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Why universe is dark?

Dark Energy
Dark Matter
WIMP
Axion
Dark photon

Spaced based
Ground based
Underground based
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Theorist and Experimentalist need to work together



Annual modulation signal from DAMA/LIBRA

The Highs

In June, Earth moves
at its fastest speed
through the dark

matter halo.

The Lows
In December,
Earth moves at

its slowest speed.
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through many
dark matter
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COSINE-100 Detector

Nucl. Instrum. Meth. A 851, 103 (2017)
Nucl. Instrum. Meth. A 1006, 165431 (2021)
Liquid Scintillator

2200-L LAB-based LS for veto
5” PMTs for LS detector

astic scintillators

JINST 13, T06005 (2018)

20 cm lead

i - 2200L LS
Nal(TI) crystals

Neutron Monitoring
Fast neutron detector
(Liguid scintillator)

Thermal neutron detector
(3He gas detector)

Eur. Phys. J. C. 78, 107 (2018)
Eur. Phys. J. C. 78, 490 (2018)

3-inch PMT Nal(Tl) detector

8 low-background crystals
Copper encapsulation

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

Passive Shields

3-cm thick copper box Two 3” PMTs
 20-cm thick lead shielding



COSINE-100 (2016-2023)

Yangyang underground laboratory

Started physics operation since September/2016
Ended physics run March/2023

« Decommissioning for upgrade and moving to Yemilab
* Plan to restart COSINE-100 upgrade by spring of 2024 at Yemilab
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Dark matter search with spectral shape fit

Migdal effect
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Model-independent annual modulation search

Time dependent background modeling Single exponential -~
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DAMA/LIBRA’s method (induced modulation)

Single exponential model (reference) DAMA/LIBRA’s method
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COSINE-100 : Solar Axion search

P Adhikari, G. Adhikari and E. Barbosa de Souza et al.[Astroparticle Physics 114 (2020) 101-106
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Counts / (0.25 keV)

Data/Fit

WIMP-127] inelastic interaction

« Signal : 57.6 keV gamma + nuclear recoil
1.7 years data
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Bosonic super-weakly interacting-WIMP

« Bosonic dark matter with mass 10 keV — 1 MeV

Expected Signal (690 keV BSW)
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Boosted dark matter with extended energy (~10 MeV)

Inelastic interaction Elastic interaction
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« Search for energy 1 MeV — 10 MeV
PHYSICAL REVIEW LETTERS 131, 201802 (2023)



Solar bosonic dark matter annual modulation

« Sun is the strong source of gamma

* Conversion to dark sector bosonic particle is possible
Flux modulation due to distance variatio:

January July
Perihelion Aphelion
N=s \
\‘» 147.1 million km 152.1 million km
91.4 million mi 94.5 million mi
/ \ \ N\
Higher flux of solar DM Lower flux of solar DM
particles particles

3 years data for the modulation search

Solar Axion Limits KK Solar Axion Limits

Solar Dark Photon Limits
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Low-mass sensitivities for spin-dependent limit

WIMP-proton spin-dependent Low mass search with Migdal
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22 NPE/keV, 1 year operation (100% efficiency), 5 NPE threshold
« A world best sensitive detector for low-mass WIMP-proton spin-

dependent interaction

* Feasibllity test for the COSINE-200 & 1T experiments



AMORE : Solar Axion Search with LiZMo0O4

Be
Solar core
Axion resonant absorption to 7Li Earth |3b0rat0"?
Q(EC) = 861.8 keV | Absorbed gamma
Emitted axion Matural width I = 0.0063 eV
Li* Doppler broadened
= 7 TLi*
i 10.4% (T=15%10"K) ; Li
500 aV :
| _,. - "
! 477.6 keV (Recoil E,=17 ' !
! Axion eV Recoll energy £ = 17 eV) E "\ 4176 kev
| |
| I R PR E R >
| I
477.6 keV | I
[ 89.6% The number of axion absorption event 1 I
i []
: Nabs = 1.74 x 1045 -N7 - t - ma*
ma = 1.55 x 101 x eV
The number of signals on the detector J eNTt
S=¢g- NabE.
40
—— Krcmar (2001), HPGe, Li
BT 08% —f— Derbin (2005), HPGe, LiOH

— 304 T —}— Belli (2008), HPGe, LiF powder

E —— Belli (2012), HPGe, LiF crystal

= 25 - =f= AMOoRE-I (2023), LMO crystal

£

w20

] 0.9%

€151 4.4% |

c

S T v

< 10- 2.3%

| 14.0%
5 v T
0 . ; . . , . ; .
TAUP2023, 0 5 10 15 20 25 30 35 40

Exposure (102% 7Li- year)



Dark photon search with NEOS
H. K. Park, PRL 119, 081801 (2017)
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I Introduction
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= KNU Advanced Positronium Annihilation Experiment (KAPAE)

Electron-Positron Pair

Quasi-stable bound state

Create energetic photons

(Mmy+ + Mg-=1.022 MeV)

-

--

Physics

© Searching for light dark matter

g\' through Positronium decay
¥ Eur. Phys. J. D (2018) 72: 44

QED test
New Particle search (invisible decay...)

Application L -

- Positron Emission Tomography (PET)

19




I

New particle search

Introduction

= |nvisible decay

- Extra-dimensions
- Milli-Charged particles

VALUE (% DOCUMENT ID

@ KN

KYUNGPOOe

NATIONAL UNIVERSITY

PDG 2019: Best limit : ~104 - 10°

A (Axion) Seatchs i Positronium Decays

Decay or transition of positronium. Limits are for branching ratio.

TECN  COMMENT

- Dark matter of a mirror particle type
- Dark Z and Fermionic DM [PRD 105, 095023 (2022)]

~> Axion Aax107 9 LBADERT.. 1
- Dark photon

- Other possibility of new particle? Q2 X 10_4 el MAENO %
At w0 lan w

Search of invisible decay: Best limit 4.2x10 5 3
— - N 1 <Q28x107™ 90 YAKOPYAN 91
- aw® o b w
A7t 0 GNINENKO %
_ () x 1074 95 OTSUCHIAKI %0

Mirror Dark Photon search : 3x10-° 3 6
Searching for 0-PS-> Invisible : 4.2x107 <64x10 el ORITO 8
A.Badertsher et. al, A.Badertsher et. al, 7AMA|.D| 8
PHYS. REV. D 95, 032004 (2007) PRL 124 101803 (2020) 8 CARBONI 83

o 0 ¢ We do not use the following data for averages, fits, limits, etc. o o o

CNTR o-Ps - ’YXIXQ, mX1+mX2 S
900 keV
CNTR oPs — A%y m =850-1013 keV
A
ONTR ofs = Al m =350 ke

TR oPs— A%y (4 = ),
my <HkeV

ONTR oPs— Ay, myy <800k
ONTR ofs —+ Ay, my <30kel
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CNTR' Ortho-positronium
CNTR' Ortho-positronium
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Introduction & KNIU freren

Recently Research

0-Ps converter

i 1
- Invisible decay study EE;;EUEEMT - Plastic + SiPM (ver. I1) -BGO + SipM |
- Plastic + BGO + PMT ! - PEN + SiPM for trigger

-2.1 % 10°® at 90% C.L. J-PET (Poland) <2016 M -High DAQrate

The Jagiellonian University

ETH Zurich (Switzerland)

KAPAE-I (Korea)
Kyungpook Nat'l Univ.

9 b

- CPT study
- Nal + PMT

)

- Plastic + Nal + PMT

APEX (U.S.A.)
Triangle Universities Nuclear Laboratory

ICEPP (Japan)
Univ. of Tokyo
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KAPAE : Novel design concept & KNU e, o

Improvement over other experiment : Better e+ tagging, Higher activity (1uCi -> 10uCi), High DAQ rate

Reflector improves Positron generate Positronium
collection efficiency  scintillation light formation

Aerogel
(e- donor)

Reflector

Plastic
scintillator

SiPM direct Sealing film

light collection

1 channel SiPM

Modern y Detectors: “Gammasphere”
7,
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KAPAE-I @ KN

The concept of detector for KAPAE-I

Positron Trigger system * | =
6 mm ' - Ny g
Trigger
Photo Detector |
Photon ] ~
PEN Fi]l'!l . Detector 196 SiPM channels
(plastic scir, \

Plastic gas chamber

196 SiPM channels

Trigger part

Trigger DAQ




KAPAE-I|

Hermetic detector assembly

= KYUNGPOO
Kn NATIONAL UNIVERSITY
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« The best limit of invisible search of positronium decay by
Zurich group is 4x10-7 with 90% CL. (Phys. Rev. D 75 (2007)
032004.)

« KAPAE-II detector setup with Geant4 simulation show the
invisible decay sensitivity of 2x10- with 90 % CL.

« KAPAE-II detector will be installed in the new Yemi
Underground lab. to remove backgrounds from cosmic ray
and environmental gamma background.




KAPAE-II Assembly & KN e




KAPAE-Il Performance mum&ez@
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Calibration is on-going, data taking will be started from this summer



Other table top experiments with radioactive source? e
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Mass of hadronic axion > 26.7 keV by 95%CL
M.Minowa et al, Phys. Rev. Lett. 71, 4120

Knu lsr\%r(‘]gicL)?Jf\lIVERS!TY
ALP or DP search possible

Coupling is proportional to 2 not &4
since it is only decay process

Background is the seriose issue
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. I . L I L
01 0.2 0.5



Other table top experiments with radioactive source?

KYUNGPOOe

NATIONAL UNIVERSITY

@ KN

ALP or DP search with M1 and E1 transition with KAPAE setup + fast scin.
Time delay coincidence method to remove backgrounds.

For the zero background experiment, we propose this experiment at Yemi
Under ground lab. with branching fraction sensitivity of 10-12
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Summary and Prospect

- COSINE-100 produced not only conventional WIMP
search but also many different dark sector particles

* AMORE experiment also have some possibility

* Reactor or small accelerator based experiment can
be used for dark sector particle search

* Looking for dark sector particle search with
positronium decay experiment (KAPAE-TII).

* Nuclear gamma transition can be also used for the
dark sector particle search.

* New ideas? New small scale domestic experiments?
* Theorist and experimentalist collaborate together |



Thank You !



