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Korean experiment confirms
groundbreaking neutrino
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Hot an Ihe heels of the Daya Bay

EnppeE experiment's completion of ane of the
Monday, April 9 most difficult measurements in neutring
THERE WILL BE MO physics, a Korean experiment has
PARTICLE produced its own measurement
ASTROPHYSICS confirming the earlier results.
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Subatomic CSI

This DZero event is net thought to have come
from 2 Higgs boson, but an event inwhich a Higgs
boson decayed irto a pair of Z bosans would ook
wery similar

If we find the Higgs bosan, we won't

Reactors
in Korea




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.)




March Madness to RENO

= After unexpected Daya Bay’s releasing result on March 8th, our entire
schedule was changed.....

= The RENO was the first reactor neutrino experiments to search for 6,5
with both near & far detectors running, from the early August 2011.

» The RENO started to see a signal of reactor neutrino disappearance
from the late 2011.

= According to reported schedules of the other experiments, RENO was
thought to present a result first soon. We planned to publish our first
results in April without a hurry and to present them in the Neutrino 2012.




RENO Collaboration I

(12 institutions and 40 physicists)| = Total cost : $10M

= Chonbuk Natic_)nal Uni\_/ersit_y = Start of project : 2006

= Chonnam Nat'(_)nal University = The first experiment running
* Chung-Ang University with both near & far detectors
= Dongshin University el (e 07

» Gyeongsang National University
» Kyungpook National University
* Pusan National University

= Sejong University

= Seokyeong University

= Seoul National University

= Seoyeong University

= Sungkyunkwan University




90% CL Limits

rrrryrrrryrrrrprrrryrrrrprrrr7rorrorT

Discovery Potential” (3c)

45 ; Power Uncertainty ; 4.5 f Power Uncertainty f
+F 90% CL Limit _ —_*°% : F 30 Discovery % ]
. (3yrs.) s . C 3yrs.) — 3:27: ]
S < uf
°© F . © F = 20O\
x 5 x st(2073)>0.035
S TTT S S N M A L B Y N N
- 2150 N\ ~ - .
g (ZU 3) = 0102 °E ]
- 13 ] C ]
15F . 15F -
0?(;1I I I(;.01I5I I 602I I I()I.02I5I I b!)SI I IOI.035 0.04 OI.04I5I I OTO5 01(;11 I I(I)-02II I(IJ-O:; I '6-04'.' '6.1)5'2' I(I)LGI I I0-07 0-08I I(I)-UQ” I 16-1
sin(20,,) sin"(26,,)
_|RENO o 1.Chooz
e 10 times better o ; O
SenSItIVIty than k 2 | Sdlar & KamLAND
the Current Ilmlt f @ i ALL v oscillation data 2008
| L { AlLL + MINOS 2009
0 001 ooz o ::iixé"_;m{i;::sr """ 0.05 0.06 0.07
. > SN 313 >
G.Foglietal. g g s oo o
(2009) aa g b g g g s bk 4 & Los i 4 9 4 8 5 1 JS‘IFT?.IZI‘B?E‘ ;;;;;;;; D5 s & & o1 4 5 & L i i s 6 5 a0 | ]
0 5.7 8.1 10.0 1.5 12.9 14.2 15.3
0, (deg.)




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




08/17/2010 12:49 ; - i 08/28/2010 19:01




PMT Mounting (2010. 8~10)



http://reno01.snu.ac.kr/~reno/wiki/images/b/b1/IMG02_07.JPG

Detector Closing (2011. 1)

4 — --
= Far:Jan. 24,2011




(prompt signal)

CnH2m1—CEH5 |{r|:1|:|""'14]| .
Ve + D + n 180 s (delayed signal)
- +p > D +®2.2 MeV)

oI U — / - ‘
2 ~28 us
Linear Alkyl Benzene (LAB) v (0.511MeV) (Ol% Gd +Gd > Gd +@(8 MeV)
f[/ = Neutrino energy measurement
/ S~
. (0.511MeV) —
_ e v E. + T, +(M,-M,))+m,
pronpt signal = had ~
10-40 keV 1.8 MeV
E From Bemporad, Gratta and Vogel
Delayed signal w 30“ S ‘-g Observable V. Spectrum

Y
\
() > E, ~8MeV
Y)K Y




_ CH‘-*H?:E

/J
d Recipe of Liquid Scintillator =

Linear Alkyl Benzene (LAS)

Linear Alkylbenzene
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* Stable light yield over the time period : ~250 pe/MeV
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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
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= 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 : 228 days
Aug. 11, 2011 ~ Mar. 25, 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
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= 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

!
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040 960580

0301040 1060 1080
arge counts

100 1120 1140
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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%

= +1.1%
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

- Near Detector
- Far Detector

delayed signals (capture on Gd)

Delayed Ei

1 1 1 1 1 1 1
11/08/29 11/09/28 11/10/28 11/11/27 11/12/27 12/01/26 12/02/25 12/03/26

-
~N o

i i
n (=1] o
IIII|IIII|IIII|IIII|IIII|IIII

4]

Date [y/m/d]

[ 4 =rfrEpy e e o T e e i | -

- Near Detector
- Far Detector

11/08/29 11/09/28 11/10/28 11111127 1112127 12/01/26 12/02/25
Date [y/m/d]



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) : 8 MeV v’s from neutron’s capture by Gd
~28 pus (0.1% Gd) in LS

8000 9000
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7000
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7000

€000
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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 pus time window

= Near detector :

Rorompt = 8-8 HZ, Nyeo, = 4884/day — BG

= Far detector :

Rorompt = 10.6 HZ, Ny, = 643/day — BG

N

(H2)xAT (5)) ) + Naccidental

\/ N delayed

near
accidental

far
accidental

— 4,30+ 0.06/ day

- 0.68+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
asE | RMS 2.408
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= Near detector : near
- +
BGLi I He 12.45_5.93/day

= [Far detector : BG fgr = 2.59+0.75 / day

Li/ He



= 9L production at near detector = 9Li production at far detector
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U Obtain a flat spectrum of fast neutron’s scattering with proton,
above that of the prompt signal.

EI—IH;E—G:“:T o Entrf;s_m::sszjem EI—IH;E‘U:JIESW T Emri.,:s_mf,:;nsjem
e e : i
wl Near detector e Far detector
102 5 10% F
e wll o 0o o o

g == y
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ﬂi‘llls‘Ill1l]‘II‘15‘II‘20IIII25III‘30 ﬂ‘l‘Iél‘Il‘llﬂl‘I‘1|5‘I‘I2|0II‘I2‘5I‘M‘Sﬂ
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U Observed spectra of IBD delayed signals

3000 — Near Detectof
8000 — Far Detector
7000
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5000
40005
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20005
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10° b+
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T =27.8 £ 0.2 usec

1 !
30 40 5 60 70 80 90 100
time [us]

Far Detector

102 +

10 +

T =27.6 £ 0.4 psec




Summary of Final Data Sample I

Detector Near Far
delected events 154085 17102
Total background rate (per day) 21754593  4.2440.75
IBD rate after background 779.05+6.26 72.75+0.95
subtraction (per day)
DAQ Live time (days) 192.42 222.06
Detection efficiency (¢) 0.647+0.014 0.74540.014
Accidental rate (per day) 4.304+0.06  0.68+0.03
“Li/®He rate (per day) 12.4545.93  2.5940.75
Fast neutron rate (per day) 5.00+£0.13  0.97+0.06
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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




Observed Daily Averaged IBD Rate I
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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,)

events of efficiency
protons




Reactor
Uncorrelated Correlated
Thermal power 0.5% —
Fission fraction 0.7% —
Fission reaction cross section — 1.9%
Prompt energy cut
Reference energy spectra — 0.5%
Flasher cut :
, Energy per fission — 0.2%
Gd capture fraction ConFincd 0.0 5 007
Delayed energy cut -
: T Detection
Time coincidence cut
Uil Uncorrelated Correlated
pill-in :
Clatiracn IBD cross section — 0.2%
Target protons 0.1% 0.5%
Prompt energy cut 0.01% 0.1%
Muon veto loss (5#_1]@-.5;@) (11. Flasher cut 0.01% 0.1%
Multiplicity cut loss (8muits) (4. Gd capture ratio 0.1% 0.7%
Total (¢ Delayed energy cut 0.1% 0.5%
Time coincidence cut 0.01% 0.5%
Spill-in 0.03% 1.0%
Muon veto cut 0.02% 0.02%
Multiplicity cut 0.04% 0.06%
Combined (total) 0.2% 1.5%
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sin® 26,, = 0.113+0.013(stat.) +0.019(syst.)

% ET T T T T = 4.96 significant signal
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Future Efforts for Precision Measurement of 0,

RENO | sin” 26, =0.113+0.013(stat.) £0.019(syst.)

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

= Contributions of the systematic errors :
- Background uncertainties : 0.0165
(far : 5.5%%x17.7% = 0.97%, near:2.7%X%27.3% = 0.74%)
- Reactor uncertainty (0.9%) : 0.0100
- Detection efficiency uncertainty (0.2%) : 0.0103
- Absolute normalization uncertainty (2.5%) : 0.0104

= Remove the backgrounds !
= Spectral shape analysis




= RENO was the first experiment to take data with both near and
far detectors, from August 1, 2011.

= RENO observed a clear disappearance of reactor antineutrinos.
R =0.920+£0.009(stat.) £ 0.014(syst.)

= RENO measured the last, smallest mixing angle 6,

unambiguously that was the most elusive puzzle of neutrino
oscillations

= Surprisingly large !!! (a big gift to RENO")
— A plenty of tasks ahead for neutrino physicists



Prospective Future

= A surprisingly large value of 0,5 :
(Save a lot of dollars for the future neutrino experiments which
may need reconsideration of their designs!!)
— (1) Provides a complete picture of neutrino oscillations
(2) Open a bright window of understanding why there is much
more matter than antimatter in the Universe today

-

= Our measurement will strongly promote the next round of neutrino
experiments to find the CP phase.

= Complimentary measurements between accelerator experiments
and reactor experiments will provide significant information on the
CP phase.
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