best-fit oscillation
P accidentals

B spallation
—e— FamLAND data

20

Mew Results from KamLAND

Best fit to
oscillations:

Am?=8.3:10" V2

sin”20=0.83

Straightforward
#* on the histo
is 19.6/11

Using equal
probability bins
¥3/dof=18.3/18

of fit is 42%)

24




Events / 0,425 MeV

E1:I.IIII

4.’7-times statistics
53 %.C.L. ->99.89 % C.L.
(spectral distortion)

20

— na-oscllation
—— best-fit oscillation
P accidentals

B =pallation
—a— KamLAMND data

Events/0.425 MeV Residuals (<)

ti..)r.—-c::r—-l\.)

[ )
L—

[ B
L = L
T T T T I_ = T T T T T T T

- First result

0 KamLAND data

— 10 oscillation
s () 61 X 10 0scillation

e

3o ) 6 ] \
Prompt Energy (MeV)

Data and scaled no-oscillation
shape consistent at 53% C.L



Verification of the final neutrino sample

Events / 0,425 MeV

4

20

The 258 events

—— no-cacillation

i —— best-0it ascillation
. _I B accidentals
L B spaliation
[ —s— KamLAMD data

« Event reconstruction
quality & near-event
distribution checked
after the final
neutrino sample fixed

» All events have been
verified by physicists.
(not a selection
criterion)



“Reconstructed Event Display” to check event quality

Time v.s. distance from the Prompt Delayed
obtained vertex point to each
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. it .
Occupancy v.s. distance. Sat- e Correlation
uration curve characteristic to H between
Poisson statistics are seen in prompt and
data and expected curves. delayed
events.

Distribution of charge divided
by expected. Width is from
PMT charge distribution.




v 4.5 MeV
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[Ent 535, Rn 2446, Ev 10151513
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One of neutrino candidates.

Timing, Charge, Occupancy
dependence on distance from the
reconstructed vertex point are
quite consistent with isotropic
scintillation light emission.



Flasher
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Badness: v v.s. unphysical events

MNeutrinos and “possible” BG
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All the unphysical events
studied here are clearly
separated from neutrino samples
or AmBe calibration data.

No veto BG shows continuous
distribution. Even if muon veto
fails, 1t doesn’t fake only good
background but also makes

background with high badness.

All neutrino events are good as a
result (we didn’t apply any cut
using badness)



Near events distribution
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A typical spallation event

Run 2841 Event 17723328 (prompt) 2003.10.14{Tue) 05:51:13
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Energy spectrum now adds substantial information

Hﬂ LI L

—— no-oscillation
—— best-fit oscillation
P accidentals

B spallation

—s— KamLAMD data

Events / (1.425 MeV

201

Meutrine 2004 Hew Results from KamLAND

Best fit to
oscillations:

Am?=8.3-10° V2

sin’20=0.83

Straightforward
7* on the histo
is 19.6/11

Using equal
probability bins
¥3/dof=18.3/18

(goodness
of fit is 42%)
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Systematic errors of spectral shape

Energy Scale October 2003 (Berkeley meeting ver.)

¢ 0.35% (energy scale
pql TR nonlinearity)

* 2.7% (possible energy
dependence of the fiducial
volume, approximated by
linear function)

08
 ~1.4 % (reactor spectrum)

(Visible Energy)/(Real Energy)

1-c points - best fit
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Analysis method

- Rate analysis

(Ratio — Ratio (sin%26 , Am?))?

2 — observed expected
L™ Rate ) )
Ostat T cjsyst
Ogar> Osyst - Sigma of the observed ratio

» Shape analysis

Xz Shape =—2 lOg L Shape (Sinzze > Am29 NBG > OL)

+ % 56(Npg) + % distortion(®)
Npg : accidental and spallation backgrounds

oL :energy scale, v spectrum error
- Rate+Shape analysis

2 — 2 2
X~ Rate + Shape X Rate+ X Shape



Ratio: (observed - BG) / no-oscillation

L4 2.6MeV
analysis threshold

12

08

Ratio

0.6

04

02F

IIIIIIIIIIIIiI|IIIIIIIIIJIIIIIIIIIlIIIIIII
0 1 2 3 4 5 6 7 8

Prompt Energy (MeV)

* Rescaled no-oscillation == arbitrary constant
obviously doesn’t fit the data



Nobs/Nexp
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More exotic, non-oscillations models for the antineutrino
channel start being less favored by data

Ratio

1.4

1.2

0.8

0.6

04

0.2

F )

- analysis thréé‘hgki —— best-fit oscillation

2.6MeV ® KamLAND dara

§ ----- best-fit decay

= best-fit decoherence

10

. Ly/E (km/MeV)
V.Barger et al. Phys. Rev. Lett. 82 (1999) 2640
TE.Lisi et al., Phys. Rev. Lett. 85 (2000) 1166

Decay”
excluded at
95% CL

Decoherencet

excluded at
94% CL



Neutrino decay and decoherence

Neutrino decay

v, = X (sterile), Am,> ~ 0 case

— = . m L
P( Ve — Ve) — (C0829 + Sln29 exp( — Z’C—E ) )2

* Neutrino decoherence

Am,,? ~ 0 case

1 L
P(V,—V,) =1 — — sin220 (1—exp(—7, 5 ))

Shape distortion

Testing good ness of fit
Neutrino oscillation

Which one 1s more likely ?

Neutrino decay

Neutrino decoherence




(events/day)

EXp
Nn-:--:-s-::il

2003 saw a substantial dip in reactor antineutrino flux

1.2, , 5 210
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Good correlation with reactor flux

1.2

Fit constrained
through known
~ background

=2.1/4

08—

90% CL

0.4

observed v, rate (events/day)
=
=
|

—— Data

0.2
~0.03 for = Background
3TW | | T P R T P
hypothetical *“ 7" 02 04 06 08 | 1.2
Earth :ore no-osc vV, rate (events/day)
reactrtor

(But a horizontal line still gives a decent fit with y?=5.4/4)



A m° (eV 2)

Un-binned likelihood fit to 2-flavor oscillations

LMA2 excluded
v at 99.6% CL

Am2=8.3-10-5 eV?2
sin226=0.83

tan20=0.41

"LMAQ" disfavored
at 94% CL




This result First KamLAND result

Am2=8.3-10- eV2 AmZ = 6.9 x 10°° el
sin220=0.83 si? 260 =10
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A shape-only fit gives
similar results

10 :
10"
W N Am2=8.3:105 eV2
-
<2 .
ﬂE 5|n=23=0.93
z i
107
B Solar KamLAND
; oo 95% CL. B 95%%CL.
- 09% CL. I 9% ClL.
B 99.73% CL. N 99.73% C.L.
*
10¢ Y ikl S R [ bt
0 0.2 0.4 0.6 0.8 1
sin” 20

Meutrino 2004 Mew Results from KamLAND 2T



Combined solar v - KamLAND 2-flavor analysis
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Am’ eV

5
10 g
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Y
10k

6
10

Unknown very far reactor:
doesn’t change the result much

* ¢.g. hypothetical
“georeactor” at the
center of the Earth

* The same energy
spectrum as normal
reactors but no
spectral distortion
because 1t’s very far.

 Intensity: free
parameter -> result
didn’t change so
much



Summary of reactor v, oscillation
by KamLAND

4.7 times larger statistics than the first result
Spectral shape distortion observed at 99.9 % C.L.

Oscillatory behavior of shape distortion observed:
other models don’t fit the observed distortion

(e.g. neutrino decay disfavored at 95 % C.L. )

Two-flavor neutrino oscillation:
— KamLAND best fit: Am? = 8.36107 eV?
tan0 = 0.41
— Global analysis:  Am?=8.2 706 /{10~ eV?

tan0 = 0.40 109
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