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Fundamental Questions on Neutrino |

Absolute neutrino masses? (Why so small?)

= Neutrino mass ordering? (Normal or inverted?)

= Dirac or Majorana? (Neutrinoless double beta decay?)

Leptonic CP violating phase?

3 v paradigm enough? (Sterile neutrino?)

= Why so largelneutrino mixing angles?

( | 1st domestic large neutrino experiment,

RENO has started measuring

% High precision measurement of neutrino oscillations

— Precise values of mixing angles and mass difference are
necessary for solving those fundamental problems




External links [edi]

o "Experiments"&. Meufrino Unbound. Istituto Nazionale di Fisica Nuclearg. 24 February 2017. Retri+ed 2017-02-28. Regularly
updated index of neutrino physics research.

(out of date) (Wiki pedla)

V-T-E Neutrino detectors, experiments, and facilities [hide]

Discoveries Cowan-Reines (v,) - Lederman—Schwartz—Steinberger (v,) - DONUT (v;) - Neutrino oscillation - SN 1987 neutrino burst

. ANITA - ANTARES - BDUNT - Borexino - BUST - HALQ - IceCube - LVD - NEVOD - SAGE - Super-Kamiokande
Astronomical SNEWS
Operating
(divided by Reactor Daya Bay - Double Chooz - KamLANI
n .
Pr S)en I:Irt"?w Accelerator [CARUS (Fermilab) - MicroBooNE - MI INE - NOvA - NuMl - T2K - COHER
neutrino
source) OvBE AMoRE - COBRA - CUORE - EXO - GERDA - KamLAND-Zen - MAJORANA - NEXT - PandaX - XMASS { AMoR
Other KATRIN - WITCH
Construction ANNIE - ARA - ARIANNA - BEST - DUNE - JUNO - KM3NeT - SNO+ - SuperNEMO
AMANDA - CDHS - Chooz - CNGS - Cuoricino - DONUT - ERPM - GALLEX - Gargamelle - GNO - Heidelberg-Moscow - Homestake
Pa ‘ﬁ Retired | - ICARUS - IGEX - IMB - K2K - Kamickande - KARMEN - KGF - LSND - MACRO - MINOS - MINOS+ - NARC - NEMO - OPERA -
RICE - SciBooNE - SNO - Soudan 2 - Utah

) CUPID - GRAND  Hyper-ifé
Futh[e pos IJEM—EUSO-W&TCHMA

g - INO - LAGUNA - LEGEND - LENA - Neutrine Factory - nEXO - NMucifer - SBND - UNG -

Cancelled DUMAND Project - Long Ba™s Meutrino Experiment - NEMO Project - NESTOR Project - SOX - BOREX

See also BNO - Kamioka Observatory - LMGS - SMOLAB - List of neutrino experiments




Past = Present —> Future

K P
Japan K .
K2K— T2K ﬂ JSNG2 = = = =
- RENO >
Korea-based T = .
NEOS —
AMORE —
Others lceCube ———
DUNE = == e -»>
1990 2000 2010 2020
Early period of = Domestic neutrino physics —  Preparation of next generation
neutrino physics starts neutrino physics

= From mid 1990, Korean group have joined as international collaborator
(SK, K2K, T2K)

= At 2006, pure domestic large neutrino experiment has started (RENO)
- Using|reactor neutrinol focus on measuring oscillation parameter

= Now, future experiments preparation is under way (KNO, DUNE, HK, etc)

=) |mportant to have various experiments for a robust neutrino program
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Neutrino physics for Korean diplomacy
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They claimed that they can
help monitoring North Korea
reactor by neutrino detector
technology

e Ay Jeaniser Sills

Denuclearizing North
Korea requires trust
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Neutrino physics for
Korean diplomacy
Continued diplomatic peogress with Noreh
Korus will be o joueney of ooy steps, a5 A
Glaser and 72 Mon desoribe in thede Pulicy
Foram *Dessscdeanizing Nooth Kacen: A veric
fiedl phased spproach” (7 September, p. 953)
Leaders in Noeth Korea, South Kecex, and
the Unitedd States agree that otie step could
be disnantioment or civilhan ropurposing
of the suciear reactons at Yooghyos, We
PrOSOSC & oxiperalive sacthod for versy
g sesctor shaidows o comeension. The
by Wels v meterscale, Hcld depdinahle
detectony thad track soutrivn cebelons from
TUBEier O
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Korca's mais platonium peoduction reactor
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reactor Buiddinge.

Exletieg neutrian technoiogy may be
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(alks Nonth Konvas may valoe 5 tool Sor
temanetrating treaty compliance while
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resistance of the peutrmo signal and resi
fenoe of meutrino detoctorns, which roguire
mesimal on-site access and ol reco Nt
roactor eperasional hissocy even ofter &
data lking passe. NeoArine projcts are ako
& natursd oppacTanity o strengthen rela
tons Detween North aad South Kowes and
10 bofld Sternationsd sclontifle tes. South
Koren hos an sovive neutriso cossmusity
A comd (] ehvoose t deploy & counternpan
10 & Yorghyoondesed detector s one of 15
ot roctoes. Resudting scientific coldbors
tioes could beseft Xorea and the workl. We
encburige policy makces by convader new
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Atmospheric
Neutrino Oscillation

4

Solar Neutrino
Oscillation

.

Reactor Neutrino
Oscillation

“Neutrino has mass”

~45° (1998)
Super-K; K2K

\ ¢

34° (2001)
SNO, Super-K;
KamLAND

\ £

9° (2012)
Daya Bay, RENO
Double Chooz

“Established three-flavor mixing framework”



JUNO
Past mmmp Future of Reactor Experiments T2HKK/KNO

f"\

’ 2020~ Y,

\

2011/2012 - The

2008 - Precision measurementof BpEiERzEy
Ami22 . Evidence for-oScillation Sefei|s] =& ek

2003 - First observatien of reactor
antineutrino disappearance

g to Fred Reines

01 045

i—,

O

1995 - Nobel Pri

1980s & 1990s - Reactor neutrino flux
Measurements in U.S. and Europe

/’—"\

\ 1956 I First observation W
‘ot.(.mtl)neutrlnos

Reactor neutrino exp

Karsten M. Heeger
University of Wisconsin



Reactor Neutrinos I

Reactor Neutrinos

Nuclear Power Plants around the World
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well-known neutrino source !

= |[n Korea, 4 nuclear reactor sites
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RENO at Yonggwang, Korea
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RENO Collaboration

8 institutions and 35 physicists in Korea

= Chonnam National University
* Dongshin University

» GIST

= KAIST

= Kyungpook National University
» Seoul National University

= Seoyeong University

» Sungkyunkwan University

» Total cost : $10M
= Start of project : 2006

* The first experiment running
with both near & far

detectors since Aug. 2011
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Reactor Experiment for Neutrino Dscillation

YongGwang (87) ;. .._j‘,;.
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[J Located in the west coast of southern
part of Korea

[ ~300 km from Seoul

[ 6 reactors are lined up in roughly equal
distances and span ~1.3 km

(3 Total average thermal output ~16.7GW,,
(one of powerful sources in the world)

YongGwang(Z J%):
= glorious[splendid] light
(~spirited)

mmm) New name: Hanbit

@ Ulchin

o
Wolsong

Yonggwang © ®Kori




Google Satellite View of Experimental Site 200m h|gh

Near Detector

Reactors
5 /

‘-"- m{gong Reactors
in Korea

Xe-ngGwang Nuclear P‘a\wcr Plant
~ (Hanbit)

NNy
Far Detector “


http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg

Near & far tunnels construction (2008.6~2009.3)

by Daewoo Eng. Co. Korea
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(Mineral Oil)

......

Buffer & ¢ & Gamma Catcher = 3

Gamma Acrylic
AARIRVARRARRRANS catcher | ©9 (15mm) - 273
Buffer | 70 | SUS(S5mm) M'g‘i"l""' 59.2
* Inner PMTs: 354 10” PMTs
* solid angle coverage = ~14% Veto 150 (15;:_\:) water 354.7

* Outer PMTs: ~ 67 10” PMTs

total ~460 tons




The 5 MeV Excess is there !

RENO Double Chooz
Neutrino 2014, Boston |- 7

(Data - MC) / MC

Prompt Energy [MeV]

In 2014, RENO firstly showed that the 5 MeV excess
is from reactor neutrinos @Boston

Since then, DC & DB also observed 5 MeV excess



PRL 121.201801 (2018)

This Result, RENO

———
—e— World Average (2017)
—e— Daya Bay
Double Chooz
° T2K
0.08 0.1 sin22913 0.15
NH . IH This Result, RENO
— —.— World Average (2017)
—— —e— Daya Bay
—e— —e— T2K
—— —— MINOS
—— —eo— NOVA
24 26 28 24 26 28 3 32 34 36

[am?_ | (x107 eV?)

17



Plan for RENO data taking

20T 2010 2020 2021

S e >

RENO data has taken for Possible 'extension of additional 2~3 years
almost 9 for the analysis I‘

According to our recent study, the
@ systematic error of |Am_.?| is smaller
than the statistical error

sin?20,,; and |[Am,.?| will approach to
~6% precision (our design goal)

500 days 1500 days ~3500 days
Measured Measured Expected
(preliminary)

sin220,, 12 % 9 % 6~7%
|Am, 2| 10 % 7 % 4~5%



(Brief) Overview of RENO-50

= RENO-50 : An underground detector consisting of 18 kton ultra-
low-radioactivity liquid scintillator & 15,000 20° PMTs, at 50 km away
from the Hanbit (Yonggwang) nuclear power plant

= Goals : - Determination of neutrino mass hierarchy
- High-precision measurement of 8,,, Am2,, and Am?_,
- Supernova neutrinos, Geo neutrinos, Sterile neutrino search, ....

39 m

P n
< >

W 6¢

" Scheduled : 2013 ~ : Facility and detector construction, operation, etc

= Unfortunately, failed to get fund. In spite of much effort, disappearing into history




Particle Data Book l

LEPTONS
sin?(2615) = 0.857 £ 0.024 (+2.8%) sin®0,, = 0.312+0.017 (+5.4%)
AmZ, = (7.50 £ 0.20) x 107> eV? (+2.7%)
sin2(2653) > 0.95 1 (£3.1%) Sin“@,, = 0.42+0.08-0.03 (+19.0 -7.1%)
Am3, = (2327 575) x 1072 V2 Ul (+5.2-3.496) | Am,, 2/ [Amy, 507 = 0.03
sin“(2013) = 0.098 + 0.013 (+13.3%) sin%,; = 0.0251+0.0034 (+13.5%)

= Precise measurement of ,,, Am?,, and Am?,,

- 9 2
OSIN" % _1.09%(10) A2 1 006(10) iAmz 2 <1.0%(1c)
SIN“0 (549 A’z (< 2.6%) M2 (520




International Workshop on RENO-50

' i Seoul, June 13-14, 2013
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RENO-50 at Showmass

Opportunities in v Oscillations

Summary talk on Intensity Frontier by J. Hewett
at Snowmass meeting (Aug. 2013)

Category Experiment Status Osc params
accelerator T2K data-taking MH/CP /octant
accelerator NOvA commissioning MH/CP /octant
accelerator  RADAR R&D MH/CP /octant
accelerator =~ CHIPS R&D MH/CP /octant
accelerator T2HK design/ R&D  MH/CP /octant
accelerator = LBNE design/ R&D  MH/CP /octant
accelerator DAEJSALUS design/ R&D  CP

reactor JUNO design/R&D MH

reactor RENO-50 design /R&D MH
atmospheric Super-K data-taking MH/CP /octant
atmospheric Hyper-K design/R&D MH/CP /octant
atmospheric LBNE design /R&D MH/CP /octant
atmospheric INO design /R&D MH /octant
atmospheric PINGU design/R&D MH
atmospheric ORCA design/R&D MH

supernova existing N/A MH

T2HK plays an important role




P ve—>ve)z1 cos’ «913sin2in2k '

RENO-50

[ 2 MR | ; P | 2 M. |
0.1 1 10 100
Baseline (km)

6 7
Visible energy [MeV]

= Large 0,, neutrino oscillation effect at S0km
+ 18kton liquid scintillator detector

Reactor Neutrino Oscillation




Courtesy by YoshitaroTakaesu
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RENO-50 | 77 A )

18 kton LS Detector

~47 km from YG reactors rafil (o the YG power plant

Mt. Guemseong (450 m) | . ( gﬁgible contribution from tIF

~900 m.w.e. overburden other nuclear power plants)
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Additional Physics with RENO-50 l

* Neutrino burst from a Supernova in our Galaxy
- ~5,600 events (@8 kpc)

- Along-term neutrino telescope

|
»= Geo-neutrinos : ~ 1,000 geo-neutrinos for 5 years m

- Study the heat generation mechanism inside the Earth ]

= Solar neutrinos : with ultra low radioacitivity m

- MSW effect on neutrino oscillation

- Probe the center of the Sun and test the solar models

= Detection of J-PARC beam : ~100 events/year m

» Neutrinoless double beta decay search : possible modification like
KamLAND-Zen




4+ o 0o 0

CUP (Center for Underground Physics)

~$10M/year for next 10 years. Total ~$100M

) ) Personnel
Executive Commitiee
Total 65

Gender 49(Male), 16(Female)
Group 1 Group 2 Group3 Group 4
p lp m p :El(t);‘rer?;‘{ional 53(Korean), 12(International)
Dark Matter Double Beta Detector Database
Hyunsu Lee Yeongduk Kim Yong-Hamb Kim D. Leonard
v program

Searching for Dark Matter to understand the origin and structure of the universe

- Searching for Weakly Interacting Massive Particles (WIMPs) as dark matter candidates
- Searching for and sterile neutrinos



* AMORE (Advanced Mo-based Rare process Experiment)

- Searching for neutrino-less double beta decay of 1°*Mo

using cryogenic “°Cat®®MoO, detectors

- 5 countries (Korea, Russia,
Ukraine, China, Germany)
- 13 institutes, ~84 collaborators

AMORE detector

II Yangyang(YZL) Underground Laboratory

“Cal®MoO, 0Cal%Mo0,  X'*MoO,

200 kg
AMOoRE-II

~1.5kg

P : (Low¢r Dam AMORE Pilot
e IKIMS (Dark Matter Search) Rt

OFOFOFEIH T 4 AMoRE (Double Betad Decay Experiment)

Minimum depth : 700 m / Access to the lab by car (~2km)

ckKy : counts/ (keV kg year)

Crystal Mass (kg) 1.5 5 200

Backgrounds(ckky) ~ 102 ~ 103 104
T, 5(year) 1.0x10% 8.2x102 8.2x1026
My, (meV) 380-719 130-250 13-25

Schedule 2017 2018




History of CaMoO4

1) 2002 : Idea and try to grow CMO in Korea

2) 2003 : Collaboration with V.Kornokov. Received CMO (better)

3) 2004 : CMO test and Conference presentation (VIETNAM2004),
Extended idea of XMoO4, cryogenic detector of CMO

4) 2005-2007 : Large CMO with 1=t ISTC project

5) 2006 : Collaboration with F. Danevich group (CMO by Lviv)

6) 2007 : CMO R&D in cryogenic temperature started.

7) 2008 : 2~ ISTC project : 1kg of 4°Ca!®MoO4 crystal growing

8) 2009 : AMORE collaboration formed

9) 2010-11 : Characterization of “°Cal®Mo0O4 & background study

10) 2012 : Russian group got funding for CMO production line
11) 2013 : AMoRE project funded (Under IBS GUP)

AMORE group has a 10ng hiStOry | Gvieinan secs) dus soos asse

I IEEE Nucl. Seci. 52, (= )
for developing detector & IEEENucl. Sei. 52, 1151 (2005

good experiences, technology, etc -IEEE Nucl. Sci. (2010,2012)




Reactor nuclear physics vs. new physics ?

adapted from Lasserre
In 2009, reactor neutrino spectrum modified = previous  AAP 2012

data shows 6% deficit . R = Zas <1
1.1 A1L R . T T

o 1.00

|||||‘ I T T T st
0.96
3v

0.94
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B T T Reagtor 0,
0.7— Reactor Neutrino Anomaly far detector
06__ Average = 0.935 £0.024 (1-2 km)
Bl Reagtor 0,
05l near detector
- (0.3-0.4 km)
0.4 LLLl IR IR RN R AT B [ R | R AT N N S AT B
0 10 100 1000 10000 100000

Reactor To Detector Distance (m)

10 m 100 m 1km 10 km 100 km



Hanaro Short Baseline (SBL) Neutrino Experiment in Korea

(2012~2015)

TopView
L Y

New Location

Sideview

Baseline ~6m

~100 neutrinos/day

Funded (~2M$) for 3 yrs

» 30MW Hanaro research reactor in KAERI, Daejeon, Korea is used to

investigate a reactor neutrino anomaly

= Small core size: 20x40x60 cm?3

= 50L prototype detector and then 500L LS (GdLS, °LIiLS) main detector




Target (50L) of GALS/CLILS
PMT: 6 x 8" R5912 Hammatsu PMTs
Passive shield (10 cm thickness Lead)

47T muon veto
Background is studied at over ground
LAB

Deployment plan: Hanaro @6m, March 2014




To investigate a reactor antineutrino anomaly
= NEOS I: taking data (2015.08 ~ 2016.05)

= NEOS II: 2018.09 ~ present

Hanbit
reactor

52

1-ton LAB-based LS
~0.5% Gd-loaded
~10% DIN added



Google Satellite View of Experimental Site
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http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg
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http://reno01.snu.ac.kr/~reno/wiki/index.php/Image:Tdr_3-2.jpg

Benzene

75” Linear Alkyl

* Homogeneous LS target
— 1008 L volume
(R51.5,L121) cm
— LAB+UG-F (9:1)
— 0.5% Gd loaded for high
neutron capture efficiency
— 38 8” PMT in mineral oil buffer

« Shieldings
— 10 cm B-PE (n), 10 cm Pb (y)
— active muon counter

« Data AcQuisition
— 500 MS/s FADC (waveform)
— 62.5 MS/s ADC (u veto)

+ Source calibration through
chimney

NEOS I

- LS is replaced

- No major change

(minor change in detector structure)

- Evolution of reactor neutrino flux
/spectrum will be studied according to
the fuel component changes
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NEQOS successfully measured spectral shape of IBD

PRL118, 121802 (2017)



T2KK, T2HKK or KNO?
(played as a 2" Hyper-K detector in Korea)

J-PARC off-axis neutrino beam comes to Korea
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Baseline ~1100km: next oscillation maxima in Korea




J-PARC neutrino beam | br. Okamura & Prof. Hagiwara
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Surprisingly, this
idea was introduced
~15 yrs ago

i REN(S-SO'Q &




SEOYFOUNG

MAAK|L]0f

KNO Candidate Sites

SEOHOUNG

® Bidding process for geological survey/tunnel design company was done (May, 2017)

= Seo young engineering company surveyed surface and underground of Mt. Bisul &
Mt. Bohyun (1.5%#, ~$0.15M) (June, 2017)

= Conceptual design and construction cost estimation through stress analysis

was reported (July, 2017)
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Rock quality looks good



KNO Underground Facility

Mt. Bisul

Tunnel length: 2.8 km
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Stress Analysis for Tunnel Design

ZIYEE AAHE
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== = Estimated cost for tunnel: $60 ~ 70M

% = \ " Estimate quantity & quality of underground water

g Rock Bolt ~ Cable Bolt H .

== 1 | |==p All details for KNO, please see

~.

other slides in this satellite workshop
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Closing Remarks

Since last Korean group has joined various neutrino
program and 15t domestic large collaboration started at 2006
(RENO collaboration)

Korean reactors have used as an intense neutrino source to study
the neutrino properties.

The smallest mixing angle of 0,5 is firmly (to ~7% precision)
measured. RENO will have ~3 more yrs data taking scheduled.
This is one of the most important achievements of Korean group in
the world neutrino community

, several neutrino programs are on-going internally or
outside (RENO, NEOSII, JSNS?, IceCube, etc)

Korean group are preparing for
(KNO, DUNE, IBS-neutrino program, etc) & international
collaborators are welcomed






* Reactor

H H
P, =1-sin® 26,,sIn

- Clean measurement of 0,5 with no matter effects

* Accelerator

- mass hierarchy + CP violation + matter effects
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= Complementary :

Combining results from
accelerator and reactor
based experiments
could offer the first
glimpse of 6.p



RENO-50 vs. KamLAND
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Reactors
in Korea
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= RENO-50 is dedicated to the YG

power plant. (negligible contribution

from the other nuclear power plants)

= RENO can be used as near detectors.

= Precise reactor neutrino fluxes :
systematic error from ~3% to ~0.1%
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= KamLAND uses the entire Japanese
nuclear power plants as a source.




= Search for neutrinoless double beta decay

Zero Neutrino
double beta decay search |

1000 20" od

LS (18 kton)
15,000 20" PMTs (67%)
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mass hierarchy + precise value of 8;,, Am?,; & Am?,,
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Summary of Final Data Sample |

(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

AV aVaVaVAWAY o I



Analysis Results

Rate Only sin®2g,=0.087+0.009(stat.) £0.007(syst.) =+ 0.011(total)

Rate + Shape (submitted in PRL)
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JHEP 1410, 086 (2014)

Preliminary (Moriond)

Daya Bay
PRL 115, 111802 {2015)

RENO

Preliminary (arXiv:1511.05849)

T2K
PRD 91, 072010 (2015) )
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