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Introduction

 RENE : Reactor Experiment for Neutrino and Exotics (started at 2022)

e NEOSme  © Plan to install the liquid

%l’!\ e VT scintillator based neutrino
> \" HanbltNuclear

.
e

Ao 35 detector in the tendon
" « ower Plant _
Complex gallery of the reactor in
Yeonggwang

« Baseline:~23m

* Physics goals
v' Sterile neutrino search for
Tendon Am2,, ~ 2 eV2
L ehe » gallery Premse measurements of
oA . A the flux and spectrum of
| reactor electrons and
antineutrinos (5 MeV bump)
v' Decomposition of the
neutrino spectrum of
235U and 239|:)u
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LSND proposed the 4" neutrino hypothesis

« LSND (Liguid Scintillator Neutrino Detector) reported observation of excess

LSND v, — v, Signal Appearance
800 MeV proton beam from -
LANSCE accelerator ]
§ 175k ® Beam Excess
\ s B po,-v.en
‘ Water target E 15 e, o0 s
% B2 pfve)n

Copper beamstop 125 =
”
LSND Detector

*\, 7.5
—_— 5 - ngw
L=30m e Possibility
) ) o of new type of
Tt —>u vu+ B os o o8 1_ 12 /1414\0 neutrino
g.e vy, : (4™ neutrino ?)

Saw an excess of:

Oscillations? Vv, 87.9 + 22.4 + 6.0 events.

With an oscillation probability of
(0.264 £ 0.067 = 0.045)%.
Los Alamos Meson Physics Facility, : e |
y ¥ 3.80 evidence forv,—v,

LANL 1993-1998

* Observed v, - v, with baseline of 30 m (Am? = 1eV2?> known other Am?)
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Existence of 4t" neutrino ?

LSND u Decay-At-Rest Vp—Ve appearance 3.8
MiniBooNE  Decay-In-Flight V—Ve appearance 45
Vﬁ—w; appearance 28
combined 4.7
Ga(calibration) e capture Ve—Vy disappearance 27
Reactors Beta decay Ve—Vy disappearance 3.0
_ _ (3+1) Neutrino Model Neutrino 2023 J. Ochoa-Ricoux
Stl” room for 5 o dlscovery P(We > Ve) ~1— sin? 2613 sin? (1.27Am§1 FL) — sin® 20, sin® (1.27Am?“ Ii;>
B I -
AR i JUNO oo
0.8 __ DE;r \ﬁ 08 ;—
B u;E l?;r 0‘7;—
0.6 ___ ; é Daya Bay 15 06 E——
~ 53 i Double Chooz |1" PSRN O 10181 581 e 00 8
042 @ RENO & 04 —3v oscillation g
&5 | J | >)'z§_ L —dy oscinz*tibn (sin®20,,.A m2)=(0.47,0.06
p : (0] S e AL e B 12 2
P - With 0, # 0 1 RS . 1
ol il 1>‘ S—1 — lll“lIKaleAL['Nk'D]' (ll ‘ — I‘”l(l ‘ I“Inlf I — llHllr);
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] 102 10 1 10 E[MeV] L/E (m/MeV) i
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Reactor Neutrino Anomaly

« Neutrino anomaly observations were reported P(ve = v,) = 1 — 2sin?(20) sin® (1.27
Am?

PLB 829 (2022) 137054, PRD 83 (2011) 073006
T T T T WER T T T T LI \||\|m
- ‘ * 1» 1 l ----- 3 Actl\.re Flavors
11— | 3 Achve Flavcrs
— + 1 Sterile
e ih _|l_ -T “"iii
E I { I: l
50.9— ETTE N
Agos_ > 1 \
% 08— ‘
z 4
2 07—
= |
06— 4 neutrino mode can describe
05— measured data better
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Reactor To Detector Distance (m)

Anti neutrino anomaly
In reactors (2011 ~)
V,5-0scillation
(Am? = 2.7x103eV?)
Atmospheric neutrino

anomaly (1986 ~ 1998)
V,4-0Scillation

(Am? = 2.5x10-3e\V/?2)

Solar neutrino anomaly
(1968 ~ 2001)
V,,-0scillation

(Am2 = 8x10-5e\V/2)
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Sterile neutrino at RENO

PRL 125 (2020) 191801

~ | FTrrrr 1679 r1o 1 101 171 | . L I A L L N B T

E 1.2 AmZ, =5x10%eV?  — AmZ, = 5x107 eV? — I

g i —— Am}, = Ix10” eV? sin°28,, =0.1 assumed i

g 11

g ,

o 1 107

&,

5 ~;

% 09 -1 =

2 i ——Data  [[] Uncertainty of 3v prediction ] ”g G2 |-

z 0.8 -1 —

O PN PP B B I ISR Ry

= 1 2 3 4 5 6 7 8 I

Prompt Energy (MeV) T T T
F 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)
10—4 1 llllllll L L lill | L L L iill
107 1072 107! 1

sin’20,,
« Search for Sub-eV sterile neutrino in the 4 v tramework
« Orange line describes well data (Am?,, = 5x10-3 eV?)
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RENO + NEOS joint analysis

(Am?, sin® 26,,) = (241 eV, D.08)

(A m3,,sin* 28,,) = (0.34 V", 0.05)

1.1 +—+ (A m3,.sin® 26,,) = (236 V>, 0.06)

(Am?,.sin” 20, ) = (034 eV, 0.05)

+

systematic uncert.

Prediction from NEOS /RENO NEOS / prediction from RENO

—— data

1 2 I 3 3 I 5
Prompt Energy (MeV)

y |(eV2)

,
4

| Am’

107!

PRL 125 (2020) 191801

_IIIIII I 1 IIIIII| I LI Illll T | 'y
[~ RENO+NEOS FC 95% ‘é
- RENO+NEOS FC 68% (allowed) $ =5 -‘? -
- . . ~ -'.' -t
RENO+NEOS RS 90% _____7___) g
(comparison at NEOS) s ..’:
- &
- RENO+NEOS RS 90% S meaa e "*"*8aes pasre™™” 4
(companson at RENO) 138 Sl LI
--------- -'"‘
NEOS+DB RS 90%
Cenene RENO far/near 95% ]
TR RAA 95 ave ™
i ]
..ID‘
| pone? -
F4
',
B P N
..,h
Seae
| ® Bestfit ot il
.....
<.,
e
% RAA Best fit e
llllll 1 llllll]l 1 O I Y i e
=3 =) = |
10 107, 5% 10 1
sin20,,

 Hint for the sterile neutrino at Am? ~ 2 eV?
* Need to improve systematics for confirmation of sin?6,,
« p-value of inconsistency of 3 and 4 neutrino modes is 8.2 %
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RENE collaboration

Y vil'l'ut; ¥ \-4
| Tas | mEA |- IS At
) >

12 Iinstitutions and ~ 40 members
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Neutrino detection (IBD)

% + p —_ n + e+ o -~~~ Emitted spectrum 0_32_
————— Cross-section C antineutrinos
—— Detected spectrum 0'25;_ prompt

et ete” 52y 2 ' ' 3
~102° ¥ IGW,, e :
(Hanbit : 2.8GW,,) - g -
n-Gd — ~... E_
p N (delayed ~30ps) ;

° : énergy [Me\‘ia] ’ °

Gd-loaded
Liquid Scintillator
(Mmp, +myp)? — m?2
thr p p __
:T?de;w BT = o, = 1.806 MeV
,—\“ps X=~8 MeV
v, p 5 g Eprompt = K.E.(e7) +2 x (0.511) MeV
J lons Q" ~ E, —0.78MeV
r‘ -
\)e t- z QM‘ZMW * Prompt signal : electron positron annihilation in ns
“”“”‘”;“”“Tgmw « Delay : n-Gd capture in ys
« Timing constraints help to reject the background
events

PreC|5|on
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Detector response simulation

* NEOS * RENO
. | v | i | ’ | 3 | '
- E,
15000 — — —4 MeV
0.08— —5 MeV
B . ’ 6 MeV
- —7 MeV
10000 |— . 006/
i 0.04—
5000 — B
0.02
= RS | i A_LL . ? e Y
0; 0 2 3 2 5 6 7
Neutrino Experiment Oscillation at Short Baseline — Yoomin Oh, @The 39" ISNP (2017) Prompt Energy (MeV)

* Energy distributions of prompt signal for NEOS and RENO
« 2nd peaks appear below the main peaks

P I N
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Significance of gamma catcher

0.4
_ Positron MC ___ ycatcher
- Sj |ati thickness Omm
- Simulation: 4 catcher
0'3f for NEOS size = thickness 150mm
- detector with a ___ Ycatcher
. — thickness 300mm
S ool 9amma catcher
< |
0.1
o_"'J‘—' ol e o | MR R T R T
2 2.5 3 3.5 4 4.5

Prompt Energy (MeV)

« Escaping gammas induce the 2" peak of energy distributions
« Gamma catcher can play an important role to smear the 2"d peak and get better resolution

Center for

K-Neutrino Symposium, 2024/07/26, Dong Ho Moon u &
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Detector design for the prototype

« Detector inner structure

v" Cylindrical shape acrylic target
filled with 0.5 % Gd-LS

v Box type stainless steel gamma
catcher filled with LS

v Cone structure for efficient optical
photon collection

v" Two 20-inch PMTs on left and
right

v" PMT holder with Mu-metal shield




Shielding and outer VETO detector

« Shielding
v’ Six borated PE plates
with 100 mm thickness
 Veto detector
v 15 plastic scintillator
panels donated from the
NEOS collaboration
v 32 2-inch PMTs

: 2500 mm 800 mm : 1680 mm
% 9 - ZMm «

| LG | I 600 mm  PS
2 :~40kg 4100 mm 550 mm

=:6
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Shielding and outer VETO detector

w P ,,/’*’
f "//

/] A

o

2500 mm 800 mm : 1680 mm

ix.90) -

250 min I .

600 mm PS

Cai e
A e
By e
TY *

4100 mm 550 mm =.6 0l
K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 14



Target detector simulation

v Target vessel check MC Simulation

* The thickness of the target

B Prel I m I na r — Box (target 3mm) _— . . . .
ooif . y — Box (rgetsmm) ] acrylic vessel is not significant
- F % scagetenm) | o § mmM-thick target was selected
— B ; —— Box (target 10mm) ]
S 00 4{ | — )
: * & ¥ - Prelimina ry MC Simulation
. - ¥ - 0.2 __ gox (target 3mm)
0.02+— — | —— Box (target 5mm)
[ | e . . . . . ] 0.15. — Box (target 8mm)
' 1 o ' ] ' T ' ' : .7+ —— Box (target 10mm) -
0.15 4 =2 [ E
of F 1 <o
: * * #* ] r EL;_
0:'4 5 3 T35 4 as """'5'5"”3,"'6'5‘: g
i B Prompt Energy (MeV) ' ' "~ Prompt Energy (MeV) '

P Tl
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Detector construction

 Manufactured
gamma catcher
and PMT holder
with the stainless
steel In
2024.04.15

K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 16 ' g




Liquid scintillator

i + The target will be filled with 0.5 % Gd-LS
* DIN will be added for PSD later (Pulse
Shape Discrimination) : ~ 210 L 0.6 % Gd-
LS is ready
« The gamma catcher will be filled with LS
« Stability check in KNU and CNU

Gd-LAB Titration Result
07

068 — L : = KNU
oef * CNU

0,64 [

02| . i t

Concentration [wt.%]

Fe
.-
-

-

-

06
08|~
ossf-
054 |—

052/ —

05

1 2 5 L 5 3 7 8
Elapsed Time [months]

Concentration is stable for over
7 months

SR
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20-inch PMT

s Uniform drift

. ST Oil proof cable 2 R DETAILOF &

S === | Efficient collection

] Y
1. Fast time response

2. High stability

3. Low dark count Reference from Hamamatsu handbook

Specifications (typical)

Quantum Efficiency |30 % (390 nm), A,,: 420 nm

, 1x107 < 1.6 pC
Gain (= Charge) (@Single Photoelectron, SPE)

Peak to Valley 1.5~28

Dynode structure

Box (efficient collection) & Line (uniform drift path)

RMT test setygp=
» l

Center for .
s K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 18 « &% ;




20-inch PMT

Time response

See poster

J. Oh

Wave form

3 |ﬂ'4'§_ Main —PMTA
10'
E —PMTB
10° E
10
Ib_lllll.II|III|III|III|III|III|IIIIIIII
160 180 200 220 240 260 280 300 320 340
Time [ns]
. Main Time response (A): 189 + 0.0078 ns
. Main Time response (B): 191 + 0.0072 ns
. Late Time response: Main + 100 ns
. Transit Time Spread (TTS) = 2 ns

*Time response: Trigger time — PMT falling time

E e 1. r ",L L o
15020 | ] s B itlsithadlih
1 500N .._ .............. : ............................. 140 _ ..................................................
C | Threshold » Threshold
14950 — || SIGNAL E]2) [t SIGNAL
“PEDE — PEDE
1196 —STAL PMT A| sin STAL PMT B
300 2400 2500 KO0 230 24001 2500} RN
Time [ns) Time [ ]
Charge distribution Gain measurement
£ S e e ] 18 20" PMT R1 2860 Gain Cusve
210 f —TowlFit | £ 40 ] — Total Fit [
X Pedestal - | Pedestal f + & PMT A @Center
—SPE [ fl —SPE 2 3 PMT A @Right
ot | —2nd PE 0 — 2nd PE £ | ePMTA@Len
|\ PMT A PMTB | 25|
ey 10 I
10 e _I
1.5]
. [ \‘l t
10 0} L |
JIL’l..u f ﬂ'll 1
: | [ LI : | psle L Lo b el b il
- 1600 k] 1 700y 1750 | BWY 1850 19060
Wodiage [V
20" PMT R12860 Gain Curve

» Single photo electron : 1.48 (A), 1.51 (B) pC

« Peaktovalley:~3

« Acting voltage : 1750 V

« Gain, position dependence and after pulse study are done

K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 19 gﬁg




DAQ system

DAQ equipment DAQ schematic view

20-inch
Notice NKFADC500 . ey —
PMT Slgnal A+ A channels -—ﬁ..’ l:::;ll::m&-y ---::,::];::::l. I'rigger / Configuring / Start & Stop

- ADCresolution = 12 bit

2.5V, dynamic range _Q:I,l_,

pp
Sampling rate = 500 FADC
MS/ch/s

4+4 GB DRAM

VETO signal

44444423~ - ADC resolution = 12 bit
ol

Notice M64ADC (SADC)
32 channels

2V, dynamic range
Sampling rate = 62.5
MS/ch/s

4 GB DRAM

Trlgger ContrOI Notice TCB (Trigger Control
B I
- Make trigger and clock

signals
40 ADCs available
RJ-45 port

« PSD (pulse shape discrimination) will be performed by using FADC 500 at offline
« SADC will be used to control VETO signal

o <
Center for Y
Precision

s K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 20 fff:;
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VETO detector performance Sy

/2-inch PMT

14000F- 31V

PMT support

™ ."’./.

NG

100001

OO0 x2/ndf : 10.47/16

i i first p.e. mean [ error
6000

Atype Plastic Scintillator ‘600 0.4588 / 0.0006

| ~40kg 20001
4140 . L
PMT rqodel number : H7195 P ey e 1 3 2
PMT diameter : 60.0 mm Q,,(pC)
‘Btype Plastic Scintillator

* NEOS collaboration borrowed the plastic scintillators.
* 9PSAtype:4140 mm x 600 mm x 30 mm, EJ 200

* 6PSBtype: 1660 mm x 600 mm x 50 mm, EJ 200

* Totally, 32 2-inch PMTs will be used for VETO detector.
* PMTs will be fixed using a 3D printed PMT support.

Mean : 10.393 MPV :393.29
Error : 0.0163 sk Error : 0.7891

500

400f

300 |+ H

200|

in3 ‘_M

e s o = e )
G,,(pC) Cudr)

« Ongoing to work in Yeonggwang
 Coincidence test with Cs137 and
cOSmMic muons

P I N
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Short baseline (SBL) experiments

Neutrino 2023 J. Ochoa-Ricoux
Hope to join in the world race soon !!!

« Primary goal: search for a sterile neutrino with O(10 m) baselines

Motivation: anomalies in neutrino physics that can be explained by sterile neutrino
mixing with Amjl ~ 1 ev? including the reactor antineutrino anomaly

Experiments:
11-13 m

B owiss i,

NEOS|[‘@} I 1t

2) Short-Baseline (SBL) Experiments

Low-Enriched Uranium
(LEV)

LEU Reactors {31 00 MW

.o i
(o]
.

Fission of 235U, 238,
239P, 241Py

2800 MW

/100 MW NEUTRINO-4 jgm] | 1.5t

PROSPECT E 4t
Fissi 235 ' i
ission of 235U 5 MW

soLid M 1.6
High-Enriched Uranium = : I]: :
(LEV) \ 58 MW W stereo [ |

6 9 12 15 18 21 24m
(chart courtesy of B. Roskovec) + (mini-)CHANDLER, NuLAT

HEU Reactors 85 Mw

K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 22 ;ﬁ



Schedule

L N N T N

Month 69 1012  1- 69  10-12 3 4-6 10-12

Collaboration Start 4*- l'
Design I |
Simulation e ——

Gd-LS and LS

—E
DAQ ) |
——

PMT

Construction

(RENO far site)

10-12

DAQ Commissioning »
|
[

RENE Data taking

Prototype RENE

Center for
Precision

e K-Neutrino Symposium, 2024/07/26, Dong Ho Moon
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Summary and outlook

 Inspired by the hint of RENO-NEQOS joint analysis, RENE has begun to
search for the sterile neutrino around Am? ~ 2 eV?

» Detector constructions are ongoing

« Expecting timeline to install in tendon gallery is set to middle of October

* Please stay tuned to the RENE experiment

Global Landscape of Reactor Neutrino Experiments

SoLid CONUS ANGQ
NEWS-G Double Chooz / DVE,::S
ICCET Ny NUCLEUS. N\& \%* e =
S T g ¥
PROSPECT \. & STEREO .
PROSPECT-II % Ricochet -T= P Neutrino—4
CHIL] \\,»;- B WATCHMAN TEXONO-~._ -‘\'< KamLAND
NUXE o’ MiniCHANDLER P R e
MINER # CHANDLER \\NEON
Completed SBC NG NEOS-1I
Ongoing [ n ) \ rAO
v ) \ L A o )
annir Daya Bay
— IBD s<--CONNIE
--- CEvNS " vIOLET
= LEU
e HEU

arXiv:2203.07214 and arXiv:2203.07361

P I
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Reactor Neutrino Anomaly

: : ) ) Am2L
« Neutrino anomaly observations were reported P(ve = v,) = 2sin?(26) sin” <1.27 )

1.4
1 o ) 9 2
= Am® = mg — mf
7 suENy a o
_E ““ Iy IR > w _E“ll..
= * = =% = = *
1o ~No = u -:.é *
127 3,0 b H_Tx ‘E mE v,
= =0 >
19 o ;IosEds T g 3% v
1l Do 2852383 % P p T % 12
g ] n N2 #elag . - .
b o o ag @ =]
= L
Boone RS T O H o &%
S 1o Z i . e A —
=] | i { {% [ 1 : = “l..
3 4l
= o = I = BT * .
a3 P23 Ly 2128 28 o s
— ¢ add b = i T o £ 2 .
©08-%¢ 23 [T = |5 £ %W 350 B .
] 4 @g | 28 g Il > © o7 ] . vV Y,
c 8 | 87 B, e > . 13 23
] 1 Jeg 2 8 B* = B de N .
n 1 = %Ff L L et T £ S ® .
O orafpans N 3 e, ¥ -
0.6 — 2 = o> 8 Teaes’ g .
oL a™ 7 g a
i, Nz 3 Standard 3v .
i 505 oscillations r
i g £ A .
o = = L4
0.4 — s E K
i 2 Q
N
N Qg
| T T T IIIII T T T T IIIII T T T IIIII T T T T T III| T
10-2 1071 10° 10! 102
-\ Baseline (km)

Atmospheric neutrino  Solar neutrino anomaly
anomaly (1986 ~ 1998) (1968 ~ 2001)
V,5-0scillation V,,-0scillation
(Am? = 2.5x103eV?) (Am? = 8x10-°eV?)

Anti neutrino anomaly
in reactors (2011 ~)
V,5-0scillation
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Detector Assembly

-ff
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Reactor Antineutrino Anomaly (RAA)

™ . ; 1 T T T TT]
127 R =0.940 +0.001(stat.) + 0.020(sys.) for H-M model
s [ ]
= i -
= H
= l f
3 _ ! -
it e
a® i —e— Other experiments _
3 —e- RENO
3 0.8~ ¢ — Global average o
- Preliminar [] Experiments Unc. 7
- y ] Model Unc. -
10 107 10°

Distance (m)

IBD yield: ¥; = 5.8303 £ 0.1249(x10~* cm® /fission)

Average fission fraction: F235 : 7238 : Fggg : F241 = 0.571:0.073 : 0.300 : 0.056

Data / Prediction: R = 0.983 + 0.001(stat.) & 0.021(sys.) for ILL+Vogel model

K-Neutrino Symposium, 2024/07/26, Dong Ho Moon




Measured Spectra of IBD Prompt Signal

RENO 2900 days (2200 + 700 days) : Aug. 2011 — Feb. 2020
- Clear excess at 5MeV compared to the Huber-Mueller prediction

s
s

Fast neutron

B Accidental

% % 3000 -':’!_!.;-‘“uc

E 20000 E y

S = 2000

g 10000 g 1000

m 84

g 02 & 02k ! I' =

2 o 2 onf it

= 0l = 0.1 +M

(2.) of E = .+.¥4* RPN $¢m*¢,¢¢?ffff ....... H ......... e =

s 0.1 s -0.1f . , ) . . ] .

a - N ) 3 4 5 6 7 8

= Prompt Energy (MeV) =~ Prompt Energy (MeV)
Near detector live time: 2509 days Far detector live time: 2908 days
#|BD candidates: 989,736 # IBD candidates: 120,383
Background rate: 2.26 + 0.05 % Background rate: 4.77 + 0.19 %

5 MeV excess rate: 2.50 + 0.06 % 5 MeV excessrate: 2.26 +0.18 %



Neutrino Oscillation: L/E Dependence

L
P(U, — 7.) ~ 1 — sin” 263 sin” (1.27AmgeE

—

T L T ] I T T l I I T ] T I
- sin® 2013 = 0.0892 £ 0.0044(stat.) & 0.0045(sys.)
- [Am? | = 2.74 £ 0.10(stat.) = 0.06(sys.)(x 10~ 3eV?)
l ...........................................................................
—
L
>
T 0.95
L
|>
N’
QA
¢ Far Data
0.9 & Near Data
-~ — Prediction from near data Preliminary
| | 1 | 1 | 1 ] 1 1 1 I 1 1
0 0.2 0.4 0.6
L /E, (km/MeV)



Reactor Antineutrinos

* Nuclear reactors are a flavor-pure, widely available, cost-effective,
extremely intense and well-understood source of electron antineutrinos:

H‘“Nd
O—»Neutron e ed
— — 144
o, Electron Ce 7% "
e e "o Anti-neutrino *a /@0\; 2
A Gamma *ea @0\;
] 8 1a4g, //O)(some loss)
235 236 @V’ 235 236 @0/7
o—»+ﬁ§§-q.a§§-a. 02_’"'*'0_'+€EB'*'GEB'*'
”Kr;_. 0\4- 238y
\' N 239
BgRb 00\* @ .
Ry ?\ 239N
aesr@o._‘ @\'
— — . o 239
'Ve ’Ve Credit: nobelprize.org oy @ v @ h
—
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eu rino
esearc
SO0\ TEH LA U

126

82

50

28

141

K-Neutrino symposium, 2024/07/26, Dong Ho Moon

AN

(Number of Neutrans)

Fission

- Type of
i Decay
- mpt

fmpT
“Fission

; mProton

; MNeutron

i CUnknown

: mStable Nuclide

6 14 28 50 82

»
P

) (Number of Protons)
@

A 1 GW, core produces in one minute more neutrinos than the NuMI and BNB

ire)

% Sad @

T 2
A TIONA



Types of Nuclear Reactors

Nuclear reactors fall into two main categories:

Low-Enriched Uranium (LEU)-fueled Highly-Enriched Uranium (HEU)-
power reactors fueled reactors
—  Commercial & — Research
reactors reactors
—  Several GW of 1 — 50-100
thermal power MW of
—  D,’s originate from thermal
fission products of &8 : ' power
4 isotopes: 235U’ = Almost all
230Py 241Py and € uf Loe+18 fissions are
238 5 - 1.0e+17§ 235| J
s 70 w~ 1.0e+1
— Fuelevolvesas i« < : :
i El e+1 /
2%5U is consumed ¥ S 10014 =
and 239.241Py is B eiis ——
prOd uced 1.0e+12 — ;::zu = i::p
1.0e+11 — 241py
Burn-up (MWM : > Dlaoy of Cyck:al : = 2
| VW e K-INEUTTINo Symposium, ZuZ4/U//£0, DONG K10 V100N 33 3 WK 5
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0,; Experiments

* The current generation of reactor experiments fall roughly into two categories:

1) Experiments designed to measure the 813 mixing angle:

Far I] &.\&
~16.8-GWin
Near g Far
2x2x20 t b 8.5 GWy  / 8t LN Far
ver I/ Jh NS
g e 8 t- B .
Data taking: 2011 - 2020 Data taking: 2011 - 2017 Data taking: 2011 - present

\ Notes: all reactors are LEU; flags indicate location of experiment, not composition of collaboration J

— < 2 km baseline means only need “small” detectors (tens or hundreds of tons)

— Looking for small (<10%) disappearance, so key is keeping systematics under
control

—  Near/far relative comparison allows to essentially cancel uncertainties in flux
prediction and correlated detection efficiencies

Se—
‘ \/ esearc 4
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SBL Experiments

* Wide range of detection media and approaches:

PROSPECT@Q DANSS 5 Segmentation/movability allows to make
= @ Muon veto 8 a relative measurement within/with the

plates

N same detector
Segmentation: b L vs E, oscillated
Segmented o Wt/ 1400 y
Unsegmented * Cutbbrche 1200 l’
passive shielding 1000 , ‘ “\
s
. 600 ;;z;, :ii “““
Doping: 400 /"‘ g:., '/; mf ‘ -------
. 12 0,? \‘ \\
Gadolinium - /;hf'},%’ i:i,,,, /Z"bp:, e ,\“‘ s
. . ‘f B 9 k@
Lithium 1030
Scintillator:
Liquid
Plastic P

3
Encrgy (McV) Encrgy (McV)

(from B. Littlejohn’s seminar at FNAL)

Makes measurement largely
independent of reactor prediction

models!
l V\n Resoarch DN-INCULLLILIV DyulPUblulll, AUA&/U//AO, UUllS I'10 1V1IOUIL S50 gj@é
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Non-Standard Flavor Mixing

Landscape

* Almost all SBL experiments have
released results by now

* In general, no significant evidence so - M Solar

far for non-standard flavor mixing

Exclusion curve from global fit of SBL
spectral measurements (DANSS, NEQOS,

Neutrino-4, PROSPECT, STEREOQ) woosesee 7
7,
1071 - _— / ]
Exclusion limit from combination of Daya - _ .
B AL -
Bay and Bugey_3 .............................................................. -_-..,”“h. ot .
) : | Z,, |
(Daya Bay’s longer baseline of ~2 km makes it - 8
sensitive to lower values of Amf]; Bugey-3 102 R i , L
operated at several <100 m baselines) 1073 1072 101 1
sin®26,,

| VW fseacn IN-INeutrino symposium,

arXiv:2203.07214

[ T T T T TTTTIT T | B g
102
- B Reactor Rates

~ M Reactor Spectra
B DB+Bugey-3

10- W KATRIN
W Gallium

N -

Amﬁl [eV?]
—_

T

£U24/U/7/£0, DONg rio 1vioon



Characterizing , emission

« Existing data can be also be used to characterize the emission of antineutrinos
from nuclear reactors and to compare with prediction models:

— Important for fundamental physics, non-proliferation applications, and as a stringent
test of nuclear data inputs

—#1-92Rb
—#2 - 96Y
—#3-142Cs

10+0
235U Thermal

~— #4 - 100Nb
——#5 - 93Rb
—— #6 - 90Rb
—#7 - 98mY
—#8 - 140Cs
— 9 - 91Kr
— 10 - 97Y
—#11-87Se
~——#12 - 94Rb

* Two approaches to predict the
reactor v, rate and spectral shape:

——#13 - 958r
—#14 - 1381
— #15 - 99Y
—— #16 - 86Br
e #17 - 89Br

— Ab-initio method:

+ Bottom-up calculation using fission yields, 54
Q values and decay branching ratios from
nuclear data bases

Spectrum ( 1/ MeV fission )

— #18 - 98Y
— 19 - 146La
— #20 - 143Cs
—Sum

AEENRT MU ‘
“'\ » W) N LR

P o e TR \ %
100 200 300 400 500 600 700 800 900
Electron Energy (MeV)

- Conversion method:

Fit ‘Virtual Beta Branches’
e e T T T T 2 7 T

10 T
+ Converting measured beta spectra from : \‘\
B " W gw:r .....
thermal-neutron induced fission (235U, 239PU, ‘—3 .................. Converted Antineutrino Spectrum
241Py) at ILL in the 1980s to U, spectra . . .
+ Smaller estimated uncertainties (few %) S 1%
. 2 — =
« Latest implementation is the so-called whoee, T
Huber+Mueller (HM) model 235 ‘,{ :
Ao l 3 P. Huber, PRC 84 (2011)
Schreckenbach, et al, : 2 3 4 5 6 7 8
Phys Lett B160 (1985) % Antineutrino energy (MeV)
o

| Kinetic eneZgy o? bet:s (rv:ev)
' V\n Pposiviiing INTINCULLLLLIV Jy llltJUDlLllll, LYULTE/VU/ [ LD, VUL l5 11V 1v1iUUllL o ’c," %jﬁg
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exp exp / HM
Rarm=01a /014
0.90
T

Disagreements with Predictions

Some disagreements with prediction models came to light during the

1.10  1.20

1.00

0.80

0.70

Neutrino
Research

LW

last decade:

T T T
~&- Bugey-3 +- Daya Bay - ILL %~ Palo Verde #- Rovno91
—o— Bugey-4 “~ Double Chooz —#- Krasnoyarsk —&- RENO SRP
4~ Chooz »~ Gosgen #- Nucifer & Rovno88 STEREO

PLB 829, 137054 (2022)

R =0.93670 o9

10
L

A1 0?
[m]

10°

= ~6% deficit in total flux with respect to the HM
model at short baselines is known as the
“reactor antineutrino anomaly” (RAA)

- Primary motivation for SBL sterile neutrino

searches

— Not seen with recent summation models

SHOTHFAATAE

model

data

Entries X 10° [/MeV]

—— Data

[

LY L lllllllllllllllllll III”IIIHH IIIIII IIIIIIIIIIIIII'IIIII

o
S ©
o w

N-INEULrino symposiuim, £uz4/u//£0, Dong rio 1vioor

Shape

— H-M model x 0.95 — SM2018 model x 1.00

CPC 45, 073001 (2021)

(using Daya Bay
data to illustrate)

(c) ,
the “5 MeV bump”...."

o At an

.........
.......................

Prompt energy [MeV]

Main disagreement is often referred to
as “the 5 MeV bump”

Seen with both summation and conversion

models



Current Status

* Good progress in understanding the reactor antineutrino anomaly:

gR NSNS NS NN NSNS NN E NN NN EEEEEEEEEEEEEy
*

—  New data* suggests that 235U beta rx = ratio of measured over predicted rate for E
spectrum from ILL underlying all %, Isotope X with respect to the HM prediction
conversion predictions is largely 1.2 - .

i [GLOBESfit VQ.O]

=
S

responsible for reactor antineutrino

anomaly - recent summation
L1 B model

—  Shape anomaly remains unexplained Rats Boplotiod

and is caused by a yet. unknown issue 1'0; = _

affecting both conversion and

conversion -

summation predictions : ]
. r predictions 1
_ . . _ & 0.9 relying on ILL
— Allin all, sterile neutrino hypothesis : beta spectra ]
not ruled out, but weakened :
0.8
See arXiv:2203.07214 for a -
detailed description -
- | Huber; Mueller et al.;
. : 0.7F | Haag et al.
*new data = fuel evolution in LEU experiments, " | Estienne. Fallot et al
measurements in HEU experiments, measurement of - | Haven et’ al ’
235(J/239Pu beta spectra ratio at Kurchatov Institute . }\':)})eikin et al Integrated Rates
06|
0.85 0.9 0.95 1.0 1.05
235

l \/\\ Research N-INCULILI1O D)/IIlPUblLlIIl, LULF/V/ [ LO, LJUIlg I'10 1viOOI1 SY 2@5
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J U N O See Yang Han’s plenary talk on Thursday!

* JUNO is a large, next-generation reactor neutrino experiment under
construction in China

%103
[ 6 years of data taking —

100
No oscillations

— == Only solar term
Normal ordering

Top tracker and
calibration house

80
—— Inverted ordering
Water pool
e >
% L
Earth magnetic — 60 |
field compensation 'd-’
coils o
0 L
3 1=
JBmm= Photo-multiplier o 40
.j;a’l. 1 > i
w
Acrylic spherical B
vessel filled with 20

liquid scintillator

Acrylic supporting i
nodes 0

0 1 2 3 4 5 6 7 8 9
Ey, (MeV)

- 53 km from 8 reactors
- i 0 H . H H
Energy resolution of 3% at 1 MeV Current Precision*: 4.2% : 2.4% i 3.2% : 1.5%

* Richphysics program: JUNO6years | 0.5% | 0.3%  12.1% : 02%

* from PDG 2020 :
CPC 46, 123001 (2022)

{a Doy | B fomiDoy Fog B
Parameter :SIN 9125 Amyj, sin 613§Am32

- Neutrino mass ordering to 3¢ in ~6 years
- Sub-percent precision in oscillation parameters

- Supernova, geo, atmospheric, solar neutrinos + searches for new physics
l \/\\ Research KN-INeutrino DympOSIUIIl, £LUL4/U/ [ L0, LJ()Ilg 1o 1vioon S U

SHOTHFAATAE
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SuperChooz

Proposal for next-generation @5 reactor experiment
- Soon to become the most poorly known mixing angle

Far detector in existing cavern of old Chooz-A reactor
(under decommissioning)

Based on the new LiquidO detection technology
- Opaque scintillator volume traversed by dense array of fibers

In exploratory phase, demonstrator approved and under development

"

QY\\S-

VChoq;-ﬁAﬁ:ﬁ Cavem Reactor Core

- 2
Ultra Near DetectorsM

*LiquidO technology

\ *Mass: <5ton
! *Overburden; <3m
*Baseline
- | ——

W Chooz~-A: Super Far Detector
*LiquidO technology
*Mass: ~ | Okton
*Overburden: <100m
*Baseline: ~ 1 km

SYOFEUATHE

See Comms. Phys. 4, 273
(2021) for more information on
LiquidO, and this seminar for

more details on the project

o

the Meuse river
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Future SBL Experiments?

* There are also at least four new SBL experiments/upgrades in preparation:
- DANSS and Neutrino-4 are being upgraded PROSPECT-II 233U spectrum uncertainty

- There is a proposal for a PROSPECT-II detector: £ ] PROSPECT-II Stat+Syst
© —-== PROSPECT Current Stat+Syst .
» Address technical challenges of PROSPECT- 8 015 —- DayaBay sy | 13
c Yooeie Model Uncertainty / ol
* Able to relocate between HEU and LEU reactors 3 \-. ' 5 3
2 0.101 S
¥ N
o - >
0.05{" X
0.00 V. T T T
1 2 3 4 5 6 7
Reconstructed Energy [MeV]
' _ TAO’s sensitivity to fine structure in spectrum
- JUNO will deploy a satellite Cog
detector called “TAO” at 30 &

m from one of the 4.6 GWth
Taishan reactors

1.05

3810

+ <2% energy resolution
@ 1 MeV

= TAO/DayaBay . Statistical uncertainty

- All these experiments will search for sterile v’s ol —momman [ st

+ TAO and PROSPECT-II will also improve our b S
knowledge of the isotopic yields and spectra

arXiv:2005.08745

= TAO will see the fine structure for the first time - Newrinoenery (V) -
| VW hos N=INEULLIO DY LILPUSIULLL, AUA&/U//AO, LUILE 1V IVIVUILL 4 8 WA G

ErTEEFEELE] rinoinS
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CEVNS at Reactors scaiiornd

ol
4
«  An exciting new program using CEVNS at &
reactors is in its first stages boson'\ 1oc.ear
- Pro: very high cross-section (can be orders - @
of magnitude higher than IBD) q /"
- Con: very difficult to detect (only signal
is low-energy recoiling nucleus) @secondary
recoils
scintillation

 Search for deviations from
Standard Model, hidden sector

q : : Global Landscape of Reactor Neutrino Experiments
particles & interactions

SoLid CONUS [
. NEWS-G Double Chooz v ““1( Ill o D%NE,S
e The raceis on! NCC-1701, NUCLEUS-_ g\ # 0 === oo 0o
PROSPECT- \ Sy STEREO ‘ﬁ '\\ SN
- i i PROSPECT-HI ~ het -8 ~ Neutrino-
¥irant Slgrin CHILLAX 7" ¢\*\-1 “WATCHMAN TEXONO~._ '\k o
many reactors NUXE ' \MiniCHANDLER " 2 gggg
throughout the = ({\"IIX‘E;I?/ Y CHANDLER b N\ NEON
world with different i JUNO” /f NEGET
: ngoing JUNO-TAO/
technologies Planning
IBD‘ Daya Bay
; ;. g = s<--CONNIE
- First d?flnltlve . CEWNS - VIOLETA
detection of CEVNS ——

from reactors e HEU

expected soon arXiv:2203.07214 and arXiv:2203.07361

l VW R K-INeutrio symposium, £ZUZ4/U//26, Dong rio vVioon 43 & wh i
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33

3+1 Neutrino Oscillation Framework

The PMNS matrix is extended to 4x4 unitary matrix, and is parameterized as following
Upmns = R34(034,034) R24(024,824) R14(614,0) Ry3(623,0) R13(013,613) R12(012,0)

The effective mixing angles 6,4 for short-baseline oscillations are defined below
Amﬁl(eVZ)L(m)
E(MeV)

Pygovy = Oap + (—1)%a8 - sin? 20,4 - sin? (1.267

v, disappearance (v, - v,):  sin?26,, = sin? 20,,
v, disappearance (v, - v,):  sin®26,, = 4 cos® 014 sin” 6,4 (1 — cos® 0,4 sin® 6,,)
Vv, appearance (v, = v,): sin® 26, = sin® 26,4 sin® 6,4

In MicroBooNE analysis, the above three oscillation effects are applied to all v, and v, events;

the v, appearance (v, - v,) is ignored because of tiny X" _ 0 005

vy flux rate

3¢ Fermilab
K-Neutrino Symposium, 2024/07/26, Dong Ho Moon a4 Q@%g



%

\
4
GALLEX+SAGE+BEST < L] .
e Sterile Neutrinos: 3+1 Framework
g | g 2D profiled result, full 3+1 analysis
o | o Tl e considering. v,tov, v,tov,andv, tov, at
- et g Y each pointin the parameter space.
E == Data, profiling
| ===~ Sensitivity, profiling < 2
== Semsiiviy, v, Disapp. only v, disappearance-only (only v, to v,), more stringent
03 —— limit corresponding to a fixed sin?6,,= 0.
sin’20,,
10% . 1 .
; MicroBooNE 6.369x10” POT 2D profiled result, full 3+1 analysis
0k 3 ?C'SJE,'ZJ’JZ"""‘ ——_ conside?ingr v, tov, v,tov,andv, tov, at
PR (’ Rt ;e I each pointin the parameter space.
>
= i 1 : B
E \ v, appearance-only (only v, to v,), more stringent limit However,
il it is physically not allowed in the 3+1 framework. (non-
I LSND 905% CL (allowed) zero v, appearance requires both v, and v, disappearance )
: LSND 99% CL (allowed)
lo,,g sl sl e | m
10 107 107 10” 1
sinZZBMc
3F Fermilab
36
Center for A&,‘é % @
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The Reactor Antineutrino Anomaly (RAA)

2011: Re-evaluation of the predicted flux of antineutrinos coming from a reactor

(PRC 83:054615)

- ~6% deficit measured compared to the prediction: Reactor Antineutrino

Anomaly (RAA) (PRD 83:073006)

MERALLALLL B UL L B B AL AL R L IR * RAA beSt flt pOInt
o asl. 3 ] N .
£ model F : AmZ.... = 2.3 V% sin?(20,...) =017
g l———ag---==-- - -4[- - - II —
?0-9* v \\/% : TEL = 1 T Sibil g
= 08; n | I \ ] . E \ d [=—20.00 %
S I 1 | % 51 ~ |=—95.00%
% 0.7 o - | —99.00 %
& 0.6 . 10°, —HHHHT— e
7 0'6_ Reactor Atmospheric : | I 3
; 05— anomaly anomaly 3
04__L_1_LLLLL1LJ_J_J_LLLU.LLL_HJUJI R RTIT BRI SRRy 11 B R R 101;? E
10" 10’ 10' 10° 10’ 10° 10° 10° « F +
Reactor To Detector Distance (m) T T
11 3
: : S :
Unpredicted disappearance at short [
distance -> New sterile neutrino? ¥ | | 5
107 AT o R e
sin(20_ ) A
arXiv:1204.5379

04/09/2021 PANIC2021

—— e =

olyox |



N E O S "RENO Near Detector /-4 @6 ", e
i ‘.(;.- f‘:*m G AN R 9

- . - H
L 4

(Neutrino Experiment for Oscillation at
Short baseline)

7
:

_*Y#Hanbit Nuclear Power Plant &\o

6 Reactor array \

(.28 ‘t'h/ reactor “

N
\ Qt 4
\ <

\

NEQOS
detector

L * Primary goal: search for eV scale sterile
am (20 mie) neutrinyogm the 4 v framework.

* NEOS-1: Aug. 2015 - May 2016

Tendon * NEOS-2: Sep. 2018 ~ Oct. 2020
June 3, 2024 ga”ery Byeongsu Yang, NPN2024, Daejeon, Korea 6
Center for ;}‘é o g 3
K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 27 &



NEOS Result fOr sterile neutrino PRL 118 (2017) 12180:

oo (@) gg ] [T T BT | ITI T 1 i
- 56 107 1 RAA allowed X :
S 50 g5 .. —  (Reactor Antineutrino Anomaly) =
g | a4 90% C.L.
o 2 g il — -
g g3 95% C.L.
S ¥ 1 4 " 5
E 30 ; T Neutrino Energy [MeV] I 990/0 CL -
2 — Data signal (ON-OFF) " > 1\
3 20f == Data background (OFF) "9, = =
----- MC 3v (H-M-V) 1
10~ — MC 3v (Daya Bay) =
L L Y — - p—
S L 1E = Excluded -
[ U T T T 1 T ] 2 — / —
(b) —+ NEOS/H-M-v H+ - —— NEOS 90% C.L. -
S 14 Systematic total H.h il hgr | 7
g ﬁ* ++h‘ } + {f ﬂ | E — — Bugey-390% C.L.
el - -
£ | o R “l Al H I o R Daya Bay 90% C.i.,
3 Hﬂ'+H++1'I’Hp 1 T | ;
5 /
a 1 i -
OE'— 1 1 ! I . 1 . 1 . 7
11 (c) —[f—NEOS|/Daya Bay 7 — —
= L Systematic total |
: [ " ﬂ I
10 s / b ) SRl
: it
8 s 11— —
a — (1.73eV?, 0.050) 107 _
o e e s ] L1 lllJ_-z- I - GO AR G 1 il
§ s Iaay T T IR R 10 o W 1
June 3, 2024 Prompt Energy [MeV] Byaongsu Yang, NPN2024, Daejeon, Korea sin"26,, 7
gent.er for é‘é 'q{—e'«;
recision M o é o
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Reactor Neutrinos

L4 %
/e— 17 \\ e_ 17 \\ e_

—_— —
¥ 4 %’

Fission products:
~6 B decay by fission of 235U

Chain reaction

= Proportionnality with power: 1 GW,, < 2.102017/5

Thermal Neutron Fission of U-235 Protons Protons = Meutrons
UE 1 =l T L ok | = A
= 7R m =
F & ) ]
T A S
= | 3
E l 3
5 : ,:# l¢ ? %ll =
S B
1"E |' I 6 =
lE 71 . | 3
4 r— | | | -
oo | 1
e g W [ 2
= | 3
o || =
’l. L : — I |J: Neutrons
e K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 49 T ;



Existence of 4t" neutrino

P _ (.2 2 L) (¢ .2 2 2 L) 44 2 2,0 2 L
v, ¥, =1-sm 26 smn (127Am41 E) C)q SIO 29um (127Am31 -E) €463 S0 2912nn (12 Am,, E)
mREIL
s osl_New Ospilati’j 1]
: to sternle v =
! 0.7} 4
os|— v
‘ 1 Solar n
s 11 Oscilation B
Mu.ll ool beod 4l bt 4
0 10 100 1000 10000
Peacior To Detecior Distance (m|
G. Mention et al. Phys Rev D 83 073006 (2011)
P ( 2 L) (4 (4 4 _ L
vy, =14 ~sin’ 20, sin’ (127Am,, B k-“ 20, sin (lﬂAmnE) Cyycrysin 20, sin’ (127Amy, 0

Center for
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Types of Nuclear Reactors

* Nuclear reactors fall into two main categories:

235 is consumed %

Low-Enriched Uranium (LEU)-fueled Highly-Enriched Uranium (HEU)-
power reactors fueled reactors

—  Commercial & — Research
reactors , reactors

—  Several GW of " —  50-100
thermal power MW of

—  D,’s originate from thermal
fission products of & pOWCE
4 isotopes: 235, = Almost all
239Py, 241Py and € W Loes1s fissions are
238(J § 805_ 1.0e+17 2351

—  Fuelevolvesas } ZZI ;i:j

40 s
w
: o
and 239.241Py is 30//" i 3
e oan 2R |
produced 20: 1.0e+12 —_— 29py  —— 234y
106 . Sl — 236 — 2Np
S e s ce T BIS S O DD 1.0e+11 — 2upy
0 5000 10000 15000 20000
-up (MWD, 0 5 10 15 20 25
Burmsup i) Day of Cycle

Center for
Precision

s K-Neutrino Symposium, 2024/07/26, Dong Ho Moon 51 - 3
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