ations

Korea Neutrino Research Center
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- Oscillations observed as a
Pl deficit of anti-neutrinos

S
e‘ the position of the

minimum is defined by ‘
Am?;; (~AM2,5)

0 A
t
Sin?20,,
flux before oscillation 1

|

bﬂ)
i*f) observed here
0
S _ _ L) (1.27AML)
S|P ve—>ve)z1—cos4¢9lssln226?123|n L 27, J sin’ 2,sin’ L A
(al
Distance 1200 to 1800 meters

O Find disappearance ofv_efluxes due to neutrino oscillation as a function of energy
using multiple, identical detectors to reduce the systematic errors in 1% level.



RENO at Yonggwang, Korea
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The RENO Experiment 1!}5’}!&
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The Daya Bay Experiment

M easuring neutrino mixing angle 0,
6 reactor cores, 17.4 GW,,,
Relative measur ement

= 2 near dtes, 1 far site
Multiple L S detector modules

= 20ton target, 110 ton total weight
Good cosmic shielding

= 250 (860) m.w.e @ near (far) sites
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The Double Chooz Experiment

Far Detector
L=1050 m
Depth = 300 m.w.e.
(collecting data since
April 2011)

WSS
o]

.

" i
- . P

Near Detector
L=400 m
Depth = 115 m.w.e.
(under construction)

Chooz-B Reactors
2x 4.25 GW,,
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Thermal | Flux Weighted Depth Target | Flux*Target
Experiments | Location | Power Baselines Near/Far Mass per year
(GW) Near/Far (m) (mwe) (tons) | (GW-ton-yr)
D9 France 8.5 [410/1050] 120/300 | 8.6/8.6 73
Chooz

Daya Bay China 17.4 470(576)/1648 | 250/860 | 40x2/80 | 1392

PE ur

Far Near

Apr. Spring 0.05
2011 2014

Aug. 2011 | Aug. 2011
Daya Bay | Dec. 2011 | Sep. 2011

0.9

-




Data taking began on Aug. 1, 2011
with both near and far detectors.
(DAQ efficiency : ~95%)

INEA

I 1iwo Timao - 606.724670 days DAQ Efficiency : 0.934861

A (220 days) : First 6, result
[11 Aug, 2011~26 Mar, 2012]
PRL 108, 191802 (2012)

B (403 days) : Improved 6,; result
[11 Aug, 2011~13 Oct, 2012]
NuTel 2013

DAQ Efficiency

T

Julo1. 2012 Jan 01. 2013

Dec 31. 2011 I

{FAR!

ive Time : 637443250 days DAC Efficiency : 097053

C (~700 days) : Shape+rate analysis
(in progress)
[11 Aug, 2011~31 Jul, 2013]

Absolute reactor neutrino flux
measurement in progress
[reactor anomaly & sterile neutrinos]

DAQ Efficiency

L TR 1'I|"||| | T

| . - ------v--------

Dec 31.2011 ° Julo01.2012 Jan 01. 2013



Daya Bay Operation

A->Two Detector Comparison:
Sep. 23, 2011 — Dec. 23, 2011

Nucl. Inst. and Meth. A 685 (2012), pp. 7

97
B->55 days, First Oscillation Result:

Dec. 24, 2011 — Feb. 17, 2012
Phys. Rev. Lett. 108, 171803 (2012)

C->Updated analysis:

Dec. 24, 2011 —May 11, 2012
Chinese Physics C37, 011001 (2013)

= DAQ eff. ~96%

=  Eff. for physics. ~94%
D->Shapetrate analysis, preparation
Dec. 24, 2011 — Jul. 28, 2012

E-> 8 AD, double statistics
Dec. 24, 2011 — Jul. 2013

548 taking fraction

Data taking fraction

Data taking fraction

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

0.8

0.6

0.4

0.2

For oscifNation analysis

f

Hall 1

r osciflation analysis

Hall 2




Double Chooz Status I

Far detector alone

Data taking has been in progress since April. 2011 with a far detector alone.

New release in 2003 of rate+shape analysis :
improved analysis (energy scale, backgrounds) & more statistics

2 channels (neutron capture on Gd and on Hydrogen) with a potential for a
combined analysis — expect the final sensitivity of 0.03

Fit oscillation through the nuclear power variation :
measurement with two reactors, one reactor and zero

Near+Far detectors

» A near detector is under construction until spring 2014.

= The first result of the full experiment will be available in the end of 2014,
towards a final sensitivity of 0.01.
(10% measurement of 6., )




A Brief History of 6,; from Reactor Experiments

= Nov. 2011 (Double :
. 2 _ |
Sin“(20,5) = 0.086+0.051 Double Chooz Jun. 2012 : e
|
= March 2012 (Daya Bay) Double Chooz Nov. 2011 : F—=—
sin“(20,,) = 0.092+0.017 :
Daya Bay Mar. 2012(5.2 G) 1
= April 2012 (RENO) Daya Bay Oct. 2012 :
Sin2(2913) = 0113i0023 RENO April 2012(4_9 G) :
RENO Mar. 2013 :
= June 2012 (Double Chooz) !
sin“(20,,) = 0.109+0.039 !
T2K {2011) Normal hierarchy I e
= Oct. 2012 (Daya Bay) T2K {2011} Inverted hierarchy : -
sin®(20,5) = 0.089+0.011 :
= March 2013 (RENO) MINOS (2011) Normal hierarchy i
Sin2(2913) — OlOOiOOlS MINOS {2011} Inverted hierarchy i
- |
Alger 2019 (e ey | Double-CHOOZ, arXiv:1247.6632, (2012)
sin2(2913) = 0.090+£0.009 T N T Y SOOI O Y B I A B B R
)
|

A m231 — (2.54i0.20) X 103 eV/2 -0.6 -0.4 -0.2 0.2 0.4




* Reactor

f~ 2 T2
P, =1-sIn” 26, sIn

- Clean measurement of 0,5 with no matter effects

* Accelerator

- mass hierarchy + CP violation + matter effects

Hypothetical result from
reactor-based experiment

Am,, L : :
ﬁ —cos* 0, sin’ 26,, sin’

14

Precise measurement of 6,

. Modified T2K plots on sensitivities

Al a—— o

:‘ A\ Normnl - ' - : Inverted |

wk | hierarchy nk hierarchy |
S0 T Sl 8 of L/
- {| - Hypothetical result from 4 B

- - accelerator-based experiment - _

b o NN i ak | BRI

10° 10? 10" 1 10° 102 10"
sin?20, 5 sin®28,,

Am,°L

14

= Complementary :

Combining results from
accelerator and reactor
based experiments
could offer the first
glimpse of dqp



(prompt signal)

C,—,HgerEHﬁ |[r|:1|:|""'14]|
_ Ve +p —>‘+ M _1gps (delaved
|
S'ana@z 2 MeV)

I — //F ‘
S ~28 us
Linear Alkyl Benzene (LAB) v (0.511MeV) (01% Gd +Gd > Gd +@(8 MeV)
ff/ = Neutrino energy measurement
/ v (0.511MeV) _
_ / E, _Tn +(M, ~M,)+m,
prompt signal = Il —
10-40 keV 1.8 MeV
. From Bemporad, Gratta and Vogel
g
Delayed signal w 30 s —g Observable V. Spectrum

V\ \
) > E, ~8MeV

Y,




Carboxylic acids

Gd Loaded Liquid Scintillator I I o
6d,0, = rR—C—cZ

O Recipe of Liquid Scintillator @

Solvent & Flour WLS Gd—-compound 6dCBX /

LAB

PPO + Bis—MSB 0.1% Gd + (TMHA)3 Kt
7~

Q Steady properties of Gd-LS o

« Stable light yield (~250 pe/MeV) , transparency & Gd concentration (0.11%)

0.16

01

Gd Concentration [%]

0.06

0.16

0.12

Gd Concentration [%]

0.06

014

Near detector

BRI R I .

0 ‘II‘ 160 I T 200 IILI EIIJEI LIIL 4L'IIIJ - 500 NIM A1 7071 45-53

0 N it e i R S

0.1 H--4

a 100 200 300 400 500 _l RENO

Day (2013. 4. 11)

Far detector

Day \VZaVaVaVaVal s i



Events/0.05 MeV

Events/0.05 MeV
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Neutron Capture Time by Gd
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104
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Neutron Capture Time by Gd
i Near i
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Detector Stability of Energy Scale I

= |IBD candidate’s delayed signals (neutron capture by Gd)

Delayed Energy [MeV]

7.95

Delayed Energy [MeV]

Near Detector

_|IIII|||I||IIIIQ
g

i %@%M@Eﬁﬁ%ﬁﬁ@@#ﬂl II

Far Detector
by I
SRR RS BEER R AR EREIL 11112 !

IRENO

B VZaVaVaVWaWal s i

7.8 =

|IIII|IIII|IIII|IIII|IIII|IIII|II
=
=
=
=
=
=
=
=
=
=
—=—
=
=

Sept. INnv.l IJan. IMar.l IMa}rl IJulyl ISept. Nov. Jan.
2011 2012 2013




176+p—>e++n

= Prompt signal (e*) : 1 MeV 2y’s + e* kinetic energy (E = 1~10 MeV)
= Delayed signal (n) : 8 MeV y’s from neutron’s capture by Gd

~26 us (0.1% Gd) in LS

Prompt Signal —> Delayed Signal

2000
1500
1000 -

500




= Accidental coincidence between prompt and delayed signals

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

= 9Li/8He B-n followers produced by cosmic muon spallation

Accidentals Fast °Li/8He B-n followers
1l neutrons 1




= 9Li/He are unstable isotopes emitting (B,n) followers and
produced when a muon interacts with carbon in the LS.

Entries/0.1s

Time Since Last p [s]




= Background shapes and rates = Total backgrounds : 6.5% at Far
are well understood 2.7% at Near
100—
B Fast neutroon
" Far L _
- B Accidental
80— .
> | . SLi/He
= [
& 60—
S [
ﬂ L
S 40
o B
L |
20—

1 2 3 4 5 6 7 8 9 10
Energy [MeV]




Summary of Final Data Sample I

(Prompt energy < 10 MeV)

Detector Near Far
Selected events 279787 30211
Total background rate (per day) 20.48+ 2.13 4.89+ 0.60
IBD rate after background 737.69+ 2.58 70.13+ 0.75
subtraction (per day)
DAQ Live time (days) 369.03 402.69
Detection efficiency (¢) 62.0+ 0.014  71.4+0.014
Accidental rate (per day) 3.61+ 0.05 0.60+ 0.03
“Li/®He rate (per day) 13.73+ 2.13 3.61+ 0.60
Fast neutron rate (per day) 3.14+ 0.09 0.68+ 0.04
IRENO
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Expected Reactor Antineutrino Fluxes

= Reactor neutrino flux P, &

O(E,) = isotopes Z fi-#(E,)
2 fiE

- 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

U-23§ ——

Isotopes ~_James Kopeikin wl v
B5U /201.7%0.6 201.92+0.46 i;‘gw |
28U [ 205.0£0.9 205.52+0.96 sl :
29py | 210.0£0.9 209.99+0.60 jor ;
241py 12.4£1.0 213.60+0.65 O ——

u L Il L L L Il L L L
] 50 100 150 200 250 300 350 400 450 300
Dreve




Observed Daily Averaged IBD Rate I

* A new way to measure the reactor thermal power remotely!!!

IBD rate( / day)

IBD rate (/ day)
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ARENO in220  =0.100+0.010(stat.) £0.015(syst.

(402 days) | 0.100£0.018| (5.6 ﬁ> +0.007 | (~135) || (5years)

0.010

0.005 |-

aoo%_

| (18 % precision) (7 % precision)

REELILRRE | | | | ELARSREETIRARE
RENO Uncertainty Projection
- PRL (2012)
C o, =0.019 o
NG = 5years ofdata: ~0.007 (7% precision)
— 2013. 3 - statistical error : £0.010 —» +0.005
- © - systematic error : +£0.015 — +0.005
d Oup = 000 (7 % precision)

cia b b a......................§
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Daya Bay Projected Senstivity

I 68% C. L. T
i 6 AD :
0.0151 * PRL 108 171803 6
i 8 AD = Installation
L —— 8B AD AT
i fun = CP C37,011001 (2013) :
0.01- ‘/ Afr
! Current data ']
0.005- F
0 500 1000 1500 0075 008 0085 0.05 0095 0.1 0.105. 0.1
Time (Days) sin’(20,,)
Physics:

Released: 12.5% precision
= sin220,,= 0.089+0.011

Projected: 4%
At least 5 years' operation

1.measure sin?2 0 ,; to 4% precision
2.Precise reactor v spectrum
3.Direct measurement of A m?,,
4.Cosmogenic neutrons, isotopes
5.Exotic searches

32
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Summary

= A clear disappearance of reactor antineutrinos is observed. The
smallest mixing angle 0,; that was the most elusive puzzle of
neutrino oscillations, is firmly measured by the reactor experiments.

sin® 26,, = 0.100 +0.010(stat) = 0.015(syst)  (RENO

sin2 26,, 5in?26,, = 0.090 +0.009005 (syst ) EBDafa
ay
sin®26,, =0.109 +0.030(stat) = 0.025(syst)  (Double Chooz)

= A surprisingly large value of 0, will strongly promote the next
round of neutrino experiments to find the CP phase and determine
the mass hierarchy.

= Precise measurement of 6., by the reactor experiments [Daya
Bay: 4%, RENO: 7%, Double Chooz: 10% from 5 years of data] will
provide the first glimpse of 8. if accelerator results are combined.
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