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Annual modulation from DAMA/LIBRA

(a) Direct DM search using Nal(Tl)
Crystal Target
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— — DAMA/LIBRA Modulation signal
P.Belli, EPS-HEP Conference (2021)

- o'\ om//?  -r0+6o—7—17"---»H——/—"—-"7vvvr—~—-rirtr-—--vr+m»—-—"—- - rr—Tr——r——r—e—r—r——r——r—r— Yy —_r—r—r— 77
- s DANLA/NAL (029 t0RX)T) wpnp | | s DANA/LIBRA_PhL (104 topxyy) s | | e DAMA/LIBRA_Ph2{1.53 10§xYT, ) e
& e T O r S YR ET O E T B F V7 8 Y7 S F"ET & E T B F £E17™ 7F £ 0™ ¥ £ET7 8B |
ﬁ 0.06 L | - | - | - | - | - | - | - | - | - | - | - [ - | - - | : - | - - I [ - ! - ' - ! S |
= 0.04 | T I I R I S B T S D T T B I [ I B A T IR R R B I
04 | : e O I B L AR L ELRL R ! .- | : I £ : [ % I 3 1 3 1
?. 0.02 B :f : % I r%* F ol 0o e R OE ] ! I i I i | ] : > 6 |
o - : R, SRS R AL TR | AT SR S Y TR TR S W N A 3
= 9 N LN AT ANE B AR ANE 5\ S . W . GRS o W ts BT RN ) RE, - G < 0. WL, S .- Wk a0 W 5. *
-— WARIAY N Ny 7 N ~ N ./ - N . LV L AN e ./ . e - AL A T - W4 3
= | ' | ‘ Y k ‘ ‘ = Y |
= -0.02 | ,%_ 14 B T | | - | - - | 'S | |
goo b PR T i i iagkeY i
) - - - - B .
& -0.06 F | - | - | - | - | - | - | - | - | - | - | - | - | - ' - e ...............
| - | | | | | : | | - - | - i | | | | |
-008 B |, ! ! | N | | T | > Ik i | e Ik i | T 1 | e B i |  °FE 2 I &£ BE 2 I &£ P FE I &£ I B I = 1
—-0.1 ] | 1 | K| B- A Y | - | [ 1 |
1000 200 3000 4000 000 6000 7000 8000 9000

Time (day)

e DAMA/LIBRA claimed to find annual modulation signature by DM

A = 0.0096 + 0.0008 counts/day/kg/keV,

e Compatible with the nature of DM candidate ¢=145:5adas

T'=0.9987 + 0.0008 yr)
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Annual modulation from DAMA/LIBRA
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Particle Data Group : Review of Particle Physics (2024)

CDMSlite (2018)\ DAMIC (2020)

1DarkSide-50 (2023)

XENON1T (2020)

Neutrino coherent scattering
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https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-dark-matter.pdf

Annual modulation from DAMA/LIBRA
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https://pdg.lbl.gov/2024/web/viewer.html?file=../reviews/rpp2024-rev-dark-matter.pdf

COSINE-100 experiment
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‘Located in Yangyang Underground Laboratory (Y2L), Korea ( Depth : ~700m )
‘Direct test of DAMA/LIBRA using Nal(TI).
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Muon Counter LS Veto

Liquid Scintillator

Copper Box
(3cm)

Lead(20cm)

Nal(TI) Crystal

3-inch PMT 8 Crystals, 106 kg

R
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COSINE-100 experiment
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Finished with ~6 year data taking (October 2016 ~ March 2023)
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How to test WIMPs in COSINE-100?

Model Dependent
(Finding WIMP excess)

60 days & 1.7 years analysis
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How to test WIMPs in COSINE-100?

Model Dependent Model Independent

0.031 ¢ COSINE-100 Single-Hit
§ COSINE-100 Multiple-Hit

S Sci. AdV. 7, eabk2699 (2021

(Finding WIMP excess) (Finding annual modulation)
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Improvements on data understanding
Lowered threshold : 1 —0.7 keV

Noise selection MLP for 0.7 keV threshold
£ NEe B JeiNodes arXiv:2408.14688
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Y e sl R R B 01
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) Energy [keVee]
*COSINE-100 data is contaminated w/ PMT-induced noises
*MLP training using PSD parameters : 1.0 — w/ ~20% efficiency
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https://arxiv.org/abs/2408.14688

Improvements on data understanding

Background understanding

COSINE-100 background modeling w/ Geant4 MC simulation

arXiv:2408.09806
Cosmogenic background estimation Alpha decaying background fit >, 1
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https://arxiv.org/abs/2408.09806

Model-Dependent WIMP search

Spectral analysis : Spin-Independent
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*WIMP presence with canonical WIMP model, considering Standard Halo Model

*3-year spectral analysis disfavors DAMA/LIBRA
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Model-Dependent WIMP search

Spectral analysis : Spin-Dependent
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Model-Independent test

Modulation sighal search

Background modeling result
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Model-Independent test
Calibration for testing DAMA

1.Electron recoll (keVee, linear calibration)

18000
16000 -
14000 [
12000 | i
10000 ; i
8000 —
6000 L DAMA's calibration method using

4000 59.54 keV 241Am peak charge
2000 F

O' ............................................
0O 10 20 30 40 50 60 70 80 90

Energy (keV)

TD channels

Signal region

1 — 3 keV
1 — 06 keV,
2 — 6keV,
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https://doi.org/10.1016/j.nima.2008.04.082

Model-Independent test

Calibration for testing DAMA

1.Electron recoll (keVee, linear calibration)
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1 — 3 keV
1 — 06 keV,
2 — 6keV,

6000 | - DAMA’s calibration method using

2. Nuclear recoill calibration (kevnr)

& ‘/ """"""""" Quenching
| NaQF understanding

N
o

Is different!

-
(@)
|

Quenching Factor (%)

COSINE
Na QF

PRC 110, 014614 (2024)

-
o

Nuclear Recoil Energy (keVy,)

Different QF for DM signal interpretation
Signal region : 6.70 - 20 keV,,

l

DAMA/LIBRA : 2.00 - 6 keV.,,
COSINE-100 : 0.85 - 3.12 keV,,
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https://doi.org/10.1016/j.nima.2008.04.082

Model-Independent test

Modulation signal search : Phase fixed

1.Electron recoll (keVee, linear calibration)

2. Nuclear recoill calibration (kevnr)

a 1'3 keVee b 67‘20 keVnr

1F 1 F
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a 3 - |  DAMA
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Model-Independent test

Modulation signal search : Phase floated

1.Electron recoll (keVee, linear calibration)

a 1'3keVee b
005 F— T T " T T T T [ =

>$ 0.020 | + _ E’
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BT 0,015 [ ] O
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< 3 0.010 e T e e e e <E£3
5 %
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< 0.005 3
&

0.000 ————to—— .

S PHE—\——“
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2. Nuclear recoill calibration (kevnr)

67‘20 keVnr

': L D e '_'
0.012 F @ COSINE-100 e 99.7% -

- 4 DAMA ——- 95.4%
0.010 + ................................................ 68.3%
O I e e :
a0k HNY N Y o TR =
0.004 |
0.002 F

0.000

0 50 100 1 50 2 0 50 100 150 200 250 300 350
Phase (day) Phase (day)
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Probability Density (keVee kQ) Probability Density (3.3 keV,rkQ)
No modulation & Disfavors DAMA (> 30)
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Model-Independent test

Modulation signal search : Amplitude summary

1.Electron recoll (keVee, linear calibration) 2. Nuclear recoill calibration (kevnr)
a b
~ 0.04 — = 004 :_ """" DAMA
2 - > [
> o Iv/ e |
mg 0.02 - :..: L"'L"-{*. * * i} + mm_ 0.02 - ;": :"'"‘"'---. ** { + + {
=3 0.00 | * | Hi | { + + + H—H et =< 0.00 | __H—jng‘hH‘Hﬁ _. } —-*Tr*ﬁj% +7L+_
2 o0l ' i “% ' + | i f
£ 002 @ -0.02 F
§ 004 _ % [ ¢  COSINE-100 Single-hit
: S 8,'0-04:_ COSINE-100 Multiple-hit
0 2 4 6 8 10 12 14 16 18 20 0 67 133 20 267 333 40 467 533 60 667
Electron Recoil Energy (keVee) Nuclear Recoil Energy (keVy)
Amplitude (Counts/kg/day/KeV
Range(KeV..) P ( g/day ce)
COSINE-100 DAMA/LIBRA Amplitude (Counts/kg/day/KeV,,)
1~3 0.001 + 0.005 0.019 + 0.002 Range(KeVx) COSINE-100 DAMA/LIBRA
1~6 0.002 + 0.003 0.010 + 0.001 6.7 ~ 20 \ 0.001 + 0.005 0.019 + 0.002
2~6 0.005 = 0.003 0.010 = 0.001

No modulation & Disfavors DAMA (> 30)
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Testing DAMA & COSINE-100
operation is finished.. What’s next?




Next phase : COSINE-100Upgrade

New experimental site : Yemilab

Front. Phys. 12:1323991. (2024) Nature News

A AR <@ Y2L w—" ——
ajuc] @)L {Chuncheor . . - Témil 3 » LR
P (P G p— - =

§ . : 2
(@ 3 (COSINE-100 Site N e 7 = 104 -
(ﬁjy'.‘ar\‘f;.SAﬁQll.lg .Nd”llytdll(j\]ll 5 ( ] _ ) “@f. - /‘;/Khm“*:rrﬁ \
Ai Y ' SNALR %*"%‘ i | i Surface
irport’ - Em u

Incheon” 434 ‘GYEONGGI-DO

. ' i ATl Y Wonju Yem“ab L, S i

: . RTINS 1k gy —\ : ) =R Y et
b oies ‘ d hst 2 e V;;lﬂb == /
@V (COSINE-100U Site) g

. 6adeon :

’ CUP HQ Gumi . :

OROVILLE (USA)

Y2L

Yemilab

BOULBY (UK)
GRAN SASSO (Italy)
j HOMESTAKE (USA)

j SUDBURY (Canada)
he 10 CANFRANC (Spain)  / _BAKSAN (Russia)
ST. GOTHARD (Switzerland)

] FREJUS (France) N
MONT BLANC (France)

SLIH};!:?Q;’\ N ) O u,n Sigw. = - ] O ! T T T T
R o 0 1000 2000 3000 4000 5000 6000

M4
)

/

*Daegu

L HJEOLLABUK-DO; .

AL XGWangjue AR ) ) Jinjul 43 Gimhae -~ Busan

P.';o-.p:; | i
=2  MJEOLLANAM-DO [ Yeosu

Depth (m.w.e)

*Overburden : 700m (Y2L) — 1100m (Yemilab)

Jeju

5 times smaller muon flux
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https://www.frontiersin.org/articles/10.3389/fphy.2024.1323991/full
https://www.nature.com/articles/d41586-024-01347-3

Next phase : COSINE-100Upgracde

Higher light yield : New detector design

Current encapsulation design
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: quart light guide

: More efficient light collection
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~40 % light yield improve!
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Next phase : COSINE-100Upgrade

Higher lig

|

PATRAS 2024

ht yield

SRS RS Nl L
. o 4 . - »

Number of events

NPE Measurement in -35 0C

Astropart. Phys. 141 (2022) 102709

Number of Photoelectrons

~8% increased LY for y

count/keV/hr

0.02

0.01

: Low temperature operation (-35 0C)

Alpha spectrum using 219Po in -35 O0C
Astropart. Phys. 141 (2022) 102709

I —-22°C
———-35°C

3000 3500 4000
Energy (keV)

~9% Iincreased
quenching (in o )
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Next phase : COSINE-100Upgrade

Expectations

COSINE-100U Expectation ( 0.35 keV threshold )
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WIMP-proton SD cross section (pb)
|

10° [— /)
‘Plan to operate in Oct.2024 - PICO-60 -
107" —
- - ma = = - - COSINE-100U Migdal 1o COSINE-100U 10
‘Lowest limit sensitivity in low-mass SD = L] o [
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WIMP Mass (MeV/c?)
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Ultra-pure crystals for COSINE-200

R&D In progress !
Simulation of background in new crystal

New Crystal development EPJC 80 (2020) 814

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

K.A. Shin et al., JINST 15, C07031 (2020) Internal DAMA/LIBRA level

K.A. Shin et al., Front. Phys. 11, 1142849 (2023) 1

- . Cosmogenic

§ B ‘5 External
2 [ & . HHE
. . - .
> ‘. t: . TS1T1I11 "1 1 5 1™
QD ] ¢ N ARRRRR
ﬁ @ » 'I"'b'l'l'l:'l'l'l “““
=107 NN
§10
O

107, 10 20 30 40 50
Energy (keV)
*R&D for big & pure crystals are ongoing. »Ultra-pure background is expected.
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Summary

*COSINE-100 ruled out DAMA/LIBRA

-Above 36 In model-independent analysis

-Perfect exclusion in model-depnednet analysis

*Spin-dependent analysis shows competitive result in low-mass WIMP search.

( Best limit in a few GeV )

«COSINE-100U will start soon, and expected to have world competitive

sensitivities for low-mass DM searches.
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Thank you for your
attention !



Possible DAMA explanation : Induced signal

Yearly Averaged (DAMA model)

Single exponential

.2— (a) Single-hit at 1-6 keV

Rate

‘”33'“9'9 -hit aéb?/be%zoz 0967Q

1 il 1 |
' Sept. 16 - Aug. 17* Sept. 17 - Aug. 18 §ept. 18 - Aug. 19!

0.2}— (c) Residual rate at 1-6 keV

0.1—

Residual
I

-0.1—

-0.2—

- Amp: 0.005+0.006

(d) Residual rate a; 1-6 keV

f

Amp: -0.044+0.006

(e) Single-hit at 2-6 keV

(f) Single-hit at Z -6 keV

Scientific Reports 13, 4676 (2023)
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) (():: (9) Remdual;ate ? 2-(; keV : (r;)} Residual rate Ft 2- ; keV C O S I N E o 1 00 d a ta
S o it A : *; - | AR ; : 44 applying DAMA method gives clear
T o4 . - = -

1 Amp: 0. 0050, 006 I hAmp -0.046::0.006 modulation (~7c, opposite phase)

50ODays from Jan. 11t005016 500Days from Jan. 110020016
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Nal(Tl) experiments in the world

COSINUS
LNGS
(Nes) || cosme |
(Canfranc) * (Kamioka)
ot
DAMA
(LNGS)
Latests results with
SABRE
(LNGS)
SABRE
DAMA/LIBRA (Stawell
ANAIS-112 g
COSINE-100 s
DM Ice o 7] > Veto PMTs
(South Pole) S
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COSINE-100U

New experimental site : Yemilab
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Examples of PSD parameters

Concept of Likelihood parameter

1

Scintillation Waveform
Template
(Accumulated waveform)

\

Test waveform
(Single waveform)
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Example ) Likelihood on signal waveform template

InL, = ) (Wy— W)+ W,x log(W,/Wy)
bin

Likelihood parameter 2D distribution
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Ultra-pure crystals for COSINE-200

R&D In progress !
4K & 210Pp significantly reduced

New Crystal development K(ppb)  |Pb(ppb) [U(ppb) | Th(ppb)

K.A. Shin et al., J. Rad. Nucl. Chem. 317, 1329 (2018) Initial Nall 248 190 <001 <0.01

K.A. Shin et al., JINST 15, C07031 (2020) -
< < <
K.A. Shin et al., Front. Phys. 11, 1142849 (2023) Purified Nal 16 0.4 0.01 0.01

Simulation of background in new crystal

EPJC 80 (2020) 814
i ntemal  DAMA/LIBRA level
I
§ F Peew az, AR
< & R N
2 AP S
m =, & . e
£ 107 I P
3
&

* Produced ~ 400 kg low-background Nal powder.

*0.7kg crystal with 0.2 counts/keV/kg/day achieved 107 10 2 % 2 5

Energy (keV)

* Further R&D going on to grow large-crystals.
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Migdal Effect

A

X ray <

lonization/excitation of the atom
— Secondary radiation
(Migdal effect)

+ Bremsstrahlung

lonization electron

Auger electron

Reference : PRL 123, 241803 (2019) ( Xenon 1T )

*Nuclear recoil = Boost of
electrons — Secondary radiation

[ _arge visible energy of electron
recoil compared to nuclear recoill.
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