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Current status of direct dark matter searches
Particle Data Group (2018)
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« High mass limits are now at 10-4°cm? for WIMP mass 50 GeV
« Extending searches for lower WIMP mass region
* Unresolved mystery from DAMA/LIBRA

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



Current status of direct dark matter searches
Particle Data Group (2018)
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« High mass limits are now at 10-4°cm? for WIMP mass 50 GeV
« Extending searches for lower WIMP mass region
* Unresolved mystery from DAMA/LIBRA

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



Rate (cpd/kg/keV)

DAMA/LIBRA experiment

Located at LNGS, Italy
25 x 9.70 kg Nal(TIl) detectors ~ 250 kg
Search for the annual modulation signal

Crystals grown by Saint-Gobain
% Extensive R&D for low-background crystals
% 0.85 ~ 1.3 counts/keV/kg/day (dru) background

Light yield of 5~10 PE/keV

DAMA/LIBRA- phasel (250 kg, 2003-2010)
DAMA/LIBRA-phase?2 (250 kg, 2010~current

Energy spectrum at ROI

6 7
B | Software energy threshold

sb Y
| Phase2 data

2 - L
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——————
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Annual modulation of dark matter
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Typ (pb)

Annual modulation signal from DAMA/LIBRA
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However...

Particle Data Group 2018
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 |Is Nal specific to certain types of dark matter?

« Modulation signals vs time-averaged limits?
« Environmental effects? Need to have other Nal experiments

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



Global Nal(Tl) efforts

COSINUS
@ LNGS
DAMA
@LNGS KIMS/COSINE
SABRE @ Yangyang
‘ @ LNGS In Data-takiné\4
Y s e
oA ANAIS PICO-LON
Kamioka
@Canfranc @
SABRE

In Data-takin
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



Rate, events/kg/day/keV
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Why it Is so hard to reproduce DAMA?

. NAIAD DM-Ice ANAIS-0 prototype
E _ 25 :' T | L L L L L L L R L L L L L L L R L ': 20
stropart. Phys. 19, 691 (2003) 2] [} E— . DatasetA
z;_ ) 'p y 9, 9 ( 3)E * E 'E —i:lfSimuI!;ti(;n . (S;t:er SimuLIJation ] _I 5 E\'"E]“S {Ihf."]' tl"er ‘jr
B 15 ; - - &b T (Pls=p—2a)
L "E ; ’: D 95, 032006 (2017) = Events after filter 4
: cos0c0css3535288888 88888 sz 1 S z 10 (P1s=0.4)
DAMA ;5 s : g PJC 74, 3150 (2014)
3 Hilaer. VIMS S =5 </ Saint Gobain
[ blcron, Aliger, R ——— = — -
AENE Nt DAMA
S AT ] ] 40 - - -
o s o 15 20 25 30 s % T s 10 5 20 25 30 K 2 4 6 8 10
Visible energy, keV Energy (keV) E“ﬂrg}' (keV)

No other experiments have the low-background rate of Nal(Tl)
Saint-Gobain’s technique for low-background Nal(Tl) crystals is lost

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



COSINUS - Identification of nuclear recoll

« Simultaneous measurement of photon and phonon using pure

Nal crystals (low temperature detector)
** Nuclear recoll can be identified almost perfectly

arXiv:1711.01482
-« Thermal link Loy : g
% s TES

<€ Si beaker as light absorber

L )escape..-

Light Yield

- Nal target crystal gamrha band
Interface :
/ / Na recoil band
—?t<— carrier crystal (e.g. CdWOg4)
TES n il band
-« Thermal link

10 20 30 40 50 60 70
Energy (keV)

* Performing test measurements of pure Nal crystals using
CRESST cryostat @ LNGS

Can not test dark matter electron recoil scenarios

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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KIMS experiment : Nuclear recoil extraction

Nuclear recoil discrimination

JHEP 08, 093 (2015)

Astropart. Phys. 102, 51 (2018)

2~ 3keV

Surface alpha recoil discrimination

3~ 4 keV
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« Demonstrate discrimination of nuclear recoil events
* One can study the annual modulation of the
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Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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PICO-LON

« Development of low- background Nal(TI) crystals In Japan
Nonpurlfled Nal -

I 2019

~ Machine cutting 12

Purified Nal-2H,0



PICO-LON : Background

10 Fushimi @ TAUP2019

10:\_'\2:1 ¥ (666keV)
i 40K v (1 460keV)

X

L 210Pb 1072k g 1
O_I ‘ |2|0| 40 60 I ‘8|0| ‘ I‘I(IIOI I |12IOI I |1l|40I I I1é0| I I1t|30| : IZ(!JOI 0 1000 2000 3000 4000 5000
Energy (keV) Energy (keVee Cs)

Ingot #76

Events / (keV o d e kg)

Events / (10keV » d » kq)

—_

Size 3" pX3” 4”pX3# 3"pX3” 5’ @X4”(*)

40K (ppb) 2630 120 <20 <20

232Th (ppt) 0.4+0.5 3.7+0.5 1.7+0.2 --

238U (ppt) 4.7+0.3 5.9+0.3 9.7+0.8 4.4+0.2

210Ph (uBg/kg)  30+7 2300 1076 ~560

Method Resin for Pb  126+cation re double re-cry Pbresin + double r
sin stallization e-crystallization

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 13



SABRE

Underground at LNGS S. Copello@ TAUP2019

e Astrograde powder by Sigma Aldrich and crucible prepared at PU.
Ready October 2018 - Assembled in mid-May 2019.

e Potassium measurement via ICP-MS: ~ 4 ppb
e Mass ~ 3.5 kg after cut and polishing
e Arrived at LNGS on August 6, 2019 (by boat to reduce cosmogenic
activation).
Light Yield FWHM/E
11 phe/keV 12.3%

Americium source spectrum

% i Preliminary — For comparison...
S -~
1241 = | « DAMA/LIBRA
_ | *#'Am source = phase-2:  15.8%

“Sama | @59 5 keV

o ANAIS-112:  11.2%
@59.5 keV/

e COSINE-100: 11.8%

100 ﬂ @59.5 keV
l}_ _ru-lr e~

] ] 10 15 20

Charge [nV's]

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 14



Ground level measurement Alpha analysis
; - = o
ICP-MS for 4°K s 02
E . = £
5‘18;— 22 ndf 0.0803 /1 + 3 25%'
15:— K 05598 + 007123 | w -E;-
% 14F- | Co 5048 + 0.01867 ||' 20 §
5 12F / L E
£ 4.3+0.2ppb 3

8

Co ID'Sta“GelirolmtID{CnaerV°1910 037§

SBD 4[]0 420 440 460 4BD 500 520 540
Amplitude-weighed mean time (ns)

—— o activity measurad

*:045 — 3:?Mymum

E 04 -+ other zﬁﬂgmm
Mass 3.4 kg
40K (ppb) 4.3+/-0.2
Othr Alpha(uBag/kg) 119+/-19

01 J ndf 19959 |

238U (ppt) 44402 C i
210Pp (uBg/kg) 340+/-4 k 0100 Daysg?soince 2%?%-11-02}
3H (counts/kg/keV)  0.04 (expected) Underground (Granssaso)

measurement is ongoing
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 15




Nal(Tl) development with Alpha Spectra (AS)

« Joint R&D between three collaborations (ANAIS, DM-Ice,

and KIMS) and Alpha Spectra company since 2013
_KIMS-Nal

T [ T 1T T 1T
_} data
— Mal-005, K

— MNal-00s, *°Pb surface

Mal-005, “Na
—— Nal-005, "*'Te
— PMTs, ™Ra (group 4)
------ PMTs, “K
— total MC

EPJC 77, 437 (2017)

12.5 kg crystal
High light yield ~ 15 PEs/keVg

ts/day/keV/kg

Underground measurement

2]
III|III

]
I||IM:|I [

i

_____________

1=

2 4 6 8 10 12 14 16718 2
2-4 times larger than DAMA Energy (keV)

« Reduced “°K but, still significant
e 210Pp is the most troublesome

« Cosmogenic activation is unexpected problem from AS
% AS is located in Grand Junction, Colorado (~1,000 m altitude)

T

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



COSINE collaboration (Since 2015)

KIMS and DM-Ice joint effort to search for dark matter
Interactions in Nal(Tl) scintillating crystals.
(Goal to test DAI\/IA/L,BRA experiment
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YangYang(YZL) Underground Laboratory

NE (Dark Matter Search)

?\ﬁoﬁg olible Beta Decay Experlment)
Minimum depth : 700 m / Access to the I_'ab by car (~=2km)



COSINE-100 construction

Dec. 2015 Jan. 2016 Feb. 2016
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COSINE-100 operation

T A — | I| |Im o COSINE-100 exposure
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- DAQ status

. S1OW mMonitoring
N

W

o

ISP M TR T

WWM

10 Hz

0Hz

92112200 9220000 9/2212:00 9/2300:00 9/2312:00 9/2400:00 9/2412:00 9/2500:00 9/2512:00 9/2600:00 9/261200 9/2700:00 9/2712:00  9/28 00:00
== FADC rate == M64ADC rate

7.0°C

6.0 *C

> 20, p__garameters are monitored

AN

T T

e e

AP P A e

5.0 °C

4.0°C

3.0°C

9/21 12:00 9/22 00:00 9/22 12:00 9/23 00:00 9/2312:00 9/24 00:00 9/2412:00 9/25 00:00 9/2512:00 9/26 00:00 9/26 12:00 9/27 00:00 9/2712:00 9/28 00:00
— Detector Room A-side (8) == Tunnel(7) = Between Acrylictop and Cutop (4) = LS (5) crystal — LS (2) bottom — LS (6)top ~ Air conditioner ~ Detector Room near main door (1)

~ Between Leads and Cubox (3) == OMEGA DAQ board (9)

Nal PMT Current Variation (A-side, micro Ampere)

9/23
o= Nall1 == Nall2 w=MNall3 == Nall4 - Nall5 - MNall6 - Nall7 - Nall8

9/24

9/25

927

Nal HV Variation (A-side, Volts)
1.0
=

9 L L - I 1 T ]

1! 1 — Il 4 i —

1 1 | ] I I 1
1.0
20

9/22 9/23 9/24 9/25 9/26 9/27 9/28

== Nal HV1 == NalHV2 == NalHV3 == NalHV4 - NalHV5 - NalHV6 - NalHV7

~ NalHV 8

Run number Subrun number

1777 Lz

Run Number

2250 . . . . . 200
_ 2000 | / 75 o
é o

1750 T 150 E
2 /r’ z
5 s
& 1500 ! 125 %

1250 //T,' ‘ ‘ 100

9/22 9/23 9/24 9/25 926 9127 9728
== Run Number = Sub run Number

50 %H

0%H
9/22 9/23 9/24 9/25 9/26

927 9/28

== Humidity A (between Cu and Pb) == Humidity B (Behind Preamp. Rack) == Humidity (Air conditioner)

Preamplifier Output Voltage

.00V
605V
mnvm .
615V
620V
9/22 9/23 9/24 9125 9/26 o/27 9/28
== Preamp. Output Voltage (Top) == Preamp. Output Voltage (Middle)
= Preamp. Output Voltage (Bottom)
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COSINE-100 detector configuration

JINST 13 T02007 (2018) Nucl. Instrum. Meth. A 851 103 (2017)

4rt Muon Counter Liquid Scintillator

37 plastic scintillator panels 2200-L LAB-based LS for veto
2-inch PMT(H7195)s for muon counter 5-inch PMT(R877)s for LS detector

JINST 13 T06005 (2018)

20 om lead
3 cm copper

Neutron Monitoring
Fast neutron detector
(Liquid scintillator)

Thermal neutron detector
(*He gas detector)

F'-

2200LLS

Nai(Tl) crystals

Nal(Tl) detector
. 8 low-background crystals
Shields Each crystal is encapsulated in copper
3-cm thick copper box Two 3-inch PMTs for each crystal
20-cm thick lead shielding (R12669SEL)

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

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 23



Muon detector

« Quter muon veto consists of 37 plastic scintillator panels
328 + 1(stat) + 10(syst) muon/m?/day

«10° i ] 400 —
100 R N =
_ et S g ~2 %1075 ofsea
5 .. -Muon candidate "?E ‘0 |—
: L I R e o4 44
2 L e; LRI wﬂ%* R gt
e AR R it
S E wE
5 = E JINST 13, To2007 (2018)
% 092316 083016 100716 1011416 102118 102816 11047168 111116 111816 112516 120216 120916 121616 122316
& S : Muon Seasonafaﬁflodulatlon
O SN - 1@/ndf = 20.28/20
, seo | Top Bottom Prob = 0.4403
AR g = i Muon Rate {| ) = 654.2 + 0.9608
R T el 2 @  Only~0.5% | Amplitude (5%) = 0.45 +0,25 %
Charge of Bottom-side (a.u.) 2 WwE + , + T F;}hase (t;) = July 1+ 32 days
% ﬁsn;— i
Muon flux has been monitored S + P];'ellmlna
Stably 550 I — 800 a00 100
Vetoing of muon correlated events i v [ T T Egjm Prehmlnary
in NaI(T]) crystals was implemented s o e s A
Study on muon induced events with S : By
NaI(T]) and liquid scintillator is *_5‘# o e
Ongoing (‘_E; ] b I:r:fs (Weighted)
Prellmlna — . . .
Hyun Su Lee,  Center for Undery ;o LYl e e @ 24
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Liquid scintillator veto system

/] < ) —
Preliminary
B " Y (1460 keV) 5 '
4.5F + Data (vetoed)
— /] N\, 4 — Fit
; \:_iski? K “ g 35 — Subtracted *K
—\_ 2 3
% 23: ~80% veto efficiency)|
/] LAB-based _\_§ 15& of 3keV x-ray
— Liquid Scintillator |~ osE T R My
E 5 p— 0T Enerq?r(ke\fe] roee
.l Preliminary  — e « Tagging rate of 40K is well
N — == understood with Geant4-based
M, Mliase, K of LS ~300 ppb  SIMulation
1072 AR 4 '.H. y et . .
= hU<7ept e Internal background of LS is well
' B " <fPPY understood and low enough
10°%
e « 20 keV tagging threshold is

00 ioon 1B 2000 2800 3000 aChleved
Ernergy (keV]
rMyull OSuU LEk, weinern ol uniueiyround ) )
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COSINE-100 Nal(Tl) crystals

* 8crystals, total 106 K  gur. Phys. J. C 78 (2018) 107

Different quality crystals from crystal R&D with

Alpha Spectra (US)

For best cases, U/Th/K are lower than DAMA
Total alphas (~%?1°Pb) are higher than DAMA

Light yield is 2-3 times higher than DAMA

Crystal | g Powder '\ iaake) (op®) (Pt (vp) Piokon)
Crystal 1 8.3
Crystal 2 9.2 AS-C 2.06 £ 0.06 82.7*127 <0.12 <0.63 14.61 £ 1.45
Crystal 3 9.2 AS-WSII 0.76£0.02 41.1*6.8 <0.04 044%0.19 15.50*1.64
Crystal4 | 18.0 AS-WSI 0.74 £0.02 39.5+8.3 <0.3 14.86 + 1.50
Crystal 5 | 18.0 AS-C 2.06 £0.05 86.8X10.8 2.35 £ 0.31 7.33 £0.70
Crystal6 | 125 AS-WSII 1.52 % 0.04 1221+45 <0.018 056*0.19 14.56*1.45
Crystal 7 | 125 AS-WSII 1.54 £0.04 18.8 £ 5.3 <0.6 13.97 £ 1.41
Crystal 8 | 18.3 AS-C 205+0.05 56.15*8.1 <1.4 3.50 £ 0.33
DAMA <0.5 <20 07-10 05-75 55-75

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Fast (mostly PMT induced) event rejection

'$— Charge Ratio (DAMA noise rejection parameter)
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0-1 -0.8 .I-O.SI lI-O..4 -0.2 0 0.2 0.4 IU.GI ' 08 I 1 % 1 1 1 L 1 5
Eur. PhyS. J.C 78 (2018) 107 Asymmetry LR eh;rgeeipf,C) 4 A

« Charge ratio (DAMA cut) is effective to reject fast noise but does not
remove all the noise!!

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



arb. count

Machine learning to remove PMT induced noise

Accumulated waveforms
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Machine learning (BDT) is more
effective at low energy

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS) 29



Background understanding (COSINE-100)

| Eur. Phys. J. C (2018) 78:490
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Hyun Su Lee,

Center for Underground Physics (CUP

| Single hit event (6-2000 keV) 35
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Limit on WIMP-nucleon cross section from COSINE-100

10738

S| WIMP-nucleon cross section (cm®)
o o o o
5 L 5 -

e

o
A
]

NAIAD (2000-2003)

DAMA-Na Savage et al (30, 2009)
DAMA-| Savage et al (3o, 2009)
COSINE-100 90% expected (1)
COSINE-100 90% expected (20) .
COSINE-100 observed limit (90% C.L., 2018) ,_/""/
Exposure: 6303.9 kg day /-/

Nature 564, 83 (2018)

10° 10 10*

WIMP Mass (GeV/c )

COSINE-100 excludes DAMA/LIBRA-phase1’s interpretation with the

spin-independent WIMP interaction in Standard Halo Model
First time with same NalI(T]) target

Consistent with other null experiments

31



Other dark matter models?

« Test 15 Effective Field Theory operators
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Quenching factors?

Quenching Factor (%)

(a) Sodium

Hyun Su Lee,

40 &0
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Canonical SI interaction
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S| WIMP-proton Cross Section [pb]
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New QFs

— DAMA/LIBRA
== COSINE-100

/ DAMA/LIBRA-phase1 only

7 arXiv:1907.04963

10

WIMP Mass [GeV/c?] stitute for Basic Science (IBS) 33



Quenching factors? (DAMA/LIBRA-phasel+2)

Isospin-violating SI WIMP interaction
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Other DM candidates

Solar Axion Inelastic boosted dark matter
4c
As.sé
E g
o5
F: Axion flux
g; 1.5¢
ERn
* o5 X2
G(; | P | \H‘ﬁv—w—l_A L
2 4 6 8 10 12
Energy (keV) . .
1070 om0 s Effectively ton scale detector taking
- = advantage of 2 ton liquid scintillator
L 102
A L A A - : &
I O A R S - PRL 122,131802 (2019)
;"""""""""' TUTTTTTTTTTTRENON{QGT T T T T T w103 = d_ﬁ.-'“
L E ,.-r‘""
Astropart. Phys. 114/101 (2020) § L rAOMeV, mtSMeV, 150
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Axion mass (keWc2)
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Lowering energy threshold

Reduced threshold from 2 keV to 1 keV with better noise control
Use ~ two years data
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Institute for Basic Science (IBS)
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Background modeling

L [
_ _Single-hit events _ o
Background modeling for C6 [ High gain, Single Hif] Background modeling for C6 [ Low gain, Single Hit]
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Improved background modeling

X/

% 129 rock-gamma (2°8Tl) are added

X/

s» Better modeling of surface 21°Pb using contaminated crystal

Hyun Su Lee, Center for Underground

Physics (CUP), Institute for Basic Science (IBS)
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Signal region extrapolation

Counts/day/kg/keV

o

w
n
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N
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Background modeling for C6 [ High gain, Single Hit]

o

+ Data
—TotMC —Cosmo
- internal — Surface

Ae L !
- 6 8

10 12
Energy [keV]

14 16 18 20

Components  Bkgd (dru in 1-6 keV)

Internal 2.65 + 0.019
External 0.03 = 0.002
Surface ' 0.53 + 0.008
Cosmogenig® 0.91 + 0.01
Other 0.002 + 0.0005
Total Expected 265 +0.019
2.62 +0.018

Dark matter extraction with
same dataset is ongoing

Stay tuned!!

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Final model independent
comparison would come from same
annual modulation analysis

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



Annual modulation analysis (1.7 years data)

26— a) Temperature Crvstal
Backgrounds, constrained Signal, floated ; e
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» Background + modulation signal fit to data (2-6 keV) ED‘P
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» Analysis based on likelihood ratio method S 3250} i +++ ++_|_ T ++H
= + +
» Analysis specially concerns the sidebands. 2 3200~ Jr ++
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Days Since Jan. 1, 2016
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Annual modulation result with COSINE-100
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Hyun Su Lee,

Center for Underground Physics (CUP),
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Upcoming data analysis

More data ~ 2.5 years

1keV energy threshold

Improved event selection (Better selection efficiency)
Develop Bayesian toolkits

Realistic pseudo experiments for testing machinery

[ ] [ ] [ ]
Sensitivi
9 0.03 g 0.03r
3 No-modulation Case 3 Positive Case
3 -
E 0.025- £ 0,025
< < i
5 5
5 ool 8 ool ~ 2 sigma level
ge] T
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0015 0015}
i 35 r
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i 10 i
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COSINE-200 crystal development

« Goal : Background less than DAMA/LIBRA (1 dru)

** Needs a factor two or more improvement
** Powder purification/crystal growing/detector assembly will be done at IBS, Korea

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

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

. “‘ I ——
-

Purification factory + T
-0 kg powder load Full size grower ~_ "

100 kg ingot

Hyun SuLee,  Center for Un , TS 43



Recent crystal

Recent improvement (Quartz cover)

Powder <14 <300 <5.2 <4.6
Aug/2018 300 9000 <5.2 <4.6
Mar/2019 100 17000 <4.3 <2.6
Sept/2019 <50 <240 <4.3 <2.6

<Quartz cover> <Body growth>

922g detector Light yield 8.2 +/- 1.1 PEs/keV

| Meantime distribution as a function of gamma equivalent energy for Nal034
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k Nal'q3‘h * Is this surface contamination?
Hyun Su Lee,  Center for Und % Machining for perfect cylinder is in preparation 44




COSINE-200 sensitivity (similar for all future project)

* 1 count/kg/keV/day background (same as DAMA/LIBRA)

<107 YT T T T 1
\ i : DAMA allowed region (90%C.L., 35, 5)
R z COSINE-200, 3 years of data
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Higher light yield Nal(Tl) detectors?

COSINE-100 design (12.5 kg)
~ 15 PEs/keV

- o
— - E
PMT 0.6l
0.4_
ptical Gel
0.2

resolution at 60keV

COSINE : 5.6%
NEO2 : 4.1%

PMT

Quartz Window
Optical Pad % 45 50 55 60 65 7 ﬁaem[keﬁo
~50% increased LY

New design (1.7 kg)
~ 23 PEs/keV

=

* Match crystal size to PMT size Future : Better control of humidity &
e Reduce optical interface fewer cracks in the crystals

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 46



Further .. In addition to check DAMA/LIBRA

* Nal(Tl) crystals may be a unique target for spin-dependent (SD) WIMP-
proton interaction below a few GeV WIMP, where PICO has a difficulty due

to threshold

« With pulse shape discrimination, it can compete with next generation PICO

experiment at high WIMP mass region
Spin-dependent WIMP-proton interaction
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Summary

DAMA modulation signals have persisted for 20 years
Many efforts to reproduce DAMA are ongoing

COSINE-100 data rejects DAMA result as SI WIMP
Interaction for standard halo model

First annual modulation results from ANAIS-112 and
COSINE-100 were published but, still need more data

COSINE-200 R&D are actively ongoing

We hope to find out the cause of DAMA modulation with
lower background detectors

Stay tuned for more exciting results to come
from COSINE-experiment!

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 48



Backup

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



COSINE In South Pole

 If we observe similar modulation signals as DAMA
% Southern hemisphere experiment is required
** South pole is natural choice for COSINE and DM-Ice

« Great chance with IceCube upgrade at 2022-2023

Close-Packed Detector Array

AN inner crystal
% g outer crystal

veto capability and background
rejection in close-packed
detector array

‘-’
‘ J
X 4

Qi kit

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



SABRE in the South

-Hosted in Stawell
Underground Physics
_aboratory

250 km from
Melbourne

3000 m w.e.

excavation expected to be
finished in 2019

lab ready in 2020



Yemilab : New underground lab in Korea

Mt. Yemi

rburden

3. The New Unc
Laboratory

£
g
5
o
1000m ove

/

d 7 experiments with 12 spaces
d 10 utility spaces

Hyun Su Lee,

Center fonderground Physics (CUP), Institute for Basic Science (IBS)



Yemilab status

« Tunnel excavation started March/2019
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COSINE-1ton In Yemilab
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Pro

« High light output
*+ 40,000 photons/MeV
% >60,000 photons/MeV?

 Easy to grow
“» Cheap
% Large size

Nal(Tl) crystals

 The most widely used

scintillator

Con

 Huge hygroscopic materials

 Contamination of natural Potassium
% ~ 3keV X-ray from 4°K

* No good identification of NR

Properties From Saint-Gobain
Density [g/cm?] 367
Melting point [K] 924
Thermal expansion coefficient [C1] A47.4 x 10€
Cleavage plane <100>
Hardness (Mho) 2
Hygroscopic yes
Wavelength of emission max [nm] 415
Refractive index @ emission max. 1.85
Primary decay time [ns] 250
Light yield 28
[photons/keVy]

Hyun Su Lee,
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Temperature coefficient of light yield -0.3%C
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Dark matter search with Nal(TI)

Physics Letters B

Volume 295, Issues 3-4, 3 December 1992, Pages 330-336
e

Search for neutralino dark matter with Nal

detectors LNGS

A. Bottino, V. de Alfaro, N. Fornengo, G. Mignola, S. Scopel, Beijing - Roma - Saclay (BRS) Collaboration, C. Bacci ?,
P. Belli ®, R. Bernabei ?, Dai Changjiang ¢, Ding Linkai ¢, E, Gaillard d G. Gerbier 9, Kuang Haohuai ¢, A. Incicchitti #, J.
Mallet , R. Marcovaldi ? L. Mosca 9 ... Xie Yigang ©

DAMA/LIBRA

Show more

PHYSICAL REVIEW C

RAPID COMMUNICATIONS

1993

Application of a large-volume Nal scintillator to search for dark matter

VOLUME 47, NUMBER 2 FEBRUARY 1993

K. Fushimi, H. Ejiri, H. Kinoshita,* N. Kudomi, K. Kume, K. Nagata, H k
H. Ohsumi, K. Okada,’ H. Sano, and J. Tanaka K al I l I O a
Department of Physics, Osaka University, Toyonaka, Osaka 560, Japan
(Received 30 September 1992)

PICO-LON

Nuclear Physics B - Proceedings Supplements
Volume 48, Issues 1-3, May 1996, Pages 73-76

1996
A Search for annual and daily modulations of dark

matter with Nal scintillators at Canfranc
Canfranc

M.L. Sarsa, A. Morales, ). Morales, E. Garcia, A. Ortiz de Solérzano, ). Puimeddn, C. Sdenz, A. Salinas, J.A. Villar

1998 |
Physics Letters B 29

Volume 433, Issues 1-2, 6 August 1998, Pages 150-155

Measurement of scintillation efficiencies and
pulse-shapes for nuclear recoils in NaI(T1) and
CaF,(Eu) at low energies for dark matter
experiments Boul by Mine

D.R. Tovey a, V. Kudryavtsev a, M. Lehner a, J.E. McMillan a, C.D. Peak a, |.W. Roberts a, N.J.C. Spooner a, J.D. Lewin b
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DM-Icel7/

 DM-Icel7 in South pole (Jun 2011 Jan 2015)

Two 8.47 kg crystals

Proof of principle of

2200 m.w.e overburden

PRD 90 092005 (2014) PRD 93 042001 (2016) south pole experiment
§ :IIIIIIIIIIIIIIIIIIIHII”II”IIHII”I; 107 T DAMA 56 C.L. Allowed Region
% 0.06 —_ D Et-z P R D 9 5 031— O O &\ (%@1\7) _— nunrt;li::z;;:‘zf::xiﬁsl;::’:):iFrT:nned Future Nal(TI) Experiment
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Energy(keV)
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N A~ O @

Pure electron recoll samples

 Two weeks long %°Co calibration data

60Co ﬁ
L SAVAVAVAC.

Meantime (us)

*» Used to model scintillating events
* Used to estimate signal efficiency

—— B-/y events
—— Noise events
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Machine learning to remove PMT induced noise

Accumulated waveforms

Discrimination
parameters

0.008—

0.006 ﬁ /y
% ool scintillation
§ calibration)

[ S A A A |
200 400 600 800 1000 1200
Time from trigger (ns)

Nurber of events

Boosted Decision Tree (BDT)

b) Crystal without PMT discharge

0.008— .
0.008- PMT noise 04 03 03 oy 0 0.1 02 °
BDT
E sl (fast decay) — _
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Selection efficiency (SET1 analysis)

~70% efficiency at 2keV

0.8

0.7

Selection efficiency

0.6—

i

TP, g
la

g and y events from ®°Co calibration
—4— § and y events from multiple-hit selection
—— X-ray events from “°K (24 keV)
—4— Nuclear recoil events (neutron beam)

0.5
2

3 4 D 6 7 8 9 10

Energy (keV)
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0.8
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Selection efficiency (SET2 analysis)

Event selection efficiency

| Event seiection efMiciancy with MR data i i
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COSINE-100 59.5 days data (2-20 keV)

Signal fit with 10 GeV
All crystals mass WIMP

10000
background o
_ Best Fit
—e— Data - +1o (systematic)
8000/~ Expected background 8000— #20 (systematic)
> Best Fit+ WIMP
- - +1o (systematic) g — (2.35x10* cm? at 10 GeV/c?)
© a _ o
iGOOO ] +2¢ (systematic) 52 6000—=
o \ 2]
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= 3
94000 ©4000
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Energy (keV)

: ; DAMA signal

Background modeling was done only s
o 2 2.5 3 3.5 4 4.5 5 5.5 6
using only 6- 2000keV events Energy (keV)
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