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Reactor Antineutrino Oscillation
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Past Efforts for Finding 0., I

= Chooz (2003) & Palo Verde (2000): No signal

sin“(20,5) < 0.12 at 90% C.L.

» T2K : 2.5 o excess (2011)

= Daya Bay (03. 08. 2012)

5.2 o observation

0.03 < sin®(20,,) < 0.28 at 90% C.L. for N.H.
0.04 < sin?(20,,) < 0.34 at 90% C.L. for I.H.

sin?(20,5) = 0.092 +
0.016(stat.)+0.005(syst.)

* MINOS : 1.7 ¢ excess (2011)

0 < sin®(20,,) < 0.12 at 90% C.L. for N.H.
0.04 <sin?(20,5) <0.19 at 90% C.L. for I.H.

* Double Chooz : 1.7 c measurement (2011)

sin®(20,;) = 0.086 + 0.041(stat.) = 0.030(syst.)




(12 institutions and 40 physicists)
= Chonbuk National University
» Chonnam National University
* Chung-Ang University
* Dongshin University
» Gyeongsang National University
= Kyungpook National University
* Pusan National University
= Sejong University
= Seokyeong University
= Seoul National University
= Seoyeong University
= Sungkyunkwan University




RENO Experimental Setup
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Reactor # Far (%) Near (% )

1 13.73 6.78
2 15.74 14.93
3 18.09 34.19
4 18.56 27.01
5 17.80 11.50
6 16.08 5.58

O Accurate measurement of baseline distances to a precision of
10 cm using GPS and total station

[ Accurate determination of reduction in the reactor neutrino
fluxes after a baseline distance, much better than 0.1%
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» Target : 16.5 ton Gd-LS, R=1.4m, H=3.2m

= Gamma Catcher: 30ton LS, R=2.0m, H=4.4m
= Buffer : 65 ton mineral oil, R=2.7m, H=5.8m

= \Veto : 350 ton water, R=4.2m, H=8.8m




Summary of Detector Construction

2006.
2008.
2008.

2010.
2010.
2011.
2011.
2011.
2011.
2011.
2011.

03 : Start of the RENO project

06 ~ 2009. 03 : Civil construction including tunnel excavation

12 ~ 2009. 11 : Detector structure & buffer steel tanks
completed

06 : Acrylic containers installed

06 ~ 2010. 12 : PMT test & installation

01 : Detector closing/ Electronics hut & control room built

02 : Installation of DAQ electronics and HV & cabling

03 ~ 06 : Dry run & DAQ debugging

05 ~ 07 : Liquid scintillator production & filling

07 : Detector operation & commissioning

08 : Start data-taking
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PMT Mounting (2010. 8~10)
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Detector Closing (2011. 1)
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(prompt signal)
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d Recipe of Liquid Scintillator =

Linear Alkyl Benzene (LAS)

Linear Alkylbenzene
Q= Q=

* Stable light yield over the time period : ~250 pe/MeV

Carboxylic acids
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Liquid(Gd-LS/LS/MO/Water) Production & Filling
(May-July 2011)

LS 'fi'I'I'ingrﬁfo'r Gamma Catcher

V\[ter filling for Veto w



U Calibration system to deploy

radioactive sources in 1D &
3D directions

] Radioactive sources :
137CS, GSGe, 6OCO, 252Cf

| U Laser injectors




. L~ o 24 channel PMT input to ADC/TDC
e O smes © 0.1pC, 0.52nsec resolution
’ » ~2500pC/ch large dynamic range
"+ No dead time (w/o hardware trigger)
"™ Fast data transfer via Ethernet R/W

===} |5bhps Ethernet

9 x 100Mbps

12 analog

inputs o g x 100Mbps
Ml saTCl4TDC|FPoa MR v v llw“r u
Split l Metwaork Switch
T -
Box H | . etwork Switch I
LI
1
il el ea i 1 = 2 x 1Gbps
(L | | l I | I U
421 channals ¥
Inner : 354
VETO : 67 ; DAG PC Event Build PC
ok Run Control Sort
* un Lonind .
‘-.-’o[tage Dlsmbumr + Collector R . M&j':;r
Supgpiiee + Sender = Software Trigoer
T T T T
* 60MHEZ clock ] + * 1
= ~B0KHz serialized frigger 1 1
i Online |
I Master Clock = Menitor PC =
1
i ¥
~E0KHz Serialized signal = @
synchronized * TDC reset 1
signal = Trigger ID 1
+ Event number 1 1
3 ¥
e Offline
rlggebmgdule o o s Control PC Permanent
= Storage




= Data taking began on Aug. 1, 2011
with both near and far detectors.

» Data-taking efficiency > 90%.

= Trigger rate at the threshold energy
of 0.5~0.6 MeV : 80 Hz

= Data-taking period : 213 days
Aug. 11, 2011 ~ Mar. 10, 2012

y
T :
. | Acandidate for a

I”‘s neutron capture
“ | by Gd

ID Qmax : 369 &

:332313?63&5 4l

(1MeV-3g(}(IADCJ

OD NHits: 0

ODQsum: 0

= Data-taking efficiency

[ | IFAR/ Live Time : 217.005325 days(18749259 sec) Data Taking Efficiency : 0.973118

2/Aug/2011 1/0ct/2011 1/Dec/2011 1/Febi2012 20/Mar/2012

Event rate before reduction E

[ RMS 2341

7\ — 208T]|

10*

n capture by Gd

/

2 MeV | 6 MeV | 10 MeV
‘ ||500‘I I Hood = Hsod — éood = 5506 — 5000
npe

10°

102

o



= PMT gain :

set 1.0x107 using a Cs source at center
= Gain variation among PMTs : 3% for both detectors.

File Edit ¥iew Options Tools Help

Q dist
Entries 354
Mean 1.005
RMS 0.03199
Prob 0.5223
Constant 103.9+7.0

Mean 1.004 + 0.002
Sigma  0.03386 % 0.00145

Gain (107) "

File Edit ¥iew Options Tools

| count dist. of range 0 of ch. 332 |

PMT threshold : determined by
a single photoelectron response
using a Cs source at the center

discri. thr.

-0.4mV
-0.5mV
-0.e6mV

!
i,

040 960580

0301040 1060 1080
arge counts

100 1120 1140




| Energy Distribution(Cs) | | Energy Distribution(Ge) |
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Number of Photoelectrons

Near Detector Far Detector

Number of Photoelectrons

n

=]

(=]
h|III|III|III|\H‘\H‘III|III|III|III|I

°°

5.9%

= +1.2%
JE(MeV)

= ~ 250 pe/MeV (sources at center)

» |dentical energy response (< 0.1%) of ND & FD
= Slight non-linearity observed




= Cosmic muon induced neutron’s capture by H
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2 450
= - Near Detector
400 —
D F - Far Detector
< 350
= 300}
D 250 o T
- I
*%200 _I » IBD candidate’s delayed signals (capture on Gd)
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IBD Event Signature and Backgrounds I

4 IBD Event Signature Ve + P — et +n

* Prompt signal (e*) : 1 MeV 2y’s + e* kinetic energy (E = 1~10 MeV)

» Delayed signal (n) : 7.8 MeV y’'s from neutron’s capture by Gd
~28 pus (0.1% Gd) in LS

8000 9000

Prompt Energy

7000

Delayed Energy

7000

€000
6000
5000
5000
4000
4000
3000 3000

2000 2000

1000 1000

E A R L L ! P N S A B Wi, ! L
0 2‘ l [L‘ 8 10 nE 6.5 7 7.5 8 8.5 9 9.5 10
MeV MeV

(=)

O Backgrounds

» Random coincidence between prompt and delayed signals (uncorrelated)
= 9Li/8He B-n followers produced by cosmic muon spallation

» Fast neutrons produced by muons, from surrounding rocks and inside
detector (n scattering : prompt, n capture : delayed)




IBD Event Selection

d Reject flashers and external gamma rays : Q,..,/Q;, < 0.03
d Muon veto cuts : reject events after the following muons

(1) 1 ms after an ID muon with E > 70 MeV, or with 20< E <70
MeV and OD NHIT > 50

(2) 10 ms after an ID muon with E > 1.5 GeV
 Coincidence between prompt and delayed signals in 100 us
- Eprompt - 0.7 ~12.0 MeV,  Eggjayeq : 6.0 ~ 12.0 MeV

- coincidence : 2 pus < At_,, <100 us

 Multiplicity cut :  reject pairs if there is a trigger in the preceding
100 ms window




[ Calculation of accidental coincidence

N =N

accidental

[_R rom
delayed R (1—9Xp Pren

= AT = 100 ms time window

= Near detector :

N

(H2)xAT (5)) ) + Naccidental

\/ N delayed

Ryrompt = 8.8 HZ, Ny, = 5100/day — BG' o

= Far detector :

Rorompt = 10.7 HZ, Ny, = 674/day — BG

accidental

far
accidental

— 451+0.06/ day

- 0.72+0.03/ day



Li/®He B-n Backgrounds I

O Find prompt-delay pairs after muons, and obtain their time interval
distribution with respect to the preceding muon.

—| = °Lj time interval distribution = 9Li energy spectrum [,

- moan 5.063
a5- | RMS 2.408

70

60
50
aoff
30F

201

ﬂﬂﬁﬂﬂ Iﬂﬂ Hnﬂ ﬁi

I HWHUU“LJ LLF = H i [ 10%

o]
(94}
AR R AL R LR L R R

10—

Co | AR T R O N TR T R N N S N X10 0:|||
0 500 1000 1500 2000 2500 3000 0

Time interval (ms)

= Near detector : near
Li/ He g
= Far detector : BG fgr = + /day

Li/ He



U Obtain a flat spectrum of fast neutron’s scattering with proton,
above that of the prompt signal.

i Near detector 0k Far detector
= Near detector: ggnealr  _ L day
neutron
= Far detector: BG far = + /day

neutron



U Observed spectra of IBD delayed signals
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8000 — Far Detector
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B Fast neutroon
B Accidental
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Expected Reactor Antineutrino Fluxes

= Reactor neutrino flux P, &

O(E,) = isotopes Z f;-#(E)
Z fi | Ei !

- P, : Reactor thermal power provided by the YG nuclear power plant
- f; : Fission fraction of each isotope determined by reactor core
simulation of Westinghouse ANC

- ¢(E,) : Neutrino spectrum of each fission isotope

[* P. Huber, Phys. Rev. C84, 024617 (2011)

T. Mueller et al., Phys. Rev. C83, 054615 (2011)]

- E; : Energy released per fission

[* V. Kopeikin et al., Phys. Atom. Nucl. 67, 1982 (2004)]

100 T T T T T

U=23§ =

Isotopes ~_James Kopeikin ol v
B5U /201.7%0.6 201.92+0.46 igw |
28U [ 205.0£D.9 205.52+0.96 @ ) :
29py | 210.040.9 209.99+0.60 i i ;
2d'lPl,l 12.44£1.0 213.60+0.65 O —

u L Il I L L L L L L
] 50 100 150 200 250 300 350 400 450 300
Deve
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= Detector related :
- “ldentical” near and far detectors
- Careful calibration

= Reactor related :
- Relative measurements with near and far detectors

] 1-!" 2 ] rp — —r -

“far (Lm:ur) “I'I_fc:r ( € far ) [ F{I"'-E —* g, E1 L_Fn::r]'
hﬁggp L_fﬂr arl"l'rrj'.:!lar:ur Enecar F{I;E —+ el E:- L'I"!-E'IIT}
Neutrino 1/r2 Number Detection Yield of sin?(20,5,)

flux of efficiency
protons




Efficiency & Systematic Uncertainties I

Prompt energy cut
Flasher cut

Gd capture fraction
Delayed energy cut
‘Time coincidence cut
opill-in

Common

Detector

Muon veto loss (8,—yeto)
Multiplicity cut loss (8muiz:)

Total

(e

Reactor

Uncorrelated  Correlated
Thermal power 0.5% —
Fission fraction 0.7% —
Fission reaction cross section — 1.9%
Reference energy spectra — 0.5%
Energy per fission — 0.2%
Combined 0.9% 2.0%

Detection

Uncorrelated  Correlated
IBD cross section — 0.2%
Target protons 0.1% 0.5%
Prompt energy cut 0.01% 0.1%
Flasher cut 0.01% 0.1%
Gd capture ratio 0.1% 0.7%
Delayed energy cut 0.05% 0.5%
Time coincidence cut 0.019% 0.5%
Spill-in 0.03% 1.0%
Muon veto cut 0.02% 0.1%
Multiplicity cut 0.02% 0.05%
Combined 0.29% 1.5%




Summary I

= RENO started data taking with both near and far detectors from
August 1, 2011..

- Rapid detector construction, data-taking & data-analysis

- Satisfactory detector performance.

- Detector calibration and comparison of ND & FD are performed.
- IBD selection and background estimation completed.

- Detection efficiency and systematic uncertainty understood.

* RENO started to get an oscillation signal from the late 2011, and
has been under a sanity check and an accurate background
estimation based on the reported schedules of the other

experiments.

A bright future for the neutrino physics due to a large value of 6,5 !!!
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