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NEOS

RAA

Phys. Rev. D 83, 073006 (2011)

Survival probability

4
 Reactor neutrino oscillation . A
New reactor v flux 4
2 arXiv:1101.2663 ¢
P (E,L; 0,,Am?) =1 —sin? 20, sin*| 1.27 At i ’ 4
77 At A § 1/ 1j . ?
12
0.0 -Nucifer i
v—oscillation
- No oscillation < 100 m (Am3; ~ 2.3 x 107 eV?) £ ot

’-;né 08 Double Chooz

z

% 07 _<————%—_—-—><

- e Anineutino

Anomaly
arXiv:1101.2755
0.6 -
Physics scenarios
3 active v + 1 sterile v (new)

51| = = — 3 active v
o = Data
10™ - l1‘(l)° I1.0‘ 1(1)2 T “11(1)3 o “104 .‘ ““1l05 l H““1lo"’

Nictanrmra tn Roaantar (m)
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0 +4 -
n’ - +e +U
- P ‘ Inverse [3-decay
E—) @ @ 4 5 ot g g8
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NEOS

RAA

Phys. Rev. D 83, 073006 (2011)

. . Deficit in measurements (RAA)
 Reactor neutrino oscillation

New reactor v

2 ) ) AmjzlL 1 / ________ i i
Py 5 (E,L; 0,5, Am;) = 1 —sin"20,;sin” | 1.27 3 | _ ]
’ fer N '\‘ illati ]
- No oscillation < 100 m (Am3, ~ 2.3 x 107> eV?) 1| Wi
 Reactor Antineutrino Anomaly (RAA) Bl
- Predicted number is increased due to flux update. i wo =

0.6 - . -

- Deficit in measurements

3 active v + 1 sterile v (new)
= = =3 active v
= Data
il

0.5 |-

Physics scenarios ‘

(Short baseline reactor experiments; < 100 m)
- Measured to predicted ratio = 0.94 + 0.02

107" 10° 10' 10° 10° 10 10° 10°

Nictanrmra tn Roaantar (m)

B-decay
0 +4 -
n’ - +e +U
- P ‘ Inverse [3-decay
E—) @ @ 4 5 ot g g8

LS

Detector
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NEOS

RAA & Sterile Neutrino

» Reactor neutrino oscillation
2
Am;iL

P, _;(E,L; 0;;, Am?) = 1 — sin® 26, ;sin* | 1.27

v

- No oscillation < 100 m (Am3, ~ 2.3 x 107°eV?)

* Reactor Antineutrino Anomaly (RAA)

- Predicted number is increased due to flux update.

- Deficit in measurements
(Short baseline reactor experiments; < 100 m)
- Measured to predicted ratio = 0.94 + 0.02
* 3+1v framework
- Adding a eV-scale sterile neutrino

- 1, oscillating to 7,

Korea-UK Al/ML Research in Fundamental Science

Survival probability
w/ a sterile neutrino

™\

Phys. Rev. D 83, 073006 (2011)

Deficit in measurements (RAA)

0.9

0.8 |-
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Anomaly -
arXiv:1101.2755

0.5 |-

Physics scenarios

= = =3 active v
= Data
1aaial

3 active v + 1 sterile v (new) ‘

10™'
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Nictanrmra tn Roaantar (m)

Inverse [3-decay
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Detector
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NEOS

RAA & Sterile Neutrino

 Reactor neutrino

P, ., (E,L; 0, An

- No oscillation < 1

Phase I: moveable AD-I

* Reactor Antineutt
- Predicted numbe
- Deficit in measur
(Short baseline rea
- Measured to pre«

e 3+1v framework
- Adding a eV-scale sterile neutrino
- v, oscillating to o,

Korea-UK Al/ML Research in Fundamental Science
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Sub-segment conceptual design

@@
éo —

Phys. Rev. D 83, 073006 (2011)

=

STEREO %

DANSS

A typical WWER-1000

Inverse [3-decay

v,+pt—>et+n

Detector
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NEOS

NEOS-I Experiment

 Mecca for Korea Neutrino Experiment

oYéongéWang,
7 wKoréa+
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NEOS

NEOS-I Experiment

 Mecca for Korea Neutrino Experiment

O RENO/far

Ry >
e-Yeonggwang,

~Koréa’

er Plant.
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NEOS

NEOS-I Experiment

 Mecca for Korea Neutrino Experiment
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NEOS

NEOS-I Experiment

 Mecca for Korea Neutrino Experiment

oYéongéWang,
7 wKoréa+

«««

2020
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Power Plant.
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NEOS

NEOS-I Experiment

 Mecca for Korea Neutrino Experiment

® RENO/far
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NEOS

NEOS-I Experiment

Tendon gallery at reactor unit 5

- 2.8-GWin Commercial reactor

- Low enriched uranium fuel (4.6% 235U)

T

RAA allowed | 23.7-m baseline & 20-mwe overburden

90% CL
95% CL
99% CL

Most sensitive range for ~eV sterile neutrino

107"

Detector Sensitivity
—— 95% CL. (NEOS)

/

1072 107"

. 2
Korea-UK Al/ML Research in Fi 91;?32914 ML for Invisible Particle Search — Y.J. Ko@IBS



NEOS

NECQ

Active target i -
Homogeneous < 4 ol

1,008-L volume
0.48% Gd-LS

Mixed LS — B | AB: linear alkylbenzene \\#
(LAB + DIN) : DIN: di-isopropylnaphthalene

Photomultiplier tubes |
Two buffer tanks at both side of target %
Acrylic window b/w target & buffers ;
19 R5912 (8 inch) PMTs in each buffer h\'“u_/”
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NEOS

NECQ

Active target
Homogeneous ‘
1,008-L volume
0.48% Gd-LS
Mixed LS

(LAB + DIN)

Photomultiplier tubes

Two buffer tanks at both side of target \
Acrylic window b/w target & buffers
19 R5912 (8 inch) PMTs in each buffer

Korea-UK Al/ML Research in Fundamental Science

, g B | AB: linear alkylbenzene
: DIN: di-isopropylnaphthalene

15

Shields

10-cm thick B-PE (n% and Pb(y)
Muon veto detectors
3-cm thick plastic scintillator
15 panels with PMTs
Except bottom side

e

DAQ systems
500 MS/s Flash ADC for target

(recording waveforms for PSD)
62.5 MS/s ADC for muon counters

ML for Invisible Particle Search — Y.J. Ko@IBS



NEOS

NEOS-I Results

e ~22 S/B ratio

- IBD candidates: ~2000/day (on) & ~85 /day (off)

e Comparison w/ models

- HM model: spectral anomaly, 5-MeV excess

- Daya Bay
> Generally in an agreement

> Spectral shape analysis

Korea-UK Al/ML Research in Fundamental Science

16

Events /day/100 keV

—
—

Data/Prediction

0.9
1.1

1.0

Data/Prediction

0.9

1.0-1

Phys. Rev. Lett. 118, 121801 (2017)

—

_ N W s oo N O

Prompt Energy [MeV] ]|

3 45 6 7 812
Neutrino Energy [MeV]

-] — Data signal (ON-OFF) "
—— Data background (OFF) '
----- MC 3v (H-M-V)

— —— MC 3v (Daya Bay)

(b) —— NEOS/H-M-V

#

Systematic tojal —
i i
Jf+ t : {H” _
I e !
! it R ]l |
E ((;) —I}—NEOS|/Daya Bally - | N
Systematic total } 1|4 i
..... :"

— (1.73 eV?, 0.050)

----- (2.32 eV?, 0.142)

1 2 3 4 5 6 7
Prompt Energy [MeV]
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N EOS Phys. Rev. Lett. 118, 121801 (2017)

NEOS-I ReSUItS - T I T ' T I T I T I T -
60 %‘10 .I SRS e A B —
- 27}
. B > 6 )
o ~22 S/B ratlo % 50 55: —
: ot ol .
- IBD candidates: ~2000/day (on) & ~85 /day (off) S 0 g of |
_ S L £ of i
 Comparison w/ models 3 30l N, 1554 e e
2 | 4 Datasignal (ON-OFF) Eeala
. C = L
- HM model: spectral anomaly, 5-MeV excess 2 20§ 4= Data background (OFF) -
_ PNava Rav T e MC 3v (H-M-V) g
Daya Bay 10— —— MC 3v (Daya Bay) i
> Generally in an agreement ... -
» Spectral shape analysis I (b) —+ NEOS/H-M-V } |
o S 1.1 Systematic total H'+ |.++ =
* Significance test 3 ﬁ+ ++H +H { H |
. | R i i
- There is no strong evidence of light sterile neutrino. % 1.0 _++++"++++”++++“‘”++++*+]lﬂ ”
g i 7% +++ |
’510000—""""""""'"""'—_ 09—~ | e s s
2 Significance | MG pseuco-oxperiment ] L ((;) —I}—r\llEosl/Da)I/a Bally 0
}qé 8000 - test 7 5 Systematic total | |
L - »2 dist. (NDF=2) i S Tl
6000 [— — 5 10 Lt T e
: i = b
L 2 = | -
4000 [ Ax?=6.5from data—_ & —— (1.73 eV?, 0.050) ]
: = p-value ~ 22% - L (2.32eV? 0.142) B
2000 |— . ] 1 | é ' ;l;, | 4;, | é I els | 7I -+ 10
- \“-_’”M i Prompt Energy [MeV]
05— Z B S T PR
X Yoy
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N EOS Phys. Rev. Lett. 118, 121801 (2017)

NEOS-I Results

~22 S/B ratio
- IBD candidates: ~2000/day (on) & ~85 /day (off)

« Comparison w/ models

- HM model: spectral anomaly, 5-MeV excess

Am2, [eV?]

- Daya Bay

> Generally in an agreement

e —— NEOS 90% CL
—— Mension (2011) 95%
B —— Kopp (2013) 95%

> Spectral shape analysis

Significance test

- There is no strong evidence of light sterile neutrino.

Exclusion limits

- Raster scan w/ y? distribution

10~

- First results since the RAA was raised

Korea-UK Al/ML Research in Fundamental Science 18 ML for Invisible Particle Search — Y.J. Ko@IBS



NEOS

NEOS-II Experiment

* 5-MeV excess 1.2 e s A
- Recent experiments have observed the excess. § ] e o
- |s 235U the source of the excess? S .
° 0.
1 2 3 4 5 6I 7_
Visible Energy (MeV)
Korea-UK Al/ML Research in Fundamental Science ML for Invisible Particle Search — Y.J. Ko@IBS
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NEOS

NEOS-II Experiment

* 5_Mev EXCESS 12 s i i i mat ,_
- Recent experiments have observed the excess. Y DN cson/ute S A0 . A ) N ;

- Is 235U the source of the excess?
« NEOS-phase? G T TN +

- Rate+shape analysis for sterile neutrino search i : g i 5

Visible Energy (MeV)

Data / MC (Shape-Only)

- To understand the reactor neutrino spectrum

(sl e, —~-""uU DvB
| + — 29p, DYB
......... + “ 35y Huber x 0.92

~— 2Py Huber x 0.99

0.5F =

10 cm? / fission / MeV

1 i++ﬁﬁﬁwf¢gmfpi+i%

Local dev.

Prompt Energy / MeV

Korea-UK Al/ML Research in Fundamental Science 0 ML for Invisible Particle Search — Y.J. Ko@IBS



NEOS

NEOS-II Experiment

j IR ctor Predit ich? lel 10 Uncertaint I . I t:
° 5 - M eV exceSS 1.2 _ é'ﬁéi;b"z'ﬁ]"s'c'lm&j|}§;§x,};,','§;;;'{ """ """"""""""""" """""""""""" 7]

[ ——M—— ipayaBay2016 : : :
1.1 _—.—DoubleChooleND .............. .....................

- Recent experiments have observed the excess.

- Is 235U the source of the excess? et
« NEOS-phase2 vob

. . i NatureéPhySics 16 558—5264 (2020) llllllllll +
- Rate+shape analysis for sterile neutrino search i : g i 3 : 5

Visible Energy (MeV)

Data / MC (Shape-Only)

- To understand the reactor neutrino spectrum
- Similar uncertainty to Daya Bay is expected thanks to larger changes in fission fraction.

2
+_+_+_+_Phys Rev. Lett. 118, 251801 (2017)
> ++ 235
15F U DYB
g 0.8 — f % 5 +_+_ ——2%py DYB
— = = 25 Hub 0.92
& — NEOS-1 NEOS-2 -§, : + By Huber x 099
L o6 '\’\'\\‘ g i
S — E ol ow 0 TG e
.a H ? 05_
2} St 4 T e
WL 04
—— 1 2'
T | p 14F
L—’M" . : r
0.2 , Effective range of - 312
Daya Bay | @ g}
- R H ) N N ~ ~ ; . . 0 0.6E
H b b 4 y 4 __‘_ < - ® nd
° o ° : ¢ ; : : s 4
(] P
9 2000 4000 6000 8000 10000 12000 14000 16000 18000 S 2
Burn Up [MTU/MWD] 8 4
0
Prompt Energy / MeV
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NEOS

NEOS-II Experiment

1.55— —
5-MeV excess Haber NEOSII
150 Preliminary N
- Recent experiments have observed the excess. 2 . ®
2140 ey @ )
- |s 235U the source of the excess? L -
. [ . —
o NEOS'phaSGZ 135 RENO |
Daya Bay (2018)
- Rate+shape analysis for sterile neutrino search 130 (2017) N

- To understand the reactor neutrino spectrum

- Similar uncertainty to Daya Bay is expected thanks to larger changes in fission fraction.

Spectra decomposition

< 455104‘5 | . . . ‘ 'NEO'S-II Plrelimlinary = 451(104‘:5 ' ' ' ' INEOIS-II Plrelimyinar):
- Extraction of 235U & 239Pu spectra S wp = S w- I
S 350 29 = S 350 =
. . ~ F — Sy E ~ F —82‘35" ]
- Deficit & 5-MeV excess in 23°U E w0 e E w0 e
T 25F O 25 —
- Not conclusive for @39Pu > 20 > 207 =
o 15f a 15§F+ —i
108 E “’fl’ (239Py-+241Py) E
L g 43 235 & Pu-Combo E
g 161 ' ‘H» “> g 1.6;— ++ H
= 1.4} = 14F H
8 12fF i ﬁ> {’ 3 12F 'H‘i i ++ 4
2 - - Ll ﬂ :
1.0 1.0 - u
- oy il L1 I e e :
5 06F T 2 = 06F T H
® 04t s : x 2 ® o4k : ]
Prompt Energy [MeV] Prompt Energy [MeV]
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Deep Learning in NEOS
Inverse [3-decay
 NEOS detector is a calorimeter w/ Gd-LS to measure the electron antineutrino spectra.

* Neutrino detection through inverse [3-decay (IBD) in the active target

U,+p — e +n(BD)

Korea-UK Al/ML Research in Fundamental Science 03 ML for Invisible Particle Search — Y.J. Ko@IBS



Deep Learning in NEOS

Inverse [3-decay

 NEOS detector is a calorimeter w/ Gd-LS to measure the electron antineutrino spectra.
* Neutrino detection through inverse [3-decay (IBD) in the active target

U,+p — e +n(BD)
* IBD in the Gd-LS

IBD with

ositron
a proton P

signal

neutron
capture
signal
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Deep Learning in NEOS

Inverse [3-decay

 NEOS detector is a calorimeter w/ Gd-LS to detect the electron antineutrino.
* Neutrino detection through inverse [3-decay (IBD) in the active target

U,+p — e +n(BD)
* IBD in the Gd-LS

IBD with positron
a proton 4o signal ————, prompt signal (S1)

e* energy deposition + e*/e- annihilation

IBD pairing
(coincidence)

neutron delayed signal (S2)

capture / neutron capture on Gd (2E, = 8 MeV)
signal
Korea-UK Al/ML Research in Fundamental Science ML for Invisible Particle Search — Y.J. Ko@IBS
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Deep Learning in NEOS

IBD Selection Criteria - _Preliminary
. § 350;_ i 208-” g _+_Ear|y _;
 Criteria for IBD selection ool f s ~+- Middle E
. : 5 it Late -
- Delayed energy & coincidence time Q 250 c
‘g 200; < energy cut —5
Y 1s0F : : =
100{- ;tw‘t’x‘twt*#*bv e .
50 bch -
g . b OO
0 4 6 8 10
Delayed Energy [MeV]
Preliminary
> R | T S [ R e PO S 0
Ei: S1energy Time S } ~+ Earl E
: _ s f y
Difference (At) Ea: Sz energy = b 2 ++tt 4 Middle E
(0 120: H i* Late .
joof- 1 ii -
Prompt Delayed sl ?ﬁ* = time cu
Signal (S4) Signal (S2) o S B £
40f g E
20 ey :
%E‘ =0 T 20 %‘“’ZMO
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Coincidence Time [us]

ML for Invisible Particle Search — Y.J. Ko@IBS



Deep Learning in NEOS

IBD Selection Criteria

Preliminary
> 400 - , , .
% asof- ¥ e —+ Early E
* Criteria for IBD selection 8 0ht § + Migdle [
o . & it Late
- Delayed energy & coincidence time 2 250( : -
T . : € 200} i < energy cut 3
* Criteria for background rejection ok :
3 : + E
- Multiplicity against the multiple neutrons 505— : . E
. . . . 0 ! 1 L I L N NP
- 2 4 6 8 10
Pulse shape discrimination (PSD) Delayed Energy MeV]
> To remove the fast-neutron backgrounds
Preliminary
Ei: St energy  Time § 100F + '+] s e
. . < - Early
Difference (At) Ez: Sz energy 8 ++t$ 4 Middle E
L%) 1201+ +i* Late .
joof- 1 ii -
Prompt Delayed sl ?ﬁ* = time cu
Signal (S+) Signal (Sy) 60; '"¢.‘+ . .
40} *3, s -
Aty 20 ’*% s
\Y Bt
> g OEK i | | %"’M
0 10 20 30 40 50
< | Coincidence Time [us]
Atv1‘ Ato ‘ AtS ‘
S, So Prompt Delayed Sj;
Signal (S1) Signal (S2)
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Deep Learning in NEOS

Pulse Shape Discrimination VS, 3 E ~ 8 Mev
Fast neutron Thermalization — Delayed S|gnal
e Fast neutron background ‘ .\
- Most dominant background \ RS BRI

L d )}
@ i
\ L’ Capture on Gd
Proton recoill

— Energy deposition /
— Prompt signal
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Deep Learning in NEOS

Pulse Shape Discrimination Vs, 3£~ 8 Mev

— Delayed signal

Fast neutron Thermalization
* Fast neutron background ‘ . Gd
|
I P M > s n
- Most dominant background \ TN e ~<a
. . . . s ’ '¢

- Pulse shape discrimination (PSD) ‘ \ *“  Capture on Gd

» Using different pulse shapes b/w e- & p+ recoil events Proton recoil

> Conventional method: Qtail/Qtotal — Energy deposition /

— Prompt signal

(Longer tail)

5 107 E
< - .
3 - alpha :
= =T
£ 102 —_ Rautron E
o - -
— ﬁﬁﬁ_b - d ]
s o (O] I -
- - N :
“ 5 10° 1, S =
.’3 < iF‘ ) ‘-‘;‘.*k.. -
a 2 h . ST
© _— L L 1 | | 1 L L 1 | I 1 Hxﬂha‘uflﬁ____a__ﬁ
o : 0 100 200 300
= = Time[ns]
g - —
O == =
Z . ]
= Qtai =
- JKPS 77, 1118-1124 (2022)7
0 100 200 300 5
Time [ns]
Korea-UK Al/ML Research in Fundamental Science ML for Invisible Particle Search — Y.J. Ko@IBS

29



Deep Learning in NEOS

Pulse Shape Discrimination

VS, ) E ~8 MeV

Thermalization — Delayed signal

" Gd

A 3

L 4 /'] .
\ e Y ’ ™ my
L 4 '] P n*
[ ]

\d A ’ . P
. ' "
‘\ “* Capture on Gd
Proton recoil

— Energy deposition
— Prompt signal
(Longer tail)

Fast neutron
e Fast neutron background

- Most dominant background

- Pulse shape discrimination (PSD)
» Using different pulse shapes b/w e- & p+ recoil events
> Conventional method: Qtail/Qtotal
» Good for high energy region
» Overlapped region in low energy

S 107E E
S - .
27F. - ° o ' L 1wt § B alpha il
Preliminary a = — beta
. - o 2 — . gamma ]
= £ 102 —— neutron E
0.8 © E :
s 3 F N T4 i
9 @ - S I Wz, 3
£ = £ < : S, .
g 0.4 © E RN . ]
()] l e _— PR RRPER] POCICSN PIE] KIRTY ECHRP KRNP TR RN LAkl KIskhN Bt o ,‘Tv‘a‘uf‘
¥ o C 0 100 200 300
15 11402 S o b Time[ns]
7 E F ;
g o o nd =
12 , 1M, , < - 1
4 6 8 10 - Quai 2=
L ai -
Prompt energy (MeV) = JKPS 77, 1118-1124 (2022)7
0 100 200 300 o
Time [ns]
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Deep Learning in NEOS

Power Spectrum of Waveform

* Fast-Fourier transformed (FFT) waveform
- Large & small decay time can be discriminated by FFT.
- Using power spectrum in the frequency domain

38 )
Pw)= Y ‘3‘7 [w,(2)] ‘
=1

| | | | | | | | [ | T
10-1 — 1=10
3 —_—  T=15 1
©
Q
N
~ 102 - k=
= : 3
T | FFT .
x 1 —
it =
103 = =
=
1071 ! ! Y ! ! ! e
0 25 50 75 010 SR (57 o TR o] DRSS WY Lo R B[ 0 0 0 20 40 60 80 100
Time index (t) Frequency index (w)
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Deep Learning in NEOS

Power Spectrum of Waveform

* Fast-Fourier transformed (FFT) waveform
- Large & small decay time can be discriminated by FFT.
- Using power spectrum in the frequency domain

38 5
Pw)= Y ‘3‘7 [w,(2)] ‘
=1

- Data reduction
> Neglecting the phase terms — Reducing a half of # of time bins

» The power spectrum is used as an input for CNN.

102
101t
100

101

|F(w))|? (a.u)

1072

107k E

107%E I I I '
0 20 40 60 80
Frequency (w) index
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Deep Learning in NEOS

Power Spectrum of Waveform

191

i

17

* Fast-Fourier transformed (FFT) waveform

L

I 16

- Large & small decay time can be discriminated by FFT.

- Using power spectrum in the frequency domain

38 5
Pw)= Y ‘3‘7 [w,(2)] ‘
=1

- Data reduction i h 27)f 38
» Neglecting the phase terms — Reducing a half of # of time bins o ijh, Jh o
» The power spectrum is used as an input for CNN. HJL«Mw J ° Jj 23
_ . :I 29 _m.l.. E ‘I' 36
- Synchronlz.ed Wavef?rm for convent.lonal PSD A | !"“.
> Errors to find pulse times to synchronize ol 1 1 1 [ 154 ;JM ;,Jll
» Cannot use some PMTs’ information b BEL 2| Lr .
« - i )'mrw-lJ. I 'ﬂ ’
% , 3211 l 33|
.*_3 0.6 112 ;J !
I
é 0.2 14
0.0 | i S L
0 20 40 60 80 100 120 140 160

Time (x2 ns) | ts
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Deep Learning in NEOS

Sampling for e-/p* Recoil Events

e Bi-Po pair events

- Originated from the radon contamination in the LS
214Bj —

+ 214Po — a + 210Pp

- Short half-life ~164 pys — 300-ps time window

|
3 e Promptpf
0.25

Delayed
a selection |

0.20

Y
L. B ,' Ry "
X R 0 T clae

v T “e TENY 3
LW i
ek @l b

. oty Tt
AR ¥

0.10

P . . ..'.1
400 600

| | | |
800 1000 1200 1400 1600
Charge (pC)
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Deep Learning in NEOS

Sampling for e-/p* Recoil Events e E
iy i

« Bi-Po pair events g 0ok ~ gamma |
- Originated from the radon contamination in the LS 3 E! .
214Bj —» & + 214P0 — 0 + 210Pb O ; _4 d

- Short half-life ~164 s — 300-pis time window g B

- Pulse shape of a is similar to that of p+ recoil & 0 20 \ﬂ';g,oo[*;
ime[ns

> a events are used as samples for p* recoil events.

I .‘-:."'. I I I I I I T T T T LI B | I T T T T T LI I
.
- .

e Promptpf
Delayed
--- a selection |

0.25F

0.20
T

0.15 &
0.10

R 0% 3 6 9 12 _

L IASIEACE B [ I l | I . . C el . . . |

400 600 800 1000 1200 1400 1600 100 10! 102
Charge (pC) Frequency (w) index
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Deep Learning in NEOS

Convolutional Neural Network

e Convolutional Neural Network (CNN)
- Avoiding an overfitting

- Improving the generalization

Convolution Activation Max- Dropout

T function i : poolin 0.5
X, 'I'\ Filter i . pooling .

-
*u

Other
layers;
similar
process

. n . .
: - : LT
. L .

i / max(®_z £_)| ¥ max(%_y X_p)[¥

Feature
. Feature Feature
Input Weights map

map map (Input for next layer)

An example of CNN framework
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Deep Learning in NEOS

Convolutional Neural Network

e Convolutional Neural Network (CNN)
- Avoiding an overfitting
- Improving the generalization

 CNN architecture

- We tried to construct CNN architectures as simple as possible
- The appropriate architectures are found by trial and error.

(.nput: shape (98,1 )) . Feature classification
:
Convolution 1D: Convolution 1D: Fully connected:
3 kernels, 2 kernels, 128 weights,
3 strides, > 2 strides, tanh activation
16 filters, 32 filters, J
ReLU activation ReLU activation Dropout (0.4)
Max-pooling (2) | : | | Fully connected:
Dropout (0.4) v 1 weight,
Dropout (0.4) sigmoid scoring
Featureextraction ek fo
CNN architecture design C Output: score [0,1]>
Korea-UK Al/ML Research in Fundamental Science ML for Invisible Particle Search — Y.J. Ko@IBS
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Deep Learning in NEOS

Convolutional Neural Network

e Convolutional Neural Network (CNN)
- Avoiding an overfitting
- Improving the generalization
 CNN architecture
- We tried to construct CNN architectures as simple as possible
- The appropriate architectures are found by trial and error.
e Training sample & loss function

- Power spectra of Bi-Po events
- 80% of training set & 20% of validation set

- Binary cross entropy

Korea-UK Al/ML Research in Fundamental Science
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Deep Learning in NEOS

Background Reduction via CNN

* Training results

- Stop condition
» Training loss decreases while validation loss grows — overfitting
» Validation loss does not decrease within 5 epochs.

- After 7th epoch, the training does not improved the validation loss.
» 99.93% accuracy for the validation data set at epoch 7.

- Most of events are separated out at the given label.

1000 [ | [ | [ 0015 E[ [ | | E
L e a i —— B (labeled 1) b ||
So Al a (labeled 0 |
0.998 |- — >0.012 10%F E
> 0.996 10.009 10°F E
w0
(© wn < C
© v 5
O 9 3
2 |
£ 0.994} /410.006 © 10% :
/,/ i
T Tt~ //
0992 | TTTTtee~l_i__---77 T * 10.003 10' H E
—— Training set ]—L ]
---Validation set ” ﬁ mﬂ T
L ! L ! ! 10°L |-|—|l—|ﬁ . ” ’Il ”‘1 =
0.990 2 4 6 8 10 0.000 0.0 0.4 8 1.0
Epoch CNN score
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Deep Learning in NEOS

Background Reduction via CNN

» Selection cut for CNN score

- Pure sample for electron recoil events
» 22Na calibration source data for low energy

> Michel electron data for high energy

- 99.5% acceptance for each energy window

w0 ' ! ! ! ! ! ! ! ! ! ' ! ! ' ! ! ' ' ! ' (%] ! ! ! ! ' ! ! ' ' ! ! ! ! w0 ! ! ! ! ' ! ! ' ! ! ' ' ! ! ' !
= 1 22Na (1-1.4 MeV) S ] 22Na (1.4-1.8 MeV) €105 ] 22Na (1.8-2.2 MeV)
0 .na O 14l o
O 107 1 010 O
104_
—> —>
103’ 103
103_
| 20 ]
10 102
"_IJ-LL‘ Pl L | L L | k| 100’ HHM_\; n H nnnﬂlﬂ‘/—.” P L T L k| 100’ T HJL.\ ﬂnﬂﬂﬂﬂw‘l‘m L L
0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6
Score Score
S 10 ' Michel e (4-5 MeV) | S 104 Michel e (5-6 MeV) | S104 . Michel e (6-7 MeV)
o (@] (@]
Q O Q
103 — 103} — 103 —
102 IRk 102 ] 102}
101 ] 101} ] 101t
J
1000 . L ] AU U | 100 . . | 1 1004 o bl JEIEL U]
0.9 0.92 094 096 0.98 1 0.9 0.92 094 096 0.98 1 0.9 0.92 094 096 0.98 1
Score Score Score
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Deep Learning in NEOS

Background Reduction via CNN

* |[BD events w/ CNN PSD, w/ conventional PSD & w/o PSD

- Signal rates (on - off) for all cases are consistent.

Korea-UK Al/ML Research in Fundamental Science
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Deep Learning in NEOS

Background Reduction via CNN

* |[BD events w/ CNN PSD, w/ conventional PSD & w/o PSD

- Signal rates (on - off) for all cases are consistent.
- S/B ratio: 24 (conventional PSD) — 31 (CNN PSD)
- Significant improvement in the low energy region

> w/o PSD
%) 300 . 200} — e w/ conventional PSD -
< 2 L - w/ CNN PSD
o —+ -+ w/o PSD s
=20 —— w/ conventional PSD | < 1500 a
o g W/ CNN PSD S -
£ Bl g
of - . 100+ ——
ol BEREE 2
@) c ——
0 ey 3

i O 50 .
© 50_ e
cl | | L
§ 507 [
%’ 10 Al3

T V1.2 ¥ S

© a
@ §O 5 1 ]
© 20F S === S T $ - T
c } < 1 ¥ = \

! o)
O\ B } o 0.9
wnm s _'_—~—_.__._ : ) a 0.8

F t t + t t —-__'_‘ ¥ ¥ 07 u ! ‘ ! ! ! ! !

2 3 4 5 6 7 8 9 10 1 2 3 4 5 3 7 8 9 10
Prompt Energy (MeV) Prompt Energy (MeV)
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COSINE-100

DAMA/LIBRA Experiment

107 & 1

10 B\ ] Phys. Rev. D 98, 030001 (2018) 107

. . . . 1078 "~ ___NEWS-G(017) 1072
* No experiments have succeeded in direct detection £, = 10°
% 107 CDMSLite2 (2015) \ 107 %
of dark matter (DM), except DAMA/LIBRA. g10 ‘\§ 10° §
81072 10° 9
%104‘3 h g 107 §
—3104‘4 1078 <
F107® 1 107 2
2107 10*‘05
=107 e 1071
107 ) — 10"2§

:g—so Ll | Lol | ;:;||||:|| | ! """312_]4

5x107" 1 2 3456 V\1/I(I)VIP Miczs [3<(3)ev1 102 2x10° 10
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COSINE-100

DAMA/LIBRA Experiment

. N 2 Phys. Rev. D 98, 030001 (2018) o
* No experiments have succeeded in direct detection £~ ‘—’ oy
210 comsLien aor g A 107 %
of dark matter (DM), except DAMA/LIBRA. NN et
8107 GuperCDMS (01 107°

-
o
4

0N Cross sect

I §1043 0139014901 ¢ \\\ N __DEAP-3600 20V
 DAMA/LIBRA experiment S e NN T 10

s
=}

2 105 n‘l ————4 10°
o A 5‘;-_- - 5

- Search for annual modulation signature by DM %:;ﬁj N ST T 13_:’%
- Claim an observation of the DM at 120 C.L - D - s
(2-6 keV, 2.17-ton-yr exposure) 50T 73 "‘Sléllvlb:‘;ﬂpméisfgevl]l Sz 0
- The results are compatible with the nature of DM candidates.
(4 =0.0096 £+ 0.0008 counts/day/kg/keV, ¢ = 145 £ 5 days, T=0.9987 £ 0.0008 yr)
2.6 keV
g i 0 S s s A A O N D T s e i S N N g
g il !.ﬁ-_\.‘ _ :-:.'\!, e\ 4 ' ah. -., r ,
E‘OZO“ - B '\ 6 . P N‘ucl.‘Ph);s. A.t. E!nerg;y 1;, 307-3;25 ;2015)
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COSINE-100

DA“.A M I1INmMNA &= _ " ___a
) ANAIS B
/| @ Canfranc b
* No i KIMS/COSINE b
f // @ Yangyang 1074 :E
o1 C 7 10° £
// 10° 3
/¢ 107 8
d DAI R ’ K 107 §
| Ill‘l‘u “~ 107 %
_ . N 10702
S [ | PICO-LON 101E
C / @ Kamioka 10722
B f 107"
'I 14
(2 ; COSINUS 310
,' @ LNGS
- Tl ,’
4 s‘f DAMA
,| @ LNGS -
/i
[ L
SABRE il
@ LNGS & Stawell
1T
DM-Ice == e
@ South Pole ——Jl ==
“ﬁ::/[‘f.ﬁ. — F

* Only observe in DAMA/LIBRA

- Nal(TI) crystal is special for DM interaction?
- There are many efforts to test DAMA/LIBRA’s signal, using Nal(Tl) crystal.
ML for Invisible Particle Search — Y.J. Ko@IBS
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COSINE-100

Collaboration DM-ICE +

 DM-Ice and KIMS joint effort to search for dark
matter interactions

- ~50 collaborators in 17 institutes

- To verify the DAMA/LIBRA’s claim via the same target
material

The
University

5 0
™ Sheffield.
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COSINE-100

Collaboration & Experimental Site DM-ICE +

DM-Ice and KIMS joint effort to search for dark
matter interactions
- ~50 collaborators in 17 institutes

- To verify the DAMA/LIBRA’s claim via the same target
material

The
Of

CH X o"”: s S5
SAZ S 4,
et University ¢
S B 2
o 4 WISCONSIN alc
Sheffield. T SFy W/ UNIVERSITY OF WISCONSIN-MADISON

'C dergrounc 1EIOl0!f .|!n|p\/ (Y2L)sKorea
~ ~7OO -m rock overburden’ e

- Data taking started in Sep. 2016 “‘

\Power% ‘ ,
SO COSINE/A

Since 2003 |
?- - -

KIMS

I3
ok

Yangyang Pumped Storage Power Plant
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COSINE-100

Detector Configuration

* 8 low-background Nal(Tl) crystals w/ 106 kg in total
- U/Th/K levels are less than DAMA, but total o (~219Pb) are higher than DAMA.
- Total background is 2-3 times that of DAMA.
- Higher light yield (15 p.e/keV) than DAMA (5-10 p.e/keV)

» Each crystal is encapsulated in copper
 Two 3” PMTs (R12669SEL) are attached to each crystal.

Nal(T1)

Crystal
Eur. Phys. J. C. 78, 107 (2018)

Eur. Phys. J. C. 78, 490 (2018

Nal(Tl) detector

8 low-background crystals

Copper encapsulation
Two 3” PMTs
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b

Count/keV/kg/day
— N

o
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w

COSINE-100

Detector Configuration

Nucl. Instrum. Meth. A 851, 103 (2017)
Nucl. Instrum. Meth. A 106, 165431 (2021)

* Liquid scintillator (LS) as an active veto Liquid Scintillator

- 2200-L LAB-based LS & 5” PMTs (R877) 2200-L LAB-based LS for veto
5” PMTs for LS detector

- Designed to accommodate twice as many crystals
* Upgradable to COSINE-200

T s P
N Y (1460 keV) a
5 — N
- 40K
s o + Data (vetoed) Ii e Brelh :I
5E Preliminary _ Fit 40, - — =8
af
5 = — Subtracted 40K —] [ N—
3f . N Liquid Scintillator T
sE ~75% veto efficiency
oF-
sh
1=
5F kY ot T
0:....11“..(-1....1...."~|-U'!'.|....1...11.".'..1....1....
o 1 2 3 4 5 6 7 8 9 10
Energy(keV) Eur. Phys. J. C. 78, 107 (2018)
\ Eur. Phys. J. C. 78, 490 (2018
Eur. Phys. J. C. 78, 107 (2018) A\ | SHinch PMT NH'(T') detector

¢ S 8 low-background crystals
Passive Shields Copper encapsulation

3-cm thick copper box Two 3” PMTs

20-cm thick lead shielding

50
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COSINE-100

Detector Configuration

Nucl. Instrum. Meth. A 851, 103 (2017)
JINST 13, T02007 (2018), JCAP 02, 013 (2021)

Nucl. Instrum. Meth. A 106, 165431 (2021)

41 Muon Counter Liquid Scintillator

37 plastic scintillator panels 2200-L LAB-based LS for veto
2” PMTs (H7195) for muon counter 5” PMTs for LS detector

LPastic scintillators

JINST 13, T06005 (2018)

20 cm lead
3 cm copper

Neutron Monitoring
Fast neutron detector

(Liquid scintillator)

2200 L LS

Nal(TI) crystals

_ _
.

Thermal neutron detector
(3He gas detector)

Eur: Phys. J. C. 78, 107 (2018)
Eur. Phys. J. C. 78, 490 (2018

3-inch PMT Nal(Tl) detector

) \ {
ive Shield O\ 8 low-background crystals
Passive Ields Copper encapsulation

3-cm thick copper box Two 3” PMTs

Eur: Phys. J. C. 78, 107 (2018)

20-cm thick lead shielding
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COSINE-100

Monitoring

Phys. Rev. Lett. 123, 031302 (2019)

* Monitoring system has >200 parameters. sk a) Temperature o
— Crysta
DAQ system: trigger rate, electronics status 0024*;@/%«&————»——&#— |
Environmental parameters are stable. 22| Room
Neutron rates are also monitored. 60— b) Humidity ]
T 40l
2
Temperature: 24.2 + 0.1°C at crystal 201~ — LS Top
60— c) ﬁadon — Room
N s unw, S SV SUDNNPOVAVE WU "’E
40
m
20
Radon in COSINE room Humidity §3300
* Radon: 50 %H E’
“ 36 =+ 10 Bg/m3 at detector room | 1 | v AN IR
35 ? ‘\ \ | | ¢ ' o \/\/\/\/\/ g 3200
“‘ ‘ zo%H\/W\WW\/\/W /\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/ =

= A e “ Humidity: <5% RHattop of LS

20 %
5/28 5/29 5/30 5/31 6/1 6/2

300 400 500 600 700 800 _ 900

Days Since Jan. 1, 2016

150

125

Neutron Rate

75

o R ol e el Aoy — %Wwwﬁwﬁwmw—a,,,,,,,,,,,,,,,,,,,,,Jwr»Twm el o

1

25

0
2019-10 2019-11 2019-12 - - - - - - - X = 2020-10 2020-11
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COSINE-100

Monitoring & Operation

Phys. Rev. Lett. 123, 031302 (2019)

* Monitoring system has >200 parameters. 2 a) Temperature

— Crystal
- DAQ system: trigger rate, electronics status Ooal ‘:&W\—’———/\'—'———"-——M* ~

- Environmental parameters are stable. P . oo

- Neutron rates are also monitored. 601— b) Humidity

I Room
. 0C 40—
Stable running from Sep. 30, 2016 (6 years) 2 |
. . . — LS Top
- DAQ efficiency ~93% (calibration runs, power outage) | S —
60— — Room
- Exposure time: ~2050 days E
@
2200 _ ............................... e e ............................... ..................... R .............................. ...........
2000 (—-- COSINE-100 Prellmmary .......... e mereenenrss s ............................... ....................... ........... B asool d) Cosmlc -Ray Muon
_ Total Livetime :2088.7 days ( 95. o.%) .......................... S L 2022/10/1 2
1800 o0 S s2s50|- + +++ _*__*_h*_ _+_—{—++—{— +H
1600 - Good Data :2049.1 days (93.2. °/°) ................................ o SRR — E ‘I’_+_ 4
§ : 5 : § 8 3200 ++
cc 1400 _ ............................... .............................. .............................. ..................... P ............................... ........... o | | | | | | |
© 1200 — SRS S SO SRS SSRSS S, 300 400 500 600 700 800 900
£ __SET3 3.0 years) Days Since Jan. 1, 2016
'q_) 1000 e f e . ............................... . ............... o Feeeeeesn s s R I .............................. fereeneaens
2 800 =i ] TS S, R S
— 800 SET2 (. 7years)
600 I ... b carsscnssnssonsissuassosGuussaussssnsssussssasssansassasbesnassassasnassaasssssssnasess T S S
SETL. o o A T
400 | = ; : : : ;
(59.5 days) Jul. 18 2018 Nov 21, 2019
200 s g L b \ ..........................................
- | | | | i |
&/31,05h 12/31, 11h 12/31, 17h 12/31,23h 12/31,05h 12/31,10h 12/31, 16h
2016 2017 2018 2019 2020 2021 2022
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COSINE-100

WIMP EXxtraction Analysis

1078
& = ———— NAIAD (2000-2003)
. . . g E e DAMA-Na Savage et al (30, 2009)
» First physics analysis (SET1; 59.5 days) Sl e e o

] COSINE-100 90% expected (20)
—g— (COSINE-100 observed limit (90% C.L., 2018)
Exposure: 6303.9 kg day

- WIMP extraction analysis: SI WIMP & SHM
- Excluding DAMA/LIBRA w/ the same target material

*
vvvvv

10742

S| WIMP-nucleon cross section
)
=

Natlure 564, 83 (2018)

1o ....1|0 B ...1.(;2 ,10° 10*
WIMP Mass (GeV/c?)
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COSINE-100

WIMP EXxtraction Analysis

1078
= = — NAIAD (2000-2003)
e C e DAMA-Na Savage et al (30, 2009)
\(-')/ F emesssass DAMA-| Savage et al (30, 2009)

* First physics analysis (SET1; 59.5 days)
- WIMP extraction analysis: SI WIMP & SHM
- Excluding DAMA/LIBRA w/ the same target material

 Various model & quenching factor (QF)
- Sl & SD WIMP
- Assuming different QF — cannot exclude DAMA/LIBRA

—
S}
&
1

COSINE-100 90% expected (10)
] COSINE-100 90% expected (20)
—g— (COSINE-100 observed limit (90% C.L., 2018)
Exposure: 6303.9 kg day

*
vvvvv

10742

S| WIMP-nucleon cross section
)
=

—_

<
A
&)

| Natlure 564, 83 (2018)

10° 10*

10 10° 5
WIMP Mass (GeV/c?)

— DAMA/LIBRA
— COSINE-100

T I/IIIIIl

S| WIMP-proton Cross Section [pb]

10’5:— “\
- DAMA QFs ™.
ol ¥ . JCAP 06, 048 (2019)
10 102
WIMP Mass [GeV/c?]
Korea-UK Al/ML Research in Fundamental Science ML for Invisible Particle Search — Y.J. Ko@IBS

55



COSINE-100

WIMP Extraction Analysis

1078
& = ———— NAIAD (2000-2003)
. . . g E e DAMA-Na Savage et al (30, 2009)
» First physics analysis (SET1; 59.5 days) Sl e e o

] COSINE-100 90% expected (20)
—g— (COSINE-100 observed limit (90% C.L., 2018)
Exposure: 6303.9 kg day

- WIMP extraction analysis: SI WIMP & SHM

- Excluding DAMA/LIBRA w/ the same target material
 Various model & quenching factor (QF)

- Sl & SD WIMP

- Assuming different QF — cannot exclude DAMA/LIBRA L N
» Effective field theory (EFT) operators ® WINP Mass (Gev/c)

- Cannot cover DAMA/LIBRA for several operators

*
’’’’’

10742

S| WIMP-nucleon cross section
)
=

—_

<
A
&)

| Natlure 564, 83 (2018)

0® 10*

E =
o i L) P &
- | @ e~ - | a ot - |« p—-roni c 10°E —— DAMA/LIBRA
3l cve-nre seie | 5% cwermzaa , e | 5 cwr-rn et o -
5 5 b —— COSINE-100
a a | .l| a ) G) B o
3 e i A 1 \ 7/ ~ N N -
e £ g Lt g \i N ) e
; \ e 3 )\ i N . 8 10
~ ' e -
i — { N { ~— S f
z < L. . < o :
] 10 i ie is i b L] L] L ] l:J ‘.'l ie L] L ] 10 i it -'6 —
- WIMP ik 5 { GaVicd) WM mass (Gevie?) WM mass (Gevicd) E_
— s ! 5| AN
i | —me | T =] T —w % 10°
§8] =081 | - e | uie] CkP=2 l —owse | | eeaun s s = - DAMA QFs ™.,
i \ : } = r
i \ ¥ g > r e
1 = AN =
? (Y e N\ 7 -
5’ ! \“. § ] g \\ L ) 10 = L T ‘|]C|V4P 06’ 048 |(20]9)|
: fo { P * WIMP Mass [GeV/c?
: 5 : : JCAP 11, 008 (2019) ass [GeV/c']
s h:w r'u:\ i d-'.::"J - " w “l;; maos le:.'d-',\c“il" " n
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COSINE-100

I i 0T —— COSINE-100 59.5 days
WIMP Extraction Analysis 5" oo o0ses e
=t 102 :_ ----- DAMA/LIBRA-phase1 (DAMA QF)
'% E —e— COSINE-100 1.7 years
« SET2 data analysis (1.7 years) 8 L %rexpecttei
) o expecte
- SI WIMP & different QF g F
— 10‘45—
- EFT operators ‘g
- Fully cover the alternative scenarios for QF & EFT SF
o C
% 10_65—
; N . o . Slci. zléla’lv.l7,I Ieclz{)k2¢‘599 .(202.])

10 102 10°
WIMP Mass (GeV/c?)

- — W
E —— COSINE-100 55.5 days "g e —— COSINE 100 55 5 days "g —— COSINE-100 59 5 days
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COSINE-100

WIMP Extraction Analysis

—
<

—— COSINE-100 59.5 days
—— DAMA/LIBRA-phase1
----- DAMA/LIBRA-phase1 (DAMA QF)

o —e— COSINE-100 1.7 years
 SET2 data analysis (1.7 years) s % texpects
o expecte

- SI WIMP & different QF
- EFT operators

—
o
IS

—
o
[

- Fully cover the alternative scenarios for QF & EFT

 WIMP search via Migdal effect
- Sub-GeV DM search (from 7 to 0.2 GeV/c?)

 SETQ3 data analysis is ongoing.

WIMP-proton Sl Cross Section (pb)

Sci. Adv. 7, ea{;k2699 (2021)

1 1 1111 | 1 1 1 1111
102 10°
WIMP Mass (GeV/c?)

10° 10"
2 2
s 10° o
-% L 407
3 3
n n
2 1 - @ = T\ ===
8 = XENONTT o= = o _ e 104 __ Co”ar
= . = TPAD N = L g B NON1T(MIGDAL
C 10°F ) - )
(@] — c .
Q - N e mmaa -9 10
éé 1078 :— DarkSide-50 g B PICO-6(‘)
DI_ — o B \‘
= = = =
= 2N | = 107 Phys. Rev, D 105, 042006 (2022)
2x10? 10° 3x10° 2x10? 10° 3x10°
WIMP mass (MeV/c?) WIMP mass (MeV/c?)
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COSINE-100

Modulation Analysis

* First modulation analysis (SET2; 1.7 years)
- Model-independent DM search
- The results agree both of DAMA/LIBRA and null hypothesis.

20
1o Phys. Rev. Lett. 123, 031302 (2019)
: COSINE-100, 1.7 yrs o o
" Expected Standard Halo 99.7% C.L QqQ Qq
50.04 P o5 5% C.L. ! COSINE-100 data-SET2
~ 5 . o iy
> i 68.9% G.L. - Amp. =0.0092 + 0.0067 cpd/keV/kg
2 68.3% C L. ] Phase =127.2 £ 45.9 days
'8_ (Feldman-Cousins) J
o Best-Fit !
2 0.02| Configuration Amplitude [cpd/kg/keV]  Phase (Days)
= COSINE-100 0.0092 + 0.0067 127.2+45.9
g DAMA/LIBRA (Phasel + Phase2)  0.0096 & 0.0008 145+ 5
< l‘ j COSINE-100 0.0083 =+ 0.0068 152.5 (fixed)
L | j COSINE-100 (Without LS) 0.0024 + 0.0071 152.5 (fixed)
T T T, —\ | ANAIS-112 —0.0044 + 0.0058 152.5 (fixed)
% 50 100 150 20 250 300 350 ) 52 10 DAMA/LIBRA (Phasel + Phase2)  0.0095 + 0.0008 152.5 (fixed)
Phase (Days) Ax

DAMA/LIBRA-phase1+2
Amp. = 0.0096 + 0.0008 cpd/keV/kg
Phase = 145 + 5 days
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COSINE-100

Modulation Analysis

» First modulation analysis (SET2; 1.7 years) o ; ﬁgiiﬁiiﬁgiﬁﬁg
0.012 1 DAMA 1-6 keV
- Model-independent DM search T
- The results agree both of DAMA/LIBRA and null hypothesis. %, 0.008 -
 SET3 data analysis (3 years) 1 oo
- Still cannot rule out any of DAMA/LIBRA & null hypothesis
) 5—years data (SET4) anaIySIS 'S ohgoing. 000 o0 :;)’.'ol)s 0000 1‘. %’6?2 ]0.61;) 0.615\7» 0.020

Phys. Rev. D 106, 052005 (2022)

0.030 0.030
99.7% HDR 99.7% HDR
0.025 1 95.5% HDR 0.025 - 95.5% HDR
68.3% HDR 68.3% HDR
— % Best Fit — % Best Fit
0.020 1 0.020 1
5 ---- SHM Phase g ---- SHM Phase
o <4+ DAMA Best Fit & . @ <4 DAMA Best Fit
< 0.0151 LY <0015
§ §

0.005 0.005
0.000 0.000
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
Days Since Jan 1 Days Since Jan 1
1 2 3 4 5 0.5 1.0 1.5 2.0 2.5 3.0
Probability [dru~! d—1] x1074 Probability [dru~! d—1] x10~*
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COSINE-100

Other Scenarios -

COSINE-100 obssrved
[ ] cosiNE-100 expectad (1)
|:| COSINE-100 expected (26)

T IIIIIII

 Published Results

- Solar axion

Solar v

T . /AN EDELWEISSM A
S 100

A "= o 5 1+ J iy A -

Astropart, Phys. 114, 101 (2020)

10—12 1 1 IIIIIII | ||IIII|| 11 il 11 ||III|| 1 il

107 0% 107 102, 107 1
Axion mass (keV/c?)
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COSINE-100

Other Scenarios -

—— COSINE-100 obssrved
[ ] cosiNE-100 expectad (1)
|:| COSINE-100 expected (26)

* Published Results | somy )]
- Solar axion E

_ 8§ g EDEWwWeEISSM A&

- Inelastic boosted dark matter R S A A i

Astropart, Phys. 114, 101 (2020)

10—12 | IIIIIIII | IIIIIII| L1 11111l | IIIIIII| L1 1111l

107 0% 107 102, 107 1
Axion mass (keV/c?)

102 =
- ~Phys. Rev. Legt. 122, 131802 (2019)
w102 =
[ = M=20MeV, m2=40MeV, 71=100
e —— m=10MeV, m,=15MeV, y 1=50
m=6MeV, m=7.5MeV, y =20
-4 [ B | 1 1 [ T B B A
1075 10 102
m, (MeV)
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COSINE-100

Other Scenarios -

—— COSINE-100 obssrved
[ ] cosiNE-100 expectad (1)
|:| COSINE-100 expected (26)

 Published Results | ot

- Solar axion

- Inelastic boosted dark matter > 1071

e Bosonic super-WIMP search -
- Adding Compton-like process I
- Work in progress - Astropart, Phys. 114, 101 (2020)

10—12 LAl
107 107 10°° 1072 10 1

10° Axion mass (keV/c?)
'E“ — <~T_ - 'é —— Total cross section
O  E S TTteeee O
E B o E 107 --- Absorption process
) L)
g é — - Compton-like process 10_2 - .
‘8’ — Total cross section 3 10° - .."Phys. Rev. Let.t 122, 131802 (20]9)
; --- Absorption process g - - B ".."
° o sl e
o — - Compton-like process o 10° \"‘“--‘_‘_‘_ i i
| | | . = Phys. Rev. D 104, ()83(_)—3-0"('20'22)'
200 400 600 800 1000 T 200 400 600 800 1000 [
Mass (keV/c?) Mass (keV/c?)
w1073 =
107 (a) Pseudoscalar g_ (b) Vector Boson -
10711;_ -
10—11 E
F s » M=20MeV, m =40MeV, y =100
of o < B S A pe— m;=10MeV, m,=15MeV, y =50
10 ooy m=6MeV, m,=7.5MeV, y =20
F _4 Lol 1 1 TR S B A B
10773 L s 10 102
m—— COSINE-100 (Abs + Cmp) f /RG = COSINE-100 (Abs + Cmp) mX (MeV)
= = « COSINE-100 (Abs only) 105 \ = = COSINE-100 (Abs only)
-14 N N N TR | N N N L1 N N N TR | N N N L a9
10 10 10? 10° 10 102 10°
m, (keV/c?) m, (keV/c?)
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Machine Learning in COSINE-100

Event Selection — Scintillation VS Noise

* Waveform o
- 500-MHz sampling — 2-ns time bin 3 — Py scintillation signal
- Sharp shape of PMT-noise waveform g ow

0.008—

S o.006|— ——— PMT noise (thin pulse)
8 0.004

£ 0.002}—

@

I
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Machine Learning in COSINE-100

Event Selection — Scintillation VS Noise

* Waveform o
- 500-MHz sampling — 2-ns time bin 30 — By scintilation signal
- Sharp shape of PMT-noise waveform g ow

* Mean-time parameter p.,

- Definition 0.008}—

0.006 f— —— PMT noise (thin pulse)
p =In ((x>1 + <z>2) oo jk

(t»i: charge weighted mean time of PMT i

arb. count
o
&

- Smaller values of PMT-noise events due to sharp
shape

o)
©
- Separating scintillation events from PMT-noise § . _
< Scintillation Events
events above 2 keV o
-
o
£
1 . | . | 0
0 2 4 6 8 10
Energy [keV]
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Machine Learning in COSINE-100

Event Selection — Scintillation VS Noise

« \Waveform 1-6 keV

0.06 : : : 1 .
— § DAMA/LIBRA phaséZ =250 kg a 13 tonxyr) : >

- 500-MHz sampling — 2-ns time bin

0.04 [ 5

0.02

- Sharp shape of PMT-noise waveform

—-0.02

* Mean-time parameter p.,

Residuals (cpd/kg/keV)

. 2 o4 ; ; 5 i 9 60 sugmflcance
- Deflnltlon _O 06 : \El ‘ 1 |§ 1 | | El 1 Il |i‘ L L \: | 1 || L 1 | ||||| I L '\ | | L 1 i 1 L | il | 1
’ 6250 6500 6750 7000 7250 7500 7750 8000 8250
Pm=1In <<f>1 + <Z>2) Nucl. Phys. At. Energy 19, 307-325 (2018) Time (day)

(t»i: charge weighted mean time of PMT i

- Smaller values of PMT-noise events due to sharp
1-keV threshold (DAMA/LIBRA)

shape 5
()
- Separating scintillation events from PMT-noise § | . | v
< Scintillation Events
events above 2 keV o
2-keV threshold in SET1 analysis %
- Using mean-time parameter e Rvents
- DAMA/LIBRA-phase2
> Lowering the threshold to 1 keV from 2 keV. _ _
> Need to lower the threshold to 1 keV : el | 22 keV threshold (COSINE) ' 0
Energy [keV]
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Machine Learning in COSINE-100

Parameter Development

* There is new type of noise events below 2 keV

- Cannot be discriminated from scintillation events via
mean-time parameter

- Need to develop new parameters

80

| Scinti_llat_ibn Events I

60

50

mean-time parameter

40

30

20

10

1 I 1 I 1 é | 10 O
Energy [keV]
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Machine Learning in COSINE-100

Parameter Development
B In (Qtail/@head)

tg =
* There is new type of noise events below 2 keV Ttait = Thead
- Cannot be discriminated from scintillation events via Qhead = Y _ i
mean-time parameter Thead = > _tigi | Y _ai Qua = 3
Thail = Ztiqi / ZQi
- Need to develop new parameters
* Pulse-shape parameter pq A ‘

- Simplified decay time for characterizing waveforms

- Definition
ps=In (fd,l + td,2) o
GEJ 80
E L] - L] - - :

S Scintillation Events |70
GEJ ; D oo
% ‘ 50

Q : aEn
= PMT-Noise Event |0
' : 30
20
10
1 I 1 I 1 I 1 O

0 2 4 6 8 10

Energy [keV]
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Machine Learning in COSINE-100

Parameter Development Asopart Phvs. 130, 102551 (2021
* There is new type of noise events below 2 keV 2 [1, 2] keV
. L L . . i PMT-noise .
- Cannot be discriminated from scintillation events via

Events ,:88 &:. . Scintillation
: N : Evi Events
mean-time parameter

- Need to develop new parameters

pulse-shape parameter
|
S

* Pulse-shape parameter pq

- Simplified decay time for characterizing waveforms 8
- Definition . TR L S
-10 . — - -
—4 -3 -2 0
pg=1In (fd,l + td,2) mean-time parameter

- New type noise

> Visible only via the new parameter for events below 2 keV [2, 10] keV

PMT-noise

.
plut " -

> pm Values are similar to those for scintillation events. Events i

Loy, . Ocintillation 35
I Events

pulse-shape parameter
|
N

] ) a | l ; l )
B — ~3 ;) 1 0

mean-time parameter
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Machine Learning in COSINE-100

Parameter Development

I EO%—
* Thereisr3°er | Scintillation Events
P Noi .
_ Cannot = i PMT-Noise Events via
_ i New Type Noise Events
mean-til ool
- Need to -
e Pulse-she _,_
- Simplifie 1S
- Definitio [ J S~ =
_ 1 2000 2200 2400 2600 2800 3000
Pa = n(tc Time [ns]

- New type noise

> Visible only via the new parameter for events below 2 keV

> pm Values are similar to those for scintillation events.

> Sharp head + long tail

Korea-UK Al/ML Research in Fundamental Science

/70

pulse-shape parameter
|
S

-10

pulse-shape parameter
|
N

-10

Astropart. Phys. 130, 102581 (2021)

[1, 2] keV

. Scintillation
gai. Events

4 3 2 0
mean-time parameter

[2, 10] keV

PMT-noisé
Events =38 Scintillation

i Events

—4 -3 -2 1 0
mean-time parameter

45

40

35

30

25

20

15

10

5

0
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Machine Learning in COSINE-100

Parameter Development sapare. Phys. 130, 102531 (2021)
* |ssue for pulse-shape parameter L ~ In (Qtait/Qnead)
- Dividing into first & second half Trait — Thead
» Four or more pulse (SPE) hits are needed. Qheaa = > 4
> |t can make inefficiency of scintillation events in very low Thead = 3 _titi | Y di Quait = )
energy region. Toot = ) it | Y i
/ / //
/7 /7
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Machine Learning in COSINE-100

Parameter Development

* Issue for pulse-shape parameter
- Dividing into first & second half
» Four or more pulse (SPE) hits are needed.
> It can make inefficiency of scintillation events in very low
energy region.

» Likelihood parameter p;

- Reference waveform
» Using pm & pa to select scintillation/PMT-noise events
» Accumulating PMT pulses

- Definition: a score of log-likelihood values b/w
waveform of each event & scintillation/PMT-noise

references

InZ, —InZ, < ,: likelihood for PMT-noise reference
P =

In an + In 35 Zs: likelihood for scintillation reference

Korea-UK Al/ML Research in Fundamental Science 75

arb.count

Astropart. Phys. 130, 102581 (2021)

o
e
@

1 1 l T T T | T 1 T I

Scintillation Events
PMT-Noise Events

New Type Noise Events
0.02

0.01

I —
|

1 1 1 1 1 | 1 1 1 1 1 1 1 1 1
2000 2200 2400 2600 2800 3000

Time [ns]
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Machine Learning in COSINE-100

Parameter Development

* |ssue for pulse-shape parameter

- Dividing into first & second half
» Four or more pulse (SPE) hits are needed.
> It can make inefficiency of scintillation events in very low
energy region.

» Likelihood parameter p;

- Reference waveform
» Using pm & pa to select scintillation/PMT-noise events
» Accumulating PMT pulses

- Definition: a score of log-likelihood values b/w
waveform of each event & scintillation/PMT-noise

references

InZ, —InZ, < ,: likelihood for PMT-noise reference
P =

In an + In 3s Zs: likelihood for scintillation reference

- Likelihood parameter shows good discrimination power
above 1 keV region

Korea-UK Al/ML Research in Fundamental Science 73

Likelihood Parameter

arb.count

-0.5F

Astropart. Phys. 130, 102581 (2021)

0.03— . .
L Scintillation Events
B PMT-Noise Events
L New Type Noise Events
0.02—
0.01—
— S %
0 1 1 ﬁ 1 1 1 | 1 1 1 I 1 1 1 | 1 1 1
2000 2200 2400 2600 2800 3000

Time [ns]
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Machine Learning in COSINE-100

Boosted Decision Tree (BDT)

e Decision tree
- Splitting data recursively based on input parameters
- Accounting correlations b/w individual parameters

» Boosting
- Combining many weak trees into a strong classifier.
- Using adaptive boosting

e Combining several parameters into a single powerful
discriminator

» Fast, easy to use and good performance

* Sensitive to overfitting
- Cross validation via test samples

- Comparing energy spectra to MC
- Low energy peak (22Na, 49K)

Korea-UK Al/ML Research in Fundamental Science 24

Astropart. Phys. 130, 102581 (2021)

Yes No

SéeS/ N 0 o@

Tree 2

Is malD
o~

53) (5%

ML for Invisible Particle Search — Y.J. Ko@IBS



Machine Learning in COSINE-100

BOOSted DGCiSiOn Tree (B DT) Astropart. Phys. 130, 102581 (2021)

Phys. Rev. D 105, 042006 (2022)

Noise Samples

Physics data
(Including signals)

WIMP-search Data WIMP-search Data
8 o) 10°
& & 102
g
g §> 10
BET) 15 1 5 10 15 201
Energy (keVee) Energy (keVee)
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Machine Learning in COSINE-100

BOOSted DeCiSion Tree (B DT) Astropart. Phys. 130, 102581 (2021)

Phys. Rev. D 105, 042006 (2022)

Noise Samples
Physics data
(Including signals)

Signal Samples
Calibration data
(cut via p)

WIMP-search Data WIMP-search Data
ol o} 10°
(0] [
§ 5
& & 102
(0]
= 3
10 15 1 5 10 15 20
Energy (keVee) Energy (keVee)
Calibration Data 6 Calibration Data
14
5 14 -
S €
g 0 8 10
© ©
o £ o 8
o - ;
£ 6 g % 6
< £ i S Lo
= 4 R e g 2 "'._,.'z x
2 05 R ﬁ:@w«;. R
-4 5 10 15 20 © 1 5 10 15 20 °
Energy (keVee) Energy (keVee)
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Machine Learning in COSINE-100

BOOSted DeCiSiOn Tree (B DT) Astropart. Phys. 130, 102581 (2021)

Phys. Rev. D 105, 042006 (2022)

Noise Samples
Phy§ics Qata BDT
(Including signals)

Training

Signal Samples
Calibration data

(cut via p) Input parameters

Noise Sample Signal Sample
Decision as signal in noise sample
WIMP-search Data WIMP-search Data 10° S|OW ch arg e 10 Fast ch arge 10
% % 10° = 10t = s,
g % 5 5 £ 10
© ] g g g
% % 1 210 5 2
= g z z 20
< £ 10
(] []
g 5 10
iyt L | " : d ) el PP B 10
5 10 15 1 5 10 15 20 | 0 02 04 06 08 1 0 02 04 06 08 I 35 3 25 2 -15 -1
Energy (keVee) Energy (keVee) Slow Charge Fast Charge Meantime parameter
Calibration Data Calibration Data 10* - -
ol Likelihood
g 5 Asymmetry 0'f
o o o 2 z10°F
p 3 j: E Average :
= 2 z 2T cluster L
[] o
g : 5 0 charge
- 5 10 15 20 ° PP B ‘Bl —
Energy (keVee) Energy (keVee) -1 %lsm 0 05 1 0 2000 4000 6000 05 0 05
ge Asymmetry Average cluster charge Likelihood parameter
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Machine Learning in COSINE-100

BOOSted DeCiSion Tree (B DT) Astropart. Phys. 130, 102581 (2021)

Phys. Rev. D 105, 042006 (2022)

BDT y BDT

Noise Samples
Physics data
(Including signals)

—

Signal Samples

Calibration data

(cut via p)
WIMP-search Data Calibration Data
T et 10* ' 18
16
14
g % _ 12
) » [ 10
-0.2F
S o :
m m
-0.4
PR T s a2 3 2 1 . ., . PR T S Y
1 5 10 15 20
Energy (keVee) Energy (keVee)
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Machine Learning in COSINE-100

BOOSted DGCiSion Tree (BDT) Astropart. Phys. 130, 102581 (2021)

700

» Criteria to select scintillation events

- Cut for S/N ratio > 99 7

- Efficiency estimation by modeling | Eie R SRR

» 70-80% efficiency in [1, 1.5] keV et - 0

* Achieving the 1-keV threshold via BDT
- Direct comparison w/ DAMA/LIBRA

600

300

200

100

0

(7)) C >
G:J 104 E ....o 8 B
h— E K D
Lﬁ E . q....-... § Pt g gt gt @t e @@t @@t — O ——O—— i
- e o =
3| ® L
10°¢ ", PMT-Noise
-, ‘e, Events
10°° o, | Events
o “,’- "‘¢ “"”’ . Efficiency of scintillation events :
oLt bt il %ﬁ* Fitted line via cumulative beta function !
g .\ 06 .............. ..................................
: 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 O 4 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.4 0.3 -0.2 -0.1 0 0.1 ' 2 4 6 8 10
BDT Energy [keV]
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Machine Learning in COSINE-100

Current Status

107! —— COSINE-100 59.5 days
—— DAMA/LIBRA-phased
----- DAMA/LIBRA-phase1 (DAMA QF)

—e— COSINE-100 1.7 years

|:| 1o expected
[ ] 20 expected

* Issue for quenching factor (QF)
- The ratio of Enr 10 Eee

- Measurement of DAMA is different from recent
measurements.

10°°

- It became clear in extraction analysis.

- If DAMA crystals have larger QFs, we need lower
threshold for direct comparison in modulation

WIMP-proton Sl Cross Section (pb)

Sci. Adv. 7, eablk2699 (2021)

. 10 10? 10°
analysis. WIMP Mass (GeV/c?)
T 80  mmmmmmmmmmmmemmEemmmemmme oo Dt e
% i M Stiegler DATMA *§ gl W Collar T
L L B
-t ® Joo -0 @ Joo DAMA
S r A Xu £
S 201 S 6
C B c n
) (O}
> = > B
G [ d
B 41— [ | T
; /
- 2_ -
JCAP 06, 048 (2019) (a) Sodium i (b) lodine
- 1 1 1 I 1 1 1 I 1 1 1 I 1 i 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
% 20 40 60 % 20 40 60 80
Nuclear Recoil Energy [keVnr] Nuclear Recoil Energy [keVnr]
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Machine Learning in COSINE-100

Current Status

* Issue for quenching factor (QF)

- The ratio of Enr tO Eee f@%ma Isospin conserving S| WIMP
- Measurement of DAMA is different from recent gfo (Mwwp = 24.2 GeV/c?)
measurements. % ,
- It became clear in extraction analysis. g:g
- If DAMA crystals have larger QFs, we need lower 10°
threshold for direct comparison in modulation 10::
analysis. 12 o
S TR R VR R R
* Enr by WIMPs is mainly distributed in low energy. Energy [keV]
- Lower threshold results in a very large sensitivity
improvement in low mass region.
e Below 1 keV?
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Machine Learning in COSINE-100

Current Status
| s 5
| L3 .~ |Scintillation
i 3.5—
.st-| Type 2 PMT Noise |
g e Frequency i
Waveform example of Fourier transformed " | 5 e L-par 2
COSINE-100 data waveform

* Enr by WIMPs is mainly distributed in low energy.

hh1

Entries 563211
. Mean x  -0.4837
Mean v 1.84
Sid Dewv x  0.2654

- .
E - i
- -.- ;
<
2 Sid Devy 1204 t
" ' LIS - "
' -i-
't ' 1EF

Scintillation

10(

- Lower threshold results in a very large sensitivity
improvement in low mass region.

e Below 1 keV? 35

- New type noise (type-2) cannot discriminated below
1 keV.

- Adding a newly developed parameter based on FFT

Energy [keV]
.
o

[
ge.

e

=t IIIIIIIII

1 08 06 04 02 0 02 04
BDT
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Machine Learning in COSINE-100

Current Status

1-dimensional Inception Module

* Issue for quenching factor (QF)

£«

. )

- The ratio of Enr 10 Eee y
_.==» 1dconv(length1) --> 1dconv (length3) ~=.

_.» 1dconv(length1) -.

3

9
\C)0 P
&‘27\ \\ A 1d conv (length 1) --> 1d conv (length 5) | it
measurements. % ¥ maxpool (ength3) - 1dconv(length1) -

- Measurement of DAMA is different from recent

- It became clear in extraction analysis.

- If DAMA crystals have larger QFs, we need lower
threshold for direct comparison in modulation
analysis.

it
o

* Enr by WIMPs is mainly distributed in low energy.

Energy [keV]

- Lower threshold results in a very large sensitivity
improvement in low mass region.

 Below 1 keV?

- New type noise (type-2) cannot discriminated below
1 keV.

- Adding a newly developed parameter based on FFT

=== Physics run Single hit 1~5 keV (Scint + Noise)
Scintillation Sample 1~5 keV

1
- - N w & v o ~J o W
L y L 1 A 1 L L L s

04 0.6

- Study on deep learning is also ongoing. NN Prediction
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Summary

* NEOS

- Identification of e- and p+ recoil events using CNN
- CNN has improved PSD performance, especially in the low-energy domain.

 COSINE-100

- Separating scintillation signals from PMT-noise events using BDT
- 1-keV threshold achieved thanks to BDT
- Studies are underway to lower the threshold below 1 keV. L a

b

—+ -+ w/o PSD
w/ conventional PSD |
e -+ w/ CNN PSD

700

01— - -

BDT

e
——

Counts/day/0.4 MeV
S
}

— -
————
+ }

70

0 I —

8 10 . :
Energy [keV] O % 3 & 5 ¢ 7 & s 10

Prompt Energy (MeV)

Korea-UK Al/ML Research in Fundamental Science 84 ML for Invisible Particle Search — Y.J. Ko@IBS









