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Fundamental Questions on Neutrino

 Why so large neutrino mixing angles? 

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

 Absolute neutrino masses?   (Why so small?)

 Neutrino mass ordering?   (Normal or inverted?)

 Leptonic CP violating phase?  

 3 n paradigm enough?    (Sterile neutrino?)

※ High precision measurement of neutrino oscillations  

→  Precise values of mixing angles and mass difference are  

necessary for solving those fundamental problems

1st domestic large neutrino experiment,  
RENO has started measuring 
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Brief history of neutrino experiments 

(Korean group involved)

 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 neutrino, focus on measuring oscillation parameter 

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

Important to have various experiments for a robust neutrino program 

(Purely personal view)



They claimed that they can 

help monitoring North Korea 

reactor by neutrino detector

technology 



Neutrino Mixing Angles
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9o (2012)
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~45o (1998)
Super-K; K2K

2015
Nobel
Prize

“Neutrino has mass” 

“Established three-flavor mixing framework”
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Nuclear Power Plants around the WorldReactor Neutrinos

~5×1021 n/sec

 Cost-free, intense, low-energy & 
well-known neutrino source !

Reactor Neutrinos

 In Korea, 4 nuclear reactor sites 

(Yonggwang, Uljin, Wolsung, Kori)



Reactor q13 Experiments

RENO at Yonggwang, Korea

Daya Bay at Daya Bay, China

Double Chooz at Chooz, France

2003년 시작 2015년 2검출기완성 2004년 시작 2013년 초 총8검출기 완성

2006년 후발 주자로 시작 2011년 1월 완성



8 institutions and 35 physicists in Korea

 Chonnam National University

 Dongshin University

 GIST

 KAIST

 Kyungpook National University

 Seoul National University

 Seoyeong University

 Sungkyunkwan University

RENO Collaboration

 Total cost : $10M

 Start of project : 2006

The first experiment running 
with both near & far 
detectors since Aug. 2011

YongGwang (靈光) :       

Reactor Experiment for Neutrino Oscillation

New name: Hanbit 



손동철 (2005.08)

부구초등
주인분교(임시교사)

울진원자력입구
교육훈련센터

울진캠퍼스
예상지역

중성미자실험
검출기 위치
(필수 지역)

울진(UlChin)캠퍼스Candidate site 



 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

 Total average thermal output ~16.7GWth 

(one of powerful sources  in the world)

YongGwang Nuclear Power Plant

YongGwang(靈光):
= glorious[splendid] light

(~spirited)  

New name: Hanbit 
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Google Satellite View of Experimental Site
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(Hanbit)
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Near & far tunnels construction
by Daewoo Eng. Co. Korea

(2008.6~2009.3)

 세계 최고 수준 (터널, 교량, 도로 건설 등) 
- (예) 원전 옆 폭약사용
 현재: 관광명소 중 하나 (초기 반핵단체

극심한 반대 불구하고)  

진입로 건설 및 포장
2011.1 검출기 완성
2011.8 데이터 수집

2011.10 (DB/DC)견학시킴



total ~460 tons

Thick

(cm)
vessel Material

Mass

(tons)

Target 140
Acrylic

(10mm)
Gd(0.1%) 

+LS
15.4

Gamma 
catcher

60
Acrylic 
(15mm)

LS 27.5

Buffer 70 SUS(5mm)
Mineral 

oil
59.2

Veto 150
Steel

(15mm)
water 354.7

• Inner PMTs: 354 10” PMTs

• solid angle coverage = ~14%

• Outer PMTs: ~ 67 10” PMTs

RENO Detector 



Seon-Hee Seo, SNU Hawaii 2014 16

RENO Double Chooz Daya Bay

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

Neutrino 2014, Boston

Since then, DC & DB also observed 5 MeV excess

The 5 MeV Excess is there !



Comparison of q13 and |Dm2
ee| 

17

PRL 121.201801 (2018)



RENO : Plan and Prospects

Plan for RENO data taking

RENO data has taken for 

almost 9 for the analysis

sin22q13 and |Dmee
2| will approach to 

~6% precision (our design goal)

2018 2019 2020 2021

Possible extension of additional 2~3 years

According to our recent study, the 

systematic error of |Dmee
2| is smaller 

than the statistical error

500 days

Measured

1500 days

Measured 

(preliminary)

~3500 days

Expected

sin22q13 12 % 9 % 6 ~ 7 %

|Dmee
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 

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

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

 Goals : - Determination of neutrino  mass hierarchy                  

- High-precision measurement of q12, Dm2
21 and Dm2

ee

- Supernova neutrinos, Geo neutrinos, Sterile neutrino search, …. 

39 m

3
9

 m

LS (18 kton)

15000 20” 
PMTs 

Water, 1000 20” 
PMTs 

RENO-50 detector (MC)



Particle Data Book
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∆m21
2 / |∆m31(32)

2| ≈ 0.03 

sin2q12 = 0.312±0.017  (±5.4%)

sin2q23 = 0.42+0.08−0.03  (+19.0 -7.1%)

sin2q13 = 0.0251±0.0034  (±13.5%) 

 Precise measurement of q12, Dm2
21 and Dm2
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International Workshop on RENO-50

Seoul, June 13-14, 2013



Summary talk on Intensity Frontier by J. Hewett 

at Snowmass meeting (Aug. 2013)

RENO-50 at Snowmass



Reactor Neutrino Oscillations
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RENO

RENO-50

Mass Hierarchy

 Large q12  neutrino oscillation effect at 50km 

+ 18kton liquid scintillator detector

Very challenging, better than 3% energy resolution is required



Far Detector

Near Detector

RENO-50

18 kton LS Detector       

~47 km from YG reactors 

Mt. Guemseong (450 m) 

~900 m.w.e. overburden

(NEAR Detector)

(FAR Detector)

Courtesy by YoshitaroTakaesu
(Tokyo) 

Dedicated to the YG power plant.

(negligible contribution from the 

other nuclear power plants)



Mt. GuemSeong
Altitude : 450 m

RENO-50 Candidate Site



RENO-50 Candidate Site

Dongshin University

Mt. GuemSeong
Altitude : 450 m

RENO-50 Candidate Site



Additional Physics with RENO-50

 Neutrino burst from a Supernova in our Galaxy

- ~5,600 events  (@8 kpc) 

- A long-term neutrino telescope

 Geo-neutrinos : ~ 1,000 geo-neutrinos for 5 years

- Study the heat generation mechanism inside the Earth

 Solar neutrinos : with ultra low radioacitivity

- MSW effect on neutrino oscillation

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

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

 Neutrinoless double beta decay search : possible modification like 

KamLAND-Zen 

KNO 

KNO 

KNO 

KNO 

inherited

inherited

inherited

inherited



Institute of Basic Science (IBS)

CUP +
CUP (Center for Underground Physics) 

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

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 neutrino-less double beta decay and sterile neutrinos

n program 



- 5 countries (Korea, Russia, 

Ukraine, China, Germany)

- 13 institutes, ~84 collaborators

 AMoRE (Advanced Mo-based Rare process Experiment)

- Searching for neutrino-less double beta decay of 100Mo

using cryogenic 40Ca100MoO4 detectors

Weight

~300g 

AMoRE detector 



CUP)

AMoRE group has a long history
for developing detector & 
good experiences, technology, etc



Reactor Neutrino Anomaly ? (3n vs. 4n)

3n

adapted from Lasserre

AAP 2012

4n

10 m 100 m 1 km 10 km 100 km

Average = 0.935 ± 0.024 

Reactor q13 

near detector 

(0.3-0.4 km)

Reactor q13 

far detector 

(1-2 km)

Reactor nuclear physics vs. new physics ?

KAMLAND Data

In 2009, reactor neutrino spectrum modified  previous 

data shows 6% deficit . R = 𝑅𝑜𝑏𝑠

𝑅
𝑝𝑟𝑒

< 1

Reactor Neutrino Anomaly



Hanaro Short Baseline (SBL) Neutrino Experiment in Korea

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

investigate a reactor neutrino anomaly

 Small core size: 20x40x60 cm3   

 50L prototype detector and then 500L LS (GdLS, 6LiLS) main detector

Baseline ~6m 

~100 neutrinos/day

Funded (~2M$) for 3 yrs

(2012~2015)



Hanaro SBL Prototype Detector 

- Target (50L) of GdLS/6LiLS

- PMT: 6 x 8” R5912 Hammatsu PMTs

- Passive shield (10 cm thickness Lead) 

- 4p muon veto

- Background is studied at over ground 

LAB  

Deployment plan: Hanaro @6m, March 2014 

Target 

(50L) 



NEOS (NEutrino Oscillation at Short-baseline) Experiment

To investigate a reactor antineutrino anomaly 

 1-ton LAB-based LS

 ~0.5% Gd-loaded

 ~10% DIN added

Hanbit 
reactor

5호기

 NEOS I: taking data (2015.08 ~ 2016.05)

 NEOS II: 2018.09 ~ present 
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Near Detector

Reactors

YongGwang Nuclear Power Plant

Google Satellite View of Experimental Site

120 m.w.e. 16.5 GWth NEOS

2.8 GWth

30 m.w.e.

~25m
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NEOS I

NEOS II
- 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



NEOS Data-taking IBD Counting Rate 

IBD Prompt Energy 

NEOS successfully measured spectral shape of IBD 

prompt energy PRL118, 121802 (2017)



KNO 

J-PARC off-axis neutrino beam comes to Korea

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

Off-axis angle

Baseline ~1100km: next oscillation maxima in Korea



J-PARC neutrino beam Dr. Okamura & Prof. Hagiwara 

2~3 deg. off axis

RENO-50

보현산/비슬산/삼봉산/
황매산/민주지산/운장산 등

 Surprisingly, this 
idea was introduced
~15 yrs ago

0.5Mton

HK

0.5Mton

Hyper-K 
(under construction)

(2005)

International Workshop on a Far Detector in Korea for the JPARC Neutrino Beam



KNO Candidate Sites

 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 (1.5억원, ~$0.15M) (June, 2017)

 Conceptual design and construction cost estimation through stress analysis 

was reported (July, 2017) 

비슬산

보현산



KNO Rock Strength of Underground

비슬산 (Mt. Bisul)

보현산 (Mt. Bohyun)

Rock quality looks good



KNO Underground Facility



Stress Analysis for Tunnel Design

 예상된 지하시설 구축 비용: 600~700 억원

 Estimate quantity & quality of underground water

Estimated cost for tunnel: $60 ~ 70M

All details for KNO, please see 

other slides in this satellite workshop 



Closing Remarks

 The smallest mixing angle of q13 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

 Korean group are preparing for the next generation neutrino 

programs (KNO, DUNE, IBS-neutrino program, etc) & international 

collaborators are welcomed 

 Since last ~30 yrs, Korean group has joined various neutrino 

program and 1st domestic large collaboration started at 2006 

(RENO collaboration) 

 Korean reactors have used as an intense neutrino source to study 

the neutrino properties. 

 Currently, several neutrino programs are on-going internally or 

outside (RENO, NEOSII, JSNS2, IceCube, etc)
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- Clean measurement of q13 with no matter effects

* Reactor

q13 from Reactor and Accelerator Experiments

* Accelerator 
- mass hierarchy  +  CP violation  +   matter effects

 Complementary : 

Combining results from 

accelerator and reactor 

based experiments 

could offer the first 

glimpse of  CP.

Precise measurement of q13



RENO-50  vs. KamLAND

RENO-50

 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%

 KamLAND uses the entire Japanese 

nuclear power plants as a source.



Physics with RENO-50

 Search for neutrinoless double beta decay

18

20”



Reactor Neutrino Oscillation
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Summary of Final Data Sample

(Prompt energy < 10 MeV)

30211279787

402.69369.03

62.0± 0.014 71.4± 0.014

13.73± 2.13

3.61± 0.05 0.60± 0.03

3.61± 0.60

3.14± 0.09 0.68± 0.04

20.48± 2.13 4.89± 0.60

737.69± 2.58 70.13± 0.75



sin22q13 = 0.082±0.009(stat.)±0.006(syst.)

Dmee
2 = 2.62-0.23

+0.21(stat.) -0.13

+0.12(syst.) (´10-3eV 2 )

± 0.010(total) 13 % precision 

± 0.26 (total) 10 % precision

Rate + Shape

Rate Only sin22q13 = 0.087±0.009(stat.)±0.007(syst.) ± 0.011(total)

Analysis Results

(submitted in PRL)

syst.).0.018(stat0.1112sin 13

2 qDC
(latest)


