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World-wide efforts on Nal(Tl)
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COSINE collaboration

15 institutes w + DM-ICE =
~60 members
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Livetime (years)

COSINE-100 experiment (2016~2023)
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Background understanding

Background modeling 1.7 years data
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WIMP-nucleon spin-independent
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Dark matter search with spectral shape fit
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Boosted dark matter
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Bosonic superWIMP, solar dark bosonic particles..
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Improvement of Nal(Tl) detector understanding
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Improvement of Nal(Tl) detector understanding

ASP 115, 102390 (2020)

ASP 158, 102945 (2024) EPIC 84, 484 (2024)
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Improvement of Nal(Tl) detector understanding

EPIC 84, 484 (2024)
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Improvement of Nal(Tl) detector understanding

Background components

A
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Low energy scintillation responses

Improved understanding of Nal(Tl) backgrounds in extended energy range 0.7 — 4000 keV

3

>
©
O Single-Hit Events
> " -+ Data —Total — Internal
ﬁ, — Cosmogenic — External — Surface
1 = -
z
"E 1
8 107 < /
o NAY
102 \/ v
10° Single-hit Events
10 I 1 1 I L 1 L 1 | L L | il |
0.7 20 40 60 80 3000 4000
Energy [keV]
> 10?
© . .
S Multiple-hit Events Multiple-Hit Events
2 ° -+ Data —Total  — Internal
%,, — Cosmogenic — External — Surface
~ 1
2
c
3 10"
o
O

Hyun S

il |
3000 4000

Energy [keV]

3 years data

ce (IBS) 15



Time-dependent background models

Sci. Rep. 13, 4676 (2023)
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Time-dependent background models

(a) Single-hit at 1-6 keV
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crucial for the annual modulation analysis
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COSINE-100 full dataset

Livetime (years)
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Importance : Apple-to-apple comparison with DAMA/LIBRA
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Comparison with DAMA : Energy calibration

Electron-recoil energy calibration
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Comparison with DAMA : Energy calibration

Electron-recoil energy calibration
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Comparison with DAMA : Energy calibration

Linear calibration to 59.54 keV : keV,,
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Modulation fit
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Modulation fit

Modulation signals

10 time-dependent components

COSINE-100 full dataset
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Amplitude
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COSINE-100 full dataset fits

Phase floated 2-dimensional fit for COSINE-100 full dataset
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both electron recoil and nuclear recoll
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Electron Recoil ° -t Nuclear Recoil -
{ g 0:02 —
Frrdp b aity 89 bR et bbb
R ottt {8 omhicid sty
i COSINE-100 g 00 b 4 COSINE-100 Single-hit

AR ‘ COSINE-100 Multiple-hit
s . P R R R

2 4 6 8 10 12 14

26 7 33 3 40 46.7 53.3 60 66.7
Nuclear Recoil Energy (keVy)

~
=
%

Electron Recoil Er@(g

E A (counts/day/kg/keV,)

(keVee)| COSINE-100 DAMA/LIBRA E A (counts/day/kg/3.3 keV,)
1~3 0.001 + 0.005 0.019 + 0.002 (keVy)] COSINE-100 DAMA/LIBRA
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COSINE-100 full dataset disfavors DAMA/LIBRA in
both electron recoil and nuclear recoill
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Counts

Data/Background

Model-dependent searches

COSINE-100 3 years data

Example of WIMP presence test in Mx = 12.92 GeV/c2 SD model
———— COSINE-100 1.7-year

—+— Data — Background — Background + WIMP

30000 —

------- DAMA/LIBRA (DAMA QF)

20000 [

—e— COSINE-100 3-year

.....

10000 g
i

.....

-
- -
Ve ™

-proton Sl cross section (pb)
3
I IIIIIIl| [T IIIII| I IIIIIII| I IIIIIII| I IIIIIIII [ TTTTI

90% upper limit of data fit in

M% 12.92 GeV/c2 SD model
1 0—8 L1 1 | | | | | | I | | | | | | | L1 1 |
_ 10 102 10°

90/"nt1nﬁper WlMP MaSS(GeV/CZ)

Ener

Z

: & COSINE-100 full dataset disfavors DAMA/LIBRA in
o Model-dependent search

- Signal Strength (pb)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 27




World best limit from COSINE-100

Na (Z=11)and | (Z=53)

% Good for spin-dependent WIMP-

oroton interactions WIMP-proton spin-dependent interaction

* S (Z ) 14), Ge (Z ) 32), Ar (Z - 18)’ g 1013:: —— COSINE-100 3-year  s=sess COSINE-100 3-year (Migdal)
Xe (Z = 54) s
“ Good for low-mass (sodium) S
é . ;\ i PICO-60
Reduced threshold? é L — R

< Current threshold : 8 NPE (0.7 keV) & R

% COSINE-100 goal : 5 NPE (0.5keV) & 1o~ \
QWaveform simulation = COSINE-100 3 years data —
QImproving machine learning = ' 8 NPE threshold |

102 10°

LUEmploy deep learning WIMP Mass(MeV/c)

NPE = number of photoelectrons

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



Moving forward to COSINE-100U
« Upgrade detector assembly for high light yield

Crystal machine Dehver to glove box

Above ground measuremen

NIMA 981 (2020) 164556
arXiv:2404.03691

% @ 1stitute for Basic Science (IBS) 29
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COSINE-100U : Detector upgrade
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o
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Light yield @ 59.54 keV

241Am 59.54 keV
~40% light yield increase!!!
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COSINE-100

600

800 1000 1200

NPE
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RMS resolution @ 59.54 keV for C3

LB - - COSINE-100
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Stability of ~ 1 month (Above-ground)

counts/keV/kg/day

Hyun Su Lee,

Center for Underground Physics (CUP),
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COSINE-100U : Detector upgrade

° I I \/ _ RMS rasalution @ 59.54 keV for C3
nght y 3} Light yields coomeros
g COSINE-100
> FE New encapsulation — COSINE-100U
x , = | 0
_ ~4¢ & g ° ; ) : . COSINE-100U
- cosine1oo | B s 4 . . . { " :
4005— .:1;} 105_ ¢ ~4.8%
350 — HQ testbench .S) E s
— — — ° ° °
s00-. COSINE ‘. 30~40% increased light yield!! .
= F 0 B e
;2505_ Crystal# 50 = 80
g20r Resolution Energy [keV]
150 P
E “E nonth (Above-ground)
100F -~ "E — 230012
oF £ o 230027
- S = 231018
00 I600 - g 63_ n dro | ou
EEd 4 Pt P
NPE = N 13 y
I R S S mﬁﬁ
149 i 15 = Crystal# _ ;tﬂi
COSINE-1( All crystals were assembled!!
Installation at Yemilab is ongoing e
Hyun SulLee,  Center for Underground Physics (CUP), T T oneray V)
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COSINE-100U : Yemilab installation

1

i 2 : a
- | “!"v e s cm—— i | | W e A
GRE L T TR
. ey t‘ n
A A\ S e b vy

.7 ACrystal Be. s

Astropart. Phys. 141, 102709 (2022)

£ - o
= st e
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COSINE-100U schedule

_ 2024-(1-3) 2024-(4-6) | 2024-(07-08) 2024-09 2024-10 2024-11
Assembling & Installation

S e PMT Install Pouring
Liquid Scintillator 1S Prodiiction LS —

= L3 L ' '
LUEE Y Bottom Side Top Physics operation!!

Server, HVS, Monitoring

Muon detector PS install

 All crystals were encapsulated already
« We plan to start COSINE-100U in September/2024

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



Sensitivity of COSINE-100U

WIMP-Proton spin-dependent interaction

a a3
3 10 -_ ==t COSINE-100 3-year ===e== COSINE-100 3-year (Migdal)
g :_ COSINE-100U Expected =~ ====== COSINE-100U Expected (Migdal)
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o 10
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U) 104 E._. .............. e
- Tttt S
(@) - T e
b g — e T e,
S Wk Al T
9_ __ COSI E ) el
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= = Sttiv;
E 102 ty)
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WIMP Mass(MeV/c?)
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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. . duct; ) .
factofy ~~0 kg (Maximum production rate ~ 100 kg/month)

powder load CI'yStal lng‘

7--DAMA/LIBR/
I oemogenc

External

-

S
\\\\\
s

—h
S

Counts/keV/kg/day

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

Energy (keV)

LB A proof of principle for low background Nal

Hyun Su Lee, Large crystal growing is going on 35



Summary

« COSINE-100 ruled out DAMA/LIBRA with significance above
3 sigma in model-independent analysis

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

« COSINE-100U will have world competitive sensitivities for
low-mass dark matter searches

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 36
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Backup

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



Ongoing works : Event selection update

« Multivariable machine learning training

0.4

Crystal 4
New parameter development example = . 20
g 18
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Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Ongoing works : Waveform simulation

Single photoelectron tuning

10°
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Scintillation waveform is generated with simulation

Nucl. Instrum. Meth. A
1065 (2024) 169489

Waveform simulation is developed to describe low-
energy events (sub-keV)

Simulation describe the data reasonably well

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-100U @ Yemilab

-35°C operation .
35 P Warehouse freezer at Yemilab
ol --22°C 1 1 | = r
%) —-35°C H: : Q T | | \
¢« Increased light yigl |5 G Y
5 : : Mean time (us)
8 ' Improved PSD
L e
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 September/2024
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 41
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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



