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NQUtrinO PhySiCS Next - Discovery and
precision measurement of 6
at Reactors

2008 - Precision
measurement of Amq»2
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Past Oscillation Searches with Reactor Antineutrinos
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Measuring Reactor Antineutrinos in Japan

Japanese Reactors Reactor Antineutrinos
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Energy (MeV)

2351J:238J:239Pu:241Pu = 0.570: 0.078: 0.0295: 0.057
~ 200 MeV per fission

55 reactors

~ 6 v, per fission reactor v flux at KamLAND
~2x1020v_/GW, -sec ~ 6 X 108/cm?/sec
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KamLAND Antineutrino Detector

S EN-SEN N . ~ £, + E, + 0.8MeV.

through inverse B-decay liquid scintillator target:
- proton rich > 1031 protons
- good light yield




KamLAND 2003:
First Direct Evidence for Reactor v, Disappearance
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KamLAND 2005: K
Evidence of Spectral Distortion in Energy Spectrum -

Events / 0.425 MeV

80— 1117 Phys.Rev.Lett.94:081801,2005
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— B C(a,n)'°0 e
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i —— bestHfit oscillation + BG Background 17.8 £ 7.3 events
| : —e— KamLAND data Livetime: 766.3 ton-yr
40l : I ‘ I + best fit x2=24/17
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0 ey ,
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0 |
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prompt

Spectral Distortions: A unique signature of neutrino oscillation!
Simple, rescaled reactor spectrum is excluded at 99.6% CL(x2=37.3/18)

Next Step: Reduce systematic error with improved calibrations.

Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2009



Measuring 612 and Am+22 with Solar v and KamLAND

Solar Neutrinos
+_KamLAND 2003

Solar Neutrinos
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Beginning of precision

neutrino physics
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KamLAND 2008:
Precision Measurement of Neutrino Oscillation Parameters

K
h

Phys.Rev.Lett.100:221803,2008 increased livetime
1.6 T
1.4
* increased livetime: 1491 days > 12 ¥ /‘\MMNWV\P\
g 1
. < 0.8 '
- lowered analysis threshold g Sip KamL AND 2008 data set
N _ 0.2/ March 9, 2002 May 12, 2007
- modified analysis to enlargen P — - —>
the fiducial Volume 2002 2003 2004 2005 2006 2007
Rprompt, Rdelayed <6.0m improved calibration

- reduced uncertainty in
13C(a,n)'%0 backgrounds

* reduced systematics in target
protons by calibrating fiducial
volume

Karsten Heeger, Univ. of Wisconsin



41t calibration system




Full-Volume Calibration
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Full-Volume Calibration

glovebox with— 77—+
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Design Concept
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Reconstructed vertex distribution of 60Co/68Ge
composite source in 41t calibration runs.
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Events / 0.425 MeV

KamLAND 2008: Precision Measurement of Oscillation K

Prompt event energy spectrum for ve

—o— KamLAND data
no oscillation
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1501

+ best-fit Geo v,

number of events

expected: 2179 + 89 (syst)
observed: 1609

bkgd: 276 +23.5

significance of disappearance
(with 2.6 MeV threshold): 8.50

no-osc xX2/ndf=63.9/17

significance of distortion: > 50

N —— best-fit x2/ndf=21/16 (18% C.L.)
3 4 5 6 7} 8
E, (MeV)
: o Detector-related (%) Reactor-related (%)

systematic uncertainties: 5 —
fiducial volume reduced from Amgz | Energy scale 1.0 Ve-spectra [7] 0.6
4.7% — 1.8% Fiducial volume Qﬁe—spectra 2.4
Event rate| Energy threshold 1. eactor power 2.1
total systematics: 4.1% Efficiency 0.6 Fuel composition 1.0
Cross section 0.2 Long-lived nuclei 0.3

Karsten Heeger, Univ. of Wisconsin



KamLAND 2008: Precision Measurement of Oscillation
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L/E figure demonstrates Vv oscillation.

Phys.Rev.Lett.100:221803,2008

o Am? L
oscillation  P.. =1 — sin%20sin®( E)
.
decay P.= (COS f + sin” Ue\p\—%%)):l

decoherence P =1 - si?26(1 - exp(_q..%) )

2002-2008 SNO observes neutrino flavor change, finds evidence for neutrino mass
2003-2008 KamLAND demonstrates v oscillation, precision measurement of Am?2

Karsten Heeger, Univ. of Wisconsin

La Thuile, March 3, 2009



KamLAND 2008: Oscillation Parameters

Rate-Shape-Time Analysis m2 w2
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KamLAND and Solar Neutrino Fits
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Balantekin & Yilmaz, J. Phys. G 35, 075007
(2008) (arXiv:0804.3345 [hep-ph] ).
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KamLAND and solar best fit values
are not quite the same.

solar v versus reactor v

CPT-violation? Other new physics?
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Precision Measurement of 6., with Reactor Antineutrinos

Search for 6,5 in new oscillation experiment with multiple detectors
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Concept of Reactor 813 Experiments

Measure ratio of interaction rates in multiple detectors

Ve
distance L ~ 1.5 km
/ 2
x| _
n L‘f
Measured
Ratio of Detector Detector
Rates Mass Ratio, Efficiency _
H/C Ratio SinZ20,,

Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2009



World of Proposed Reactor 813 Neutrino Experiments
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Daya Bay, Double Chooz, and Reno
- international collaborations
- started construction

DEVERSEY,
- most precise experiment
- only experiment to reach sin22813< 0.01



Daya Bay, China

http://dayawane.ihep.ac.cn/

antineutrino
detectors

Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2009
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Daya Bay Antineutrino Detectors

- 8 “identical”’, 3-zone detectors
* NO position reconstruction, no fiducial cut

calibration

; ;ln&inhl.m?lmlllﬁl :

+p—et+n

steel tank
Gd-doped

liquid scintillator acrylic tanks

photomultipliers

target mass: 20t per detector
detector mass: ~ 110t
photosensors: 192 PMTs
energy resolution: 12%NE

=~ ¢, March 3, 2009



Daya Bay Antineutrino Detector Construction

detector tank P ~_ calibration system

Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2009



event/bin

Antineutrino Event Rates and Signal

Daya Bay near site 840 events/day
Ling Ao near site 760 per 20 ton module
Far site 90
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Systematic Uncertainties

13

Detector-Related Uncertainties

Absolute Relative
measurement measurement
Source of uncertainty Chooz Daya Bay (relative)
(absolute) | Baseline | Goal | Goal w/Swapping
# protons 0.8 03 0.1 0.006
Detector | Energy cuts 0.8 0.2 0.1 0.1
Efficiency | Position cuts 0.32 0.0 0.0 0.0
Time cuts 04 0.1 0.03 0.03
H/Gd ratio 1.0 0.1 0.1 0.0
n multiplicity 0.5 0.05 0.05 0.05
Trigger 0 0.01 0.01 0.01
Live time 0 <001 <601 <0.01
Total detector-related uncertainty 1.7% 0.38% | 0.18% ) 0.12%
"~ —  Ref:DayaBay TDR

0(0.2-0.3%) precision for relative measurement between

detectors at near and far sites

Karsten Heeger, Univ. of Wisconsin

La Thuile, March 3, 2009



Construction Progress and Schedule

March 2009:
Assembly building occupancy

Summer 2009: Near Hall occupancy
Summer 2010: Near Hall ready for data
Summer 2011: Far Hall ready for data

2009/02/18



Daya Bay,

Expected Precision and Sensitivity of Daya Bay (3
L4F Expected Precision to ve Flux
1.2+ 3

past reactor experiments

1.0 --#-;jr_#*%._.._..#_z.m _ _ _ _ _ _| =1detector
A

o
< . .
v 0.8 next generation of experiments
% A ILL | * > 2 detectors
:—ZS 0.6 - ¥ Savannah River
Buge
% Rowno Daya Bay -
041 ) %’:;%j;amk projected uncertainty 5 \
O Palo Verde N> =
0.2+ m Chooz o 45 m— (ChoozZ
® KamLAND = - Daya Bay 3 y
0.0 | 1 | | | \>_</ 4 :_
10' 10° 10’ 10* 10’ g 3sE
Distance to Reactor (m) < T E
3 &
25
Daya Bay Sensitivity to sin?26 ) E
- o 15
sin22013 < 0.01 @ 90% CL -
in 3 years of data taking L £ Godl
OSZIIIIII* IIII| | [
) 2 -1
: . . . 10 10
Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2



Search for 613: A Possible Scenario

World limit

10 90% CL sensitivity

Computed with:
Scp=0
B sign(Am2)=+1

j .

U -

5 i Chooz Excluded Fig: M. Mezzetto
x MINOS

Ng“; -1

£ 10 OPERA

(Vp]

first hint of 613 by Double

WO"Z Chooz possible if 813 large

precision measurement at 1% level
by Daya Bay

Daya Bay

2006 2008

Karsten Heeger, Univ. of Wisconsin

early measurement of 613 will help make decision on future
long-baseline experiments

precision measurement of 613 for unambiguous discovery
and combined analysis with T2K and NOvA




Summary and Conclusions

Non-accelerator experiments were key in discovering neutrino mass and
oscillations in the past decade (1998-2008).

Reactor experiments have made and will make significant contributions:

« KamLAND discovered reactor ve oscillation and has made
precise measurement of Am2y»

‘Daya Bay reactor experiment will be able to provide the most
accurate measurement of sin°2813in the next few years.

- Day Bay is funded, civil and detector construction are
progressing. Data taking at near site will begin in 2010.

* Reactor 813 experiments will help determine the future of
neutrino oscillation physics (long-baseline, GP) and provide input
to analysis of accelerator experiments.

Karsten Heeger, Univ. of Wisconsin La Thuile, March 3, 2009
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