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WIMP Signals & Backgrounds

Discrimination of nuclear recoils (Signal)
from electron/gamma recoils(Background)
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Model-dependent searches (this talk) Model-independent annual modulations
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The DAMA signal,

to be confirmed with independent measurements by the same Nal(Tl) target material
DAMA/Nal + DAMA/LIBRA-phase1 Total exposure: 487526 kgxday = 1.33 tonx
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Crystal Scintillator Technology

Goal : Collect as much visible light as possible

| Scintillator + Photo Detector = Detector
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X-section (pb)

Korea Invisible Matter Search : the KIMS experiment

12 Csi(TIl) 8.7 kg crystals (103 kg total) |
Background level achieved at ~3 DRU (counts/keV/kg/day) at 3 Ke

Mineral oil 30 cm

Sl cross section limit

. KIMS-Csl results
) 4 rejects DAMA signal
>—%"1"In WIMP-lodine interactions
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5 . The COSINE-100 Experiment
countries,

18 institutes Joint collaboration between KIMS and DM-Ice to search for
60 scientists  dark matter interactions in Nal(Tl) scintillating crystals.

YangYang Laboratory (Y2L)
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The COSINE-100 detector components

Plastic
Scintillator 5-inch Liquid Scintillator

Panel PMT
b)
2-inch ' | | , 2 tOn.S O
PMT | Copper Box | llquid scintillator
g— (3cm)

NIMA 851 102 (2017)

banels of
plastic scintillator %

JINST13 T0O2007 (2018)

Lead(20cm) | & NaI(TI)
. | Crystal
N\ o J ‘ 4 X 2 encased crystal array

3-inch PMT

NN Total mass of 106 kg
EPJC 78 107 (2018)



COSINE-100 Total Exposure

(Total 360 kg - years)

2017 2018 2019 2020 2021 2022 2023
T v . v I v y , l , . T ' . T * ' T v v T

6L ---- Livetime: 6.12 years (95.65%) 6-year SET4 o P
Good Data: 5.84 years (91.39%)
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Stable running of the detector for 6.39 years. Good runs are more than 91%
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Crystal-LS coincidence
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Nucl. Instrum. Methods A 1006, 165431 (2021)
Liquid scintillator light is passively read out when there is a trigger in a crystal.

A crystal trigger with LS energy deposit larger than 80 keV is defined as multiple hit events.
40K emits 1460 keV gamma with 3 keV Auger electron energy deposition in Nal crystal
» Tagging 1460 keV events with LS enables vetoing of 3 keV background events (70-80%)

- Liquid scintillator internal contamination well modeled with simulation
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PMT noise reduction
Experiment has noise and WIMP search=Noise Reduction

é 0.2 — | - -- Scintillation ‘
g — Type-1 10 5 Application of Multi-variate
<o — Type-2 : Analysis Cuts (Boosted Decision
o > Tree & Neural Networks)
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DAMA WIMP Signal Expectation

COSINE-100 model-dependent WIMP search strategies.
1. Background-limited WIMP extraction

Noise sample

2. Pulse shape discrimination of nuclear recoils among
background f/y
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DATA — MC

DATA — MC

Background Spectra & Simulations,

ur. Phys. J. C (2025) 85: 32

arXiv:2501.13665(2025)
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Efficiency

1.0 '"""""""“'“"“‘;“:“;“.‘"i"i"i’—5“""3"5"'"3""'
0.8 } t
! C210
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* <+ Neutron
! <+ Gamma
0.4 F
oz |t
arXiv:2501.13665(2025)
0.7 1.0 1.5 2.0 2.5 3.0 3.5
Energy [keV]

(Background-limited) Model-dependent WIMP search
with 0.7-keV threshold (SETS3, 3 yr)

Efficiency near the threshold is
mostly driven by Event selection
(PMT noise) and Light Yields.

4 -4~ Data — Best fit --- DAMA signal
Internal [_]Cosmogenic [ Surface
3 B External []+ 1o + 20

Counts/keV/kg/day
N

0
B . ;;_ ..... "
oF 1P y o
ol ;
53 09F arXiv:2501.13665(2025)
é | 10 15

Signal region shows almost equal Ener9y [keVi
contributions of Internal (crystal growth),
Cosmogenic (cosmic-ray activations), and
Surface (detector encapsulation)
components.
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(Background-limited) Model-dependent WIMP search
with 0.7-keV threshold (SETS3, 3 yr)
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Sci. Adv. 7, eabk2699 (20
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A factor of 10 improved result compared to the previous result

(Lowered threshold by better noise rejection, better background
understanding)
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Model-dependent search for SET4, 6 year Full data with 0.5 keV threshold

NN :
b‘t& 6\\43' Single-Hit Energy Spectrum
% O 1 , Energy (keV)
20::_ N , , : ; ; : , .
- 185:--!'
g "H!
(@) 14::'
> ,2;;1
g oH|
2 2
c T !
8 6:_ i +L"1+o+
O 4:: |
N ’ R e e
, Number of Photoelectron
i 1 5 , Energy (keV)
5
c -
Qo
3] §
& - i
w [
8' B : 6-year analysis : 6 P.E. threshold
Q ; 3-year analysis : 8 P.E. threshold
2 'ol ..:. ,,,,,,,,,,,,,, o O e e
S 1 110 l l 1 l 115 1 l l l 210 l l 1 l 215 l l 1 1 30
Number of Photoelectron
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- Data size doubles
- Final results expected later this year



Pulse Shape Discrimination Analysis (ongoing)

JHEPO3,194 (2019)
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Addition of PSD analysis to the WIMP extraction will significantly improve the

nuclear recoil sensitivity of Nal(T]) crystal16



Pulse
2-6 keV

Pulse shape in Nal(TI) crystal ]

Event-wise parameters
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nuclear recoil sensitivity of NalI(Tl) crystal..




Other Model dependent Analysis

with 1-keV threshold (1.7 yr)

\
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WIMP -proton S1 Cross Section (ph)
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—— COSINF-100 59 5 days

m— DAMAJLIBCA chase1+2

= = = DAMA/LIBRA-phase1+2 (OAMA CF)
== CCSINC-100 1.7 years

[ 10 expected

D 20 expected

violating cases and EFT operators with the same threshold and the
updated quenching factors as DAMA/LIBRA.

We find, in general, those are incompatible with COSINE-100 data.
There is no excess of events over the expected background, that
can be interpreted as DAMA's annual modulation signal under the
assumption of dark matter interactions based on the Standard

Halo Model.
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Sci. Adv. 7, eabk2699 (2021)

Additionally, we checked alternative hypotheses for isospin-
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Rate (counts/kg/day/keVee)

Search for the Migdal Effect (Look for ~GeV nuclear recolls)

When a Nuclear Recoil by a Low Energy WIMP is
small (a few keV), the recoil signal is not easy to
detect directly. However, after the recoil, due to

the lagging (excitations) of surrounding electrons,
some energies come out as e/y

Phys. Rev. D 105, 042006 (2022)
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—— Sodium (m_ = 1.0 GeVic’)
lodine (m,,,. = 1.0 GeV/c’)

...... Sodium (m_ .= 0.2 GeVi/c®)

lodine (m, =02 GeVlcz)
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Other BSM searches in COSINE-100

1. Bosonic super WIMP  Phys. Rev. D 108 (2023) L041301 3. Inelastic 271 - DM scattering  Phys. Rev. D 108, 092006
- Search region : COSINE-100 energy_(0(100 keV) » Search region : COSINE-100 energy O(10 keV)

Counts
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2. Boosted dark matter Phys. Rev. Lett. 131, 201802 4. Solar bosonic dark matter modulation search
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Number of events
3

Nal(Tl) crystal at —35°C

waveforms

== 22°C

v 1
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Time (ns)

1000 1500 2000
Number of Photoelectrons

Nal(Tl) crystal produces more light as temperature decreases.
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New COSINE home (starting 2023 @ Yemilab)

. Access Tunnel, 782 m long with 12% down slope
. Underground Lab. with 2600 m?

Access Tunnel

1
2
3. Person Cage, running vertical 587 m
4. Ground Office with 2500 m?

Mt. Yemi
(EL 99345

2.The |
| & e el 7"".*:{6.‘.-"., = e |
B B O R
COSINE Hall [
Person Cage Rpe—
e —— —
Access tunncl .
Lab space 2,600 25,562 il
Connecting tunnel 4,847 14,161 - UL i
amount 11,525 58,691 Ground office

The ground office exterior The reinforcement
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COSINE-TO0

COSINE-100 Upgrade

In-house crystal machining, polishing, and encapsulation

Detector

Crystal windows matched with

light-guiding Quartz

Jesign

Quartzglass Optical pad

Optical grease

Photomultiplier  Nal(Tl) ¢

. cmed —

a_ into a gwdmg shape

Upgrade Design .~

Commun. Phys. 8, 135 (2025)

Crystals are better light cou;-a—l—éa with PMT photocathodes.
Crystal total mass reduced,by 7% (106 kg — 99 kg)
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Upgrade Crystal Characterization at Yemilab

nght Yleld Increases by 50%

—I— COSINE-100 Upgrade (Yemllab)
+ COSINE-100 Upgrade (Ground lab)

—&— COSINE-100 (Y2L)
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Resolution better by 10%

+ COSINE-100 Upgrade (Yemnlab)
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Crystal ID

Crystal Re-encapsulation shows better light quality, 50% and 10%
better In yields and resolutions, respectively
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COSINE-100 Upgrade Expected Sensitivity

10% (o
10’

\ CRESST-II Li arXiv:2501.13665 (2025)

10° Collar

10°

10

|

COSINE-100 3-year

I| I| I| l| II/II I| II

COSINE-100 3-year (Migdal)

wen wen w  COSINE-100U 1-year expectation

WIMP-proton SD cross section (pb)

— - — COSINE-100U 1-year expectation (Migdal) PICO-60

L
10°
WIMP Mass (MeV/c?)

With Upgrade, we expect a significant
Improvement in Spin—Dze8pendent WIMP search.
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Preparation for Large crystal growth

TR Powder Purification (1 &l 31“' |
K (ppb) Pb (ppb) | U (ppb) Th (ppb)
Initial Nal | 248 19.0 <0.01 <0.01

<16 0.4 <0.01 <0.01

Purified Nal

'''

8 INST 15, C07031 (2020) 1 4
Front. Phys. 11, 1142849 (2023)

Full- Slzed Grew&&\ ‘
(1OO kg crystal ingot)

~ SmattC Grovver
(1 30 crnysfa\ mgot)

Purification ,
(70 kg powder load)

~

L o

Background rate should be less than 1 DRU (less than DAMA)
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Iinternal
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2] External

<L

A
S

Counts/keV/kg/day

|Powder
Auqg/2018 |684 3.8+/-0.3 26+/-7 <6
: EPJC 80, 814 (2020)
Sept/2019 |8 0.01+/-0.02 11+/-4 T+/-2 5
10%, 10 20 30 40 50
DAMA (<20  0.01~0.03  87~124  2~31 Eneray (keV)
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Large Size Nal(Tl) crystal growth

Test growing without Thallium doping 195 kg Nal Merck Powder loaded

c—30Ughly 70 kg ingot is grown
~(June/2029)-

, | | Seqguence of crystallization
In-house Crystal growing starts working. Large-size Tl-doped and

low-bkg crystal growth is the next step.
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What’s next for COSINE?

10° SI-WIMP Sensitivity (Migdal) 10" \ COMSIite
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With mass production of low background crystals, we have an
edge Iin low-mass spin-dependent WIMP interactions.



Summary and Outlook

- COSINE aims direct detection of dark matter via nuclear recoils from WIMPs.
. There is one claimed detection of WIMP from the DAMA experiment.
- Use crystal scintillators (same material as DAMA) — enables direct reproduction of their result.

- Multiple model-dependent analyses exclude the DAMA signal as standard WIMP dark matter under the
Standard Halo Model.

. The source of the DAMA signal remains unresolved.

- We also search for other dark matter candidates such as Low-mass WIMPs with Migdal effect, and iBDM, and
other interaction signatures.

- In-house detector encapsulation achieved high light yield.

- COSINE-100 Upgrade completed and ready. Operation to start soon at Yemilab.
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