


Reactor Neutrino Experiments
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Oscillation searches with Reactors

Reactors have played an important role in the early history of
neutrinos and in neutrino-oscillation searches: 1953 - Present
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® Many different experiments

® Baselines up to lkm

® No evidence for V. disappearance
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Reactor Neutrinos

235U fission
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6 neutrons have to f-decay to reach stable matter,
producing 6 U,/ fission
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Calculating Neutrino Spectra
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® Fission rates provided by reactor companies

® Chiefly function of thermal power

® Weak function of inlet T: 10% ™ ~0.15% rate change
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Detected Reactor Spectrum
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| .8MeV threshold in Inverse Beta Decay

® [n practice, only |.5 neutrinos/fission detectable

® (alculated spectrum has been verified to 2% accuracy
In past reactor experiments

No near detector necessary!
Patrick Decowskc / UQ Berkeley

Zacek G. et al., 1986, Phys. Rev. D34, 2621.
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Distortion of Spectrum
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Neutrino oscillation changes both the overall
normalization and the shape of the spectrum
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Anti-neutrino Detection Method

Reaction process: Inverse beta decay

?€+pﬁe++n
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Scintillator

Scintillator is both target and detector

® Distinct two step process:

® prompt event: positron
E;e ~ Eprompt -+ 0.8MeV

® delayed event: neutron capture after ~210us

® 2.2 MeV gamma

Delayed coincidence: good background rejection

Patnick Decowski / UQ Berkeles



Long Baseline Means Large Detectors

Neutrino Mass ( Am2) sensitivity (eV .
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The KamLAND




Ve from 53 Reactor Cores in Japan
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Reactor neutrino flux,

70 GW (7% of world total) is generated
at 130-220 km distance from Kamioka.
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KamLAND detector

e 1 kton Scintillation Detector

e 6.5m radius balloon filled with:

e 20% Pseudocumene (scint)
e 80% Dodecane (oil)
e PPO
e 34% PMT coverage
e ~1300 17" fast PMTs
e ~550 207 large PMTs

e Multi-hit, deadtime-less electronics

e \Vater Cherenkov veto counter

: = " 3

L 7

5

£ E

P v -
L
v 7

. :

1300 m 7 Water Cherenkov

Buffer Oil 3200 m> Outer Detector
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KamLAND Physics Capabilities

O'|4 1io 2i6 8'|5 Visible energy [MeV]
| | | | g
neutrino electron elastic scattering
V+e —Vv+e

Y -+
inverse betadecay Ye TP —€ TN

supernova relic neutrino

’Be solar neutrino geo-neutrino reactor neutrino ol

Neutrino Astrophysics Neutrino Geophysics Neutrino Physics Neutrino Cosmology
verification of SSM verification of earth Precision measurement verification of
heat model of oscillation parameters universe evolution
future “soon” I st reactor result Solar 1,
2nd phase PRL 90 (2003) 021802. PRL 92 (2004) 071301.

2nd reactor result
Accepted by PRL
hep-ex/0406035
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4 6 8 10 12 14 16

visible energy (MeV)

Energy scale error at 2.6 MeV

Cherenkov/Birks 1.0%
Time dependence 1.3%
Position dependence 1.0%

20” PMT non-linearity 0.8%

Total 2.0%

16



24

hour

22
20
18
16
14
12
10
8
6
4
2

2002
] Physics Run

B Test/Bad Run
Datrick Decowsts / UC Emla&y

00|20304 050607080910 1112010203 040506 070809 10 1112 01

X 3.55 live time

(o)}
o
o

o1

o

o
LiveTime [day]

400

300

200

100

0
2003 2004

Calibration Run (source,laser and LED)

|7



Quite a few Reactors were Off

In 2002 it was discovered that some of the Japanese reactor
companies had falsified safety records
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Accidental Backgrounds

6
10 .
e —— analysis threshold
& 10° \
: 2
Accidental prompt- S 10’ \«\,_
delayed correlations S | 2081 from wall

from radioactivity 10

(mainly on the balloon) 102

10

1 (U
ey S 1111111
o 1 2 3 4 5 6 7 8 9 10

prompt energy [MeV]

1st result (5IM fiducial 162 ton-yr) 2nd results (D.95M fiducial 766.3 ton-yr)
0.0086 4 0.00005 2.609 £ 0.02

Fiducial volume is limited by accidental backgrounds.
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Muon Induced Spallation Events

17,2 = 0.18 sec
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(or,n) Background
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\ 210pg (138.4d) (E, =|5.3MeV )
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Summary of Cuts
:‘wprompt

Inverse beta-decay selection:

Rprompt, delayed < 2.5 m
AR <2m

0.5 pus < AT < 1000 ps
1.8 MeV < Edelayed < 2.6 MeV

26 MeV < Eprompt < 85 MeV

Tagging efficiency 89.8%

* Muon-induced spallation event cuts:

2 ms veto after every U
2 s veto for showering/bad Y

2 s veto in 2 R = 3m tube along track

Dead time 9.7%

Patnick Decowski / UQ Berkeles
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Systematic Uncertainties

Uncertainty %
Fiducial volume 4.7
Energy threshold 2.3
Cuts efficiency |.6
Live time 0.1
Reactor thermal power 2.1
Fuel composition 1.0
Antineutrino spectra 2.5
Cross section 0.2
Total uncertainty 6.5

Patnick Decowski / UQ Berkeles
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Future
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2nd result

Data Summary

from 9 Mar 2002 to 11 Jan 2004
515.1 live days, 766.3 ton-year exposure

x4.7 exposure (x3.55 live time, x1.33 fiducial)

expected signal  309.2 £ 23.7

EG 17.8x7.3
observed 258

Neutrino disappearance at 99.998% CL.
R = 0.658 + 0.044(stat) + 0.047(syst)

R = 0.601 + 0.069(stat) £ 0.042(syst)
for Mar to Oct 2002

1st result

Data Summary

from March 4 to October 6, 2002
145.1 live days, 162 ton-year exposure

expected signal S86.8 + 5.6
BG 1+1
observed 54

Neutrino disappearance at 99.95% CL.
R =0.611 £ 0.085(stat) 4 0.041(syst)

IS consistent with first results

KamLAND collaboration, hep-ex/0406035;
coming out in the March 4, 2005 PRL issue

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

Patnick Decowski / UQ Berkeles

KamLAND collaboration, Phys.Rev.Lett.90(2003)021802
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Delayed Coincidence

1.5 *C(n,7) expected

"

1.8 < Edelayed < 2.6 MeV

accidental

Clear delayed coincidence events

Patrick Decowstei / UC Berkeley 28



Energy Spectrum
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best-fit oscillation + BG Best-fit oscillation:
—e— KamLAND data tan2 (9 _ 0.46

Am? =T7.970% x 10 °eV?

40

Events / 0.425 MeV

20

E_ (MeV)

prompt

A fit to a simple rescaled reactor spectrum
is excluded at 99.6% CL
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Unbinned Likelihood: 2 nu Oscillation
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10

I ————— LMA2 is excluded at 98.0%

tan® 6 = 0.46
Am? = 7.970°% x 107°eV?
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Global Analysis

Solar Experiments are sensitive to ()

KamLAND is most sensitive to A2

1.2x10™
Ix107* |- tan® 6 = 0.407 g
Am? = 7.970°% x 107°eV?
i
w -5
N"—“ ax . .
5 Most precise until the
i SNO results this morning....
5] KamLAMND+Solar fluxes
0x10 B 95% C.L.
] 99% C.L.
i B 99.73% C.L.
B global best fit
4}{10-5|||||||||||||||||||||||||||||

0.2 0.3 0.4 0.5 0.6 0.7 0.8

tan? 0
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Correlation with Reactor Power

1.2
'03 ﬁ" 0.9|1
o = 4
&I:ﬁ —
> g 0.6—
b |
(}‘;}ﬁlar '(}ZI | IE{] ()L‘t 'UEI | I(}l JL;I] ‘{]3I | | 11 Jan '04
E 0.8|-
E
Current statistics  2o0s
not enough to make = |
O — o
firm statements on ¢ o4 90% C.L.
correlation s
E —— Data
0'2__ = Background
_I | | | | | | | | | | | | | | | | | | | | | | |

0 0.2 0.4 0.6 0.8 1 1.2
(EXpGCted) no-osc V, rate (events/day)

Patnick Decowski / UQ Berkeles



0.8

Ratio

0.6

0.4

0

—2
:_ 2.6 M‘_‘ﬂ prompl e KamLAND data
B analysis threshold best-fit oscillation
. - :
- e ) 8 . Best-fit oscillation
- 1T - - » accounting for energy
C A + | Lo * oy e spectrum and
- ¢ | B G = ? reactor distribution
__ =t .+ "'\. T L I "JII '.1'
ok JF Oscillation pattern for
B 1 TR e ~| “one 7, of a given
- E energy
T ] | 1l ] ] | | | ] ] | | | | ] ] | I:I ] | | | | ] | | | ] ] |

20 30 40 50 60 70 80

L,/E. (km/MeV)

Ratio of measured to expected spectrum
Am? L)
E

P.. =1 — sin® 260 sin”(

Patrick Decowstei / UC Berkeley 33



A
.4 N\
5 2.6 M:_Jx prompl e KamLAND data
| o analysis threshold best-fit oscillation
VA —»- : -
B +  —— best-fit decay T | .
= o Il | best-fit decoherence esta teltnatlve
B i : rlff wa neUtran
o 08— L disappearance
2 ¢ 'l scenarios
0.6 B G - :
E Tert—— )
- T B S|
04— !‘: t
02" JF |
[}T ] | 1l ] ] ] | ] ] ] ] | ] ] ] ] | ] E ] ] ] | ] ] ] ] | ] ] ] ]
20 30 40 50 60 70 80
L/E_ (km/MeV)
0=V,
o . o, Am? L
oscillation P.. = 1 — sin” 20 sin*( )
b
2 ' 2 ma L\ V.D.Ba
— — .D.Bager et al., PRL82
decay Pee = (cos” 0 + sin” 6 exp( = E)) agertal. F
1 L

P =1-— 5 sin® 20(1 — eXp(—VE))

E.Lisi et al., PRL85
(2000) 1166.

Patnick Decowshi / VUC Berkeles

34



Future activities at
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z-aXis calibration
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full volume calibration
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KamLAND Future Sensitivity
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Looking for the source of the Earth’s heat

Surface heat flux measurements

Surface Heatflux at 2x2 degrees MW/m2
90 ‘ ‘ : ‘ ‘ ‘ ‘ : :

60 Fodig

o o I w0 Total flow of 44 TW
£ wo 1S 40 times larger
w0 than total world

30
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Combining all the available geo-chemical knowledge:
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Neutrinos from radioactivity provide direct
iInformation on the earth’s interior
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Reactor
: Analysis
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101

Solar Be-7 Measurement

Real time measurements

/

KamLAND
‘# Detect through elastic scattering:
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Measuring Theta13

The MNSP neutrino mixing matrix:

Uel UeZ Ue3
u=\U, U, U,
Url U172 U1:3
1 0 0 cosf,, cosf,, smm6, 0) (1 O 0
=0 cosO,, sinf, |x ? x|-sinf, cosf, 0|x|0 e 0
0 -sinf,, cos6,, 0 0 1) {0 0 e
G —~ _ \ —~ - g ~ J - ~N J
atmospheric, K2K reactor and accelerator SNO, solar SK, OvBp
623=~45° 613:7 612~32°

® Detectors near reactors are well suited to do this measurement
® Need to do a ~1% measurement

® Look for rate deviations from I/r2 and spectral distortions

® Observation of oscillatory signal with 2 or more detectors
® Baseline O(lkm), no matter effects present
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Several Proposals for Theta13 Experiments
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Summary

e KamLAND'’s updated results strengthen support for
“neutrino disappearance”

® Best-fit KamLAND+Solar oscillation parameters are:

Am? = 79702 x 107°eV?  tan®6 = 0.401) >

® No-oscillation hypothesis rejected at 99.6%

® Other disappearance mechanisms strongly disfavored

® Neutrino oscillation observed in:
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Building KamLAND
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