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Current status of direct dark matter searches

Particle Data Group (2018)
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« Well progressed for high mass search t0104%cm? @ 50 GeV
« Exploring low-mass dark matter
* Unresolved signal from DAMA

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 NPE/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

o

| Phase2 data
- |~ 1dru background
o L | | R [ l

0 2 4 6 8 10
Energy (keV)

2 -

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

Institute for Basic Science (IBS)



Typ (pb)

Annual modulation signal from DAMA/LIBRA

&

& P B

1-3 keV

Phasei1 experiment Phase2 experiment

}ﬁw- & }Q&"I-M oV }fT 9& } o )ﬁ,w ’E* :zj 2 : DAMA/LIBRA-phasé? <250 kg c1.1.? t%nxvr
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E‘ :Zz: E ! ! | i | li | i | Ii | : 6250 6500 6?50 7000 ?250 ?500 ??50 SOOOTHHEB(Z;([;]
4000 500 000 e (ay) Nucl. Phys. At. Energy 19, 307 (2018)
Eur. Phys. J. C 78:2648 (2018)  _ oo ot [11_,1},,3‘?\’ threshold
2keV threshold RN | i |
R ST N st o % Fhy
e e e
e & Sa"age et al, JCAP 04 (2009) 010 i=L | >130 significance . . .
ol DAL[AReglons 6250 6500 6750 7000 — 7250 7500 7750 SOODTMQE(Z‘;S),]
iy o Modulation Amplitude
B Sy 3 009 AE = 0.5 keV bi
" Gop3are0% = 0.5 keV bins
T =% )] | . $0.025 Y.
T AT N\ = /e % 0 * -'ﬁ:_'—&ﬂm P SIS SN N, P S
& RN o i S
o \—/50'025 +2(6-20 keV)/dof = 35 8/28 (P-value=15%,)
107+ spin—independent wn 0.05 - 2(6 20 keV)/dof = 29.8/28 (P-value=37%,)
8 me | - | L I L1 I 111 | | I
1 10° llljl 1;32 103 2 4 6 8 10 12 14 16 18 20
Mynve (GeV) Energy (keV)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



Global Nal(Tl) efforts

COSINUS — P
@ LNGS
DAMA \L/
O S KIMS/COSINE
SABRE @ Yangyang | Background ~ 3 dru
LNGS
= X In Data-taking\
— / since Sept/2016 **
ANAIS PICO-LON
Kamioka
@Canfranc @

In Data-taking SABRE

¥ -ﬁ"’ °
s v’/ - since Aug/2017 @ Stawell \
om lesd Anti-Rn bax
10 e ancsent lead - *

40 om mectron shiekdng

COSINE, SABRE, PICO-LON are developing low background Nal(Tl) crystals

TT
DM-Ice @ South Pole

- =
,* - '
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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COSINE organization

Spokesperson
Reina (Yale) & Hyunsu (CUP)

Collaboration Council

Yeongduk (CUP), Hongjoo
(KNU), SunKee (SNU), Neil
(Sheffield), Liang (Urbana-

Champagne)
Detector Analysis DAQ+Softwa Simulation Publication
Operation Changhyon re Eunju (CUP) +Speakers
Changhyon (CUP) & Jay Kyungwon (CUP) Spokes
(CUP) Hyun (Yale) , Youngju(CUP)

COSINE-200 R&D (Hyunsu)
Purification (KunA), Crystal growing (Sejin), Detector encapsulation (Changhyon) + others

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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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)



Costs

Crystals 10 (5)
3" PMTs 0.5 (0.2)
Shielding 2 Contribution from
Lead 45 Yale ~ 5.2
Copper 0.5
LS 0.2
5" PMTs 0.3
Muon 1
2" PMTs 0.4 Unit : 0.1 billion KRW (12 &)
DAQ 0.5
High Voltage 0.3
Total 20249 ¥
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



COSINE-100 operation

T
COSINE-100 exposure
;j =3 1000 el _. ...................................................................... . ................................. | ..................
2 h, bl Al CUSINE-T0U Preliminary 5 :
2 e '?ll."m"ﬁ 800 |- Total Lived 996.9days (937%) | s Sl
N @ : :
2 — i | _: I % BOO — e Bt e : ..................
’E & I L = l (=) g : ;
: ol L Ll k. |
z ‘%LLNLLH‘ U-li"u".hl.l wuuklgudu "14 _‘d_ﬂ JL\“ u.i ‘,th | 5 40 e - OO OO SOON
ol 0120, *3n 01, 138 039¢. 15h 040, 130 0539, 130 0023 1In Annual Odulatlon

MEAADC Long e Rase

i 5_ e D00 b g analysis............jo...
= ‘ J | July/17 (2018)
BB SR % TR e 0 First physics analysis |

pq T P ,,,.i :{lﬂ‘ l T T e 12/31, 05h 12/31, 11h 12/31,17h

Sep/30 (2016)

‘:—’_::E_ Crystal
e Stable physics run g; | | bwter oom
*» >90% physics data ’ 5-*}_, N =S
< >95% good runs o U SR DU B S S e i/

e Qperating more than 2.8 years
s 2.5 years good data

. . Gaus. Fit<T>, o |

~£ Temp. Projection - 2427C, 0.06°C

- . 23.04°C, 3.0°C
—— 23.46°C, 0.09°C |

count per 8 hr average

o

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



Background understanding

| Slngle hit event (6-2000 keV)

2 3'5:
E_ | Eur. Phys. J. C (2018) 78:490 S~ Eﬁ 3:— +Dah e em
i:m _ 5.‘! 1“*!&;.;“ . + Data — Total MC Internal g 25 f_
& E' i By IJ"—-". Cosmogenic Surface  — External -'g E
E | gl 2E
S 1 E:H\w%w‘:f B Data S 15 ;_'_‘_I_I_I_L
VALY | Total MC :
Y v Vi E
107" \ } ;L;I_ 1}.5;
) -h.;'\mﬁ:jifi I|I A GZ_ 4I 6 8 I ‘H}I I I1F_"I 14I I I113I 18 20
0% 76 20 a0 40 50 60 200 400 600 800 113'13012'1;0}4:3'015'U018|00 <oy e
Multiple hit distribution Energy (keV) Components Background 2-6
¢ | Multiple hit events (2-2000 keV) keV (dru)
210} Eur. Phys. J. C (2018) 78:490 -
Ei pata TotaG - nteral Internal 21°Pb 1.50 +/- 0.07
%' Cosmogenic Surface  — External I 4OK I O 05 / O Ol
A .05 +/- 0.
3, " o Interna
T Surface20Pb | 0.38+/-0.21
ol a | 3H (Cosmogenic) I 0.58 +/- 0.54
] e VAN 109Cd (Cosmogenic) I 0.09 +/- 0.09
10+ e % B 2 %0 T o 1000121::014:3:0&2:3%3%3& ) Other cosmogenic I 0.05 +/-0.03
EPJC 78 (2018) 490 | External 0.03 +/- 0.02
Unigque in COSINE Total expected 2.70 +/- 0.59
Hyun Su Lee,  Center for Underground Physics { Data 2.64 +/- 0.05

DAMA
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First physics result (two month data)

PreCiSe baCkground NE1 0—38 ; —  NAIAD (2000-2003)
understanding & signal fit ¢ -~ = 00 A S o oy D€C/2018
10000 g‘] 0“39 = COSINE-100 90% expected (1o)

COSINE-100 90% expected (20)

—e— Data
— —— Best Fit

- +10 (systematic)
8000— +20 (systematic)
10 GeV WIMP ot b e

9 -' Sew COSINE-100 observed limit (90% C.L., 2018)
Exposure; 6303.9 kg day

ry

o
N
=]

Total counts/0.5 keV

2
)
)
S
&)
B T (2.35x10*" cm? at 10 GeV/c?) c
6000 %10—415_ .
S = e
N < -
4000+ %104‘25—
ey = Nature 564, 83 (2018)
2000— U)10—43H||| 1 Lol ! ! ||||\||3 L
Internal [__] Cosmogenic 10 10

" Surface | External W”QAOFQ’ Mass (GeV/Cz-)IO
ST COSINE-100 excludes DAMA/LIBRA-

ﬁ phasel’s interpretation with the SI-WIMP
Interaction in Standard Halo Model

0.1 : - -
2 25 3 35 4 45 5 55 6 Consistent with other null experiments
Energy (keV)

(Data-Fit)/Fit
o

First time with same Nal(TI)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)




Inelastic boosted dark matter search (two month)

PHYSICAL REVIEW LETTERS 122, 131802 (2019)

.
E—— April/2019

First Direct Search for Inelastic Boosted Dark Matter with COSINE-100

PRL 122, 131802 (2019)

1072
— "g-h
N r
- “‘-“‘
- “-_.‘
| &
-
- a7 _.‘n."“
'''''' ~"'~.-L
&
o
w103 - o
C ,‘,,r"'"
- e
i J‘__‘r""
e -+ M=20MeV, m_~40MeV, y =100
e T m=10MeV, m,=15MeV, y 1=5(Il
m=6MeV, m.~7 5MeV, y =20
4 | 1 1 | | | I | I 1 1 1 1 1 11 1|
1074 10 102

Effectively ton scale detector taking advantages of 2 ton liquid scintillator
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)




Annual modulation result with COSINE-100 (1.7 years)

OCt/Zl (2016) - JUI/18 (2018), 17 yeal‘ _:? o . COSINE-100, 1.7 yrs
1 > — Single-hit
Environmental ¢ .. 2keVanalysis ot
. threshold I DAMALIBRA Phoecs
parameters _2-6keVdata T '_
o P 8% Ml June/2019
1 ‘.,.n. | : | ‘ | S e v - %— P .""'.-.'.‘."" EoAl
60— b) Humidity Z: E : 4, + 4 + E r ! [F
ZIEAO* g 2'5,7 . + . ™+ - :.‘_% —0.02-_
) L s Sty ] E - 1keV threshold analysis is preparing
e i e i':ff I~ Hq. un 004 5 T R 20
EAOWWWWE ‘ + ICrystal; I Eneray (kevee)
e T e, PRL 122, 131802 (2019)
27 + * +++++++++++++ 4H s — R
300 400 500 600 700 800 900 L N ¥+ DAMAﬁI:IBRA maxima N ‘* 1 -
Days Since Jan- 1,2016 ~ ’ Days Sing GIi’xan1 2018 10- —
Config Amplitude (2-6 keV) Phase (days) AR |
Expected Standard Halo | ]
COSINE-100 0.0083 + 0.0068 152.5 (fixed) 32
S— % C.L.
ANAIS -0.0044 £+ 0.0058 152.5 (fixed) = e
PRL 122, 131801 (2019) E
DAMA 0.0095 £+ 0.0008 152.5 (fixed) s*
COSINE-100 0.0092 + 0.0067 127 +46 £ L \ O
DAMA 0.0096 + 0.0008 145 £5 i SR—m—

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



Publication summary (2014 - 2019)

Nature 1

PRL 2

JHEP 3 2014 2
JCAP 1 2015 3
PRD 1 2016 3
EPJC 4 2017 2
AP 4 2018 8
NIMA 2 2019 6+(?)
JINST 4 Total 24
JRNC 1

IEEE 1

Total 24

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



Ph.D students

Current Ph.D students

IBS-UST 2
Sejong 1
SNU 1 (+1)
Three Ph.D Theses so far KNU 1
SNU, Sejong, Bangdung SKKU 1
Korea 1
Yale 2
Sheffield 1
Sao Paulo 2 (+3)
Total 11 (+5)

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



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 Su Lee, Center for Un



COSINE-200 crystal development

May/2018

h S
Alpha rate per day for Nal024

4

160 Chi~2/NDF = 45.9/63

... Saturated Alpha rate : 3.80+/-0.26 mBq o
o[- CONtaminated day : 2018 May 29 +/- 7days PI' ll

After polishing(07/19) ‘}

number of alghas
=]
o

o
[=] =]

§P’I\|IH|IH|III|III|H

Growing(05/24)

Goal : less than 0.1 mBq/kg
| 210Ph contaminated

1
o

Tima

 Demonstrated quick detector assembly and underground measurements!!
« Good optical quality
« If we reduce ?1°Pb contamination, we can reach to DAMA level (1dru)



COSINE-200 crystal development

Aug/2019

Pure Nal |

<Body growth>

<Quartz cover> <Impurity>

ICP-MS measurement

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

To understand 2'°Pb, we need underground measurement

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



Competitors

Arrived at LNGS on August 6, 2019

First crystals
. Total Alpha : 0.4 mBq/kg

PICO-LON

Ingot26 Ingot37 Ingot71 Ingot76
(2015) (2016) (2018) (2019)

Size
%K (ppb)
232Th (ppt)
238U (ppt)
210pp
(uBa/ke)
Method

3"HX3” 4" pX3#
2630 120
0.4=*0.5 3.7%x0.5
4703 5.9%0.3
307 2300
Resin for  126+cation
Pb resin

3l}¢x3” 5”¢x4" *)
<20 <20
1.7+0.2

9.7+08 4.4=%*0.2
1076 ~560
double re- Pb resin +
crystallizat double re-
ion crystallizat

ion

COSINE is frontier in low-background Nal crystal (CUP has all technologies)

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



COSINE-200 sensitivity (similar for all future project)

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

COET T T

: A : DAMA allowed region (90%C.L., 35, 50)
: \ Pl : COSINE-200, 3 years of data
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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COSINE-200 costs (2021~)

Current COSINE-100 shield is Crystals 2
designed for 200 kg experiment 5" PMTs 92
_ Shielding
We just need to replace all crystals Lead
Copper
COSINE-200 may start around LS 0.2
2020-2021 5” PMTs
Yale won NSF funding for COSINE Muon
experiment since 2019 fall 2" PMTs
DAQ 0.5
High Voltage 0.3
Total 359

Already 2.3 21 & was spent

1.2 & & will be supplied (2020~2021)

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



COSINE-200 in the South Pole (20237)

* If we observe similar modulation as DAMA
* Southern hemisphere experiment is needed

« South Pole has good option at 2022-2023 with IceCube upgrade
*» We can provide low-background Nal(Tl) detectors

Close-Packed Detector Array

inner crystal

outer crystal

veto capability and background
rejection in close-packed
detector array

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



COSINE-200 in Gran Sasso (?)

 If we do not see similar modulation as DAMA/LIBRA
* It may be local environmental (or scientific?) issue
** It seems to be required to do same experiment in same place

SABRE in Gran Sasso

MOU between IBS and INFN

#3-0|gelot £ 30| H|Y Ert

IBS, O|&f2|ot 2 &S 2| HPA(INFN)2F Y FEA(MOU) 4|2

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

Institute for Basic Science (IBS)



COSINE-200 in Gran Sasso (?)

 If we do not see similar modulation as DAMA/LIBRA
* It may be local environmental (or scientific?) issue
** It seems to be required to do same experiment in same place

SABRE in Gran Sasso
COSINUS MOU between IBS and INFN

¢t=-o|g2|ot £&n 52| HIY ECf

COHEREN’ I Y IBS, O|&42/0F 22|8423| XA (INFN)2F P2 EHMOU) 4|2

> ,’ = / “a ,
£ DAMA-1ton | e -
i S R

Lo-ackground Nal has lrg interests

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



General direction for dark matter detector
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



Nal(Tl) for dark matter detector
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« Nal(Tl) is easy to scale up with affordable background &cost
« Affordably low energy threshold

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



0.1 dru background?

Cosmogenic
< 22Na, 3H may be issue 10 F e 1
% Our own growing make much S e e EE E&C (Si) CRESST
less contribution =T TEXONG - TTT
“* May consider underground R i
crystal growing lab g 1 [__ CDMS-II -
2 ‘CDMS-Lite
Internal background > _
<+ Further development of powder E EDELWEISS |
purification & crystal growing 3 | Single hits
| 10 = . o
External background R Al
% At low energy, it is already low [ Majgr;;; ER e
enough' Can consider CryStal Note: cryogenic detectors designed ]|
Capsuled with LS 10'2, T w:th addEdERrE]}EE‘HDn mm.-nd
. - —10—15—20— 25== 30= 35 40 45 50
DMay consider |al‘ger LS XENON100 Energy (keV)
thickness between PMT to
crystal Jules Gascon (IDM2016)

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



0.1 dru background?

« Cosmogenic
% 22Na, 3H may be issue

% Our own growing make much
less contribution

“* May consider underground
crystal growing lab

 Internal background
% Further development of powder \ >

Current COSINE crystal

—
(=]

;

Total ~ 3dru

Counts/keV/kg/day

—

purification & crystal growing

« External background

“ At low energy, it is already low
enough. Can consider crystal
capsuled with LS

107! =

. 107 5 10 15 20 25 30 35 40 45 50
May consider larger LS Energy (keV)
thickness between PMT to
crystal

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



0.1 dru background?

« Cosmogenic

% 22Na, 3H may be issue Internal (1/30)
% Our own groyving make much cosmogenic (1/20)
less contribution
< May consider underground Background reduced crystal

crystal growing lab
 Internal background

Counts/keV/kg/day

< Further development of powder Total ~ 0.1 dru
purification & crystal growing i
« External background / o | ik rn_pnmf"ﬁw
10“%%“]%% i m '

“ At low energy, it is already low
enough. Can consider crystal
capsuled with LS

May consider larger LS |
thickness between PMT to TS e e e s s w0 s s
crystal
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)




Further lower background

« External background can be rejected if we put active
tagging (I|qU|d scintillator) between PMT and crystal
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Low energy threshold with multivariable analysis

One of COSINE-100 crystal (~15 photoelectrons/ keV)
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"Further analysis is ongoing
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The Number of Events (/0.2 keV)

Low energy threshold from COSINE-100 detector

oo WIMP search data
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« 0.4 keV (6 NPE) threshold : Efficiency
 Efficiency is about 20%
** We may reduce to ~ 4 NPE lim
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COSINE-1ton experiment ? (2025~)

* 0.1 dru background, 0.5 keV threshold, 1 ton year exposure

COSINE-200 will be precursor for COSINE-1ton

Crystals 10 - Only using energy spectra
” cﬁ-" ....... arkSide-
3” PMTs 5 E _———— gAl\l:IS/-’\/dLIBSF({)AQE:\2591
A .- — — XENON 1T 2018 _
Shielding 5 = . — 1KV, 1dr, 2006y, 30
.,8 N T2 - s 0.5keV, 04dru, 1t7yr, 16
PR 0.5keV, 0.1dru, 1t"yr, 3¢
Lead 15 Qo -° s o 0.5k:V, 0.1d:3, 1t“¥:, wlo syst, 1o
g 10777 ¢ ‘ B 0.5keV, 0.1dru, 1t*yr, w/o syst, 3o
LS 1 g L
o
5" PMTs 0.5 ., s
o 10
()]
Muon 2 E
” 'C
2 PMTS 1 o 10745
=
DAQ 1 = N _—
e -_
HighVOItage 1 m10—47 | |||\||| | \l\l\\' | |\||\|| | ||||||‘
oig 10 10° 10° 10*
Total ~40 G H WIMP mass (GeV/c?)

It can be reduced to half if we reuse all materials of COSINE-200

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



COSINE-1ton experiment ? (2025~)

* 0.1 dru background, 0.5 keV threshold, 1 ton year exposure

1073

Crystals 10 o0 el
3" PMTs 5 10 10-5
Shielding g WL 10-6
Lead 15 § 10
Rl
LS 1 ; IO_“ Neutrinos
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I 47
Muon 2 S 1
& 107
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DAQ 1 e 0 100 1000 g
High Voltage 1 WIMP Mass [GeV/c’]
Total ~40 A

Good detector to study 2B solar neutrino

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

WIMP-nucleon cross section [pb]



COSINE-1ton experiment ? (2025~)

* 0.1 dru background, 0.5 keV threshold, 1 ton year exposure

J. Billard, E. Figueroa-Feliciano, and L. Strigari, arXiv:1307.5458v2 (2013).
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Supernovae neutrino

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



Pulse shape discrimination

JHEP 08, 093 (2015)

Physics results with R&D data

Nuclear recoil discrimination

i
=]

5]
=]

@

Number of events
(=]

=]
=]

o 8

2 i n —— DAMA/LIBRA
Neutr?%l‘;%qm Electron ég ?};LT ! [4: I NAIAD
- H W L b iz e — KIMS
i i B i 4 1% -
. JHEP 03, 194 (2019)

L 1
52 54

= | L 1 | X A
44 46 4.8 5 52 54 56 58 5] 6.2

In(MT) (In(ns))
(b) 2-3 keV

In(MT) (In(ns))

(c) 3-4 keV

107

CS|(T|) o Am/Be source

S| WIMP-nucleon cross-section (pb

107%

107%

. % A bheam test 10°

o 105 Ty Nal(Tl) . cerbier etal. WIMP Mass (GeV/c?)

2 ¢ e 5 e Our Data

uﬂ_f é

EREE

g L Q% ° °

S | . Improving PSD performance with neural
3 ®e

~ 15 photoelectrons/keV network 1S Ong()lng

'2 | 1 | | ‘ | 1 | | ‘ | | 1 | ‘ | 1 1 | ‘ | 1 1 |
10% 5 10 15 20 o5
Emeas (keV)

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



COSINE-1ton for spin-dependent interaction

 Both Na (Z=11) and | (Z=53) are proton spin-odd
*» Sensitive detector for spin-dependent WIMP-proton interaction
*» Most of dark matter detector has proton even element

. Spin-dependent WIMP-proton interaction

o
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--------- PICO-60 C,F, 2017
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



Optimize crystal encapsulation for high light yield

~10 kg

COSINE-100 design

PMT

\ 3” PMT

ptical Pad
Quartz Window
Optical Pad

i

New design

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



Assembly

« 25 NPE/keV would be possible

s ~0.25 keV ene[gy threshold " 4
Hyun Su Lee, Center for Underground Physics (CUP),  Insuwute 10r Basic >cience (15>)



NEON : Neutrino Elastic-scattering Observation with Nal(Tl)

Expected Signals (LY : 25 PE/keV)

o
L

Counts/kg/day/NPE,

J‘[ ~700 counts (10 kg, 1 year,4 PE)

Tendon Gallery of Hanbit Nuclear Power Plant (Yeonggwang)

« Use same place of NEOS experiment

 Put ~ 10 kg commercial Nal(Tl) detectors
* Largest mass between similar experiments at reactor

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



Background of commercial crystals
Unaer rounH measurement

EQ-02 Energy Spectrum (Zoom)
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Sensitivity

¢ InpUt parameters One example of Pseudo experiment

= Flat background ~10 dru E _bgﬁ_&ﬁﬂiﬁiﬁ 5 u; Signals : 553.4 +/-125.6
. *Hp 200:_

" Total mass ~10 kg w- & -On + * J[ +

= Reactor on data ~365 days ﬁ - Off (normalized) i
00 - CNNS Model “eop

" Reactor off data ~¥100 days " R A

= Light yields = 25 PE/keV On — Off data

" Threshold >=4 PE

1000 Pseudo experiments Ay? distribution

ay
M

Significance: 4.5+ 0.7 o o

20—
10
0 f . |
0 10 20 30 40 50 60 70

30 Ay

Estimate Ay? = x? (null) — x? (best fit)

# of Pseudo-data Sets
o
I

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



Strategy & costs

2019

2020

2021

2022

2023 2024 2025

NEON-pilot

EON-phase 1

NEON-phase 2

* NEON-pilot (~2021) ~ 121 & (+22& already spent)
= ~ 10 kg commercial quality crystals (Expect ~10 dru background)

= We will install detector by the end of this year > 3 ¢ evidence

" Goal : demonstration of detector performance and some hints of CNNS signals

* NEON-phasel (~2023)

~ +124 & (crystal +52 &) Recycle COSINE-100 crystal?
= ~ 50 kg COSINE-100 quality crystals (~3 dru background)
® Goal : observation of CNNS from reactor

> 5 o observation

* NEON-phase2 (~2025) ~ +221& Can use COSINE-200 crystals
» ~100 kg further purified crystals (< 1 dru background) >10 0

® Goal : precision measurement and explore new physics interaction

Hyun Su Lee,

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



Vv, — e scattering at below 3 MeV

0.01 dru is assu
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Hyun Su Lee, Center for Underground Physics (C U (GeV)



Summary

Primary goal of COSINE experiment is to prove (disprove)
DAMA annual modulation

*»» COSINE-100 has produced interesting understanding for this
purpose

% COSINE-200 will make final conclusion
Nal(Tl) detector R&D for COSINE-200 is well progressed

Beyond DAMA modulation has been studied and a few
Interesting directions are available

“* Spin-dependent WIMP-proton interaction

+» Coherent neutrino scattering

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



Backup

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



COSINE-100 construction

Dec. 2015 Jan. 2016 Feb. 2016




Light output (1 at 295K)

Light yield with different temperature

NaI(Tl) light output )
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| light yield
 In addition, alpha gquenching is

Increased ~ 20%

* Total 40% increase (?)
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Meantime(ys)

e ~20% increase of




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,

Center for Underground Physics (CUP),

Temperature coefficient of light yield -0.3%C

Institute for Basic science (IBS)
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— SET3 Predicted Sensitivity

Assuming no modulation case
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Improving Background Understanding

Background modeling for C6 [ High gain, Single Hit]

Background modeling for C6 [ Low gain, Single Hit]
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Background modeling for C6 [ Low gain, Multiple Hit]
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