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Nal crystals for particle detection

Pro =TT @
« High light output S RN
% 40,000 photons/MeV

% >60,000 photons/MeV?

« Easy to grow
% Cheap

Properties From Saint-Gobain
’:’ Large SIZG Density [g/cm?] 3.67
 The most widely used scintillator Metting point [K] 24
. . . Thermal expansion coefficient [C'] 47.4 x 106
* Mixture of low and high atomic numbers | - oo
Con Hardness (Mho) 2
Hygroscopic yes
* Huge hyg rOSCOpIC materlals Wavelength of emission max [nm] 415
« Contamination of natural Potassium Reftactive ndex @ omksionmax. 185
‘:‘ _ 3keV X—ray from 40K irir:an./ decay time [ns] 250
. - . . [;%ottglneslfkeVy] 38
¢ NO gOOd Identlflcatlon Of nUCIear reCOII Temperature coefficient of light yield -0.3%C"
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Nal(Tl) for rare event searches : Dark Matter
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Nal(Tl) for rare event searches : Dark Matter
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Typ (Pb)

Residuals (cpd/kg/keV)
[=]
S

Annual modulation signal from DAMA/LIBRA
Phase1 experiment Phase2 experiment
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Annual modulation signal from DAMA/LIBRA
Phasei1 experiment Phase2 experiment

o uel S
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Although provmg DAMA/LIBRA is main purpose of Nal(Tl)-based dark
matter search experiments, this talk will focus on the general dark
sector particle searches with Nal(Tl) crystals
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COSINE collaboration

1up.
o
(

15 institutes AR + DM-ICE =
~60 members B

I L

i A I
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COSINE-100 experiment (2016~2023)

YangYang underground laboratory (Y2L)
Started physics operation since September/2016
* Ended physics run March/2023

« Decommissioning for upgrade and moving to Yemilab

* Plan to restart COSINE-100 upgrade by early 2024 at Yemilab
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 8




Livetime (day)

2000

1500

1000

500

COSINE-100 data exposure

COSINE-100 Accumulated Data @
oV -
— e Livetime :2239.3 days (95.3%) o 0~
=y
Good Data: 2198.0 days (93.5%) =
SETH SET?2
(2 months) (1.7 years)

7/18,2018 11/21, 2019

~_____— Calibration
runs

12/31, 2017 12/31, 2019 12/31, 2021

« Stable operation Since Sep. 2016 for about 6.4 years
« ~95 % physics data
« ~94 % good quality data (6.0 years data)

3/14, 2023
(End of COSINE-100)

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



Counts /keV/kg/day
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Counts /keV/kg/day
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Detector background understanding

Background modeling

1.7 years data

(6-3000 keV)

Single-hit Events

— Data — Total MC Internal
— External — Cosmogenic Surface

EPJC 81, 837 (2021)
) N | ) N ' | 1 1 ) | L 1 | I 1 1 I '
(1-3000 keV) Multiple-hit Events
— Data — Total MC Internal
— External — Cosmogenic Surface

W
1000

b N e i
2000 3000
Energy [keV]

Hyun Su Lee,

Center for Underground Physics (CUP), Institute

for Basic Science (IBS)
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Dark matter search with spectral shape fit

Signal region : 1 — 6 keV

—&¢— Data

35000 — — Best Il D'mm .S“W
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10°
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WIMP-proton S| Cross Section (pb)

III 1 1 IIIIIII 1 1 lllllll

= WIMP Mass (GeVIc) ind Physics (CUP),  Institute for Basic Science (IBS) 11



Total counts/0.25 keVee

Data/Best Fit

WIMP-proton S| Cross Section (pb)

Dark matter search with spectral shape fit

Signal region : 1 — 6 keV
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Sci. Adv. 7, eabk2699 (2021
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Counts / (0.25 keV)

Data/Fit

WIMP-127] inelastic interaction

« Signal : 57.6 keV gamma + nuclear recaoll
}57‘6 wv® 1.7 years data
« Search for energy 35 keV — 85 keV
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Phys. Rev. D 108, 092006 (2023)
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Bosonic super-WIMP (BSW)

» Bosonic dark matter with mass 10 keV — 1 MeV
Expected Signal (690 keV BSW) " Data fit

150
107 (a) Pseudoscalar | (a) Single-HIt Events
= Single-hit Events i == Data
2 ' - Multlple.-hlt Events 2 100 m— Best Fit
§ 102, ¢« = = Absorption only § " [_] w Systematic Uncertainties
g‘ g 5 i [ 20 Systematic Uncertainties
2 S 3
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(§ 10° (§ N
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(b) Vector Boson

= COSINE-100 (ADS + CMp) / RG = COSINE-100 (ADS + CMp)
= = COSINE-100 (ADS only) 105 = = 1 COSINE-100 (ADS only)
10 102 10° 10 10°
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Phys. Rev. D 108,L041301 (2023)
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Boosted dark matter with extended energy (~10 MeV)

VR T

1074

Inelastic interaction

= PRL 122, 131802 (2019)
e 2 months data
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-
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Vo0
107 E
E ——e—— COSINE-100 (97.7kgy) m = 20 MeV, m, = 2MeV
T SR SK-IV (161,900 kgyr) ~ m, =200 MeV, m, =20 MeV (2018)
£ \\Il\l Il \\I\\H‘ L \I\II\I‘ 1 I\\\\I\l L L1 LIl
1072 107 1 10 102
m, (GeV)

PRL 131, 201802 (2023)

« Search for energy 1 MeV — 10 MeV

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Mixing Parameter (g)
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L
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10733

Solar bosonic dark matter annual modulation

« 3Sun is the strong source of gamma

*» Conversion to dark sector bosonic particle is possible

January
Perihelion
\ N,

\w 147.1 million km 152.1 million km
/ 91.4 million mi 94.5 million mi

\

Higher flux of solar DM
particles

Solar Dark Photon Limits

Solar Axion Limits

Flux modulationJ u(%/ue to distance variation

Aphelion
\

(’

\ N\
Lower flux of solar DM
particles

3 years data for the modulation search

KK Solar Axion Limits

10-1°

1
0%
+ ]
/ 10733 | — COSINE 100 - Modulation Ana lysis

—— XMASS Umis

NEWS Limits
Bonchmak Model
10724
o 10t 10%2 104 1034 10%%

10-° 10— 10— 10-2
10? 10 Axion Mass (keV)

102
DP mass (eV)

10 s
ng (m=3)

Phys. Rev. D 107, 122004 (2023)

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

Institute for Basic Science (IBS)
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Ongoing works : Event selection update

« Multivariable machine learning training

0.4

Crystal 4
New parameter development example = . 20
g 18
g F = )
350 :— 10° E_ \\f\'."l E’ 16
300 10 |
; o T[“ B
FFT |
200 E ‘ -
: | S
; ¥ i
] ] Neutral network '
Time [ns/2) 1 " " ! " Fre'::uency ;flz] training
Waveform example of Fourier transformed ol
0.3 0.35
COSINE-100 data waveform MLP Score
Crystal4
g >
3 [ e TN S a4 8 NPE threshold
£ T > | 0.88keV (2Na)
na El NPE (number of
- r
N Efficiency - photoelectrons)
C (@]

0.2}/

ol b b

1
3.5

45 5
Energy [keV]

Hyun Su Lee,

Center for Underground Physics (CUP),
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Ongoing works : Waveform simulation
lstiingle photoelectron tuning RS imulation il

Crystal 6 oS00
125 * — Serulaton ¥ — Median
~ ¢ Deta 500/~ w
. 100 33— ]
g S ——20 -
- 15 &, —
2 SPE Charge oo P = [ .
g 50 PMT2 g | 9
25 s00r woal ®
0 v . e 200 . lJM [ . I £
0 500 1000 1500 2000 2500 3000 0 > 4 6 8 L J’)
) * oo ST e B T
125 1 * { Meantime Pararr\eter
100 4 . 300~ . : . 40
SPE Height A
75 1 :
200 —l w -
50 4 - E
25 1001~ = il DGD i
0 —~ I | g S "
0 50 100 150 200 2% 300 Obavome | , L - S Z) = =
ADC 0 2 4 6 8 2 =
us E 10
« Waveform simulation is developed to describe low- » :
energy events (sub-keV) B! S,
« Simulation describe the data reasonably well MeamimeiEatameior

Currently, the waveform simulation cross checked the trigger/selection efficiencies
The waveform simulation will be used as signal sample of the multivariable analysis
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Ongoing works : Nonproportionality of Nal(Tl) crystals

 Internal backaground of COSINE-100 + external sources
Nonproportionality of gamma & x-rays

o
©
wn

arXiv:2401.07462

QC5 / Energy
[Unity at 50 keV]
:

0.85
0.80
. —— Best Fit ¢ Sample Crystal $ COSINE Crystal 4
0.75 X2 =28.32/36 =0.79 COSINE Crystal 2 ¢  COSINE Crystal 6
0.70- mm +10 Error Band ¢ COSINE Crystal 3 ¢ COSINE Crystal 7
0 10 20 30 40 50 60 70 80 90 100

Electron nonproportionality Energy [keV]

« Gamma & x-rays calibration updated
-'  Electron can have different

B nonproportionality in low energy
Nocear memmerts snalienods nensics » High energy nonproportionality

Research Section A ,430, 2-3,(1999)

Hyun Su Lee, Center tor Underground Physics (CUP), Institute for Basic Science (IBS) 19
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Ongoing works : Background modeling update

LS spectrum modeling

LS multi-hit hi-energy
— S-sn

Alpha spectrum modeling

C4 single-hit alphas

/000415 coumo acase

. 2 ) Aty b o]
arXiv:2311.05010 - Srefirm i = TE
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energy (keV)

Detector calibration (nonproportionality)

Better understanding of internal (alpha) &
external (LS) backgrounds

Extended energy modeling between 0.7 —
4000 keVee (considering nonproportionality)

Counts/kg/keV/day
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Ongoing works : Calibration of the nuclear recoils

« Update previou

S measurement

with improved understanding of

iIncident neutron energy and low-

energy event selection
s+ Consistent with other group’s

measurements

New measurement including the

lowest energy point (3.8 keVnr)

+»» Modified Lindhard model describe
the measured data well

 Complete featu
detector’'s nonp

re including
roportionality

Hyun Su Lee,

Center for Underground Phys
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Linear calibration with 59.54 keV

Na |
Xu 2015 Collar 2013
Bignell 2021 e This work (Fitting)
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Sodiu
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\ |
50 100 150
Energy (keVnr) -
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Ongoing works : Dark matter sensitivities

o « With reduced energy threshold
Expected background about 0.7 keV, we can do the world

best search for the low-mass dark
{\/ matter in the spin-dependent

WIMP-proton interaction

Counts/kg/keV/day

Energy [keV]
W/ Midgal Effect ( No systematics) W/0 Midgal Effect ( No systematics)
-’g 10° 3& 104%
§ 107 § 102;§
w 108 w =
(2] (7)) 10 =
S 10 a F PandX-I|
T s 1=
(] e E
n 10° » 107 = Y
= s COSINE-100 3 years data S o2l PICASSO
; o § o \\
1 - \ ~ PICO-60 CsFs
10 . ... Stay tune for the data fitsoon!! =~ —
10? 10° 10 22

WIMP Mass(MeV/c?) WIMP Mass(GeV/c?)



Yemilab for new discoveries

* New underground laboratory in Korea is one of the most
important milestone of the CUP/IBS — 10 years journey

Hadeok iron mine, Jeongseon, Gangwon, Korea

* 1000 meter underground.
« Construction cost ~30 M§ '°
2018-2022

N

\
Surface

OROVILLE (USA)

SUDBURY (Canada)
BAKSAN mussiﬂ\

¥

/

v

Ve
CANFRANC {Syaim} /‘ﬂ
ST. GOTHARD {Switzerland) r
FREJUS {France} F
MONT BLANE (France)
T T T T T

1000 2000 3000 4000 5000 600C

Depth (m.w.e}
X Milestones : Completion
Yemilab construction was finished @ fall 2022 Yemilab

CcupP Government Tunnel Tunnel s Moving to

started approval excavation-1 excavation-2 Yemilab
| | v ¥ ¥
4\ 4 ;- S
Preparation works Man-cage SRy
construction & 23
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COSINE-100U @ Yemilab

-35° ration .
35°C operatio Warehouse freezer at Yemilab
o --22°C : 3 <«
—85C i E.Y
« Increased light yiel L R

03
Mean time (us)

Number of events

Improved PSD

7 0
amP, 06091= 00262

m, 0.7026 = 0.002¢

counts/hr

o ".: o = -
0 1 ! L
500 1000 1500 2000

Number of Photoelectrons

* 5% gamma light yield increase

* 10% alpha quenching increase
“* Will measure nuclear recoil quenching
* Pulse shape discrimination is
significantly improved

To start COSINE-100U at Yemilab May/2024
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 24




Decommissioning of the COSINE-100 detector @ Y2L




Installation @ Yemilab

Yz2L to Yemla

.18

« All COSINE-100 materials were delivered to Yemilab
« Shield installation is ongoing
* Preparing upgrade of Nal(TI) crystals

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 26
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COSINE-100 Upgrade : New encapsulation

Data fit

COSINE -100

2PE

L‘oy Gain
0.0025}

1PE oo
ooooo

5

NEON crystals (16.5 kg) :

w/ Low Gain
LY~24 PE/keV D6~

:oé— o D2 $
15;— i s D3 2D ¥ ?5 ;3 e ~w/o Low Ga
nE- 17k 33 kg : ke
- IEETEYTE
. e S oW oC COSINE crystals - TY~15 PE/keV
U del ADC Counts
. rade! . . .
il P9 - al High light yield (24 NPE/keV) and long-
oM | - : term stability has been proved by NEON
: experiment
A = Eur. Phys. J. C 83, 226 (2023)
L optical pad :
optical gaz optical pad Directly attached wlo quartz! §
grease ectly attached w/o quartz!

We achieved ~ 50% increased light yield
Nucl. Instrum. Meth. A 981 (2020) 164556

Hyun Su Lee, Center for Underground Physics



COSINE-100U : Detector upgrade
COSINE-100U for high light yield

Remove the copper case Crystal machine Polishing

=Y

Deliver to glove box

e S

g

kg —7.19 kg COSINE crystal-1

Above ground measuremen

) Cover design
ﬁ Q 1stitute for Basic Science (IBS) 28

Hyun Su Lee,



COSINE-100U : Detector upgrade

. Light yield @ 59.54 keV

241Am 59.54 keV
~45% light yield increase!!!

— COSINE-100

400

HQ testbench (Upgrade)

COSINE-100

350—

w
o
o

Arbitary unit

&
1S3

600 800 1000 1200 1400 1600 1800
NPE

NPE = Number of photoelectrons

149 £ 1.5 = 21.5 + 0.6 NPE/keV
COSINE-100 C1  COSINE-100U C1

C2 and C3 were assembled with similar improvement!!

Scaled

RMS resolution @ 59.54 keV for C3

2500 —— (3, C186 Encap (1 30%)
—— Run #1589

2000 —

- COSINE-100 = COSINE-100U
1500 ,

- ~5.5% ~4.8%
1000 -
500:

T B w100

Energy (keV)

Stability of ~ 1 month (Above-ground)

B — 230912
35 — 230927
sl 231018

: .. NO Gain drop
g ¢
> -
g 20 f
5 15— o
8 B f&tﬂgfﬁﬁ
10— %ﬂgﬁiﬁ
51 L]
::ﬁ L1 ‘ Ll l | | L1l | L 111 | L1l | L1 ‘ L1l ‘ L1 ‘ 11
0 10 20 30 40 50 60

Hyun Su Lee,

Center for Underground Physics (CUP),
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COSINE-100U schedule

—mmm 20404 | 202405 | 202405
Assembling & Installation

jauid Scinti PMT Install P°“”“9 N
Liquid Scintillator IS P cion

[ (3 ' '
Lead Shield [l Side Physics operation!!

Server, HVS, Monitoring

Muon detector PS install

—“omm-

We already prove the high light yield crystal (C1,C2,C3 assembled)
Production for other crystals are on the way

Moving from Y2L to Yemilab was done and shielding was prepared
We plan to start COSINE-100U in May/2024

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 30



Low-mass sensitivities for spin-dependent limit

WIMP-proton spin-dependent

Low mass search with Migdal

E SD-WIMP Sensitivity | of i3 | .
T 102 1 10°E N ‘
=1 E — COSINE-100 Wupgrade) | : N\XENON1T, (Migdal)
=yl — COSINE-200 | 8 19 R F
.% E —— COSINE-1T | = 10°E

' ’ () &)

o E 5 100
0 ~ @ =
@ . KIMSCsl._ | D 10tk
O 107k — @ F

= _ Ne N =
((-:) 2 \_PandX-l o o 10°E

_2' —
o 107°¢ O -
-— E -
g | S F
09- 10 3 - g- 10k
= i 4% s, COSINE—H‘ a 1 & SD-WIMP Sensitivity (Migdal) :
= 'TE st L = 4[| — COSINE-100 Upgrade) EEEE
108k < 4 — COSINE-200 PICASSO |
g 107 COSINE-1T | i
| 1 1 1 1 I I 1T 1T 1T 11 | 1 -
1 10 102 10° 10°
WIMP Mass [GeV/c?] WIMP Mass [MeV/c2?]

22 NPE/keV, 1 year operation (100% efficiency), 5 NPE threshold

* A world best sensitive detector for low-mass WIMP-proton spin-
dependent interaction

* Feasibility test for the COSINE-200 & 1T experiments

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Neutrino Elastic scattering Observation with Nal

~20 members, 5 institutes, since 2019 IBS, SNU, CAU, KAERI, Sejong
« NEON aim to observe coherent elastic neutrino-nucleus
scattering (CEVNS) using reactor antielectron neutrino

« 16.6 kg high light yield (~24 photoelectrons/keV) Nal(Tl)
crystals were deployed at tendon gallery (~24 m from reactor
core) of Hanbit nuclear power plant

« Stable physics data acquisition since April/2022

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



NEON detector

Polyethylene Castle

Borated Polyethylene Calibration access holes

NEO-1

PO o0 3-inch PMT

5-inch PMT Inner

Acrylic Box

B-side |

Lead Castle

Liquid Scintillator <
filled

* 16.6 kg Nal(TI) crystals immersed in 800 L liquid scintillator

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 33



Days since 2022-04-11

NEON operation

1 ------ 100% Efficiency

—— DAQ ON

| === Good Runs

Reactor off

Reactor on

Reactoron

2022-07  2022-10  2023-01

2023-04
Date

2023-07

 Reactor on data : 461 days
« Reactor off data : 144 days
« Total exposure ~ 10,000 kg days

% The largest exposure between reactor CEVNS experiments

2023-10

2024-01

-10000 . 1?-2?512315
% 38.4 days
8000 (5.8%)
3 144.0 days
L6000 =— (21.8%)
v
14000 @
§_ ieactor 8?,:
eactor
2000 1) Bad Runs
DOWN
-0

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Counts/kg/day/keV

Background understanding

- Reactor off data
L Data
thal sjm
Pmts
10
Outside shielding
| "
it “_'fv-'ﬂ'"
I J*M
10‘& ’ -
0% e 3
10—3IIII|IIIIIlIIIIIIIIIIIll|IIII|IIII|IIII ll | |
10 20 30 40 50 60 70 80 102 10°
Energy [keV]
Energy (keV)

Reasonable understanding of background contributions

~7 counts/kg/day/keV background level below 10 keV
“» Comparable with CONUS experiment

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



Reactor on minus off modeling

Counts /keV/kg/day

Single Hit
! __ -}- Data
L — Bkg Model
N ~100 Bq Rn +
I Prpy ,U&Thin LS
0.5 “MINAR ) 2

| I |
500 1000 1500 2000 2500 3000
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NEON Run Time
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Off :
g On 0 4000 E
ooooo 3
N n 8
% 100 o5
o
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o Pate
Summer ‘Winter Summer

Seasonal variation of Rn

= : ' i

L]
Summer

Winter

Winter

Counts /keV/kg/day

Multiple Hit

o

0—

+ Data

— Bkg Model

PRE, Ll ViIN4 Ry

1

| | |
500 1000 1500 2000 2500 3000

Energv [keV]

 Time-dependent
background from Rn
and dust describes on
minus off background

properly

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS) 36



Reactor is the most intense source of MeV energy y

Reactor vy flux [keV! day'l]

« Dark sector bosonic

1026
d®, 5.8 x 107 ( p )/ particle such as dark
10% dE, MeV-sec \MW photon or axion-like
- . particle (ALP) may
)\)l:v ' .
LIMIN ARy produced with the SM
o p-osGwW photon interaction
10 | \ * Reactor is the stringent
s S EN— source of MeV mass dark
Energy [MeV] photon or ALP
-~ - - o J a y ¢
§ y % . o 4 ALP production
> N*
reactor
N N ¢ e N N @
Primakoff Compton-like Nuclear deexitation

Compton-like process can produce dark photon

Hyun SuLee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS) 37



ALP production & detection

PRL 124, 211804 (2020) & JHEP 03, 294 (2021)

Production Detection Coupling

Primakoff Process Inverse Primakoff ayy
Decays to two photons

Compton-like scattering | Inverse Compton-like Jaee

Decays to e*—e- pair
Axio-electric process

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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ALP simulation

Fast simulation of axion
production, flight, and
detection + Geanty
simulation for detector

2370 +/- 30 [em]

responsces
Primakoff
375 ! i —— LS Crystal
a ............ i B _ (Cr;s:a: Rlultlple
................................. ; 10 Single
° ° % -.ﬁ" g
Production in 80 I ’Tb’ﬂ'r‘ ]
il "L"W PMMMMHM
153.75 ° E, keV] e
Channel Taraet
1. Primakoff . 3 ) 100 a-yy
2. Compton-like I
. . 2 LS (C) — : %:\Slra‘ls:?llmle
3. AXIO€|etI’IC - —— Crystal Multiple
4 A->rT 3. Crystal (Na) Calculated momentum ol
5 A->ee 4. Crystal (I) Using generated signal

(Energy, position)
Scattermg or decay

in detector

dN/AE, [keV- day- kg]"

“F f)’“ ﬁ"|

ylultlpl

—_

3 1
10 500

(Nal and LS) C

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 39
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Sensitivity

4 GW & 10 m distance JHEP 03, 294 (2021)

[— 100 DRU: Ge rems 10 DRU: Ge =— 10 DRU: Xe weem
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.,.
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Single Hit NEON background Multiple Hit
[ F
L -+ Data L . . + Data
H Single-hit — Bkg Model , Mlﬂtlple'hlt — Bkg Model
> L - [
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[ [&]
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Energy [eV]

Background levels were much
smaller than 1 dru especially for
energy above 1 MeV

Multiple hit events enhance
sensitivities for photon coupling
(can use LS as active target)

 NEON data will provide best direct search results for MeV
mass ALP (both photon coupling and electron coupling)

Hyun Su Lee,

Center for Underground Physics (CUP),
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4 GW & 10 m distance JHEP 03, 294 (2021)

Sensitivity
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Background levels were much
smaller than 1 dru especially for

energy above 1 MeV

Multiple hit events

(can use LS as active target)

« NEON data will provide best direct search results for MeV
mass ALP (both photon coupling and electron coupling)

enhance
sensitivities for photon coupling

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Dark photon production & decay to dark matters

x Assuming my, =3m,

Electron recoil
signature

e e
Reactor core

Detector

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 42



Dark photon production & decay to dark matters

x Assuming my, =3m,

Electron recoil
signature

Scattered Dark Matter
particle

e e
Reactor core

Detector -

COHERENT reported similar search

results in nuclear recoils 10° :
SNS COHERENT detector

p
Hg
Target
Vv X

XI ’,/’

~ Assuming my» = 3m,

10*

Nuclear Recoil

10°

S
&
102 vr Cy

S5 (Pb)

10 Relic abundance (scalar)

—Xenon-1t
'€ o,=05 —MiniBooNE —CDEX
my/m, =3 —CCM —CRESST-III

1 10 10?
m, (MeV/c?)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 43



NEON sensitivity

JHEP 11, 066 (2018)

Expected signals in NEON detector

Expected signal rate [day kg keVee

DM —electron cross section, o, [cm?]

—— m,=10keV, =6 x 10% cm?
—— m,=100keV, 6 =2 x 10% cm?

—— m=1MeV,c=2x10%cm?

10 15 20
Energy [keVee]

JHEP 11, 066 (2018

. my = 3 mx, Symmetric Scalar
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Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Summary

COSINE-100 searched various dark matter candidates in
wide energy ranges

COSINE-100U and COSINE-200 have world competitive
sensitivities for low-mass dark matter searches

Reactor is the most intense MeV gamma source, therefore,
the stringent source of MeV dark photon and ALP

NEON can unveil unexplored parameter spaces for ALP and
low-mass dark matter (dark photon)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Global Nal(Tl) efforts

COSINUS
@ LNGS
DAMA
@LNGS o, KIMS/COSINE |  nNature 564, 83-86 (2018)
SABRE @ Yangyang | Phys. Rev.Lett. 123, 031302 (2019)
@ LNGS In Data-taking,
%

¥

=2 / PICO-LON

ANAIS .
@K k
@Canfranc amioka

—— . ABRE
i , In Data-taking S Stawell
Y 1Y ANAIS results. @ awe

2°"1‘:" . i-Rn box Phys. Rev. Lett. 123, 031301 (2019)
om anceent lea *

40 cm meutron shielding

1T
DM-Ice @ South Pole
l = W
* b M
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Residuals (cpd/kg/keV)
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Annual modulation signal from DAMA/LIBRA
Phase1 experiment Phase2 experiment
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Model-independent annual modulation search

Time dependent background modeling

—— Total Model —— *H
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Event Rate [dru]
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Model-independent annual modulation search

Data Fit (1-6 keV)
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We need more data and/or better quality detector

« Full data (~2.5 times larger dataset) open soon
« COSINE-200

Hyun Su Lee,

Center for Underground Physics (CUP),
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Single exponential model (reference)

Residual Rate (cpd/kg/keV) Event Rate (cpd/kg/keV) Residual Rate (cpd/kg/keV) Event Rate (cpd/kg/keV)

DAMA/LIBRA'’s method (induced modulation)

DAMA/LIBRA’s method
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0.2}— (c) Residual rate at 1-6 keV (d) Residual rate at 1-6 k? S — O O 44 _I_ O O O 6
01— { — # * +
STV & .
] ot T i po T f f
« Sci. Rep. 13 (2023) 4676 |L |5, =—0.044+0.006 (counts/kg/keV/day)
(e) Single-hit at 2-6 keV ! (f) Single-hit at 2-6 keW
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Very strong (~70) negatlve modulatlon (opposite phase) from the
COSINE-100 data using DAMA/LIBRA’s method
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Importance of background understanding

lotal Model 'H “MTa
Flat “iTe ¥Cd

“1%Pb “HTe ““Na ‘+‘ Data

1M

l'i" 1‘: 20 25
Energy [keV]

Precise understanding of the time-dependent background is crucial for the
annual modulation analysis

COSINE-100 is an unique experiment that has a precise background
understanding from low-energy to high energy in the Nal(Tl) experiments

Searches for dark sector particle in different energy region are possible

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 52



Ongoing works : Waveform simulation
lstiingle photoelectron tuning RS imulation il

Crystal 6 oS00
125 * — Serulaton ¥ — Median
~ ¢ Deta 500/~ w
. 100 33— ]
Z > L —=26Cl &
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£ SPE Charge oo P = [ .
g 50 PMT2 § | o
25 s00r Yoo ®
0 v . e 200 . lJM [ . I g
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) * oo ST e B T
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SPE Height
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2001 —l B
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ADC oom > g Lé, - =4 B g
he -
« Waveform simulation is developed to describe low- 3
energy events (sub-keV) B! T—
« Simulation describe the data reasonably well MeamimeiEatameior

Currently, the waveform simulation cross checked the trigger/selection efficiencies
The waveform simulation will be used as signal sample of the multivariable analysis
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COSINE-200 crystal development

owder purification performance
K.A. Shin et al., J. Rad. Nucl. Chem. 317, 1329 (2018)

K.A. Shin et al., JINST 15, Co7031 (2020)

K.A. Shin et al., Front. Phys. 11, 1142849 (2023)

K (ppb) Pb (ppb) | U (ppb) Th (ppb)
Initial Nal 248 19.0 <0.01 <0.01
Purified Nal | <16 0.4 <0.01 <0.01

We produced ~ 400 kg low-background Nal powder
Purification

factory ~70kg
powder load

(Maximum production rate ~ 100 kg/month)

Crystal in
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PJC 80 (2020) 8
Front. Phys 11 (2023) 1142765

Energy (keV)

LB A proof of principle for low background Nal
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NEON Event rate (100-500keV) over time

.l]

]
=
=

Integral rate of 100-500keV [day™
S
=

w

970.3

500key [day™ kg]
$
1]

te of 100-

3334

Integral ra

»
>
-
n
&

Single Hit
NEOS Rn measurement over timc )
PREy =
LIMINA py |
. VARY . 3
. =
. | g
e e - Cemer ww - .l..‘ - - ...".‘.! I-‘""!e.’:'-. .:
- Jul'19 Sep '19 Nov '19 Jan 20
- * .
Summer Winter
1 ! 1 ' 1 L ' 1 L | L | ' L
22/05 22/07 2209 2211 23/01 23/03 23/05 23/07
time
Multiple Hit ;
" —|— Data (Summer-Winter)
| PREL, N — 2Rn in Cal rod (100 Bg/m”)
PI{[;"L IMIN . YARYy
: \/1 Ry = n
2
* = = + Summer(June~Aug.) - Winter (Dec. ~
¢ ‘ i Feb.) subtracted data 1s well explained
= - - - -
. S with 222Rn 1n calibration rod
» -
00— - - — — e
1 1 ! 1 | L 1 1 ! | ! ! 1 L | | | | |
22005 2207 2209 2211 2301 2303 2305 2307 500 1000 1500 2000 2500 3000

time

Energy [keV]

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



