Reactor Neutrinos —

KamLAND

and beyond

Yosh1 Uchida
Imperial College L.ondon




Overview

Introduction to Reactor Antineutrino Experiments
KamL AND Reactor Results
Future Reactor Antineutrino Physics
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The First Reactor Antineutrino Experiment

1956 Discovery of the Neutrino by Remes and Cowan
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The First Reactor Antineutrino Experiment
1956 Discovery of the Neutrino by Remes and Cowan
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Antincutrino Signature i Scintillator

Antmeutrino interactions leave distinctive 2-part signature

511keVy  T=210us

B T n 1
g B & o-r
*0/:;111{@\?7 o

1. Prompt Part:
positron with £, =~ FE, —(M,—M,)— M,

& two 3511 keV photons

from neutron capture on p,
capture 7 = 210 us
Delayed-coincidence signature allows high-purity tagging

of low-rate antineutrino signal (KamLAND trigger: 30 Hz)
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Antincutrino Signature i Scintillator
Antmeutrino interactions leave distinctive 2-part signature
511 keNEailN, T =210 us _
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. S keVy
1. Prompt Part:
positron with £, =~ FE, —(M,—M,)— M,
& two 3511 keV phﬂtﬁns

Experiment-dependent,
eg. with Gd, Cd loading

N capture 7= 210 us g

Delayed-coimntideneesifiiture allows high-purity tagging
of low-rate antineutrino signal (KamLAND trigger: 30 Hz)
YoshiUchida@imperial.ac.uk Benasque Centre for Science — July 2004



From Reactor Spectra to Observed Energy Spectra

Reactor
spectru

II_II|I_IIIJII

Yoshi.Uchida@imperial.ac.uk Benasque Centre for Science — July 2004



Reactor Antineutrino Oscillation Searches

Baselines up to

Goesgen

lkm — Chooz

L

e e N
Foa 2nr — o
O
i

Counts (MeV h)™’

Yoshi.Uchida@imperial.ac.uk

Benasque Centre for Science — July 2004



Reactor Antineutrimo Oscillation Searches
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Bugey
Short baseline, high statistics (0.15 M evts) allowed
detailed study of reactor and detection characteristics

Measured/Expected Ratio

Simple
Calculation

Best Prediction
using

beta spectra
and calculations

7
Positron energy (MeV)
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Probing
Oscillations
with Reactor
Antineutrinos

Reactor Flux &
Detector Size v.
Baselines —

Experimental
Sensitivity to Ame”

o
e

E

&
=
[£.4]
44]
=
p=
43
@
B
o
-
]
Ty
D
-3
o
ul
|
=)
B
3

2 (ve—we):l —sinz(

sinz(

201%)><
Amlz(_ eV? )

Neutrino Mass ( An? ) sensitivity {c"L; :
wt W Wt Wt et ow®

Savannah
River‘ﬁb"

10m 100m 1km 10km 100 km
Baseline

Yoshi.Uchida@imperial.ac.uk

Benasque Centre for Science — July 2004



Palo Verde
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11.6 GW
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Chooz and Palo Verde

Looked for reactor antineutrino disappearance at =1 km

Am* corresponds to atmospheric neutrinos

Should see deficit if atm. effects due to V” 5 2V
e
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Location — Kamioka, Japan
Former site of
Kamiokande detector,
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Location — Kamioka, Japan
M 'ormer site of

Kamiokande detector,
= in Kamioka Pb/Zn mine

70 GW (7% of World Total)
of Nuclear Power generated
within 130 to 220 km

range of Kamioka
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KamLAND

1000 tonnes of Liquid Scintillator

I 13 1 ereq i
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The Kamioka Liquid Scintillator
Anti-Neutrino Detector

Calibration Device
.S Balloon

(diam. 13 m)

Liquid Scintillator)’
(1 kton)

Containment P
Vessel i

(diam. 18 m R\_g_ .":J 1:‘ . Plﬁﬁ?{ipliers

(1879 PMTs)
= Buffer Oil

a |
Outer Dcetector | =

(Water)

Outer Detector
PMT

oo g O ‘El. L = S - S
- . e - - - s -

Yoshi.Uchida@imperial.ac.uk Benasque Centre for Science — July 2004



KamLAND Site
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Site Preparation / Tank Installation

Dismantling Kamiokande

October, 1998 o~
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Construction: PMT Installation
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Balloo Develgpment and Installation
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The Balloon

(Internal CCD Images)

o . Balloon Bottom

/ L .
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Construction: Detector _Flllmg
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Photomultiplier Tubes

Sample Waveform

PMTs: convert photon striking Asvos 185 6d
1ts surface into mvl .
an signal recordable 011V St et
by

1325 17-inch tubes — specially designed for KamLL AND
with exceptional timing/charge resolution (22% coverage)

554 20-inch tubes — amiokande (12% coverage)

| 17-inch tube

S of T ; single-photoelectron
/ % peak

deposited charge (a.u.)

%ﬁz’t”?'-:rf_-.-.x = -:tf?:ﬂ:'ﬁ{; |
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KamLAND Timeline

Autumn 1998
1999

Summer 2000
Winter 2000 — 01
Feb — Apr 2001
Apr — Sep 2001

Aug — Sep 2001
Sep 2001
End Sep 2001

Dec 2002
Oct 2003
Jun 2004

Yoshi.Uchida@imperial.ac.uk

Dismantling of Kamiokande

Enlargement of cavern, tank installation
installation

Veto counter installation

Balloon insertion, inflation and tests

Plumbing and Filling of Scintillator
and Buffer

Engineering runs with MACRO
Electronics/Trigger/DAQ integration
First test data taking

First Reactor Results (145 days)
“Higher Energy Antineutrino” Results
Second Reactor Results (515 days)
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Scintillation Light Detection

Run 001590 Event 5971280, 2002-11-04 03:00:42 EE’;‘““" -“‘”*:f‘“’lf:]] :;‘;ﬁ-‘mzm?
PMT 1 samy: DOV 17" g T 5870 20 N
(I'ﬂw 'I.II'HE-'S-} PTE: {-761, 555, %507) R4693 pagr, 116 MeV
Muon At [ps] (0D:55 1035 T0MNs0m: 2 698 28e+ 10,
Fiiz4, 70564 e+00) PrevFithoon  Eqp 347672
Physics Steam Flag (octal) 0004

Upper Hemisphere

Detector 7 Axis

Detector Y Axis

Detector X Axis
l.ower Hemisphere

Detector ¥ Axas

Detector X Axis
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Scintillation Light Detection

Run 001590 Event 5971280, 2002-11-04 03:00:42 ‘;E’:”“m’_}f’;]]'_;‘;EN“P“E“E;LMU"Lq’?“ﬂ“”-
. : s
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-
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Event Reconstruction

Run 001590 Event 5971280, 2002-11-04 03:00:42 ‘;E’:”“f“ ”‘ﬂf’j]:;‘;frmimﬂ
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Calibrations

Radioactive gamma sources inserted in detector to
calibrate energy and position reconstruction

Ge(0.511°2MeV) ~B.2%
Zn(1.116MeV) ~ 7.13%
Co(2.5MeV)~6.9%

5
energy [MeV]
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Energy Reconstruction With
Cosmogenics

2B has 29.1ms lifetime,
13.4 MeV endpoint
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(also contribution from
“N at 1% level)
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Fiducial
Volume
Estimation
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Spallation Cuts
leave neutrons which can fake the signal

* Veto entire detector for 2 ms after all muons

can also leave longer lived (100+ msec)

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

Veto 3 m cylinder
around all muons
for

* For high-energy
(> 3 GeV ) muons,
veto

entire detector

12 14 16
fOf visible energy [MeV]
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First Results Analysis Summary (Dec 2002)

145.1 days of data (162 ton-yrs)

« Fiducial volume R=5m; error estimation from data

= Source calibrations along central axis

*Only 177 PMTs used: 22% coverage
* Energy resolution 7.3% at 1 MeV

* Low backgrounds ( <1 event)

© Showed spectrum down to 0.9 MeV prompt energy
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KamLAND should see

86.8 £5.6
(0.94 + 0.85 background)

events 1f all antineutrinos travel to
KamLAND from reactors without loss

54
events observed
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Antineutrino Candidate Energy Spectrum
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Solar Results %
(circa 2002) .:;,E
=]
Plot on Am* v. 8
assuming
oscillations and
solar matter efftects
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Solar Results
(circa 2002)

& KamLAND

AmZin 9V2

Plot on Am* v. 8
assuming

oscillations and

solar matter efftects
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Solar Results o
(circa 2002) "J"E (95 |
& KamLAND B DN
KamLAND
10 6 95% allowed
Solar LMA: by rate+shape
with 10~
Sun — Earth baseline 10 8
+ Matter Effects in Sun i
10
Kaml.AND: 10710
with
180 km baseline (“‘tuned” 107"
to Am* at 10 eV?) e
+ Vacuum Oscillations 10* 10 10% 107 1 10 10°

tan®(®)
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Second Reactor Results Analysis Summary

515.1 days of data (766.3 ton-yrs)

* Fiducial volume increased to R=5.5m

© Source calibrations along central axis

« All PMTs used: 34% coverage

* Energy resolution 6.2% at 1 MeV

« Slightly higher backgrounds

* Only report events above 2.6 MeV prompt energy
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Prompt/Delayed Event Encrgies
After fiducial, delayed — prompt { Af, Ax}, & spallation cuts:

Neutron capture on 12C — expect 1.5 events
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Prompt/Delayed Event Energies
After fiducial, delayed — prompt { A, Ax}, & spallation cuts:

III[|II:I|IIII[IIIE]II[
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Systematic Uncertainties
Estimated Contributions to the Systematic Uncertainty (%):

Energy threshold 23
Efficiency of cuts 1.6
Live time 0.1
Reactor power 2
Fuel composition 1.0
Time lap 0.0
Antineutrino spectra 25
Vv, - P Cross section 02
Total systematic error 6.5 %
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KamLAND would see

363 -

- 24

(7.5 = 1.3 background)

events 1f all antineutrinos travel to
KamLAND from reactors without loss

258
events observed

Inconsistent with inverse-square propagation at 99.995%
(but actual ratio not a physically meaningful number)
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Antineutrino Candidate Energy Spectrum
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Antineutrino Candidate Energy Spectrum
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Measured/No-Oscillations Ratio Spectrum

2.6MeV

analysis threshold
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KamLAND 2004 Shape and Rate

Best fit:

Am? = 8.3 10 ¢V?

sin® 28 = 0.83

Solar
O
e CL.

e 1 R T

Solar best fit

KamLAND

[] 95% CL. (Rate)
B s5%CL.
999 C.L,
| 99.73% CL.
L Fiamf_AI*IJD beniﬁt

Yoshi.Uchida@imperial.ac.uk




KamLAND 2004 Shape Only

Best fit:

+

=)

Am? = 8.3 10 ¢V?

=

sin® 28 = 0.98
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Solar KamLAND
- 95 CL. B 5%CL.
- 00% CL. 9o CL.
— 9973% C.LL. B 99.73%CL.
ISD]:IJ.’ |:||i_'st fit | Ki:LmLAPiJD bestlﬁ't
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KamLAND + All Solar

1.2x10%

If KamLAND implies oscillations:
now only need to assume CPT
to plot with solar data, and combine

1t

KamLAND+Solar
B o5% CL.
99% CL
B oor3% CL.
B global best fit

I—  Ealar
L. as5%
- - 9%%

- —e7EnCL | EEREEY O
v solar neat fit »  KamLAND best fit
Lrrail

: KambLanD

L. B 5% cL
C.L 29% CL.

10t

0.5 0.6 0.7

tan® 0

110

Best fit:
tan’ & = 0.40
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KamLAND Off-Axis Calibration

Calibration throughout entire detector volume

Fiducial wolume:

E<5m

AR =5 cm
— AV=3%

Position Dependence of Detector Response

Event energy Elr.0.4)
Wertex reconstruction B (r.0,4)




KamLAND Off-Axis Calibration

Prototype Test
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Back to (913....

In three-neutrino mixing picture, € and &, very large

but only an upper limit on & ,0of 11° or 0.16 in sin*26,,
(90% C.L.)

If finite (1. sin®*20,, = 0.01 or bigger), we can go ahead

and measure CP violation using future accelerators

:

Large global effort underway to build a ultra-high precision
1 km baseline reactor experiment to determine size of &,

Oberauer, Neutrino 2004
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Singles Backgrounds i Detector
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7Be Neutrinos: 0.6 MeV and below
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Present Backgrounds Energy Spectrum
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Backgrounds: Status and Goals

Background
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Solar Phase studies from Y. Kishimoto (Tohoku)
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Singles Distributions After Purification
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Possible Timeframe
Schedule

Study gBudget (2004 spring ?7777)
and e ]
dﬁ‘»Sigll S
Nowrs I ct. Kishimoto at
iSatiiainie 0.5y~ LowNu 2003 for details

£
i —

Engineering
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KamLAND 'Be Solar Neutrino Phase

Currently undergoing R&D

New punification facility construction possible soon
Purification possible in a few years

Results in 5 to 7 years?

Funded in June 1in Japan as a 5 year project ‘04 — 09
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Antineutrino Signal Spectra

Expected 2
spectra for ' f KAMLAND
Reactor and ;

Geoneutrino Models
Model lla (154/yr)
Model la (61/yr)
Model Ib (41/yr)

s
o
o

antineutrino
cvents

Japanese

Reaclors (774/yr)
Geoneutrino flux l
unknown, unmeasured

- (but'N /N._~ 4 a robust prediction
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ct. Raghavan, Phys. Rev. Lett. 80, 633, (1998)
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Other Earth Models o
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2002 Energy Spectrum
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Geoneutrinos

® Lirst clear observation of geoncutrinos
forthcoming

® Much ongoing work on geoneutrino predictions

o N /N_ a good test parameter

® Discrimination between models possible with
high statistics
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Supernovac
Last SN observed through neutrinos: SN1987A
(zalactic SN: ~10 second bursts of mixture of s,
every few decades:
Important to be sensitive to this mixture globally

At KamLLAND:
a few hundred v inverse beta-decay cvents

.V el IZC _}IZN
&

¢ NC excitation of *C: 15.11 MeV vy
®ES of protons (with background reduction)

Dedicated SN trigger and DAQ mode 1n operation,
and undergoing improvement

cf. P. Vogel [nucl-th/0305003]
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Conclusions
KamIlL AND Reactor Results

The conclusion that the LMA II region is excluded 1s

st1cs

strengthened by the present result. The significantly distorted
@AISE e spectral shape supports the conclusion that the observation of
reactor 7, disappearance is due to neutrino oscillation. Statis-
More 8] tical uncertainties in the KamI.AND data are now on the same
level as systematics. Current efforts to perform tull-volume

o ;o i
source calibrations and a reevaluation of reactor power uncer- i

tamnties will reduce systematic errors.

Next step — High precision 1 km baseline measurement

Reactor antineutrino physics, from discoveries to
precision measurements, still going strong, and revealing
neutrino sector secrets that are complementary to those
from solar, atmospheric and accelerator programmes
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