


Introduction

« Korea has Yangyang underground laboratory (Y2L) with about
200m? space since 2003. 20 years anniversary!!!

YangYang(YzL) Underground Laboratory

KIMS (2003-2012)

COSINE-100
(2015-2023)

AMoRE-pilot, |
(2015-2023)

Since 2003
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Yemilab for new discoveries

* New underground laboratory in Korea is one of the most
important milestone of the CUP/IBS — 10 years journey

Hadeok iron mine, Jeongseon, Gangwon, Korea
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Yemilab

« ~1000 m depth, more than 3000 m2 space
« Two access ways, ramp-way (30 min) and elevator (3 min)
* Open to other researchers

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



Yemilab
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Underground facilities
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Clean environment concept at Yemilab

. doors
® Dust protection doors — existed

N > Seven doors w1 | ™ scheduled
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parking

Class > 100,000 »
Car washing Class ~ 100,000

AN 1. Safety clothing change to lab clothing

%’ y - Safety clothing : helmet, safety shoes, long jacket and pants
o - Lab clothing : free helmet, lab shoes

Nadao 2. Cargo transferring by trailer from clean zone

Hyun Su Lee, Center for Underg



Counts/(20keV day)

Environmental measurement and monitoring

Gamma background with NalI(TI)

ICP-MS/HPGe measurements of rock and dust samples

10° 2021.3.23. 238U 232Th 40K
Bare Cavern
20225, 3 Rock (lab) 10.4Bqg/kg 13.3Bg/kg 366Bqg/kg
» AMORE lab. Dust (cage) 24.6Bq/kg 15.2Bq/kg 226Bq/kg
2022. 8. 10. Dust (lab) 25.0Bqg/kg 23.1Bqg/kg 407Bq/kg
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Yemilab ground
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Yemilab ground

Dormitory,
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Yemilab ground

Ground Office

Renovation of closed high school

Supported by local' government

i Yemliab ® Jeongseon
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Physics program at Yemilab

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



COSINE-100 (2016-2023) @ Y2L

» To verify the DAMA/LIBRA conundrum Youngju’s talk

e DAMA/LIBRA annual modulation data g (Monday)
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COSINE-100 operation was paused for moving to Yemilab and detector upgrades
from Sep. 30, 2016 to Mar. 14, 2023
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(End of COSINE-100)

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



WIMP-proton S| Cross Section (pb)
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COSINE-100 results testing DAMA/LIBRA

WIMP-nucleus recoil
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. Sci. Adv. 7, eabk2699 (2021)
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COSINE-100 to search dark sector particles

Phys. Rev. Lett. 122, 131802 (2019)
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Understanding low energy detector response

Nonproportionality of NaI(Tl) for y or x-ray

1.05
1.00 f------m-mmmm oo -

0.951

0.901 |

QC5 / Energy
[Unity at 50 keV]

> 0.851

g € 0.801f

~ 0.75 Best Fit ¢ Sample Crystal $ COSINE Crystal 4
2 ) X2 =2832/36=0.79 COSINE Crystal 2 b COSINE Crystal 6
> 0.70 10 Error Band i COSINE Crystal 3 b COSINE Crystal 7

—

QC) 0 10 20 30 40 50 60 70 80 90 100
(11

Energy [keV]

Nuclear recoil quenching factor

- o Spooner 1994 4 Collar 2013 (Na)
0.7-keV 45 - 5 £%¥§.’QJ 2%89 393"23(;125?13 y
Arestine 402_ gi%%ﬁgzzf:jrementwa) : jCé]ga?ﬁ%l):%:%?al
Neural network score 351 ‘ %

« Improving low-energy selection using 30E J 1 ‘% flr | %
neutral network and reduce the analysis 2E ( M > ; i‘ s
threshold to 0.7 keVee ©E %;%T’ Ok ;ﬁ'ﬂ

. : 15~ =il “‘#‘“Tﬁ I
« Low-energy calibration for the electron 3 ol S
. ) 10— _4_
recoil (keVee) and the nuclear recoil | i =N . S
(keVnr) Y IV O
< Make ready for low-mass DM search 5 10 Energy (keV) e

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 16



Understanding low energy detector response

Nonproportionality of NaI(Tl) for y or x-ray
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0.901 |
0.851
0.80 ¥

QC5 / Energy
[Unlty at 50 keV]

1.00 f------m-mmmm oo -

S
0
\x_, —— Best Fit ¢ Sample Crystal $ COSINE Crystal 4
- 0.75 X2 =28.32/36 = 079 COSINE Crystal2 & COSINE Crystal 6
(®)] 0.70 B +1o Error Band ? COSINE Crystal 3 b COSINE Crystal 7
’Q-) 0 10 20 30 40 50 60 70 80 90 100
ch Energy [keV]
Nuclear recoil quenching factor
- o Spooner 1994 a Collar 2013 (Na)
0.7-keV 455 2 Gorotlr 1988 5 Sasors
) - o Simon o Chagani
hreshold a0 8%; 2,{;3)003 . ge0 ?,“)‘f‘,’:.%:%?a'
- ® This Measurement(Na
Neural network score 35f- ‘ %
« Improving low-energy selection using 3.6 keVnr e J i ‘% *fjf L Talf %
neutral network and reduce the analys; 2E ( M > ” s
ol Neb{ron: 214 - | E
threshold to 0.7 keVee ; \ 20E- " _%iwfér #ﬁfﬁﬂ
] ) 3 15 T .4
* Low-energy calibration for the electron Preliminary \10’ & j: RS { T
recoil (keVee) and the nuclear recoil ¢ i —= : om
OmOfs| S % BB Rk
(keVnr) =T N S I o ¥
< Make ready for low-mass DM search 5 10 Energy (keV) e

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

Institute for Basic Science (IBS)
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COSINE-100U (upgrade) @ Yemilab

* Novel technique of crystal encapsulation (applied to NEON)

o+ . owov 1 NIMA 981, 164556 (2020)

Jaejin’s talk
(Monday)

Assembly ——

Increased light yield above 20
photoelectrons/keV expected
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Similar design was applied to
NEON experiment and proved the
long-term stability

Institute for Basic Science (IBS) 18




-35°C operation at Yemilab

-25°C operation .
39 P Warehouse freezer at Yemilab
P —-35°C o i W \ \ o
2« Increased light yigl | S - |
B : : Mean time (us)
8 ' Improved PSD
g S el

counts/hr

R S T | (L U _
0 1 ! L
500 1000 1500 2000

Number of Photoelectrons

* 5% gamma light yield increase
* 10% alpha quenching increase
“* Will measure nuclear recoil quenching
* Pulse shape discrimination is
significantly improved

To start COSINE-100U at Yemilab October/2023
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 19




COSINE-200 crystal development

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

K.A. Shin et al., JINST 15, Co7031 (2020)

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

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

We produced ~ 400 kg low-background Nal powder
Purification

factory ~70kg
powder load

(Maximum production rate ~ 100 kg/month)

Crystal in
B g‘

OrDAMA/LIBR/
P

External

S
\\\\\
s

—h
S

Counts/keV/kg/day

PJC 80 (2020) 8
Front. Phys 11 (2023) 1142765

Energy (keV)

B A proof of principle for low background Nal

Hyun Su Lee, Large crystal growing is going on 2(



COSINE-100U sensitivities

WIMP-proton spin-dependent Low mass search with Migdal

E SD-WIMP Sensitivity 10°E- B : :
T 10 3 3 i
a = —— COSINE-100 (Upgrade) ‘ N\XENON1T (Migdal)
c 10l — COSINE-200 q 10 =
s & COSINT-AT | & F :
S - _ 2 | c 10°F
‘ | L ko) N
» e B 100
} d’ —
% i KIMS Csl _ 0 10k
Q 107'E ] 555 % =
[ : Bos, 04 I =
(,':) F \._PandX-Il ~— o 10°E
g 10°¢: O F
° = c 10°E
9 f Q =
Q107 5 10
o E o 1F
= el -+ COSINE. ;1 4 1 SD-WIMP Sensitivity (Migdal) : P
= E == o S [ COSNE-100wegeds | o
E 107 COSINT-1T ' ‘ | ‘:
| 1 1 1 1 I I 1 1 1 11T 1 | 1 Ll
1 10 102 10? 10°

WIMP Mass [GeV/c?] WIMP Mass [MeV/c2?]
22 NPE/keV, 1 year operation (100% efficiency), 5 NPE threshold

« A world best sensitive detector for low-mass WIMP-proton spin-
dependent interaction
* Feasibility test for the COSINE-200 & 1T experiments

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 21




AMORE experiment

Simultaneous detection of heat/light signals

To observed the neutrinoless double beta decay of 19%Mo Yoomin’s talk

* Metallic magnetic calorimeter (MMC) and SQUID: (Monday)

» Fast signal response = less random coincidence (pile-up) bkg.
* Energy resolution ~ 10 keV FWHM at 2.6 MeV.
* Operation at 10-20 mK temperature for AMoRE.

0.8 Crystal 12 (CMO)
0.6 —— Raw heat |
Photon sensors % C s i —— filtered
— R T S A Pl - B R i -
= > = N [\ T
; - - = 0.2F | | -
f { £ [/ \
g Crystal: < oof—V -
) 48deplCaMoO4 / : I
2 Li>MoOy4 Light absorber 0.2
ko) (Ge/Si wafer) ' ; ‘ : . ,
@ - Raw light |
- R H~5 & . g — B \] 2 xfiltered
q;” ' = ' < 0.00f /
L ;
Phonon sensors 3 -0.05F
s \
. £ -0.10 % .
<
Stabilization heater Phonon collector iR 1S, S0 - —0.15F \\
(Au/Au film) ) _020F . , | . g
0 5 10 15 20 25
Time (ms)

Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 22



AMoRE-pilot @ Y2L

« 6 Ca'®MoQ, crystals (1.9 kg)
Operated 2015-2018

* Understand vibration noise ]
« Understand radioactive backgroundsj&s

0.35 ckky(counts/kg/keV/year) @ ROI
e Ty/; > 3.2%10%° years

Eddy current
damper

St E AL

He-3
circulation ﬂF
L
still " Grasras. {4 suspension
| I springs (SSS)

geophones

radioactivity

shields
T e suspension
ackgrounda modaelin :
Bly 9 9 a-spectrum of crystal 2 [EPJC 82 (2022) 1140] 4« springs
! (mass-spring)
=+ Data Co-60 Near crystal components :‘o"t- L B e s e n
== Simulation total 2088 Neutron 3 = oy =]
— Internal —— Rock Rnin air y
I (.lonflg 1 * ] '\AMORE-pIIOt
3 .
10 0.37 kg-yr - — detectors
X2INDF=255/183 |
1071}
10-2 . 2 | I 10-?
10° Config 2 | 1055603000 3500 4000 4500 5000 5500 6000 6500 7000 —— rigid
2 0.24 kg-yr Energy (keV) decoupled
3 102fK0 X?INDF=280/183 | 107
T Around ROI
: T : - 10-* ==
; 10°F S 3 —f= Data weighted average  wses Background mogel combinad ]N o
3 s, Config 1 Combined sensitivity median=2g ].:
101F 20F g:::gi ~—— Combined mit 90% CL ‘ < 10+ ]
10-2 s oy T12>3.2x1023 years °
3 onfig ] 2151 1| o
19 0.07 kg'yr 3 t 107 1
102 Pt X*mOF=2541174 | &
3 o] "
v N 2 10+ -6
10'f JINN 5 [ 107° 4
3 8 |
100F J P~ T
i 05 a 10 10
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Energy (keV)
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AMOoRE-I| progress

* AMORE-I began Aug. 2020 @ Y2L and runs stably
until May/2023
* 13 Ca'®MoO, crystals and 5 Li,!?"MoO, crystals, ~6 kg (3 kg of 1°0Mo)

AMoRE-I Preliminary

I I 1 I I
‘ All precut x PSD/LH I ~ Anti-coincidences‘

10° ]

QBB 10 3 10

10* 1 0.15

0.1 4102

-
o
w

0.05

0 110!
2800 3000 3200 3400 3600 3

count /5 keV
[y
o
N

count/keV/kg/year

10°

-
o
[

Full data set
107
10° ~10 kg years crystal exposure
0 1000 2000 3000 4000 5000 ‘ 6000 7000 8000 9000 10000 100
Energy (keVee) ~5 kg years Mo exposure

« Background around ROI ~ 0.03 count/kg/keV/year (ckky)

« Finalizing result using full dataset : soon will be released!!

 AMORE-I stopped physics operation May/2023 and AMoRE-II @ Yemilab is

under preparation to start phasei at early 2014
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS) 24




AMoRE-Il @ Yemilab

100 kg of 1%9Mo @ Yemilab for 5 years

Lio199MoQ, crystals in 5 and 6 cm cylinder. (~ 400 crystals) - »;"WAaterTank:mcm .
thick, 56 ton

DR inside heavy shielding with Pb, PE, and water.

Muon detectors installed.

[  ERN
% 132 Plastic Scintillator Muon Detectors (PSMD) . \‘]m
. . . Boric- Pb (2
*» Water Cherenkov Muon Detector(WCMD) with 48 PMTs, 70 cm thick acid ickn Ay c5k
water. = )

power is over 10 & low contamination of U and Th

500

400

Light/Heat ratio (a.u.)

* o
SN

For the first time, Li,'°°MoO, enriched crystal grown at
IBS(Daejeon) shows satisfactory performance. Alpha rejection ADC counts of Upper panel Vs lower panel

O

LMO grown
at IBS

PE (70 em thick,
27.5 ton)

Preliminary - - -

3
Energy (MeV)

6

oMt Ll b b o ———
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 38 ) 2 5

rground Physics (CL Lowes panel



AMOoRE-II preparation @ Yemilab

...... =] stainless steel water tank
Rn clean room 1

00 oK - ID : 7.5(W)x12(L)x4.2(H) m3
- 9 changes/day with Rn free air

| Physics (CUP), Institute for Basic Science (IBS) 26



AMoRE-I| preparation

= Module de51gn
Lryostat'test @ IBS HQ P

]
oy

AMoRE-Il
refrigerator

AMORE-| - AT Phase1:

Refrigerator

10 towe?s

90 crystals
e 27 kg e

Phasel tower
des;gn —

2

Phase2: 10 +35 towers = 50 towers (450 crystals)

&

a5 7 &2 Phase1 start around early 2014

~
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Ve
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AMoRE-I| preparation
180 kg LMO at final

AMoRE-II
refrigerator
AMoRE-I
Refrigerator

- Phasextower’
= degign =- |

7 b "¢
- TS\ b
% ) A
<

Phase1 start around early 2014

|| =
=5 % =,
BP %) 3
> 3
U

.3
o e [
e =
LS e =

% =02 Phase2 start at 2015-2016
Hyun Su Lee, Center for Under@ &2

&#sics (CUP),  Institute for Basic Science (IBS)




AMoRE-Il background

To_tal

Stainless steel can

G10 fiberglass tubes

Cu plate under inner, lead
1 SC lead shield

..............................

. Cu bolts

Vikuiti reflector
. Photon Cu frame
. Phonen Cu frame

.......................................

+ +, Lead shield(Boliden)
! Lead'shiéld(Hackgwang]

, Boric agid. RoWdErL.........

. s, Rn-free air
. LMO internal
1 2vBpB random coincidence
. Rock gamma
. Muon

Neutron

............................................

SAMORE-Il Goal

10°° 10°° 107# 10
Background level in ROl (count/keV/kg/yr)

Counts/keV/kg/year (2.0 keV bin)
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10-1 | ROI JE—
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e Sy ]
ul = s i i Ty
L i =iy AL
10_6 o T —.j.:" ’.:r " T
——— T R [T L] e
107 — : e
2.95 3.00 3.05 3.10 3.15

Energy (MeV)

« Background understanding from AMoRE-pilot & |
« Various measurements of detectors & detector components
« ~10 ckky at ROl is achievable

2vbb

LMO internal
Vikuiti
Araldite
Stycast
Pb-Sn solder
Clamps
Phonon frame
Photon frame
Post

Cu bolts
boricacid
Lead

Radon
Neutron

Total

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)

29



AMoRE-II sensitivity

* Discovery sensitivity

% The half-life for which an experiment has a 50% chance to measure a
signal above background with a 3 sigma significance

Background unit : ckky = counts/(keV kg year)

Discovery sensivity for

Discovery potential Sensitivity limit
1027 10°F
B _
S
: 1026 | 10~ s
@) E s
S > AMORE-1I Goal
® 2 1072} -
o 10 :
e :
g NO
@
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Liquid Scintillator Counter (LSC) @ Yemilab

~ The largest cavern @ Yemilab for future neutrino telescope

Next of Borexino? Conceptual des1gn

* Buffer

1.5m

»

20m [[17m

v 17m )

v 20m

Target: 2.26 kton LS
Buffer: 1.14 kton mineral oil
Veto: 2.41 kton water

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




LSC with IsoDAR

: ‘lsoDAR Neutrino Source

RLEL IS |

Flux

LT — | e e e vy e B
Antineutrino energy (MeV)

2M IBD events 1n 5 years.
~ 1000 events/day

| N A
2 "

JINST 17, P09042 (2022) : “]soDAR@Yemilab”
IsoDAR uses 8Li Isotope Decay-at-rest

New JPhys. 24 (2022) 2,023038, htt
ps://arxiv.org/abs/2 103 09357

p+°Be — 8+ 2p

p+7Be = "B+n

Protons
60 MeV " n+7Li— Bl + 1
10 mA
bookw A : 7 °Li = "Be + e~ + 1
"7(',‘ ;V(? 4 4 = . -
Runtime 5 calendar years
IsoDAR duty factor 80%
Livetime 4 years
Protons on target/year 1.97 - 10%*
®Li/proton (#./proton) 0.0146
Ve in 4 years livetime 1.15-10*°
IsoDAR@Yemilab mid-baseline 17 m
IsoDAR@Yemilab depth (985 m (2700 m.w.e.)

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)
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Am? (eV?)

IsoDAR @ Yemilab

10

Sterile neutrino search

IsoDAR@ Yemilab
(5yr 50)

RAA Ngutrino-

—IsoDAR@Yemilab 5yr 50

- Prospect 96days 30
RENO+NEOS 50

- Best-Gallex-Sage 30

- =-Best-Gallex-Sage 10

0.1
0.001

0.01 0.1 1

sin220,,

sin?(8y)

Phys. Rev. D 105, 052009 (2022)

Hyun Su Lee,

0.28 1
0271 Weinberg angle
0.26 1
Global
reacton
0.25 1
0241 | T Vomuee | 3 -3
:i ‘ — . = \
0.23 = -
0.22 1 . ’ . . .
1072 107! 10° 10? 102
Energy (GeV)
Non-standard interaction
0.15
0.1 ]
//
0.05
d \Q@Y/ ,
-0.05 ~_+
[ —IsoDAR@Yemilab 5yrs 90% CL (No Direction Cuts
-0.1 1 —1soDAR@Yemilab Syrs 90% CL (With Direction Cuts) —
—Global Analysis 90% CL (Forero and Guzzo PRD 84 013002)
0.15 . - ' .
-0.15 -0.1 -0.05 0 0.05
.“R

Center for Underground Physics

0.1
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Electron collider @ Yemilab

Dark photon

" L=20m 102 ¢
A’ Productio”n A’ detection 103 L ‘N
darl;-rscfgs]lung A’ decay 1) ete- 10-4 AN - i
e- Tal:get/ A',9 ete- 2y
100 MeV Shield N> o :g:::if:f::::ﬁng) 107> \\\ < —— Belle-ll
La=0.5m Decay distance w N — FASER
. e
Detector 10_7;, 7 \/ SHﬁab
Sunny Seo et al., JHEP 04, 135 (2021) | — e
, ] . A 1078 — Yemilab 0 bkg 3
v =2 A’ Oscillation Sensitivity ; o556 0\ — Yemilab 10° bkg
' ' ' ' “EW] W0 = N T A T T
. Yemilab 0 BKG Yemilab 10% BKkG Me [GeV] https://gitlab.com/philten/darkcast
—————— « Best Direct search sensitivities for
El S Y A s e e 3
: the low dark photon masses
S 9 SIIO‘L Sun-T
2 ~ "™ « Any other possibilities to use LSC
st | | cavern for important basic science
2 0 2 4 6 .
Logio s V] research are still open and welcome
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Yemilab

« There are new underground space waiting for your idea!!

35

Institute for Basic Science (IBS)

Center for Underground Physics (CUP),
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Summary

Yemilab is new underground laboratory utilized for basic science
research in Korea

COSINE-100U, 200 and AMoRE-II will be operated at Yemilab
starting from 2023

LSC cavern is ready for future neutrino telescope with various
possibilities

We welcome researchers who utilize Yemilab for basic science

Hyun Su Lee,  Center for Underground Physics (CUP), Institute for Basic Science (IBS) 36



