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Nuclear Power producers

South Korea is one of the world’s largest nuclear power producers.

Nuclear generation by country 2023
source: World Nuclear Association, IAEA PRIS
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The Countries With the
Most Nuclear Reactors

Number of operational reactor units by country in 2022
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Nuclear power plants in South Korea

Now, 26 operating reactors.

Hanul

South Korea nuclear power plants and
reactors, by reactor status (2020) n E En E H
Shin Hanul 2024
D *s-euul Shin Hanul
o 1(2

—_— WnlsﬂnE

Shin Wolsong

Gyeaongju - —r— n E

Lk
-

status of reactor Hanbit |—e = Ulsan,™ Kori

. i t' g &
operating nE F EUEEHI:}E._ nHHH

a._sﬁutcluwn HEH Shin Kori
° city ol 1]2[3]4

Byeongsu Yang, IAEA TM 2025, Seoul, Koera

April 7, 2025



Reactor Experiment for Neutrino Oscillation

8 Institutes and 30 Physicists

Chonnam National University

Dongshin University

Gwangju Institute of Science and Technology
Gyeongsang National University

Kyungpook National University

Seoul National University

Seoyeong University

Sungkyunkwan university

« Start of project: 2006

 The first reactor experiment running
with both near and far detectors

« Observation non-zero 04
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Hanbit Nuclear Power Plant & Neutrino Production

Commissioning

Thermal Power

Reactor # Net Capacity

1 903 MW 2787 MWt WHF 1986
903 MW 2787 MWt WHF 1987
950 MW 2825 MWt OPR-1000 1995
950 MW 2825 MWt OPR-1000 1996
992 MW 2825 MWt OPR-1000 2002
993 MW 2825 MWt OPR-1000 2002

Anti-electron neutrinos for each GW,,

Fuel consumption evolution ,
P ~2 x 10%0 neutrinos / GW,,

D36201 (2019)
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Reactor Experiment for Neutrino Oscillation

- Total thermal power Oscillations observed as a
7 16.4G ”/th deficit of anti-neutrinos
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RENO
Experimental
Setup

|]euuny poddng

&

' s - -
s 5

April 7, 2025 Byeongsu Yang, IAEA TM 2025, Seoul, Koera 8

oL,
“\. .




|dentical detectors at near and far sites
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Detector

IBD Target

Material

Gamma Catcher

Buffer

Veto

Gd (0.1%)+LS 16.5 ton
LS 30.0 ton
Mineral oil 64.6 ton
Water 352.6 ton

Byeongsu Yang, IAEA TM 2025, Seoul, Koera

354 ID PMTs and 67 OD PMTs
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. A
Data taking | = |
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« RENO DAQ running 2 . el “f ,
+ Aug. 2011 ~ Mar. 2023 5123 [I
R =
L Sy i
« 3800[days] livetime SR == ;}
() % ,_ T
. . o <& ; U i iy DA 0 RORE R e R ) Y . 14 T ] rear
» The other systems maintaining £ ¢ gear [ [T T T TIIRTTTRTI Q TTE]
quality of the hardware are R = R AT B
Under Operatlon' — 201112 201“3-12 L 201”25-12I mz‘lo17-12 2019-1|2 i ‘ 202§3-12
time

* Recently, started re-operatin Live time [Result
DAQ ofythe near detel?:tor. J ElET ive time
—RENE experiment Aug. 2011 ~ Feb. 2018 2200 [days] 2018 PRL

sterile neutrino search. Aug. 2011 ~ Mar. 2023 3800 [days] New result
ee the next talk).
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Major Results from RENO

* Precise measurement of |Am2,| and 845 o
* Phys. Rev. Lett. 108, 191802 (2012) - 229[d]
* Phys. Rev. Lett. 116, 211801 (2016) - 500[d] will be finished with
* Phys. Rev. D 98, 012002(2018) - 500[d] 3800[d] analyses.
* Phys. Rev. Lett. 121, 201801 (2018) - 2200[d]
« arXiv:2412.18711 - 3800[d] days of data -> new result

« Measurement of 8,5 with nH capture
« JHEP 04 029 (2020) - 1500[d]
« 2800[d] days of data —

 Reactor neutrino yield & spectrum

— will be continued beyond
+ Phys. Rev. Lett. 122, 232501 (2019) - 1800[d] 38001d] ana i
+ Phys. Rev. D 104, L111301 (2021) - 2900[d] o re-oporatiom ot the s

e Results from sterile neutrino search detector.
* Phys. Rev. Lett. 125, 191801 (2020) - 2200[d]
« Phys. Rev. D 105, L111101 (2022) - 2500[d] x NEOS 180[d] |
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RENO Antineutrino Detection Principle

Inverse Beta Decay

0.3 ‘_ Inverse Beta Decay
Gd-loaded C K
(l B D) Liquid Sc::n:‘llkatofi_ 0_25:_
\“““‘ del'"'#’ g. 0.22—
\ e = - n
5 3 -
e ; L= ~8 MeV go1s|-
34 N 2
Ve P 2 delayed ~30us
J - ? >°\l‘l or
-2 .. delayed ~200us
| o e’ ‘:‘--1 H ,""',-'Y
MI ¥ 9 2f;mv
>
=
-
o0
E, ~E, —0.78MeV
Et hr _ ('TTZ.-n + 'TTZ.-p) — -m.p ‘%,
v 2my, )
= 1.806 MeV

Prompt Energy (MeV)
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RENO Event Display

nGd like event External gamma like event

ID Qmax : 369

IDQmax: 374

:gu-u:m ID NHits: 195
Qsum : 26385 ID Qsum : 6499
(1MeV ~ 3300 ADC) (1MeV ~ 3300 ADC)
OD NHits: 0 g

0D Qsum: 0 oD Geum: | 8
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RENO Detector Calibration

Radioactive sorce calibration
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IBD Candidate Sample &Background Estimation

3800d: arXiv:2412.18711

~ . Accidental Fast neutron
* 1,211,995(144,667) v, candidate "E- o
events observed for near(far). B et R A
* The total background rates " SS—
* Near: 9.08+0.18 events/day (2.5%) :
* Far: 2°O6i0'1 3 events/day (5°3%) ]n_' 500 fo00 1500 2000 2300 3000 3300 4000 1“_ e '15””2_‘0 B I R
o " Li/He
Detector  [Near [Far [ .
IBD rate 366.47 + 0.33  38.70 £ 0.10 oy Fat oo 5 - — T ot v
after background subtraction 35739 £ 038 36.64 £ 0.16 Z
total background rate 9.08 £ 0.18 2.06 £ 0.13 E
live time [days] 3307.25 3737.85
measured IBD and estimated background rates %

with 1.2 < E, < 8.0 [MeV], given per day

April 7, 2025 Byeongsu Yang, IAEA TM 2025, Seoul, Koera 15



Improvement
* Li/He Background Spectrum

« extension of dataset
« combined far & near spectrum

comparison of the Li/He spectrums
0.04

0.035 —— 2200 (d) / near

0.03 ~- _ —— 3800 (d) / combined

0.025

e reactor-related uncertainties 0.02

« decomposition of detector- 0,015
correlated & detector-
uncorrelated components

« only detector-uncorrelated 0005
component can be considered 0
for far-to-near ratio analysis.

Arbitrary

0.01

] | ] ] ] | ] ] ] | ] 1 ] | ] ] ] | ] 1 ]
6 8 10

Energy (MeV)

3800d: arXiv:2412.18711
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IBD prompt spectrum

» A shape comparison between the
observed IBD prompt spectrum and the
prediction from a reactor v, model

 Data : observed IBD prompt spectrum after
background subtraction

« MC : prediction with best-fit oscillation

» The fractional difference between data
and prediction in the lower panel

* A clear discrepancy between the
observed and the predicted spectral
shapes in the region of 5 [MeV]

60000

(Data-MC)/MC Events / 0.2 MeV

Events / 0.2 MeV

(Data-MC)/MC
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e measurement of |Amz,| and 03

Based on the measured far-to-near ratio of prompt spectra from

RENO 3800 days (Aug. 2011 — Mar. 2023)
= _Wsiné26 B8 =1050020 S0 00N S Ea te) =00 Al (55 )N O Precision)
4 —Rate+Spectrum | |AmZ,| = 2.571319(stat.) 592 (syst.) (x 1073 eV?)(4.5% precision)
2= =

: . Rate+Spectrum source of the systematic uncertainty

i oL ] I T S Y

I [ 95.5% CL. reactor - + 0.0013

[ . B 68.3% CL. 1 detection efficiency - + 0.0032
=iy i energy scale + 0.05 + 0.0016

i i backgrounds + 0.02 + 0.0020
2" 3800d: arXiv:2412.18711 1 (reference) 2018 PRL

o u o liiiad sin?26,; = 0.0896+0.0048(stat)+0.0047(syst)

O e, U 20 amZl = 268£0.12(stat)£0.07(syst) (x10° eV)

13
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Events / 0.2 MeV

Data / Prediction
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observed L/E dependent oscillation

¢ Far Data
¢ Near Data
— Prediction from near data
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precision [%)]

New Result(3800[d]) vs 2018 PRL(2200(d])

Precision of oscillation

. | live time | precision
analyses Sin“26iz  Ame

2018 PRL 2200 [d] 7.5% 5.2%
total uncertainty

statistical uncertanity only new result 3800 [d] 6.4% 4.5%

Comparing with the 2018 PRL result,

g the new result gives 14% and 13%
R e e e improved precision for sin?26,; and
2;__. ____________ _____________________ _________ ______ ______ _____________ Amge each.
0% mie 2 0 - 021 2024

3800d: arXiv:2412.18711
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RENO 2800
Days Data
n-H Analysis
Results
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0,; Measurement with 2800 Days n-H data

W] “ast neutron > 2 —
s0000— lly S Pt sin“(260,;) = 0.082 + 0.007(stat.) £ 0.011(syst.)
- B " ’Lir*He i
§ 30000 — 2 == JHEP(2019) : 1500days n-H result — sin2(2913) = 0.086 £ 0.008(stat.) £ 0.014(syst.)
o - PRL(2018) : 2200days n-Gd result — Sin2(2913) = 0.0896 + 0.0048(stat.) + 0.0047(syst.)
EE(KXX)'— N 23Prn?npllfncr;;'78 T B ) B (L P R B SRS TR S T T S S Rt R S e e i S S A E R
= cat 6000— e, —
= ¢ Data - 3
A 10000 _* Dat o L 1A m2,| =2.496 x 103eV2 |
| PfEllml 5 (2022PDG ) e
E sk B E 4000 =
=~ L : S 1
E 0O :-qq:++q-+-+1—t—*+‘*-ﬁ.- ----------------- f:r-_--.-_----_-,- ---------- #-----—- ~
~ i o
o : . = .
5 ook . A - S 200 Preliminaty
a 1 2 3 4 5 6 7 8 = Far Data
Prompt Energy (MeV) = i
— Prediction (best fit) —
L] Prediction (no oscillation)
Near Far g 11
DAQ live time (davs) 2259.298 2653.297 g 1
5
0 - —
IBD candidates & backgrounds 31667037  6110<0.15 & 09
rate =
= 08
After backeround subtraction 208.60 = 0.62 35.67+0.28 5
Prompt Energy (MeV)
Total backeround rate 18.06 = 0.50 2543024 ; &

Study using 3800d data is underway.
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Global Comparison

The new result shows good agreement with the global results.

Sin®20,
Global Comparison for sin“28,,

RENO (3800d/nGd)
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Global Comparison for [am3,| (Inverted Ordering)
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Cosmogenic °Li and 8He: B-n Decays

April 7, 2025

IBD

~27us

Prompt

(Gd)—7

Delayed

e Cosmic muon spallate 12C = (n, 12B, °Lli, 8He,...)
e L ong lived °Li and 8He p-n decays are the major
backgrounds of the IBD events
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Cosmogenic Muons at RENO

PRD 106, 012005 (2022)

Topological profile of RENO site V'S'b|? Energy of Cosmic Muons
(ALOS world 3D) Cosmic Muon MC: MUSIC
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PRD 106, 012005 (2022)

° ° T
Cosmogenic °Li and ®He: " Far + Da
—— ——— —— > 1507~ i‘ — Prediction ]
9, .
3x107 ¢  °Li/*He enriched sample E B Li |
+ 9r /8 . o\ 8Hf;
—— “Li/"He + IBD candidates s 100
2
g 2x10 ——— IBD candidates :
o a -
= =
~ g |
E ) m 50
S 107
M goF B
70+
60 - | | | I |
X[ . o . - Near ¢ Data -
10° 10° 10* > 300 — Prediction
O
ND FD S i i
Ry_s(/day) 11.92 +0.45 3.04 +0.28 Q
R, (/ sec) 61.84 £0.71 6.94 + 0.08 S 200
E” (cm) 201.1£3.9 1974 £39 2] i
p (g/cm?) 0.856 + 0.001 5
e (%) %Li 49.6 + 1.5 562+ 1.6 @ 100
8He 46.8 £ 1.5 53.0+1.7
f (%) 9Li 933 +4.6 94.2 + 4.1 -
8He 6.7 +4.6 58+4.1 .
Brs_, (%) { OLi 50.8 + 0.9 0
He o+l Prompt Energy (MeV)
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Yields of Cosmogenic °Li and 8He

Li *He Experiment
RENO
® O Double Chooz

Cosmogenic Yield (u'g-lcm?)

¢ O kKamLaNnD 0 ...

A A Borexino

T R T N !

30 4I0 50 60 70 100 200 3(I)0
Mean Muon Energy (GeV)  prp 106 012005 (2022)
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RENO Fuel
Fraction In the

Reactor Core

* Average fission fraction:
f 235: 1 239: 1 238: f 241=

0.573:0.299 : 0.0/73 : 0.055

[~

PRL 122, 232501 (2019) 0-2

April 7, 2025
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0.4 -
3 - a—a—8—u g -
- (8) 7 6 5 @ 3 Q) (1) 1
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Fuel Dependence of IBD Yield

F 39
0.35 0.3 0.25
6~ ¢ Data | J
----- Model (scaled by -6.2%) ™
- Best fit >

---- Identical IBD yields

| 1 1 I 1 I I 1 l_w

4.
o0

[10™* cm? / fission]
N
\O

PRL 122, 232501 (2019)

.
ot
)

2

s7E .
0.5 0.35 0.6 0.65

F235

 Fuel dependence study of IBD spectrum is underway
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Fuel Dependence of the 5 MeV Excess

239Pu fraction PRL 122, 232501 (2019)

0.35 0.3 0.25
I ! I I I I | I I I I LI |

a
@ Data

— e Constant SMeV excess —

(oS

- Best fit

|
(Data-MC)MC  Events /0.1 MeV
— o

Fractional SMeV excess (%)
2
;

L | ]
0.5 0.55 0.
23U fraction

Null fuel dependence is disfavored by 2.90

* Fuel dependence study is underway
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Reactor Antineutrino Anomaly: RAA

I Ve, = 5. + 0. —43 2 /fissi
IBD yield: yr = 5.852 £ 0.124(x 10™*>cm?*/fission) PRD 104, L111301 (2021)

Average fission fraction: ——rrr

T ' T T T T
f235:1.239:1_238: f_241 1.21— R = 0.941 + 0.001 (stat) + 0.015 (sys.) for H-M model
= 0.571:0.073:0.300:0.056  _ -
> _
L
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E“_ B : o —— Other experiments
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RENO Sterile Neutrino Search

(3 active +1 sterile) Neutrino Model

April 7, 2025
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Search Sterile Neutrinos
(RENO Near/Far) ;: Sub-eV

Scale

Based on 2200
days nGd data

April 7, 2025

Measured / Expected from Near

1.2

1.1

0.8

[ ) ) ]
."; {"t’“l [ e2 { e3 (-"E:—-l
- \ll ( lv# 1 {'112 [-'Y,u 3 [—'Y,u 4
v 1
l'. {-TTI (77'2 (-77-3 (_'Tf,—_l
\‘-., [7.51 [ vb ) { v.‘_\j I vb_l

— Am3, = 5x10% eV?

—— Amj, = 1x107 eV?
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— Am}, =5x107 eV?

51‘1[1229|4 =0.1 assumed

i —— Data [ Uncertainty of 3v prediction ]
1 l2l 3 ”4””5””6““7 I8
Prompt Energy (MeV)

1073

- === RENO 95% C.L.

Daya Bay 90% C.L.

| —— Bugey 90% C.L. (40m/15m)
- —— KARMEN+LSND 95% C.L.
| —— NEOS 90% C.L.

Planck 95% C.L. (allowed)
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PRL 125,191801 (2020)
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Sterile Neutrino Search REAERNAP Detoolr P SR S 1 ) oo
(RENO + NEOS) : 5 A

~eV Scale V> el S0 S
Neutrino Experiment for Oscillation at o YN ;*‘ﬁ’dhbit?cléar Power Plant Complex
Short baseline A aial A 6Reaftorarray

.‘

\Q};

" .J : -»?’ \\ ) ‘é\-SG\%th/‘eaCtor

\

NEQOS
detector

~8m (20 mw.e) °* Primary goal: search for eV scale sterile
A neutrino’in the 4 v framework.

* NEOS-1: Aug. 2015 - May 2016
* NEOS-2: Sep. 2018 ~ Oct. 2020
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Sterile Neutrino Search (RENO + NEQOS) :
~eV Scale

. . Comparison of neutrino ener
Reactor antineutrino spectra unfolded P gy

Comparison with spectra of 4

spectra among RENO, NEOS and
from RENO and NEOS data P J ’ v models
Daya Bay
3;_ RENO _; 1.20{ == RENO § 1.1 (A mj, sin® 26,)) = (2.41 €V*, 0.08)
& 2_5;— —; 1.151 e ;:’;:ﬁnd\ amh E ﬁ. (A ml, sin® 26,,) = (0.34 eV, 0.05)
Lé 2?— _E é 1.10 g
- 1 © 2
E 15E — T 1.051 S
g F i & 2
5 1 - 28 1.00% o 09— —
“ F 1 28 ~ et ! ! | :
° _E Z 0.9 E 1_1£+ (A m},, sin” 28,,) = (2.36 €V7, 0.06) _
33' L LI 0.90 1 z + (A m?,. sin® 26,,) = (034 €V2. 0.05)
~ . F 1 0.851 2
B 251 -] g I e Lo i SR & B B o i N L L SRRty & o 2 Y
5 F 2 3 4 5 6 7 g
B 2F — Neutrino Energy (MeV) g
> - 2 —}— data systematic uncert.
N L5¢ = B 09 —
':_Q‘ - - -n ! 1 1 ! | ! ! ! | ! ! ! ! | ! ! ! 1 | ! ! ! 1 1 ! ! ! ! _
g 1; ] . . Prompt Energy (MeV)
0 1 Data release of prompt and neutrino spectrum (with error matrices)

2 3 4 s 6 7 s PRD104, L111301 (2021) RENO
Neutrino Energy (MeV) PRD 105, L111101 (2022) RENO+NEQOS
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Sterile Neutrino Search (RENO + NEOS) :
~e\/ Sca|e IP]R]D::I1I$)IS L1l1§?1lo1”2022

III 1 I IIIIIII

= RENO+NEOS FC 95%

RENO+NEOS FC 68% (allowed)

« RENO+NEOS best fit at B e
(0.08, 2.4 eV?) around the RAA o RENOWNEOS RS o< <;:) |
beSt fit & e et

Jev

« 4 v min y2/DOF = 47.45/58 =

3 v min y2/DOF = 56.24/60 3 [.. .
« Ay? = 8.8, p=8.5% L T S |
« Motivate the RENE experiment | o Bestr !

(sterile neutrino search. & RAABestfi > S
See the next talk). e F"Tlg —

R
sin 2614
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Summary

* Report Precision measurement of |AmZ,| and 6,5 using RENO
3800 days nGd data

« Correlation btw 5 MeV excess and 235U fission (2.9¢ C.L.) PRL 122,
232501 (2019)

* The first RENO sterile neutrino search: PRL 125, 191801 (2020)
« RENO antineutrino spectrum: PRD 104, L111301 (2021)

* Absolute reactor neutrino flux: R = 94.1 % + 1.9 % (of HM) PRD
104, L111301 (2021)

 Sterile neutrino search (RENO + NEQOS): PRD 105, L111101 (2022)
« Cosmogenic 9Li and 8He rate at RENO: PRD 105, L111101 (2022)
« RENO nH data analysis (in preparation)

 Reactor fuel dependence of neutrino spectrum (in preparation)



