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What are we looking for?

* Neutrinoless double beta decay (0vf[)

Double Beta Decay

Neutrinoless Double Beta Decay

« Kamland-ZEN

S —— Total —— *Xe OVBB (90%CL.UL) TOV 38 26
10° E2esscessee,. - Total (OVBB UL.) —— Xenon spallation products / J <0 . 0, '
> —— °Xe 2vBP —— Carbon spallation + *"Xe 1/2 > 38 x 10 yr (90/0 CL)
§ —— IB/External RI
8 103 Internal RI
Q - Solar Neutrino ES + CC °
S —+— Data_ arX1v:2406.11438
g 10 : :
1 2.097 ton yr of 136Xe
107

>
Visible Energy (MeV)

i.e.) 136 kg of 36Xe = 1000 mol X 6.02x1023 atom/mol = 6.02x102° atom

Challenge : We need to observe 1 event signal from 100 kg
detector of 1 year operation

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



What are we looking for?

« Dark matter direct detection
* . 4.00F
Lz arXiv:2410.17036 Q:
2 305F
&
= 3.50
=
_§°3.25 -
3.00
275 (3T T 0% 3
R NP T AP rarariiel IR S I
0 10 20 30 40 50 60 70 80
Sl(:[ph(&
4.2 ton yr exposure
10 g T T — g
Outgoing - |0“";
Particle E F
Incoming é
Particle §
E
g
=
= ‘ —= ]
48 Nt —mms Median I Escovey pomsal
10 F — Medanerpood pper Emi g
—— Power constuinod ugper Bmat J
o NPT | P o i et
4

10

Challenge : We need to observe 1 event signal frofi“t toii
detector of 1 year operation

Extremely Rare events!!
Center for Underground Physics (CUP), Institute for Basic Science (IBS)

Hyun Su Lee,



Background control is key

Comic muon

0| A K| T2 20FK|= =
=

=

... Volkova etal., 1979
... Dar, 1983
o Butkevich et al., 1989
x Lipari, 1993
o Agrawal et al., 1996
— Present work

10 10°  10® 10t 10°
Muon Momentum ( GeV/c)

Rate ~ 200 muon/m2/s ~ 6x10%/year

Energy ~ 100 GeV

To stop 100 GeV muon, we need ~ 100 m length lead

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



Go to the underground laboratory

2
10 w
Yangyang N
d d - Surface
Undergroun 00 OROVILLE (USA) Y2L
Laboratory (Y2L)
o i Yemilab
™ =2 |
E 10 BOULBY (UK)
. /  GRAN SASSO (italy)
= if {  HOMESTAKE (USA}
4 V4 ¢ [~ SUDBURY (Canada)
] 0 N CANFRANE mlaétilﬂ} ;) L4 MWSAN (RIUS.S'IE%
ST. GOTHARD {Switzerland} )
. FREJUS {France) A /
-6 MONT BLANE (France)
] O ! | ! | I

0 1000 2000 3000 4000 5000 6000
Depth (m.w.e)

Sea level : 200 muon/m?/s ~ 6x10°%/year
Y2L : 0.004 muon/m?/s ~ 1x10°/year
Yemilab :0.001 muon/m?/s ~ 2.5x10%/year

JCAP 02 (2021) 013
Front. Phys. 12 (2024) 1323991

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



Yangyang Underground Laboratory (Y2L)

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

YangYang(YzL) Underground Laboratory

KIMS (2003-2012)

COSINE-100
(2015-2023)

AMoRE-pilot, |
(2015-2023)

Since 2003

' ~ 200 m?2experimental space

TS
‘ : Shallow depth
OtOt gﬁdlyﬁ (Dark Matter Search) No expendable
= ?ﬁfo_ﬁ Dolible Beta Decay Experiment)

Minimum depth : 700 m / Access to the lab by car (~2km) cience (IBS)



Yemilab for new discoveries

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

ine, Jeongseon, Gangwon, Korea

Ha(Ji * 1000 meter underground.

« Construction cost~30 M$  Construction completion
«  2018-2022 ceremony (2022)

¢ Milestones : Front. Phys. 12 (2024) 1323991

Completion

Yemilab
CUP Government AAPPS Bullﬁ§%|(2024) 25 Tunnel In Sep. M . .
started approval PR S P Y(::anllillibo
| | v  —
2013 ~ 2016 2017 2018 2021 2022 - 2024
1 4 ;- S Installation of
Preparation works Man-cage Electricity supporting infra
construction &
machinery (IBS)




Yemilab

space

more than 3000 m?

« ~1000 m depth
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* Open to other researchers

Institute for Basic Science (IBS)

Center for Underground Physics (CUP),

Hyun Su Lee,



Yemilab aceess
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Institute for Basic Science (IBS)



Underground facilities

Access tunnel (~ 720m)

Ventilation system

—_3900 m3/h

ok = ’ i

Emergéncy poer generator (360 kW)
Full mobile communication (LTE)
Hyun Su Le 1 GB optical network to ground office sic Science (IBS)
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Yemilab
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Center for Underground Physics (CUP),

Hyun Su Lee,




Clean environment at Yemilab

Dividing mining area and experimental area

. doors
. ® Dust protection doors _ existed
N » Seven doors wese ran | ™ scheduled

Changing room
@ Clothes, shoes

)

Alpha & Rn
Outdoor unit

NKU

u‘.:
@Toi let
argo
vehicle

g

Purification |}

Electrical

COSINE

- N J
Dust protection door / e

Protected area

I

Dust Zone

Buffer Zone

olk-lift
parking

;élass > 100,000

/" Car washing Class ~ 100,000

1. Safety clothing change to lab clothing
y - Safety clothing : helmet, safety shoes, long jacket and pants

- Lab clothing : free helmet, lab shoes
2. Cargo transferring by trailer from clean zone

Hyun Su Lee, Center for Underc



Clean environment at Yemilab

Car washing system (-35m)

¢+ Transportation (rampway)

Cargo transportation — rampway

5ton truck(company)

/" Rampway

Car washing

Door

Expr. zone T 3ton crane

Sttl

Unloading deck (-192m)




Clean environment at Yemilab

 Human path

Changing shoes AMOoRE hall
Cage and clothes

Changing booth

.~ Epoxy floor

U cart
Take off

outerware Epoxy floor

Dusting off
(air gun etc...)

Stick mat s

e ) s TY.

‘ PN

-

'
Experimental zone

rampway Dust door

Main sump

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



Clean environment at Yemilab

oo

Experimental area Access tunnel

- Started dust protection procedure since March 2024



Radon level problem

Radon (Bg/m3) (RS9A)

4000

3000
Winter | Summer .
| Winter_ ‘ Winter
|

2000

b 9.
w1
') 'f’,, " A
A v " | 41
0.. — _V- - S ‘_‘~. ot ;‘,'-A&~\"‘ ! 1. v PR T Y .,-'l‘ ! TP ppaind @ Nmm P A / "‘A",“A‘ M
2023-02 2023-04 2023-06 2023-08 2023-10
== AMORE EXP Hall == R —_— joor t (ot —_— f

2023-12 2024-02 2024-04 2024-06 2024-08 2024-10

Mt. Yemi A —— Radon level is extremely high at Summer
(EL ST N
- ‘ ~ season

g zm Natara By > 2000 Bg/ms
£
g

. ventilation

» Safety requirement < 200 Bq/ms3

3. The New Underground

Laboratory
\ ‘

JIIUIM

Handuk Iron Mine

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



Radon-less air supply system

» The construction was mostly done in Dec., just test remained
» The goal is keeping the Rn concentration always under 150 Bg/m?
» The benefit of this system can be had from this summer

This system worked well
during summer 2024

6,000 CMH with
few 10s Bg/m® & 15C

Draws fresh air

6,000 CMH
m—p Fampway

Goal :
* Under 150Bq/m3
« &25T

Experimental region

mixing 6,000 CMH

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



Monitoring of environment, infra, safety

Online monitoring

Monitoring device

Temperature & Radon
Humidity

RADONEYESD

\\-—

CO, CO2, and O2

& UATC. = torgihrs paths"fmoritor dor.por

T o ] . . = e i D B e e e R e s
* Initiating the monitoring of various environmental parameters
% Support both experimental operations and safety measure

 To dolists
“* Implement access control and monitoring systems
** Install and operation CCTV surveillance
** Additional measures as needed

\/

X (contingent upon budget availability)



YZ2L relocation to Yemilab

Y2L side, after moving

» HPGe array and PCW remained only

Plan to move all remaining items by end of 2025

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



YZ2L relocation to Yemilab

Most of detector and infrastructure were relocated
to Yemilab without HPGe array

& 0y €c2

COSINE

e, da
Sz

COSINE-100U COSINE test bench COSINE-100 shield frame .

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




Outreach of Yemilab

CJPL
KOMIR (Mine&resource)

Yemilab Visitors (monthly) Hambeck high school
IBS-INEN workshop

Local fire fighters

The # of visitor is alreadv higher than 2023.

20234 2 E2 3309 0| &

|||||||||I||II ||‘
\&’5\ o‘ e}

o"’ o"’ 'o
MR = N v.o Q@& oéo & 8
(,Q/

2022 m2023 w2024

AlES st )8 112l J| (2023,2024)

oH A3l 2 : 22 & (Every single dot)
=

2024 A= XS SHAl SotArolelA "8l BN ST FH0/% FRHZ 40 Ho{R"
. D :
https://www.youtube.com/watch?v=iYOmXgiumZU "Jtel XA =OISTH EMO[KF ER|2 AC}E0|R"
2023711.13 07:00
AE S0ors]) . 2t NHEH)| 2 2 5| I 2
QAAEZ (BLE)- LR US| =23 EE ¢ T ——
o

https:// www.voutube.com/watch?v=E38cKTvICwo

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


https://www.youtube.com/watch?v=iYOmXgiumZU
https://www.youtube.com/watch?v=E38cKTvICwo

Yemilab ground

= ey ) ¥ (

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

station
b

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



Yemilab ground

Ground Office

Renovation of closed high school

Supported by local' government

i Yemliab ® Jeongseon
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Jeonseon-gun (local city) provide 12 houses apartment (& & ')

ance (IBS)



Physics program at Yemilab
COSINE

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



Typ (Pb)

Residuals (cpd/kg/keV)
[=]
S

Annual modulation signal from DAMA/LIBRA
Phase1 experiment Phase2 experiment
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Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



Back to 1998.. Before CUP.. KIMS

Test of CsI(TY) crystals for the Dark Matter
Search

ICHEP1998 Proceeding
H.J.Kim, %2 H.J.Ahn, S.K.Kim, E.Won, ® T.Y.Kim

Department of Physics, Seoul National University, Seoul 151-742, Korea

¥.D.Kim

Department of Physics, Sejong University, Seoul 143-747, Korea

M.H.Lee

KEK, Tsukuba, Ibaraki 305-0801, Japan

w 2 Apnl 1998

g% DAMA PHYSICS LETTERS B

IELSEVIER Physics Letters B 424 (1998) 195-201

First modulation result at 1998

Searching for WIMPs by the annual modulation signature

R. Bernabei ?, P. Belli *, F. Montecchia ?, W. Di Nicolantonio °, A. Incicchitti ®,

D Prosperi ® C Racei © €T Dai ¢ 1.K Dine ¢ HH Kuane ¢ 1M Ma ¢

Recently, positive signal of annual modulation has been reported by DAMA
group [6]. Looking at the similar sensitivity region with other experiments
which involves different systematics is absolutely necessary to confirm their
results. It has been noted by several authors that CsI(T/) crystal may give
better performance for the separation between recoiling events and the ionizing
events by background « [7]. Although the light vield of CsI(T/) crystal is

slightly lower than Nal(Tl) crystal. better particle separation can be more
advantageous for WIMP search. Also CsI(T¢) has much less hygroscopicity

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

Institute for Basic Science (IBS)




KIMS Experiments

Phys. Rev. Lett. 99, 091301 (2007) Phys. Rev. Lett. 108, 181301 (2012)
10° |

3 0%y
104 10—4 i

PR RTLLL |

X-section (pb)
S

WIMP Nucleon Sl cross section (pb)

10°F
; 10°®
10°F
[ 107
10.7 2 LLILJLLI 2 11111111 1 4 2 1 211 1 llllll . . ' llllll i i 2 2 129
10° 10° 10* 10 10? 10°
WIMP Mass (GeV) WIMP Mass (GeV)

Exclude dark matter-iodine interaction as the source of DAMA modulation signal

We need to check dark matter-sodium interaction!! Require Nal(T]) experiment
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)
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COSINE-100 tested DAMA/LIBRA

l;laatu re 564, 83 (2018) Sci. Adv. 7, eabk2699 (2021)

= NAIAD 107 —— COSINE-100 59.5 days
T ememameas DAMA, sodium (30) o =
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= : [ COSINE-100 2¢ % = —e— COSINE-100 1.7 years
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3 NE (90% confidence level) $ 10°° [ 1o expected
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S e‘ster for Underground Physics (CUP), Institute for Basic Science (IBS)
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s + Crystal 6
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Annual modulation searches

400 600 800 1000 1200 1400

Days Since Jan. 1%, 2016

COSINE-100, 1.7 yrs la ¥ ¥
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ga.oa TR CL
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0 50 100 150 200 250 300 0 ) 5 10
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1-6 keV modulation amplitude

COSINE-100 0.0067 + 0.0042

DAMA/LIBRA 0.0105 + 0.0011

ANAIS-112 —0.0034 + 0.0042

PRD 106, 052005 (2022)

99.7% HDR

95.5% HDR

0.025
68.3% HDR
5 % Best Fit
£ 0.020
) - SHMPhase (g
o DAMA Best Fit §
3 0.015 Lk .
E ,
A
g o.010

100 150 200 250 300 350
Days Since Jan 1

0.5 1.0 1.5 2.0 2.5 3.0
Probability [dru™ d~] x10~*
3 years data

Not enough statistics but, we have full 6.4 years data

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



COSINE-100 (2016-2023) @ Y2L

COSINE-100 operation was paused for moving to Yemilab and detector upgrades
from Sep. 30, 2016 to Mar. 14, 2023

6 " Physics run data: 6.12 years (95.65%) 6,&6“,_.,..-;';"
— Good data: 5.84 years (91.39%) ‘bq’\.\
[ Calibration 6

Livetime (years)

| | |
2017 2018 2019 2020 2021 2022 2023

Year

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



Full dataset annual modulation

Electron Recoil 1-3keve.

(0000 725 30 . e S e s s e S B S e S B s B s e e e =

3 020 |- g
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E@; Qou)i ................................................ Ej%
T — 2
0 50 100 1|§(r),ase (de:y) 250 300 350

S Ry Doy eVl

E A (counts/day/kg/keV,)
(keVee) COSINE-100 DAMA/LIBRA
1~3 0.001 + 0.005 0.019 + 0.002
1~6 0.002 +0.003 0.010 £+ 0.001
2~6 0.005 + 0.003 0.010 £+ 0.001

6.720keVe,  Nuclear Recoil

0 50 100 150 200 250 300 350
Phase (day)

Lo | S
0.0 02 04 06 08 1.0 1.2 14

arXiv:2409.13226

E A (counts/day/kg/3. 3 keV,,)

(keV,)| COSINE-100 DAMA/LIBRA

6.7~20| 0.001 + 0.003 0.010 £+ 0.001

COSINE-100 full dataset disfavors DAMA/LIBRA in both electron recaoil
and nuclear recoil (> 30 CL) Closing DAMA/LIBRA!!

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



Low-mass dark matter search with Nal(TI)

« 3 years data (0.7 keV energy threshold, 8 number of
photoelectrons)

WIMP-proton spin-independent interaction WIMP-proton spin-dependent interaction
1

1013 =
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WIMP-proton SD cross section (pb)
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107 10°

2
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« This can be enhanced by reduced energy threshold!!
% Can reach to 5 number of photoelectrons



Detector understanding

> 10?
©
O Single-Hit Events
. -+ Data —Total  — Internal
%‘,, — Cosmogenic — External — Surface
x 1
)
€
3 10"
o
O
* Single-hit Events
107
107 | ] 1 | ] 1 | | ] | ] |
0.7 20 40 60 80 1000 2000 3000 4000
. Energy [keV]
arXiv:2408.09806
> 10?
©
B . . Multiple-Hit Events
2 ° Multiple-hit Events + Data —Total — Internal
%,, S — Cosmogenic — External — Surface
~ 1
)
€
3 107
o
O

-
<
"N

107

10

0.7

3000 4000

Energy [keV]

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)


https://arxiv.org/abs/2408.09806

Search for dark-sector particles with COSINE-100

Boosted dark matter

(melastlc 1nteract10n)

Migdal effect
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Hyun Su Lee,
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Moving forward to COSINE-100U

COSINE-100 encapsulation (Company)
Quartz glass  Optical pad  Nal(Tl) crystal

;

Photomultiplier

~40% increased light yield
NIMA 981 (2020) 164556

INST 19 (2024) P10020

[ c) Assembled detector




Moving forward to COSINE-100U
« Upgrade detector assembly for high light yield

Crystal machine @ compavnry Dehver to glove box

Above ground measure m
- | "~ 149 £1.5 = 21.5 + 0.6 NPE/ke\
“ﬁ % COSINE-100 C2 COSINE-100U C2

Hyun S&_cc, — Institute for Basic Science (IBS)



COSINE-100U : Yemilab installation

1

- - I"“;"‘v — e — A B 5 T - ’.. w
et

1) SCrystal Bl .

Astropart. Phys. 141, 102709 (2022)

« We plan to start COSINE-100U early 2025 |

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




COSINE-100U sensitivity

WIMP-proton spin-dependent interactio
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Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)



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



Physics program at Yemilab
AMORE

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



Neutrinoless double beta decay

1301 130g 2vp-p- & OvB-B- er

~ 35 candidate
 If neutrinos are Majorana

e Lepton number violation

2 « Q>2MeV (Only 11 candidates)
51-5' 20
T 1.0+ .
g ) OV  Measure absolute neutrino mass

' 1 2

- | ' ' : F%l; — — GOII . .AIOU‘ ) (mﬁb‘>2

0.0 0.2 0.4 0.6 0.8 1.0 ot T -
E/Qy, 38

Good Energy resolution & low-background are required
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)




Detection Principle

Heat and light signals at low temperature
* Mo-100 based scintillation crystal (XMO) as source and target at 10-20 mK.

AMOoRE-II detector module Averaged 2.6 MeV—ly signals of
arXiv:2407.12227, EPJC accepted an LMO detector in AMoRE-|
Light detector

(S|) 0.8 : I l Heat |
0.6
absorber %
e
204
toSQUID 5
gi 0.2
LizMoOg4 '
crystal 0.0 . . ! , .
T T T T
thermal bath 15k Light_
>
£
Metallic Magnetic Calorimeter (MMC) Light Phonon §
Figure courtesy of D. Hengstler et al (2015) reflector H collector %_
: E
MMC/SQUID =
for heat . . ! ! .
. 0 5 10 15 20
Mo-100 arXiv:2407.12227

Q-value : 3.034 MeV
T7} >1.8x1024 yr at 90% CL by CUPID-Mo

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



AMOoRE-pilot (2015-18) and AMORE-I (2020-23)

AMORE-I
~—PE
A— 13 CMO, 5 LMO (6kg)
Boron rubber
4 mm
Boric-acid
I. . _ powder
) ’ . ) 3 mm
Muon counter i — Boric-acid AMoRE-pilot
+ more it 1 pad 1 cm
coverage iy 8 6 CMO (1.9 kg)
= D
Pb 15cm
+5 cm
""""" Crystal
tower
Borated-PE
2.5cm

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



Counts /5 keV

AMOoORE-I results

AMOoRE-I, 2407.05618

All background? BB Anti-coincidences®  --- 2uBB: T25,=7.1x108 y©
B/a discrimination® Al plate removed® === Source data (scaled)f

i “"*W i il W

” M I\h{ lel 1"1‘\.@)4['-1;"

U (e)}
o o o o
. T

Counts /10 keV

N
o

T

[
o

ey e arXiv:2407.05618
| : | : : | I2407.(|)56‘I8
I e |~ EXpoOsUre :4Kg o100 YeAr
T : * Background : 0.025 counts/keV/kg/yr
][ }[ }[ J[ J[ P= 1% « Reduction from pilot (1/12)
)" :’I“‘ 0:04 0.4 i
N T e | T 1o >2.9x1024 yr at 90% CL

The best half life limit for °°Mo

!\p

28 20 30 31 32 33 3435380
Energy /MeV d Physics (CUP), Institute for Basic Science (IBS)
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AMOoRE-II is under preparation @ Yemilab

DR installed in Yemilab - TSS .

DR started moving
from the surface lab

-= stainless steel water tank

e Rl Rn clean room 1
700 mm thick” * Detector room
water ' *ID : 7.5(W)x12(L)x4.2(H) m3
* 9 changes/day with Rn free air
* Class 100
HDPE block=—

Shielding
structure e
(movable) -

AMOoRE Hall in Yemilab



AMOoRE-II is under preparation @ Yemilab

_Muon Counter Module design

T . 4
(N
A -
&

S

€t

.~ Top: Wagér Y/
Cherenkov 47/

Phage1:
10 towers
90 crystals
e 27 kg e

o= £3

. Phasestower’

= design =

%
=

- SC

NIMA 1039 (2022) 167123

e =0 T Phase1 start around early 2025

Hyun Su Lee, Center for Under 2¥sics (CUP), Institute for Basic Science (IBS)




AMOoRE-II is under preparation @ Yemilab

_Muon Counter Module design

5 180 kg LMO at final

:‘\ | i
\/ ‘

.~ Top: Water
Cherenkov 47/

. Phasestower’
= degign =

d - |52 18
1 gep B =0 Phase2 start around 2026~2027
LD
U

Hyun Su Lee, Center for Under t“' =sics (CUP), Institute for Basic Science (IBS)



Sensitivity for T1/°(1°°Mo) at 90% C.L. (year)

AMoRE-II sensitivity

Background assumption : 2x10~* counts/keV/kg/yr,
FWHM energy resolution ~10 keV at ROI
~5 year operation can cover inverted mass ordering

arxXiv:2406.09698
Sensitivity for effective neutrino mass

Sensitivity for half-life 100k LR |
6 x 10%° ) £
~ AMORE-IGoal
................... 4.4x10*° year 1071
e 3
> AMORE-Il Goal
1072k =
S ! 1
[ NO .
10_3 :‘ —:

2 x 107} :

107 2 x10° 3x10° 4x10? T 6x10? ~ o, ..
EXposegrem . Vi) 10~* 103 102 101 10°
Miigh: (€V)

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



Summary

Yemilab has been opened and upgraded to support cutting-
edge experiments

% Transitioned from Y2L, providing enhanced infrastructure and capabilities

“* AMoRE-Il and COSINE-100U will start physics operation soon

“ Yemilab welcomes external users for collaborations

COSINE-100 full dataset disfavor DAMA/LIBRA’s annual
modulation claims

COSINE-100U will expand searches for low-mass dark matter

AMOoRE-I established the best half life limit for 1°°Mo
AMoRE-Il aiming to reach the inverted ordering regime

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



Thank you

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



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



NEON Experiment

or
qinment

Reactor core
23.71m

Six NaI(Tl) crystals : 16.7 kg

Physics run since April/2022

NEON Detector

Polyethylene Castle
Calibration holes

Lead Castle : Sodium lodine detector

Acrylic box

Borated Polyethylene

¢y = 8.09x101% /em? /s

@



\\\\//@

Reactor photons o

Reactor is not only the stringent neutrino
source but also the stringent gamma source
for O(MeV) energy

dE,  [MeV] - [sec] \ [MW]

[y

&
[
(=)}

2.8 GW thermal power

> = >
B R B

2
N~
T T

Reactor vy flux [keV' day!]

Tendon Galler

Energy [MeV]

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



Reactor dark sector bosonic particles

(©O)®
S

Photons can couple to dark sector
bosonic particles such dark photon
and axion like particle (ALP) with

their mass up to O(MeV)
Dark photon g ;
e~ A

\\E

N

Primakoff
3 e” Y
= Y a
eactor core

K
N P

Tendon Galler
(& €

e
Compton-like

The stringent source of dark photon & ALP
Hyun Su Lee, Center for Underground Physics (CUP), Institute for Basic Science (IBS)




Light Dark Matter Search 5
* Through light dark matter (LDM) production

Dark photon . ~
m > 2 m / ¢ - attered Dark Matter ce
A ! X - particle
Dark Matter-e-
interaction

AI
A/

9x

Assuming m, = 3m, . Detector
Signal region : 1-10 keV
B ¢ Data Wio € 107 — NEON B o +20
z,' o — Background component  [li+20 r— —  — TEXONO DAMIC-M SENSEI
< [ e m, = 10 keVic?, 6, = 2 x 10 e S . .
!:, ™ === m, = 100 keV/c?, 6, = 5 x 10°° cm? g 107" arXiv: 2407'16194
B e e my=1 MeVI, 6, =5 x 10% e 2
S 0.5— o
3 S
; o 10%
5 g
1045_ llll 1 1 lllllll 1 1 Ll L L1l
107 102 107" 1
Energy [keV] Dark Matter Mass [MeV/c?]

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



Radon protection for rare event search

« Normal level of Rn (~40 Bg/m?3) provide huge background
y

DAMA/LIBRA

A B | Low radicactive

= | wad
Cadmium
- folls

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



Radon-free air supply for experiment

« Y2L (ATEKO, Czech) : 150 m3/h, 5 mBg/m3
* Duty cycle <70%, Difficult to maintain

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



Radon-free air supply for experiment

* Yemilab (Korean Company) : 50 m3/h, 20 mBg/m3
* Duty cycle >95%

T— N— —— RS9A (Exp. hall)

—=— Radon chamber (RRS)

Measurement period [Day]

It has been successfully domestically developed

« Plan to create a larger system for a 200 m3/h supply,
contingent upon budget availability

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



“* Yemilab operation team

« Currently 8 members

Kangsoon Park

) B

System development
Construction
Shield structure design

Experimental equipment
Background measurement
Management external users

Jung Ho So
g * Underground communication
L +  Networking
4 +  Tunnel monitor system
P

Sung Hyun Kim

-

Purchase
3 Budget execution
. +  Visitor guide
Ji Hoo Jang

Sang Chul Yoon

. .
Ki Mun Bang

+ System development
+  Construction
+  Tunnel safety

System development
Construction
Tunnel safety

New

Electrical equipment
Electrical Safety
Visitor guide

Hyun chul Kim

»  Electrical equipment

*+  Electrical Safety New

Woon Gu Kang

Si Won Yoo

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



Environmental monitoring

UA10
Calibration software DSM101

Temp. : -40 ~ 80 °C PM1.0/PM2.5/PM10
Humidity : 5 ~ 95 % 1~1,000 pg/m?

" sy USB connection

UAS8-KFG-U

CO (~ 1,000 ppm)

CO, (400 ~ 10,000 ppm)
0, (0 ~25%)

H,S (0 ~100 ppm)

Webcam

1 picture /min @&

RS9A
7 ~ 3700 Bq/m?
+15% accuracy

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



COSINE collaboration

Sie 2015
Q@ + DMHICE =
x| | 7
"

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

15 institutes
~60 members




COSINE-100 detectors
 ~106 kg crystals running since Sept/2016 From DM-ICE

Nal- o:q,,l--m Sk

"~ From KIMS

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



COSINE-100 C2

COSINE-100U : Detector upgrade

. Light yield @ 59.54 keV

arXiv:2409.15748

241Am 59.54 keV
~40% light yield increase!!!

—— COSINE-100
400—
350 :_ HQ testbench (Upgrade)
0. COSINE-100 COSINE-100U
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100—
50 ‘
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NPE

NPE = Number of photoelectrons

149 £ 1.5 = 21.5 + 0.6 NPE/keV
COSINE-100U C2

1800

Arbitrary Unit

RMS resolution @ 59.54 keV for C3
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I ~5.5% ' ~4.8%
%o‘L_‘-Iso‘l“slo”'l;o“ 80
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Hyun Su Lee,

Center for Underground Physics (CUP),
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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



COSINE-100U sensitivities

WIMP-proton spin-dependent Low mass search with Migdal

E SD-WIMP Sensitivity TE i N R
— 102E = N, .
-8_ E ~—— COSINE-100 (Upgrade) ‘ \‘)\(ENONTTI (Migdal)
= ] — COSINE-200 a; 10 A B
S “F COSINT-1T | T ’
:.3 - o 2 l c 10
‘ | = o B\
% 1 = k3] 10°
: @ u
2  F KIMSCsl._ D qo'k
Q 10 = ] R 8 =
= ) oy 0 N o
(-C) = \_PandX-l | . o 10°k
_21 . -
g 107E © ek
- E E
o | & F
Q 10° = ©° 10
o E a _f
g ik N —~C.QSI_NE T a 1 & SD-WIMP Sensitivity (Migdal) : i
g E e 1 I g 10" —— COSINE-100 (Upgrade) | ! O Y ‘
105 ;_ 5 = . = —— COSINE-200 f PICASSO ‘
E 102 COSINT-1T ' ‘ | i
1 10 107 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)




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)



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
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L
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| I springs (SSS)
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10° Configl | 2 Q\AMORE pllOt
0.37 kg-yr - — detectors
XZ/InDF=255/183 ]
1071
102 . 10-?
3 1 Wi A t Bl.H ot
10° Config 2 | 103550 3000 3500 4000 4500 5000 5500 6000 6500 7000 —— rigid
z 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 ].:
1071F 20+ Cenfig 2 ~—— Combined &mit 90% CL ~ e
| Config 3 | o 10 }
102 e R == T12>3.2x1028 years ©
N onfig ] 2151 =$
a9 0.07 kgyr 3 b 107 1
102 Pk x?InDF=2540174 ] £
101k AT £ 10 107F 4
10°F i ; g | - -
2 ‘ y o5 a 10° 10°
1071} kel SLC U | |5 3|1 | i AR NN | 1 | N GLEY MRS R DL | s
= 103966 1500 2000 25002800 3200 3700 8200 0g 5 LD o

Energy (keV)

Institute for Basic Science (IBS)
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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)




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) - PSMD

(160X 30 X3 ¢ni
with SiPViy

Preliminary - - -

3
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6
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AMOoRE-II preparation @ Yemilab

...... = stainless steel water tank
B Deteso foom
i « Detector room
700mm thick - ID : 7.5(W)x12(L)x4.2(H) m3
- 9 changes/day with Rn free air
- Class 100

room 2
ation room
00

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



AMoRE-Il background

To_tal

Stainless steel can{
G10 fiberglass tubes 1
Cu plate ungder inner. lead |

< SC lead shield
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Heater t
Kapton PCB {

g Araldite " TTTTTTTEnmssmamRamnEes SommmmEEn grmmmm

. Teflon clamps |

. Cu bolts 1
. Vikuiti reflector {
. Photon Cu frame {
- Phonon Cu frame 1

R L A D Lt T EE L L L T e e R L TP T T

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

. Boric agld ROWIRTL. .o

. s Rn-free air{

. LMO internal 1

» 2vBB random coincidence |

. Rock gamma 1
L

Muon 4

Neutron {

I

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

SAMORE-II Goal

10°°

107

104 10
Background level in ROI (count/keV/kg/yr)

Counts/keV/kg/year (2.0 keV bin)

100 L

[
o
&

102

[ — [
o o o
A1

=
o
)

1y
—

-

ROI
(3.024~3.044 MeV)

<

L 1

o el '1_" T STl
o, g 0 g
N

arXiv:2406.09698

08 Aa
2o Wi \“J

AP

-
o
4

2.95

3.00 3.05

Energy (MeV)

3.10

« 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
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Lead

Radon
Neutron

Total

Hyun Su Lee,

Center for Underground Physics (CUP),

Institute for Basic Science (IBS)



Matrix Element Calculation

tJR-EDF

A
7 |~ REDF w —
- QRPA Jy . AL :
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