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Nal(Tl) crystals

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

« Easy to grow

% Cheap — . .
. roperties From Saint-Gobain
’:’ La rge SIZG Density [g/cm?] 3.67
 The most widely used Meting point L] 24
SCi nti I I ato r Thermal expansion coefficient [C'] 47.4 x 10
Cleavage plane <100>
Con Hardness (Mho) 2
Hygroscopic yes
° H u g e hyg rOSCO p I C m ate rl a I S Wavelength of emission max [nm] 415
« Contamination of natural Potassium | rercteniex@emssonmax. 165
‘:‘ _ 3keV X-ray from 40K E-rir:ar)./ decay time [ns] 250
. . g . [;?ﬁottglnesl;lkeVy] 38
y N O g OOd Id e ntlfl Catl O n Of N R Temperature coefficient of light yield -0.3%C"

Hyun Su Lee, Center for Underground Physics (CUP),  Institute for Basic Science (IBS) 2



Dark matter search with Nal(Tl)

Physics Letters B

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

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 b, R. Bernabei ®, Dai Changjiang ¢, Ding Linkai ¢, E. Gaillard d G. Gerbier 9, Kuang Haohuai ¢, A. Incicchitti 2, J.
Mallet 4, R. Marcovaldi 2 L. Mosca 9 ... Xie Yigang ©

DAMA/LIBRA

Show more

RAPID COMMUNICATIONS

FEBRUARY 1993

1993

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

Kamioka

PHYSICAL REVIEW C VOLUME 47, NUMBER 2

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

PICO-LON

1998
Physics Letters B

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

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, J. Morales, E. Garcia, A. Ortiz de Solérzano, J. Puimeddn, C. Saenz, A. Salinas, J.A. Villar

M

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

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

ANAIS
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Annual modulation of dark matter

The Highs

In June, Earth moves

at its fastest speed Sun and Earth
move in the
through the dark A S

maftter halo. direction

December/2md
summer

A /
- \
b

The Lows , /
In December, | ' L/
Earth and

sun orbits
are opposed

Earth moves at

its slowest speed.

Earth passes
through many
dark matter
particles

¢

Earth
encounters
fewer particles



Rate (cpd/kg/keV)

DAMA/LIBRA experiment

Located at LNGS, Italy

25 x 9.70 kg Nal(TI) 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-phase1 (250 kg, 2003-2010)
DAMA/LIBRA-phase2 (250 kg, 2010~current

Energy spectrum at ROI

6 .
i | Software energy threshold

A W
Phase2 data

2_

0 C Il : 1 | 1 1 1 [ 1 1 1 | 1 Il 1
0 2 4 6 8

Energy (keV)
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Typ (Pb)

Residuals (cpd/kg/keV)

DAMA/LIBRA experiment
Phase1 experiment Phase2 experiment

> © A P i
K &S . 5 o o
& 3\,0" 3°°° 2-6 keV )ch' 3°°° 5\,o"

DAMA/LIBRA =230 kg (1.04 tdnxyr)

I

T

)
LY

Y L I P 1 N K [
3500 4000 4500 5000 5500
Time (day)

Eur. Phys. J. C 73:2648 (2013)
okeV threshold

C. Savage et al, JCAP 04 (2009) 010

DAMA Regions

likelihood ratio
(To/50)

likelihood ratio
(30/90%)

Y gof.
(50/30/90%)

-------- total events

spin—independent

t
102 10°

Mywmvp (GeV)

}
10t

Residuals (cpd/kg/keV)

Residuals (cpd/kg/keV)

1-3 keV
0-08 ¢ DAMA/LIBRA-phase2 =250 kg (1.13 tonxyr
0.04 | | | | %

o F -;lLT i L0 il - n}*
—o-ozf-%‘% hdd @ \~F Tw )
—0.04 : :
_o.06 [abs L |..:I..|I.:..I.| b L A

6250 6500 6750 7000 7250 7500 7750 8000 8250
Time (day)

Nucl. Phys. At. Energy 19, 307 (2018)
1keV threshold

1-6 keV

0-08 ¢ : DAMA/LIBRA-phasq2 =250 kg (1 13 tonxyr;
0.04 | i | : : i
L e e, R
-0‘02;_\#;”‘%?”'% SR TR R
=t ... >130 significance. ;. | ...
6250 6500 6750 7000 7250 7500 7750 8000 8250
Time (day)
Modulation Amplitude
» 0.05 -
%0 035 . AE = 0.5 keV bins
y T N
% 0 t Mﬂ:ﬂ:&.&*ﬁv.‘hﬂ'v PR - Y. S -wﬁm’?’;ﬂ
& _6_ 'Q‘QH!"—V-Q-Y b ik il
\./EO-OZS . +2(6-20 keV)/dof = 35.8/28 (P-value=15%)
wn %2(6-20 keV)/dof = 29.8/28 (P-value=37%)
'0'05_..|...|.,.|...|. l
02468101214161820
Energy (keV)

Hyun Su Lee,

Center for Underground Physics (CUP),
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However...

Particle Data Group 2018
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 |s Nal special for certain types of dark matter?

« Modulation signals vs time-averaged limits?
« Environmental effects? Better to have another Nal experiments

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 7



Global Nal(Tl) efforts

COSINUS
@ LNGS

DAMA
@ LNGS

KIMS/COSINE
@ Yangyang

SABRE |
In Data-taking\

@ LNGS

Xk
*
*

i // PICO-LON
ANAIS )
K k
@Canfranc @ Kamioka

. SABRE
,//w In Data-taking @ Stawell \
: _ *

10 cm anceent lead
40 cm meutron shielding

Anti-Rn bo

1T
DM-Ice @ South Pole

* =
Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Hyun Su Lee,
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Why it is so hard to reproduce DAMA?

NAIAD o . DM-Ice =~ ANAIS-0 prototype
- 2 _ — ] ...0
itropart. Phys. 19, 691 (2003)< é T R DMRSeta
v_ QP ys. 19, 691 ( 3)§ 2°; ’i T S leeney Soreeted T Suace (U " Events after filter 4
) > 15 ; = e Y] (Pls>u-20)
% 1 ’- RD 95, 032006 (2017) ] % 1 Events after filter 4
3 coo00005583388888883888888 §1° B r = T) 10 (P1s>0.4)
DAMA g sf = PJC 74, 3150 (2014)
o r ] . .
N _ = = 5 Saint Gobain
.t Bicron, Hilger, VIMS g e e SN
AN T~ DAMA
<ir -
P P R B R SR g r v _4OK ‘ y : :
0 10 15 20 25 30 & % 5 10 15 20 25 30 2 4 ) 6 8 10
Visible energy, keV Energy (keV) Energy (keV)

No other experiments achieve the low-background rate of Nal(Tl)

Saint-Gobain lost the technique for low-background Nal(TI) crystals

«» Confidential contraction between DAMA and Saint-Gobain was finished
already

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 9



COSINUS - Identification of nuclear recoill

« Simultaneous measurement of photon and phonon using pure

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

arXiv:1711.01482
- Thermal link P : RS
% __—TES

<€ Si beaker as light absorber

Lo escape..-

Light Yield

Nal target crystal

Interface
/
e |

<« carrier crystal (e.g. CdWO4)
TES
-«

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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Nuclear recoll extraction with KIMS-Nal R&D data

JHEP 08, 093 (2015)

Astropart. Phys. 102, 51 (2018)
Surface alpha recoil discrimination

Number of events

) Nuclear recoil dis%grimination P 3~ 4keV
" i ® S Mutsmeneen as0f- S Isatrent
250 : 140
200 - :: on
150 R 80
100| : 80 on
5 — 40|

0% 46 15 5 55 54 56 53 Ao 96 .EJ 5 52 54 56 o *

In(MT) (In(s)) In(MT) (In(ns)) % = . %
b) 9.3 keV (c) 3.4 keV log(Mean Ti Tme) (log(us)) Iog(Mean Time) (log(us))
(b) 2-3 ke Physics results with R&D data
10%E g
I e —— DAMA/LIBRA
[ % CS|(T|) o Am/Be source '% 10° NAIAD
r % A beam test g — KIMS
10 i
S 105 &tL L Nal(Th) - ceriertal s [ JHEP 03, 194 (2()19)
AL B e Our Data 8
@ ¢ . s ,
L é % n 2
SR PR e
IS #l =" =
8 »

10'15

~ 15 photoelectrons/keV

2L 1 1 1
100

5 10 15 20
Emeas (keV)

25

| L Lol L TR R N
10 10° 10°

WIMP Mass (GeV/c?)

« Demonstrate discrimination of nuclear recoil events

* One can study the annual modulation of the
nuclear recoil events

Hyun Su Lee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS) 11



Nal(

l) development with Alpha Spectra (AS)

« Joints R&D between three (ANAIS, DM-Ice, and KIMS)
collaborations and Alpha Spectra company since 2013

KIMS-Nal
10° —}— data —— totalMC ~  —ee-- PMTs, 22U (group 1)
—— Nal-005,*K  —— Nal-005, 2Pb surface =~ —— PMTs, ?®Ra (group 4)
Nal-005,2Na —— Nal-005, '°Pb bulk PMTs, %*Ra (group 7)
—— Nal-005, ?Te  ----- PMTs, ¥k PMTs, 2*Th (group 8)
----- Nal-005, @I —— Nal-005, "®"Te ----- Nal-005, ®"Te

Counts/day/keV/kg
R

T

[T 11

1__

"Illlll | IIlIIII| 11

—
10-‘3—____=.--- <
o2l B l |
= ,'.1
[ : ' |
10—3 _I_I_I_Lil.“ | LR AR ¥ e Il 1 l*ll ﬂ
1 10 107 10°

Energy (keV)

Astropart. Phys. 62, 249 (2015)
EPJC 76, 185 (2016)
EPJC 77, 437 (2017)
NIMA, 851 (2017) 103

High light yield ~ 15 PE/keV

counts / keV / kg/ day

-
o
)

ANAIS

-
o—l

7

data D2 a
—— sim with hypotheses :
—— sim with hypotheses+surface “"Pb |

vvvvvvvvvvvvv

40 50 60 70 80 90 100
Energy (keV)

NIMA, 742, 197 (2014)
JCAP 1502, 046 (2015)
EPJC 76, 429 (2016)

0 10 20 30

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS) 12



Nal(Tl) development with Alpha Spectra (AS)

« Joints R&D between three (ANAIS, DM-Ice, and KIMS)
collaborations and Alpha Spectra company since 2013

KIMS-Nal  High light yield ~ 15 PE/keV  ANAIS
g [T e ] e e e e e e
2 10 — Nal005, *K N ——data D2
=< r —— Nal-005,““Pbsurface || | ——sim with hypotheses
> r Nal-005, ZNa ] § —— sim with hypotheses+surface ““Pb ||
K i ——— Nal-005, *'Te ]
% 8_ ——— PMTs, “*Ra (group 4) _
3 b | PMTs, “K 4
(¢] 6_ —— total MC

i N\ & EBJC 76,429 (2016)
PJC 77,437 (2017) ;

M

counts / keV / kg/ day
N w
T—
A/
\_

- | [
20 ¢ 1 I —— %%M"a -
= 1 = et ey 1 g el e = Y, L 0 T /‘[A-
% 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
Energy (keV) Energy (keV)
m==) COSINE-100 mmm) ANAIS-112

2-4 times larger than DAMA
« Reduced “°K but, still contribute significantly

« 210Pp js the most significant contribution

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

13



Goals and history

ANAIS (Annual modulation with NAI Scintillators) intends
to confirm the DAMA/LIBRA modulation signal

using the same target and technique

in a different environment at the Canfranc Underground Laboratory (Spain)

Experimental requirements:
- Energy threshold at or below 1-2 keV,,

- Background as low as possible below 10 keV,, (at or below a few cpd/keV/kg)
- Very stable operation conditions

S. Cebrian @ LRT2019 |




12.5 kg each
4.75” diameter
11.75” length

Detector | Quality powder | Received at Canfranc in
DO, D1 <90 ppb K December 2012
D2 WIMPScint-II March 2015
D3 WIMPScint-1ll | March 2016
D4, D5 WIMPScint-lll | November 2016
D6, D7, D8 | WIMPScint-lll | March 2017

- Nal(Tl) crystals grown from selected ultrapure Nal
powder and housed in OFE copper

- Mylar window allowing low energy calibration

- Two Hamamatsu R12669SEL2 photomultipliers
coupled to each crystal at Canfranc clean room

. Low background and high Quantum Efficiency
. Radioactivity screening at Canfranc
Light yields ~ 15 PEs/keV

S. Cebnan, LRT2019, Jaca, 21 May 2019

Voltage dividers in "

cuflon PCB

S. Cebrian @ LRT2019 15



ANAIS-112 is located inside a hut in hall B at Canfranc laboratory under 2450 m.w.e.

Active vetoes

20 cm lead
10 cm ancient lead

Anti-Rn box

40 c¢cm neutron shielding

24A5m

Radon-free system to allow periodic calibration at
low energy with 1°°Cd sources on flexible wires

S. Cebnian, LRT2019, Jaca, 21 May 2019 S. Cebrian @ LRT2019 16



Detector performance

Performance of ANAIS-112 experiment after the first year of data taking ™% 341.72 days, 105.32 kg y
J. Amaré et al, Eur. Phys. J. C (2019) 79:228

T T

- Excellent duty cycle y- . Firstyear

£ A

100 . /" LIVE TIME (94.5%) \
90 I | § DOWN TIME (2.6%)
80 | ]
—_ 70 '\._ 7/ DEAD TIME (2.9%)
& 60 \‘\\ > I
= 40
= 30 /' LIVE TIME (95.2%)
Half second year | ';
20 w DOWN TIME (2.6%)
10 (185.36 days) e
J/ DEAD TIME (2.2%)

31/08/17 311017 231/12/17 02/03/18 02/05/18 02/07/18
System Time .

N
» Good stability <30 ——— total
) § o5 ~——e—— number phe > 1 @ every PMT *
Total trigger rate
20 :
15 Liquid nitrogen supply shortcuts ,
. 10 , )
Physics run started L& P o |
— . o m— ‘* v S—— ” ‘L'. - - e S
from Aug/2017 S e
i S EEEPPEEP S L 1 M
O 31087 81107 811217

g 9 0 o . 1 g
02/03/18 02/05/18 02/07/18

. 'lfl)me 1 7
S. Cebrian, LRT2019, Jaca, 21 May 2019 S. Cebrian @ LRT2019



COSINE-100
A joint effort between DM-Ice and KIMS

QI+ PMICE =

YangYang Laboratory (Y2L)

L —

,,,,,,,,

8 Nal(TI) crystals with 106 kg in total (o A
Yangyang underground laboratory in Shustod B M e, Ppedys1ace Power PRl
South Korea with about 700m
overburden
Physics run started Sep/2016
5 countries,

14 institutes,
~50 members

tttttt
aaaaa

tttttt
'''''

'''''
aaaaa

aaaaaa
aaaaa
nnnnnn

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 18



COSINE-100 detector configuration

JINST 13 T02007 (2018)

4rt Muon Counter Liquid Scintillator

37 plastic scintillator panels 5000-L L AB-based | S forveto
2-inch PMT(H7195)s for muon counter 5-inch PMT(R877)s for LS detector

m (4]
JINST 13 T06005 (2018) A fAre

Neutron Monitoring L —
Fast neutron detector R
(Liquid scintillator) .

Thermal neutron detector
(®*He gas detector)

Nucl. Instrum. Meth. A 851 103 (2017)

3 cm copper

2200LLS

Nal(T1) crystals

P Nal(Tl) detector

3 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) 19



COSINE-100 detector configuration

JINST 13 T02007 (2018)

Nucl. Instrum. Meth. A 851 103 (2017)
4t Muon Counter Liquid Scintillator

37 plastic scintillator panels 5000-L L AB-based | S forveto
2-inch PMT(H7195)s for muon counter 5-inch PMT(R877)s for LS detector

m (4]
JINST 13 T06005 (2018) 7 .__'v A Wb

—
——

| ] ators

.__..-.__.—_ 20 om lead

Neutron Monitoring
Fast neutron detector |
(Liquid scintillator) Qo Nal(TI) erystals

3 cm copper

2200LLS

Thermal neutron detec
(®*He gas detector)

Preliminary

. Y 1460 kev)

. + Data (vetoed)
— /e — Fit

papd kf'v())K “ — Subtracted “K
— |

~80% veto efficiency

»
LRSI

]IIIIIII]III

w
w O
(K|

IIIIII]

Count/keV/kg/day
N

EATRE™

AYANA

Z_ of 3keV x-ray
1.5t

Liquid Scintillator 0.5F Tk bt
| P I IS, ST I A A e R TP R
23 a5 8 7 8 9 10

Energy(keV)

Eur. Phys. J. C. 78 107 (2018)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 20




COSINE-100 operation

Cryas 1 4 Long s Nate

Trigger Rake (He)

TR 00 Py

§ Gk 2l 1Iﬁ%“ﬁf‘t‘: n ‘r“*‘# ‘ﬁ“‘k\*‘h rnd'l\ H“M

.
OI 0430, 150 0530, 150
Cryts 58 Long s flate
o T
z & | —ce
S 7
s = I
[ 4 S b
® 4
: i 1 LLJ .Ll
=2y L\hLleLU-IJ &l&h‘lu"unh ‘UJ“ 1 l-ALw sdolataiull, ‘N S
QI 0120, 1on 01, 13 033 15h 0420, 130 0520, 130 .
MEAADC L ong e Rate
& - - -
by
; bod J
40 ——
_§ » i P I e e LL CRDYPAE SIT]
o —  — |
130 1 G301, 15» 331150 Oa Sn 0. 150
o -n G300 o 30 05 0529

« Stable physics run
“* >90% physics data
% >95% good runs

COSINE-100 exposure

* QOperating more than 2.8 years

% 2.5 years good data

1000 . ‘
COSINE-T00 Preliminary
I Total Lived :936.9 days ( 93.7 %) / éq1 9/6/27
800 V TTHA2i
= Good Data :912.8 days ( 91.3 %) /
[72]
& 600
[ @
3 Calibratio
3 400 / P> :
Annual Mlodulation
200 anglysis ;
July/17 (2018)
First physics analysis |« ‘
12/31, 05h 12/31, 11h 12/31,17h
Sep/30 (2016)
g .E Crystal |
@ =E- Tunnel }
-5 »E- —— Detector Room ‘
& E ' |
L ., F - S " l
= S — et S
E | | |
E «
» E I T W ‘
o S tnme (yyyy/mrmdd hh mm) -
& . . Gaus. Fit<T>, o \
s~ Temp. Projection —— 2421C,006C ||
N 23.04°C, 3.01°C
© — 23.46°C, 0.09°C ‘
2 |
|

Temperature ("C:)

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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> Individual contributions for first year of ANAIS-112 data E}[@)(@

(3 August 2017 to 31 July 2018, 341.72 d)

1.E+02 D3 sim « D3 data PMTs
’ « external activity * crystal 40K « crystal 210Pb
* crystal cosmogenics - crystal 3H - other crystal activity
___-teflon210Pb
1E+01 +
’ g
2
> ‘5".
[} o
= 1.E01 {34 \ !
o \ ’
. 1 aWZaN - — — X
1.E-02 - \/ \/ =
1.E-03 t t t t t 1
0 10 20 30 40 50 60 70 80 90 100
energy (keV)
5 -
- D8 total sim - D8data
+ 40K 210Pb
+ cosmogenics - 3H
4 - othercrystal activity - external activity
=3 ¥ Commissioning run,
A
’3 ; June-July 2017
) ¥ A T R P
g . R e S-S R
S e - DAMA
1 . | | | o A e L
l'__ ————— _=- L.‘.’—..“‘.(:::.‘— . ,.__.M_‘_; i % = ~ et
“ft‘_‘." ."1 T o ————— S ——
0 e s S

energy (keV)
S. Cebnian, LRT2019, Jaca, 21 May 2019

EPJC 79, 412 (z019)  @][@I[e]

1.E+01 4

1.E-04

-D3sim - D3 data
PMTs « external activity
= crystal 40K crystal 210Pb
+-{ « crystal cosmogenics ‘- crystal 22Na
other crystal activity - teflon 210Pb

900 1300 1700 2100
energy (keV)

40K and 22Na peaks and 21°Pb
(bulk+surface) and 3H continua are the
most significant contributions in 1-6 keV

region:

210Ph:

32.5%

401 -
0 2 4 6 8 10 12 14 16 18 20 Intelrnal--—-v K:

26.5%
12%4\ Cosmogenic

2.0%

o. Cebrian (@ LK12019 22



Background understanding (COSINE-100) X

Single hit event (6-2000 keV)

%’ " Eur. Phys. J. C (2018) 78:490 ~
%1 ° _ ‘JF! %ﬁ:;;_% ) -+ Data — Total MC Internal
:g’ ["\"W\N / \.‘:’: N Cosmogenic Surface  — Fxternal
8 1 Data

E YN | Total MC

107'E

% Y N\
1 - _‘.f 3
! \ |
[\ & A
L | Tt ! L l

-2
107 10 20 30 200 400 600 800 100012001400160018(?‘0\,
Multlple hit distribution Energy (keV)
> w L]
¢ Multiple hit events (2-2000 keV)
210 Eur. Phys. J. C (2018) 78:490
% F +Data Total MC Internal
o [
s | Cosmogenic Surface — External
§ L
O 1 ,
:H% !MM-""
' Y
e’g 3
107 ’f :
& 1 Sl ™ [\
! _.'_",«»'. Kr“\“fﬂ \
10.2| L anpi ! ! ! ! L1 1 [ B B

10 20 30 40 50 60 200 400 600 800 10001200140016001800
Energy (keV)

EPJC 78 (2018) 490

Hyun Su Lee, Center for Underground Physics {

> 35 -
2 o e o o
g 25 e
§ 2
15
1
05
L e
Energy (keV
Components Background 2-6
keV (dru)
Internal 21°Pb 1.50 +/- 0.07
Internal 49K I 0.05 +/- 0.01
Surface 20Pb | 0.38 +/-0.21
3H (Cosmogenic) I 0.58 +/- 0.54
109Cd (Cosmogenic) I 0.09 +/- 0.09
Other cosmogenic I 0.05 +/-0.03
External 0.03 +/- 0.02
Total expected 2.70 +/- 0.59
Data 2.64 +/- 0.05
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Z,

€‘</

COSINE-100 59.5 days data (2-20 keV) X

All crystals
background

8000—

4000

Total counts/0.5 keV

2000—

60004

—e— Data

Expected background
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Background modeling was doneonly <ot
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using only 6- 2000keV events Energy (keV)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 24



Limit on WIMP-nucleon cross section from COSINE-100
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R = ——— NAIAD (2000-2003)
g C emssssaes DAMA-Na Savage et al (30, 2009) C/O
- — DAMA-I Savage et al (3o, 2009)

COSINE-100 90% expected (10)
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Nature 564, 83 (2018)
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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 25
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The other models?

« Test 15 Effective Field Theory operators
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« Best fit region of DAMA was not fully
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Updated analysis is ongoing

« Lower analysis threshold from 2 keV to 1 keV with better
noise controls

Energy and bdt parameter space for C6 [SET1, Single] Energy and bdt parameter space for C6 [SET1, Single]
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g i ey L TR O, Stay tuned!!
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Annual modulation result from ANAIS-112 -fjs-

Least-squares fit of ANAIS-112 10-day time-binned data in 1-6 / 2-6 keV to

R(t) =Ro+ Ry -exp(—t/t) +Sm-cos(®- (t +¢)) T fixed from our background model

w fixed corresponding to 1 year period
arXIV 1 90339(?3703, (c(paamycjv():?mert?udsz LT_OERL) ¢ fixed to have the cosine maximum in

[2-6] keV ll hyp —» 3/NDF = 48.0 / 53 [pval=0.67] June, 2

AMA mod ko fm = G.1E2 fordmtet S,, fixed to 0 in the null hypothesis and
left unconstrained for the modulation

1
‘[’" +1i#|' hypothesis

>
g o1 . . . , . Modulation amplitudes estimates
B Oy o Tp s e b in 1 keV bins from 1 to 20 keV

DAMA mod hyp: Sm = 0.0105 (cpdkgkeV ]

0.1 ;
bbbt h S Tome - :
o + ! = : E‘:’é% —
0 100 200 300 400 500 £ .04 2 20

Days after August 3, 2017 g L

Aug/3 (2017) ~ Feb/12(2019) 1.5 year 3 | + :::M::mw
Null hypothesis well supported by the 2 test ie’,o-o i

wn

Modulation hypothesis best fits for 2-6 and 1-6 keV
DAMA/LIBRA result also shown

Sm = —0.0044 +0.0058 cpd/kg/keV
S,, =—0.0015 +0.0063 cpd/kg/keV

10 95 20
S. Cebrian, LRT2019, Jaca, 21 May 2019 S. Cebrial?’@fiﬂ@élg 28



Oct/21 (2016) ~ Jul/18 (2018), 1.7 year 5 0%
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%/Annual modulation result with COSINE-100 X
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How much data? 4@%

ANAIS-112 five years e

[2-6] keV ' /
sensitivity 3 g
10°E ! ! 5 ! -
g | 2 - . - .
: EPJC 79, 233 (2019)
100} S RN = \ This result!  ANAIS-112
: ANBEL € | J . .
- S XEE o 447 [1-6]keV | ’
10 e : A e P gnt) 3 -
= AW - ; :
[ pama 90% : i \7—” P _,u' ok :
105 || I DAMAS P E ---------«--'--‘E"?“;
o e |\ San il R L — ANAIS-112 expected sensitivity
m— One-tailed test ‘; S <l 68% C.L.SpAM4
1o L e ood e LTl Poii 0 1 2 3 4 3 5
1 0 Moy o real time (y)

« About 3¢ level statement with five years data
* ANAIS-112 and COSINE-100 agree to combine their data
< Within a year, we can have 3o level conclusion if nothing is there

« Perhaps, we still need better quality crystals for clear
understanding

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



PICO-LON

« Development of low-background Nal(Tl) crystals in Japan
A. Kozlov @ LRT2019

A Nal(Tl) ingot

/"‘r ;,'

Ingot aging

anter for LMo gro o

st Machinecutting — 32

Purified Nal-2H,0
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PICO-LON : Background

2620 so so 100 20 140 160180 500 10
Energy (keV) Energy (keV)

Nal(Tl)/ 238, ppt 232Th, ppt 40K, ppb 210pp, mBq
Isotope

- Kozlov @ L.LRT2019
o [=) L
= 10F Pb 126) Ingot 71 {,102? —_
: ; :—_— S
E ZK7880 g 1o e O particles
= |
i
10
L T
0O 20 40 60 80 100 120 140 160 180 200 10 10°
Energy (keV) Energy (keV)
2 [1 210pp,  126) El .
r:s 10.‘* | Ingot 73 t}w — - o particles
3 | ZK7879 | 3oL \
= EE
i
107
1
10°

Ingot 717 9.7+0.8 1.7+0.2 <2
Ingot 73% 3.6 0.6 1.8+0.7 <30 1.3

DAMA det. 0.7-10 0.7-10 20 0.024
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 33




SABRE

4 key features: B. Suerfu@ NDM=2018
1. High purity crystals: High purity powder and clean crystal growth method

2. Active background rejection: active veto of liquid scintillator
3. Low energy threshold: High QE Hamamatsu PMTs, directly coupled to the crystals
4.

Double location: both in Northern and Southern hemispheres

96 mm dia, 3.4 kg | -

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 34



SABRE-PoP (Proof of Principle)

Astropart Phys 106 1(2019)

= L SABREPoP Crystal is ready to
*;g, o o Bk e ot T kg, ot on deliver from USA to
B F Eewm v LNGS at May/2019
T e SimulationlUnderground measuremen
5
T This summer
1072 = I ‘N
| + Testsetup (PoP)is ready in LNGS
107

) f - Expected background level ~0.36 dru (2-6 keV)

SESSeemmm—  based on Geant4 MC simulation
E [keV] 2r for Underground Physics (CUP), Institute for Basic Science (IBS) 35




COSINE-200 crystal development  oX
* 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

Purification factory + . e
-0 kg powder load Full size grower\%.k\",
100 kg ingot

Center for Un | , A A 36
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COSINE-200 crystal development  oX

May/2018

TS
Alpha rate per day for Nal024
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 Demonstrated quick detector assembly and underground measurements!!
« Good optical quality

* Need to improve radiopurity of the crystal

+ Plan to prove the low-background crystal by this summer
37



COSINE-200 sensitivity (similar for all future project)
* 1 counts/kg/keV/day background (same as DAMA/LIBRA)
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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

v meeea- PICO-60 C,Fg 2017
— —e— COSINE-100 (6303.9kg™d)
. 1keV, 1dru, 200kg*yr, 1o ° .
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Summary

DAMA modulation signals continue for last 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, need more data

PICO-LON/SABRE/COSINE try to produce Nal crystals
with lower backgrounds than those of DAMA/LIBRA

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

Stay tuned for more exciting results to come
from Sodium Iodine detectors!

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 40



