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Current status of direct dark matter searches
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* No sign of WIMP dark matter down to 4x10*+’cm? @ 30 GeV
» Exploring low-mass dark matter
* Unresolved signal from DAMA
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Motivation
DAMA/LIBRA experiment

 Annual Modulation Searches with an
array of Nal(Tl) crystals

Claimed an observation of the dark matter
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Motivation
DAMA/LIBRA experiment

 Annual Modulation Searches with an
array of Nal(Tl) crystals

Claimed an observation of the dark matter
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Motivation
DAMA/LIBRA experiment

 Annual Modulation Searches with an
array of Nal(Tl) crystals

Clajmed an ahcervatinn af the darvk mater K

First model independent results fro
DAMA /LIBRA—phase2

New result from DAMA/LIBRA Universe 4, 116 (2018)
arXiv:1805.10486
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DAMA/LIBRA phase 2

Energy threshold reached
1keV with better PMTs

Still there is modulation

Significance
*1-6 keV:9.50 (phase 2)
% 2-6 keV :12.9 ¢ (phase 1+2)

Increased modulation
amplitude below 2keV
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Global Nal(Tl) efforts
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Global Nal(Tl) efforts

ANAIS: Taking physics data with 112 kg of Nal(TI) array since 3",
August 2017

COSINE : Taking physics data with 106 kg of Nal(Tl) array since 30,
September 2016

COSINUS : R&D of cryogenic detector for PID
KIMS : Various R&D of Nal crystals
PICO-LON : Careful purification program

SABRE : Crystal R&D growing, proof-of-principle detector under
construction at LNGS

DM-Ice : ~5 years stable data at Ice

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



Crystal backgrounds and reduction (KIMS)

K.W. Kim et al., Astropart. Phys. 62, 249 (2015)
P. Adhikari et al., EPJC 76, 185 (2016)
G. Adhikari et al., EPJC 77, 437 (2017)

J.S. Park et al., NIMA, 851 (2017) 103

60T Copper Liquid

X
2 108 [+ =@ —tomMC - PMTs, 25U (group 1) 3” R12669SEL BI
% —— Nal-005, K  —— Nal-005, 2°Pb surface ~—— PMTs, “®Ra (group 4) PMT Nal(Tl)
< Nal-005, ZNa —— Nal-005, “"°Pb bulk PMTs, “*Ra (group 7) detector
T 102 |~ Naro05, *Te ----- PMTs, “K PMTs, Z*Th (group 8)
g ----- Nak005,'®| —— Nal00s,"®"re = - Nal-005, >"Te
5
8 10
Acrylic LS
1 Container
10—1 - :____ . ar 100,
i_' 1 u r —— Total Events a0k e N
B i_-- o 12;_ —v—Coincidenj[ Events _ sui— ’_r_./'
102 E_ i .- Z: w; + —=— Nal only signal a:é‘ ::g: //\
= i E T .%j ;.E o f COSINE-100
S s i’ 4 2 wF _,f"\ Prototype design
1078 § .o M P v
1 T e )
Energy (keV) i, 4t T T e
- cﬁi H‘:l : ‘-ﬁ"t‘ﬂtﬂf?f*-l‘:l;‘]ﬁ:gI*m:;‘*Iﬁ:‘;‘ﬁﬁsrﬁf*]‘zﬂ DOE 20 a0 EDI ; IBIOI ; I1DD 120' ; I1iDI ; I‘|
« Internal 21°Pb, 40K, and cosmogenics Ereray(i) Thickness of L5 veto (om
. ~ o/ 40 3 o o
are dominant backgrounds 50 % 17K tagging ~80% tagging efficiency
with 40cm of LS

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

Institute for Basic Science (IBS) o



Pulse shape discrimination of nuclear recoils

JHEP 08, 093 (2015)

Nuclear recoil discrimination

Astropart. Phys. 102, 51 (2018)

Surface alpha recoil discrimination
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DM-Icel7/

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

Two 8.47 kg crystal

2200 m.w.e overburden

PRD 93 042001 (2016)
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Annual modulation study with DM-Icel7
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« Continue to develop low background Nal(Tl) crystals
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COSINE project (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 exerient
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YangYang(YZL) Underground Laboratory
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COSINE-100 construction

Dec. 2015 Jan. 2016 Feb. 2016
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Italian colleagues with
COSINE-100 detector
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COSINE-100 operation
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Muon detector

« Quter muon veto consists of 37 plastic scintillator panels
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x10°
100

R
_ RS S g ~2 X 1075 ofsea
= %77, -Muon candidate E w
s LT I R e o4 +
: - e T
2 - =y *H+ FEEH
A& 8 =
o S 00—
5 = JINST 13, To2007 (2018)
% 092316 083016 100716 1011416 102118 102816 11047168 111116 111816 112516 120216 120916 121616 122316
g ; Muon Seasonafaﬁflodulatlon
O : = ! x@/ndf = 20.28/20
seo | Top Bottom Prob = 0.4403
] . g = i Muon Rate (| ) = 554.2 + 0.9608
e 4;} el :‘Sfﬂ el vt éjo P I 150 X103 "{lc",i smf— Only 0. 5 % T Amplllude (3‘1,} =045+ 0125 %
Charge of Bottom-side (a.u.) 2 b + , + ' ' '?hase (t;) = July 1+ 32 days
E 550 ;— i
Muon flux has been monitored BEETI= + P]E‘elirn;inary
Stably 380 ‘Eiﬂ — 200 — 5:‘!5 — ' EOCI — 700 — 800 ' a00 I‘I‘.JD'Z
. Da11 Mwodardation Muon induced events at Nal
Vetoing of muon correlated events Y T 081771 T
° ° 155% Prob 0.9646 H 2
in NaI(Tl) crystals was implemented " 0 13s2-05m s Tl 875
° . 50; Prelimir‘ #2 oy 7245 = 0.9421 e decay 0.157 S;
Study on muon induced events with s v aLy T ecay 0649
Nal(T]) and liquid scintillator is e = RTI
( . ) 1 : Prelimi inary
ongoing -
‘30; » [ E_ J o J'_.LJLIWME"'II'- ‘n.n Illu;lﬂl_;.lﬁrrlw,rn..‘f‘ o
Hyun Su Lee, Center for Undergrour =+ I e e L T Rt S I I T S ) O

Tlme in 1 day

Time From Muon Event [s]



Liquid scintillator veto system
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COSINE-100 Nal(

) crystals

« 8 crystals, total 106 kg

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

« Different quality crystals from crystal R&D with
Alpha Spectra

For best cases, U/Th/K are lower than DAMA
« Total alphas (~%1°Pb) are 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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« Charge ratio (DAMA cut) is effective to reject fast noise but, it is not
enough to remove all the noise!!

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 24



Energy(keV)

Pure electron recoll samples

« Two weeks long °°Co calibration data
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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arb. count

Machine learning to remove PMT induced noise

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

~70% efficiencies at 2keV
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Crystal backgrounds
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« Background levels from 2 to 4 dru (counts/kg/day/keV)
“* Higher than DAMA/LIBRA crystals
¢ Efficiency corrected spectra
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Background understanding

Single hit event
(6-2000 keV)

Multiple hit events
(2-2000 keV)

P. Adhikari et al., Eur. Pi‘lVS. J C 78

E " Eur. Phys. J. C (2018) 78:490 .
i;:ﬂ _ f’f ‘L]h . + Data — Total MG~ Internal
E E.\""“\, / "‘I":; N Cosmogenic — Surface  — Extemnal
St il #,:f{ \ ! Data

LR LAY Total MC

W [
1
LS VoA 1

| ™

0 10 20 30 40 50 60 200 400 800 B00 1ﬂﬂD1EUﬂ14—UD&EDD1BUHDV
. - - - - ner 1=
Multiple hit distribution 9y (keV)
=
o
=
210} Eur Phys.J. C (2018) 78:490 L
ey . + Data Total MC Internal
= C
*E Cosmogenic  — Surface  —— External
=
(=]
-]

m_g| 1 lJ1J"I !

Eri""q"v. I ~
. ™ I"""‘M""»L'__,,.-u-'" "

)
|1
Y

LY

'U 40{] 50{]

2018

00 1000120014001 6001800

400 Energy (kel)

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



Counts/day'ka/keV

Expected background (2-6 keV)

Components Background 2-6 keV (dru)
55 TP — Internal 21°Pb 1.50 +/- 0.07
3 —Cosmogeric —Sufacs  —Etemal Internal 4°K | 0.05 +/- 0.01
Surface 219Ph | 0.38 +/- 0.21
¥ 3H (Cosmogenic) | 0.58 +/- 0.54
£ 109Cd (Cosmogenic) | 0.09 +/- 0.09
GZ , T Other cosmogenic | 0.05 +/-0.03
S R et External 0.03 +/- 0.02
Total expected 2.70 +/- 0.59
Data 2.64 +/- 0.05

P. Adhikari et al., Eur. Phys. J. C 78 (2018) 490

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 31



Fit with WIMP signals

Crystal 7
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8 10 12 14 16 18 20
Energy (keV)

Background modeling was done only using 6- 2000keV events
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Fit with WIMP signals

Crystal 7
> 3.5
Q n
,__é - -|— Data — Total MC —Internal
30 .
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Energy (keV)

Background modeling was done only using 6- 2000keV events

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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Sensitivity of COSINE-100 59.5 days data

« Generate mock data from MC modeling

Cé Total MC
'E'm E —— Total MC spectrum ™
S E — - o S i 00 DAMA-Na (30) Savage et al (2009)
o0bE- 1st Mock data
3'E lMOCk data 2nd Mock cata 5
1000F-_ == —— 3rd Mock data ‘:’ ., e DAMA-| (30) Savage et al (2009)
oo Tt | i Mock data SR I cosne 100 expect vt 505 .. 430, 2010
800F- . 4 3 I cosiNe 100 expected imit (90% C L. 420, 2018)
E T Tl | = @10
?00_— =T | - o
= - o
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.:_ [ e == : g
“E ' &
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) 6 8 10 . 12 14 16 En;emtsz;o 210 a2
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Setgo%CL m‘043 sl 1 L1 9 sl 1 L1 119l 1111
upper limit 10 107 10° 10*
; _upp WIMP Mass (GeV/c?)
ool 4 Crystal 7
o e 3
#h Signal
probability

Single hit-spectra from eight
v tmeswis  CTyStals are fit simultaneously
with an assumed WIMP signal

i _
02 4 [} 8 10 12 14 16 18 20
Energy (keV)

E'2 4 B 8 10 12 14 1B 18 20
Energy (keV)

e i : : Same parameters as Savage et
« Sensitivity estimation is done al. (2009)
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Data fit (COSINE 59.5 days)
No Sign of signal excess
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Limit on WIMP-nucleon cross section

107 e
& = NAIAD (2000-2003)
E — sesessssscees DAMA-Na Savage et al (30, 2009) | Quenching factor
S — sssssasssnses  JAMA-| Sa\"agﬂ at al [31.1, Eﬂ'ﬂg‘}
S0 I COSINE-100 90% expected (i) [| QNa)=03. Q()=0.09
= [ | COSINE-100 90% expected (2a)
E -:"'--'-'«,* et COSINE-100 observed limit (90% C.L., 2018) P
2 B "._ . Exposure: 6303.9 kg day
010740 = £ \
o =
& C
g e
210"
S E
c B <standard halo>
(o vo = 220 km/s,
S107 pom = 0.3 GeV/cms,
— = . . vesc = 650 km/s
= Preliminary fpfin=1
m-]o—-q-ﬂ JIlLI /| L ]Jlllill 1 1 JJliIIlI 1 1 L1 1 1.1

102 0’ 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 36
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Il fp

DAMA/LIBRA-phase2 interpretation?

« Typical isospin conserving Sl interpretation is not work
S. Baum, K. Freese, and C. Kelso, arXiv:1804.01231

004 2 = 46.6 for 8 DOF = % x* = 21.6 for 8 DOF
% 003k 'l.‘ DM mass = 8.3 GeV :% 0.03k DM mass = 54.1 GeV
% \ g
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osp mx = 10.7GeV, f“ffp ﬂlﬁ?s o i : W 03 650 oo 245/8 (3.10)
[ 2 | | : 0] § gl ) 1Ym0 84 oo 12.0/8 (140)
ool | X 732 ] B | 108 05 0 74/8(070)
| d = .'7; a RERE 1Py s 038 0 39.8/8 (4.60)
ndf S .y P 10.7 19 632 7.3/8 (0.70)
Il Z 20 - mixed  10.8 047 0.665 7.3/8 (0.70)
S i a1 B 44.2 043 -7.46 9.6/8 (1.00)
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pakMatter Mass [GeV]  There is possible parameter spaces to interpret DAMA/LIBA phase2
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 37




EF

S. Kang, S. Scopel, and G. Tomar, and J.H. Yoon, JCAP 1807, 016 (2018)

Interpretation
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« We are working on this interpretation with COSINE-100 result

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 38



Quenching factor of Nal(

) crystals

arXiv:1809.10310
_ o Spooner 1994 + Collar 2013 (Na)
50— o Tovey1998 & Collar 2013 ()
— Gerbier 1999 o Xu 2015
Lk o Simon 2003 e This measurement (Na)
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o L
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PLB 389, 757 (1996)

A 252Cf source

A spectrum fit for residual spectrum

with single quenching factor
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* Recently measured QFs are quite
different with those used for DAMA
signal interpretations

Hyun Su Lee,

Center for Underground Physics (CUP),
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If we use our measured QF...

fE)y=po+p1-E—po-e7?sF

Canonical SI interaction
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If we use our measured QF.

f(E)=po+p1-E—py-e7?sF Prehmmary
— - €1
2 - B CQ\SINE 100 Prellmlnarv —DAMA 30 i
% 102 Expc\sure 4133 kqdav —COSINE 100
L'-E 20 _: g H H H P H
{=)] 0
< 1 &
£ ] ¢
g 15 18
g 13
5 14
10 - g
7 (%)
C 7 Quenching Factor of COSINE 7
~ +Data — Qna —Ql . Jort | | ;
0 e o - 102 10°
0 50 100 Ene:;}? KeV] WIMP Mass (GeV/c?)
Vg = 232 km/h  ve5. = 544 km/h
£ aoafC |
iws]l][ DAMA/LIBRA- - DAMA/LIBRA- m, = 50.9 GeV
E r E
S oce phase1 5 phase2 — —40 a2
: §oe = 2.31 X107 cm
no1s . . . . ) L] L] 2
N Preliminary Preliminary X 17.9
Dm&;— u.uué.f ndf 1 6

-] 10 12 4 T

ey pev1  TOr Basic Science (IBS)

41



8

:

3 E.

Modulaton Armglitude [du]

If we use recently measured QF...

20 Allow QF changes as systematic.. Canonical SI interaction
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Event Rates (counts/day/keV/kg)

0.7 T

Annual Modulation

« Cosmogenic components were constraint by the measurements
« Floating 3H and constant (internal background)

Multiple 2-6 keV
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C5 & C8 were excluded due to low light output

C1 was excluded due to uncontrolled PMT induced noise (discharge)
« Side bands are well explained by known background

Hyun Su Lee,

Center for Underground Physics (CUP),
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~ 9% data opened (blinded analysis)

« Current data Is blinded, only 9% of total data

Crystals Averaged Rate, 2-6 keV = 015 — T T

_ 0.5 = P 1. .n ;;:;’ |;1clf 19_205% o1l % Binded dal. COBNE-100 Prlminary
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Flux (10%keV 'year'm?)
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Flux of solar axions
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Number of events

3

Boosted inelastic dark matter search

Theory: PRL 119, 161801 (2017) PLB 780, 543 (2018)
a) &b) &c) 5

X

Effectively ton scale detector taking advantages of 2 ton liquid scintillator
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Crystal 6 Energy (keV)

Analysis with 1 keV energy threshold
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Analysis threshold < 1keV

Slngle hit spectrum

Multiple hit spectrum
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We can reduce our threshold below 1keV
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Next phase of COSINE (COSINE-200)

Background levels of COSINE-100 are

2-3 times higher than DAMA/LIBRA

“* We may not resolve all possible scenarios in

interpreting DAMA/LIBRA signals
% Still need to develop better crystals

Issues are internal “°K, 219Ph, and 3H
40K : Powder purification

210Pb : Any part of powder, crystal growing,
and crystal handling can make it

% 3H : Cosmogenic activation

@,
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@,
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>

Extremely pure crystal development
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Energy(keV)

* From initial materials to detector assembly, we need very careful handling
* These are very difficult jobs for a private company
* We decided to do our own development for the entire process

Cosmogenic activation will be naturally reduced if we grow the crystals in Korea

Hyun Su Lee,
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Nal powder purification (Lab experiment)

* Recrystallization
Saturated Nal solution Evaporation of 40 % of Crystallization:

@25° C H,0 under vacuum Cooling down with stirring

T+110° C

led Nal powder

Drying crystal
under vacuum
@130° C

<€

Hyun Su Lee, Center for Underground Physics (CUP),  Institute for Basic Science (IBS) 50



Purification of Nal powder

* Recrystallization three times for normal grade while one
times for the other pure grade powders

ICP-MS results

Powder 39K (ppb) 208 ph (ppb) 232 (ppb) 23817 (ppb)
initial | After | Initial | After | Initial | After | Initial | After
Astro grade o <1 09| <04 <0.1| <0.1| <0.1]| <0.1
Crystal grade 45 6 3.3 08| <0.1] <0.1| <0.1] <0.1
Normal grade | 240,000 210 6.9 0.2 <0.1| <0.1| <0.1]| <0.1

- Efficiency: 40% — 50%
- Mother solution can be reused for next recrystallization.

Reduction for K and Pb after one recrystallization

* K:~10 reduction K.A. Shin et al., J. Rad. Nucl. Chem. 317, 1329 (2018)
e Pb: ~ 3 reduction

Goal : K less than 20 ppb
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Purification factory

Receiver nk 1,

Conical dryer

~ 30 kg of purified Nal powder

Goal : Kless than 20 ppb

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

Our system is more effective than small experiment

Hyun Su Lee,
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Crystal growing

Crucible diameter is ¢ = 15 cm;
1~2 kg test crystal can be grown

2017 summer

~7.0cm (D) x 5.
~~ 9700

Kyropoulos grower
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Nal growing @ 2018

« Crystal growing with small grower is well optimized

KY01-1804 Nal:TI KY01-1805 KY01-1806 KYO01-1807 Nal:TI KYO01-1808 Nal:TI KY01-1809

—_—

—— KY01-1804-8 (Nal:Tl)

Feb/2018

1.0 Measured at Kyungpook National Universi

107 = KY01-1804-B (Nal:Tl) E
= T,= 207 ns (88 %) A0
1,=1034 ns (12 %)

08 |- i KYO1-1804-B(Nal:Tl)
ER = 8% (FWHM) Il ch# : 1880

E.R. = 10.6% (FWHM)
0.6 - ‘

1
S

0.4

x; 1 1 L L L 1 L o
250 300 350 400 450 500 550 600 650 500 1000 1500 2000 2500 3000 3500
Wavelength (nm) Time (ns) Channels

~40,000 Photons/MeV
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Detector assembly with small crystal

May/2018

| S
Alpha rate per day for Nal024

4

160 Chi~2/NDF = 45.9/63

= Saturated Alpha rate : 3.80+/-0.26 mBq

number of alghas

:20 —Contaminated day : 2018 May 29 +/- 7days

After polishing(07/19) ‘}

=]
=]

o
[=] =]

§P’I\|IH|IH|III|III|H

Growing(05/24)

| 210Ph contaminated

| | | | | |
18/07/22 18/07/29 18/08/05 18/08/12 1&08/19 18/08/26

1
o

Tima

Demonstrated quick detector assembly and underground measurements!!
Need to prove low background crystal.

Due to IBS HQ laboratory movement, Nal growing was stopped last six months.

It will be resumed from mid-December.
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A full size grower

Full size grower & annealing furnace H' |
were installed (¢ = 60 cm ) i |
 Similar growing machine as the

DAMA/LIBRA crystals
*» Maximum powder loading :120 kg

LAbout three full size detectors (12.5 kg)p .
per ingot |

N

« Tests on temperature control & mechanical operation were done
« Real experiments will be started soon
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COSINE-200

Current COSINE-100 shield designed to accommodate 16 of
12.5 kg crystals = 200 kg

Total 200 kg Another 200 kg in south pole ? If we
have same modulation..

Under consideration

2022-2023 (IceCube upgrade)

Ya2L
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COSINE-200 sensitivity (Modulation)

« 1 dru background (same as DAMA/LIBRA)
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Hyun Su Lee,

Center for Underground Physics (CUP),
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Summary

COSINE-100 detector was installed at Y2L and runs
smoothly for more than two years

COSINE-100 detector is well understood
% ~ 2.7 counts/day/kg/keV with 2 keV threshold for best crystal

COSINE-100 confirms that DAMA’s modulation signal
cannot be from standard WIMP in SHM with same Nal(TlI)
*» Comparison with DAMA/LIBRA-phase2 are ongoing

Modulation analysis of COSINE-100 is ongoing
Preparing 1keV threshold (or below) analysis

COSINE-200 is under preparation
* Unambiguous conclusion for the DAMA/LIBRA signals

*» Goal to start ~200 kg experiment at 2020 with less than 1dru
background
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