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NEON Experiment A

VI

NEON (Neutrino Elastic-scattering Observation with Nal)

Aims to observe Coherent Elastic Neutrino Nucleus Scattering (CEVNS)
from reactor v,using Nal(Tl) detector

Simultaneously, we use the intense photon flux from the reactor to
search for dark sector particles.

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 2



NEON Experiment

NEON (Neutrino Elastic-scattering Observation with Nal)

Aims to observe Coherent Elastic Neutrino Nucleus Scattering (CEVNS)
from reactor v,using Nal(Tl) detector

Simultaneously, we use the intense photon flux from the reactor to
search for dark sector particles.

~20 collaborators with experience on Nal and/or reactor experiments
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Coherent Elastic veutrino-Nucleus Scattering (CEVNS)

« CEvVNS is a neutrino scatter off a

Vv V .
\/ “ ; nucleus where all target nucleons recaoll
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= Coherent effects of a weak neutral current

Daniel Z. Freedmanf
National Accelerator Laboratory, Batavia, Illinois 60510
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Difficulty to observe CEVNS

Expected signals Maximum recoil

i - energy
o From nuclear reactor
3 10 E — ZE Z / M
3 —Na max v N
Neutrino
energy

1 Ll 11
8 9 10
Recoil Energy [keV]

* Need to measure ~ a few keV nuclear recoil energy

« A few 100 eV electron recoil energy
“* ~ 10% nuclear recoil quenching factor

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



CEvNS Observation

* First observation in 2017 by COHERENT (Spallation Neutron Source
@ Oak Ridge) (~ 30 MeV neutrino)
% Csl(Na) taget : Science 357, 1123 (2017); PRL 129, 081801 (2022) — 11.60

 Liquid Ar: PRL 126, 012002 (2021) — 3.50
% Germanium: PRL 134, 231801 (2025) — 3.90

« Solar neutrino with liquid Xe (~ 7 MeV neutrino)

% PandaX-4T : PRL 133, 191001 (2024) — 2.640

< XENONNT : PRL 133, 191002 (2024) — 2.780 )
Eax = ZEV/MN

« Reactor neutrino with Germanium (~ 3 MeV) Neutﬁv
% CONUS+ : Nature 643, 1229 (2025) — 3.70 energy

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 6



Why Nal(Tl) for CEVNS

High light yield Nal(Tl) is available (~ 23 NPE/keV,, )

** 5 NPE threshold in COSINE-100 is possible
0Q~02 keVee threshold NPE = Number of Photoelectrons

Larger recoil energy from Na E, . = 2E%/My
N2 dependence testable

Lowest N element — Axial Vector Couling (BSM sensitivity)
Easy to scale up with affordable costs for ~ 100 kg size
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CEvVNS analysis with Nal(Tl)

CEvNS analysis with simulation data EPJC 83, 226 (2023)
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Assuming 7 counts/kg/keV/day background
e ‘Reactor On - Reactor Off’ remains only neutrino-induced events.

e 1years Reactor On & 0.2 keV threshold & 10% QF

— ~ 940 CEvVNS expected (CONUS+ : 350 in 100 days)
« Can we reach to 0.2 keVee threshold with affordable background?

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 8



NEON Nal(Tl) detector

Detector Mass size Light yield Light yield
w/o LG w/ LG

s (kg) (inch, DxL) (PEs/keV) (PEs/keV)

s DET-1 1.67 3 x4 22.0+0.4 25.34+0.6

~ 24 NPE/keV DET-2  3.34 3x8 25.6+1.1 27.84+1.4

DET-3 1.65 3 x4 21.840.5 23.3£0.9

16.7 kg DET-4 3.34 38 93.740.4  25.440.7

DET-5 3.35 3 X8 22.440.5 23.6+0.8

JINST 19, P10020 (2024) DET-6 3.35 3x8 25.04+0.5 27.940.7

COSINE-100
Quartzglass Opticalpad Nal(Tl) crystal ~ 15 NPE/keV

8, 135 (2025)

Photomultiplier

Hyun Su Lee

Photomultinplier Nal(TD crvstal

Brass bolt

~ 23 NPE/keV

NS



Experimental Site

Six NaI(Tl) crystals : 16.7 kg

Physics run since April/2022

NEON Detector
Borated Polyethylene
Polyethylene Castle
@r Calibration holes
ainment

"g

Reactor core

23.7 m

Lead Castle

Sodium lodine detector

by =

Acrylic box

8.09%x101% /cm?/s
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NEON detector shield

Calibrat'@‘n holes
¥

EPJC 83, 226 (2023)

Polyethylene Castle

20 cm
2.5 cm

Borated Polyethylene

Lead Castle
10 cm

Hyun Su Lee, Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Physics Operation
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Physics run started in April 2022 (> 3 years)

% ~95% DAAQ efficiency
~16800 kg-day exposure
723 days of ON data
223 days of OFF data

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)

Reactor ON
Reactor OFF
Calibration
Bad Runs
DOWN
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Counts/day/kg/keVee
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Detector performance
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Stable performance over two years of operation

EPJC 83, 226 (2023)
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Reactor photons o

Reactor is not only an intense neutrino source
but also an intense gamma source for O(MeV)
energy
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Tendon Galler

Energy [MeV]
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 14




Reactor dark sector bosonic particles

QN

Photons can couple to dark sector
bosonic particles such the dark
photon and the axion like particle
(ALP) with their mass up to O(MeV)

ALP
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The powerful source of dark photon & ALP
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 15




Data for dark sector searches A

\w
Initial Analysis
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« Initial analyses used data collected during April/2022 ~
June/2023
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/kg/keV/day

— Counts
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Background understanding

Single-hit data of Detector 4 (Reactor OFF data)
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Energy (keV)
« Background understanding is based on our experience

with COSINE-100 dark matter search experiment
< EPJC 78 (2018) 490; EPJC 81 (2021) 837; EPJC 85, 32 (2025)

« 3keV -3 MeV are modeled

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Axion-Like Particle (ALP)

Production

Flight

Axion-electron
e couplinga

o- Shielding

ytl—e
yj -0 K £ O NP I LY 4 X
N,e- s 4 g
Axion-photon \CORE
coupling
PRL 124, 211804 (2020) & JHEP 03, 294 (2021)
10()
—— MINER Ge (4 kg)
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Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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ALP signals in NEON detector

—~
VN
Expected ALP signals in the NEON detector
A Single-hit B Multiple-hit
10 g =19x10*[GeV] (10keVI?) —— g, =1.5x 10° [GeV"] (1 MeV/c?) 10 g =19x10*[GeV'| (10keVI®) —— g, =15x10° [GeV] (1 MeVic)
1 - 9, =53x10° (10 keV/c)) — = g _=77x10% (1.2 MeV/c) 1|;_— - g, =5.3x10° (10 keV/c?) — = g, =7.7x10° (1.2 MeV/c?)
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Comparison of Reactor-on and -off Data
- Reactor on data Single-hit energy spectra
0 e e e it
Frasmeneessstesans
10"
102
10°°
P
2
81
0
;;.skeV 110 210 3[0 410 5|o 6 Oeckelvlﬁz ” '163 Energ); [keV] 3000 keV
Institute for Basic Science (IBS) 20
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Averaged Rate [Counts/day/kg/keV]
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\
- July 2022 multiple-hit data - January 2023 multiple-hit data
Jun/15~Aug/15 Jan/1~Feb/28
1o? }  Data (Summer Juli2022) 102 {  Data (Winter Jan/2023)
EE 10 Eg 10
g g
g 1 g 1
e o
= =
5 =
310 310
1072 1072
107 - 10°®
500 1000 1500 2000 2500 3000 500 1000 1500 2000 2500 3000
Enerav [keV] Energy [keV]
200 This Analysis
L $ NEOS Radon eye measurement i — Y
¢ Fitted **Rn in the calibration holes — o éi%/"oi,maency
. _ |
¥ Fitted contributions from the dust in LS & < 899 — Good Runs
- 1 £ 3
. ;1 & X 600 o
- o on | —
- 222 —{100 ™~ off o
Rn E @ 400l ON
B (l> i 17 0< £
é 0
i 1 8 2 204!
. ) ©
ust+1n LS i -
B * B ')n'):) laWw i ')n')L) 10 ')n')'lz 01 ')n')la Q4 ')n')"z f‘7 202‘3_10 2024_01 2024_04 202‘4_07
. | . - - Date
22-07-02 T,23'°1'°1 23-07-02 Summer Winter Summer
me

Sy = —— f e

e. —..—-.ground Physics (CUP),

Institute for Basic Science (IBS)

[ 14000
£ 12000
£ 10000
18000
16000
£4000

r2000

21



NEON On — Off data with Modeling

\-’ ‘
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ALP search data (detector 6)

o

Counts/keV/kg/day
©c o ©o o
N B (e} 00}

o

ALP Signals

—— m,=1MeVic?, g =3 x10°GeV" 004
— -+ = m, =10 keV/c?, 9,.=8 x 10

0.015

-0.01

(b) Multiple-hit data

/\
VN
NEON data (reactor on — off)
—a— Data . .
Single-hit dat
> 08 Total expected (a) Single-hit data
& I + 1o (systematic) 0.04
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< 06 : 0.015
%
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o y“fit to data with the expected time-dependent backgrounds
and ALP signals
Institute for Basic Science (IBS) 23
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New Constraints on ALP Couplings from NEON
PRL 134, 201002 (2025) <IN

107

ete’ — Y + invisible

___________________________ ; Beam Dump
= 10°
w — ) T 7, "l“fl-
oF 10*“'5 Stellar COOl.:—L.I—l.g_ _____ 'QCD Ax10
1077
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triangle -
10° : .,,,-" : SlNl987A 10°° = : SN1987AI
10 L 10° 5, 10° 107 10° ) 5, 10°
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(a) Axion-photon coupling (b) Axion-electron coupling

« This work partially probes the “Cosmological Triangle”
region

- Best limits at around 1 MeV ALP mass on both photon
and electron couplings

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 24



Light Dark Matter Search

* Through light dark matter (LDM) production
Dark photon decay

@ reactor core
4 My >2m,

Assuming m, = 3m,,

Hyun Su Lee

DM-—electron cross section, o, [cm?]
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X '
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Detector

my = 3 my, Asymmetric Fermion
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€e
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Light Dark Matter Signals S

* We generate the light dark matter signal in NEON
detector

* We assume my = 3m,,

« Apply atomic ionization factor
Expected DM signal rate

12
‘ ---------- m, = 10 keV/c?, 6 = 6 x 10 cn?
10:? ------ m, = 100 keV/c?, 6 = 2 x 10 cn??
8l m, = 1 MeVIc, 0 = 2 x 10 crr? Region of Interest
%
61 1 — 10 keV

-
- -
-
- -

Expected rate [Counts/day/kg/keV]

Energy [keV]
* Apply detector responses

Hyun Su Lee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS) 26



Counts/day/kg/keV

Data/MC
| l [

10%

1.5

0.5

Light Dark Matter (LDM) Search

NEON Reactor on data
¢ Data M 10

10 20 30
Energy [keV]

40 50 60

Perform a y’fit to Reactor on
minus off data to extract LDM.
signals

Data

~S L

=3

Background

e

Signal

' [Dzﬁj—B.ﬁj(O_& 3)

12¥)

/ _’.o- 2
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Signal strength

Statistical uncertainty with error of efficiency

Hyun Su Lee,

Center for Undergrou
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10°

Counts/day/kg/keV
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NEON Reactor off data
External "7 Surface Internal
77 Cosmogenic Radon

10 30
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Signal region : 1-10 keV
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¢ Data Mo
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DM-electron Cross Section [cnf)

World-Leading Limits on LDM from NEON

* No signal excess — 90% confidence level upper limit

O

PRL 134, 021802 (2025)
109
[ NEON B +26
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Dark Matter Mass [MeV/c?] Dark Photon Mass [MeV/c?]

* Best Limits achieved for the Light Dark Matter Search.

* Below 1 MeV/c?, NEON shows the best limit for DM-electron
cross section and the kinetic mixing parameter for the dark photon.

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 28



Counts/kg/keV/day

&.17 keV
10° - o
S NEON data
n S 0.47 keY
10¢ = Applying Dead Time
= (Experimental Data)
10°E COSINE data W
0.p7 keV —_— i
= ivdiailced dlc
100 0.73 keV
E II|II\I|III‘|\IKI‘IIII|JI\lI\IIlII\IlIII\II\I
= 01 02 03 04 05 06 07 08 09 1
10 = 1 l 1 1 l 1 1 1 1 l 1 1 1 1 l 1 1 1 1 I 1 L 1 1 l 1 1 1 1 MLP Score
4 5 6 b 7 fol 8 9 10 11
Number r (N NPE , - .
Viyun ull._w,e ° ucc.‘.ltsct.e.u.(u.c.lc.y.w..u v nyaius (CUP),  Institute for Basic Science (IBS)

CEvVNS search status

* 0.2 keV (~ 5 PE) threshold is required
« Large afterglow (phosphorus) pulses from muons

* Neural network training for the number of isolated clusters

(Nc=4,5,86,7)

Without BDT Selection

35% Efficiency

29



Counts /kg/day

102

—
o

CEvVNS search status

o,

« Factor ~1,000 reduction for 5 Nc (~100 counts/kg/keV/day)
* We need additional factor 10 reduction of background

I\

= T
- on De;:
N ] » . ' Lo il [ il FILE R, L B ] S Lol Wil
- MLP Selectio ‘ |
E | | 1 I 1 | | | 1 | | N 1 I | 1 | | I | | II 1 I 1 1 1 [
0 100 200 300 400 500 600 700
Day from Apr. 19th, 2022
 We are employing deep machine learning
% Directly use raw waveform for the machine learning training
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 30



Deep learning strategy : ResNet CNN

] Deep learning with non-parameterized waveform shape
* Used ResNet model for training

* ResNet: Avoid gradient-vanishing, using ‘residual connection’
Enables deep convolutional layers of CNN training.

- Allows for more precise and robust event selection.
Waveform Samples

- 2D Input
S [4080 bins] X [2 Channel]
e | Normal CNN
2 -E PMT1
g %n%*—l i 5000 500 5000
(]
O
Q.
0 — '
< ’ 20 j ' ’ ‘
00 — ' '
80 — . ' '
60 — 4 - 1 2
wE- i : .
20 — ‘ '
> ikl . .’ . » “ResNet
00 00 5500 6000 ~ . - ’ ' s ~ ’ '
Time [ns] -

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 31



Deep learning strategy : ResNet CNN

] Deep learning with non-parameterized waveform shape
* Used ResNet model for training

* ResNet : Avoid gradient-vanishing, using ‘residual connection’
Enables deep convolutional layers of CNN training.

] - Allows for more precise and robust event selection.
Accumulated Waveform

Type-1 Noise

1" m Type-2 Noise
- W /\ Scintillation Normal CNN
08 i o - o = :

. . | 2
- g
02_ : \ S u "
T . : : ' e
- Jjj | \ . o Y 0'
’ ‘ il S . ,* ResNet

£400 2500 2600 2700 2800 2900 3000 3100 3200 hd - - - ~ o

1)

Normalized (height

K
¢

Time Differences [ns]

Scintillation signal samples : Waveform simulation data

Noise sample : Single-hit physics data

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 32



Preliminary results with deep learning

DL training results

Energy Distribution Efficiency
= — 10°
= R e e . E 1
| Noise Scintillation g l_’_\—o—|_._‘+ i
60 S C
w F v 10 3 0.8
S ol | ? :
£ 50_— 'I > 10° & - L
@ - e © E O 0.6
8 C e 2 c 3 L
S 40— o £ 10k & : ,-__J
= F 3 E . e Y e L 04
Y— r = H - B '
> 30 S 10p C
o x g o ¢ 0.2~ ‘
e [ o t efficiency not corrected r
220_ S T N T ) A N R R B
r 5 6 7 8 9 10 5 6 7 8 9 10
10F Number of photoelectrons[PE]
E .. P S T 'A . i .
bLscore  S€lection criteria

* Initial deep learning study results to reduce the background
from 100,000 to 30 at 5 Nc (~photoelectrons)

Hyun Su Lee,

Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Sensitivity for CEVNS

« Simulated experiments to scan discovery potential by
varying the expected background level
Discovery significance scan

723 days of ON data
— 8
) 223 days of OFF data
X
6 P 1. [ ]
kS reliiminary 50 @ ~10 dru
E 30 @ ~32 dru
§ dru = counts/kg/keV/day

0 200 400
Background level [DRU] We have extensively worked for deep

Simple on—off analysis learning machinery development to

No systematic uncertainty reach the target background level

Hyun SuLee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS) 34



o [107*? ecm?)

Inelastic neutrino nucleus scattering (lvNS)

* IvNS cross section is ~ 4 order of magnitude smaller than

127] inelastic scattering

1073k |

1073

CEVNS
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Investigation of lIvNS search region

NEON D6 200-hr Accumulated Data
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« Time-dependent background model is required
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Simple on-off spectra

« ~ 3000 events are expected
NEON Crystal Single-hit Energy Spectrum
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« On data model can significantly reduced the statistical

uncertainty

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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ON - OFF [Counts]

Simple on-off spectra
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On data model can significantly reduced the statistical

uncertainty

Background models for each two-months long data are

ongoing

Hyun Su Lee,

Center for Underground Physics (CUP),
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Summary

NEON take ~720 days reactor on and ~ 220 days reactor
off data

NEON has searched for CEVNS and IvNS event using
Nal(Tl) target

NEON published two world leading results in dark sector
particle searches

< Demonstrating the advantages of using nuclear reactor for dark
sector searches

Detector decommissioning is planned in May 2026
% We are looking for new experiment site

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Physics potential of CEVNS

A new porta rd particle and nuclear physics
... small but multicol !

The largest neutrino interaction
cross section (~x100)

Potential to understand neutrino
properties with much larger
statistics of the low-energy

neutrino

dark matter

%

From E. Lisi

Neutrino 2018

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



Seasonal variation of 222Rn level

Radon eye measurement by NEOS

experiment
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ALP signal generation

ALP events rate at NEON detector site
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