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Why universe is dark?

Dark Sector Search
• WIMP
• SUSY
• Axion
• Dark photon
……..
?????
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Smaller  scale for dark sector search?
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❑ Experiment

➢ COSINE Dark matter search

➢ AMoRE 0n bb experiment

➢ Rare decay experiment

(KAPAE-II, GRANDE)

Future possibility

➢ nEye for DB, solar n

➢ Rare decay search with HPGe

➢ Ton scale DB exp.

➢ Dark photon exp.

➢ New  dark matter search

➢ New idea with new detector! 

48,000m3

volume

Surface office/labUnderground lab

Excavation

Yemi Underground Laboratory (Center for Underground Physics)
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❑Decay process: Coupling is proportional to ε2 not ε4 (Accelerator, Reactor)
❑ Tabletop-scale experiment (much smaller and lower cost)
❑ Deep underground with Cu, Pb shielding

❑ Low mass only (typically =< 1 MeV due to detector costs)
❑Activity limitations

Advantage

Limitation

Appearance Exp. 
Accelerator, Reactor 

~1024 POT
→ ε ~10-6

Disappearance Exp. 
Radioactive source

~1012-14 Decay
→ ε ~10-6~7

Radioactive sources for Dark Sector Search
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Na-22 Radioactive source
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Introduction
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▪ KNU Advanced Positronium Annihilation Experiment (KAPAE)

e+

e-

Electron-Positron Pair

Physics

- Rare decay, QED verification
- New particle searches

Eur. Phys. J. D (2018) 72: 44

Searching for light dark matter 

through Positronium decay

PHYS. REV. D 97, 092008 (2018)

First search for invisible decays of 

orthopositronium confined in a 
vacuum cavity

Application

- Positron Emission Tomography  (PET)

e+e- annihilations with 1.02 MeV, 1010-14 events possible : Intensity frontier ! 
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Introduction

Positronium (Ps)
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para-Positronium (p-Ps)
The ground state l = 0, s = 0

C = (-1)l+s = +1

Photon C = (-1)n

- Decay = even photons (2, 4, 6, 

…)

Life time = 125 ps

ortho-Positronium (o-Ps)
The ground state l = 0, s = 1

C = (-1)l+s = -1

Photon C = (-1)n

- Decay = odd photons (3, 5, 

…)

Life time = 142 ± 0.02 ns
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Introduction : Positronium Experiments
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ETH Zurich (Switzerland)

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

Laboratory

J-PET (Poland)
The Jagiellonian University

KAPAE (Korea)
Kyungpook Nat'l Univ.

ICEPP (Japan)
Univ. of Tokyo 

- Invisible decay study 
- Plastic + BGO + PMT
- o-Ps totally Invisible : 2.1 × 10-7

- CPT study
- NaI + PMT

- CP, CPT study
- Plastic + PMT

- Plastic + SiPM (ver. II) - BGO + SiPM
- Rare decay
- C, CP, CPT study
- Invisible decay search 

- CP & CPT study
- Plastic + NaI + PMT 
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KAPAE novel design concept
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KAPAE-I : compact (10x10x15cm) & fine segmentation (200 crystals) for QED test (Since 2017)

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

rate   

KAPAE-II :(30x30x30cm) & less segmentation for new particle search (Since 2020)

1 channel SiPM

Sealing film

Plastic 
scintillator

Reflector

Aerogel
(e- donor)

e+

e+

Positron generate 
Scintillation light

e+
e-

e-

e-

e-

e-

e-e-

e-

e-

e-

Positronium
formation

Reflector improves 
collection efficiency

SiPM direct 
light collection

e-

e- e-
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Introduction : KAPAE-I physics
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QED Symmetry violation search 

1. p-Ps → 4 γ : Best results : 26 events
R(p-Ps → 5𝛾 /2 𝛾) = 
[1.30 .) ± 0.26(stat.) ± 0.16(syst.)] x 10-6

S. Adachi et al., PRL 65, 2634 (1990)

2. o-Ps → 5 γ :  Best results : 1 events
R(o-Ps → 5𝛾 / 3𝛾) =
[2.2 +2.6

–1.6(stat.) ± 0.5(syst.)] x 10-6

T. Matsumoto et al, PRA 54, 1947 (1996)

High order QED 

1. C violation :  Best limit ~10-6 – 10-7

- Br(o-Ps → 4𝛾/o-Ps → 3𝛾) < 2.6 x 10-6 at 90% 
CL  
- Br(p-Ps → 3𝛾/p-Ps → 2𝛾) < 2.8 x 10-6 at 68% 
CL  
- Br(p-Ps → 5𝛾/p-Ps → 2𝛾) < 2.7 x 10-7 at 90% 
CL

2. CP violation : : Best limit ~10-3

CCP = 0.0013 ± 0.0022
T. Yamazaki et. al, Phys. Rev. Lett. 104,
083401 (2010)

3. CPT violation : Best limit ~10-3

P. A. Vetter and S. J. Freedman, PRL 91, 26 
(2003)
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Introduction : KAPAE-II physics
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▪ Totally Invisible Exotic Decay (Mirror world, Extra dimensions, Mili-charged Particle, etc)

3 × 10-5 at 90% C.L.

Milli-charged particles

- The grand unified theory (GUT) model 

- Electric charge particles (”shadow” photon <<<< e-)

Mirror world

- The mirror universe model 

- Vibration of o-Ps and mirror o-Ps 

Extra dimensions

- k > 2.7 TeV

A.Badertsher et. al, 
PRL 124  101803 (2020)

Searching for Ps-> Invisible : 2x10-8

A.Badertsher et. al, 
PHYS. REV. D 95, 032004 (2007)
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Introduction : KAPAE-II physics
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▪ Partially Invisible Exotic Decay (Axion Like Particle (ALP), Dark Photon, Dark Z, etc) 

Axion Like Particle Dark Photon

- Light  vector particle 

J.  Perez-Rıos, S. T. Love Eur. Phys. J. D (2018) 72: 44

PDG 2024: Best limit : ~10-4 - 10-6

Dark Z

- Light  vector particle 

JUNG, LEE, and YU, Phys. REV. D (2022) 105, 095023 
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Introduction : KAPAE trigger
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1 channel SiPM

Sealing film

Plastic 
scintillator
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22Na point 
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Sealing film
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Generation of trigger signal

Positronium formation in aerogel

Trigger signal :  e+  and 1.275 MeV coincidence trigger
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KAPAE-I : Design concept
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(plastic scintillator)

1
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Crystal scintillator  
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0
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Light Output (ADC channel)

Variation of light output

KAPAE-I : Detector design

SiPM

14 mm 7 mm
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KAPAE-I 
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KAPAE-I : Hermetic detector assembly 

Partial assembly

▪ Partial assembly of 4 x 14 BGO array

Trigger Chamber

Partial assembly 

Silica aerogel
Gas In

Reflector
+ PEN Film 
+ 22Na
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Full Detector assembly

▪ Mockup + Partial → modify frame & full assembly

KAPAE-I : Full detector
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KAPAE-I
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KAPAE-I :Detector setup and electronics

Full Detector assembly

▪ Partial assembly of 4 x 14 BGO array

Entire hermetic detector system

Detector 
is here

Plat 
cable

Mid

TCB

N2

Dark
box

Optical
cable

USB 3.0
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KAPAE-I : Data  

Event distributions of BGO location

3D & 2D graph Energy spectrum at different locations

Edge BGO

Center BGO

Total events 

641,904,669430,967 (0.06%)

3,291,906 (0.5%)



H.J.Kim, KNU
21
21

▪ Positron trigger signal 

- DAQ firmware (Max rate = 2.5 x 104 Hz)

▪ BGO gamma signal 

- ER 20 ~ 35 % at 511 keV (FWHM)  

Energy (MeV)

E
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n
t 
N

u
m

b
e
r

Geant4

KAPAE-I : Data  
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Energy correction

▪ Adding adjacent BGO energy (ER 63% → 33%)

- Optical crosstalk, Light leak due to misalignment (will be upgraded after finding a reason)

▪ BGO Left (ER 33%) + Right (ER 38%) → BGO Total (ER 26%) → Correction (ER 25%)

▪ Leading edge time discrimination → Time walk correction 

Time walk correction
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Trigger time correction

BGO time correction

Before After

Before After

KAPAE-I : Data analysis
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▪ Time data → Cut parameters 

for o-Ps (142 ns)

▪ Time resolution 

→ positron trigger signal vs. 

1.274 MeV gamma signal

- 3.54 ns Timeline

Trigger vs. 1.274 MeV Positronium decay time

Time (ns)

E
ve

n
t 
N

u
m

b
e
r

KAPAE-I
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▪ Position reconstruction

▪ Z position cannot be distinguished → XY projection position reconstruction

▪ Kinematic fit will be used if we fail to reconstruct Z position
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KAPAE-I : Data analysis
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KAPAE-II Physics

Invisible decay of positronium study

2
5

Partial invisible decay of p-Ps
- p-Ps to Gamma + X
- Dark photon, Dark Z

Total invisible decay of p-Ps
- p-Ps to X
- Mirror world

Partial invisible decay of o-Ps
- Axion like particle and other light boson

Total invisible decay of o-Ps
- Axion like particle and other 

light boson
- Milli-charged particle
- Extra-dimensions

1st experiment : p-PS : 2025 2nd experiment : o-PS : 2026
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KAPE-II p-Ps motivation

Dark photon - partial invisible 

2
6

*[J. P´ erez-R´ ıos and S. T. Love, “Searching for light dark matter through positro-
nium decay,” The European Physical Journal D, vol. 72, pp. 1–5, 2018]
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KAPAE-II : Eg vs Mdp

Dark photon - partial invisible 

2
7
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KAPAE-II : Detector Design
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• Bigger size, less channel (27)

• 30 x 30 x 150 mm3 BGO

• 5 x 5 array 150 x 150 x 150 mm3

• Reduced dead area

• Underground cryogenic operation

• p-Ps invisible decay

• o-Ps invisible decay (next step)

Dongwoo Jeong, Hyeoungwoo Park, and H.J. Kim. 
“Development of the KAPAE II Detector for New Particles Search
in Positronium Decay”. In: Acta Phys. Pol. A (2024).
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KAPAE-II : Detector Design

Geant4 simulation for design
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I n v e s t i g a t i o n o f t h e e f f e c t o f a u n i f o r m l a t t i c e s t r u c t u r e o n t h e e s c a p e

o f 5 1 1 ke V ga m m a r a y s .

B a s e d o n t h e c o m pa r i s o n r e s u l t s , t h e e f f e c t w a s d e t e rm i n e d t o b e

n e g l i g i b l e , a n d t h e “ N o S h i f t ” d e s i g n wa s a d o p t e d .
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KAPAE-II : Detector Design

BGO crystal scintillator

30

Ou t o f 2 6 BGO s c i n t i l l a t i o n c r y s t a l s , 2 e nd c ap c r y s t a l s

we r e e xc l u d ed due to s i ze d i f f e r e n c e , a nd 1 wa s u s ed

a s a r e f e r en c e . T h e r e fo r e , 2 3 b a r r e l - t y p e c r y s t a l s we r e

t e s t ed .
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Detector Design

Light collection efficiency

31

Simulation results

T h e a v e r a g e l i g h t y i e l d o f p o l i s h e d B G O c r y s t a l s
w a s n o r m a l i z e d t o 1 0 0 % .

D.W. Jeong et al. “Optimization of 
Scintillation Light Collection Efficiency in 
BGO Crystals with Surface Diffusion for 
Enhanced Sensitivity in the KAPAE”. In: 
IEEE Transactions on Nuclear Science (2025)

O u r r e s u l t s s h o w a s i g n i f i c a n t

i m p r o v e m e n t i n e n e r g y r e s o l u t i o n ,

a c h i e v i n g a n a v e r a g e o f 1 0 . 8 % a t 6 6 2 k e V ,

c o m p a r e d t o t h e p r e v i o u s l y r e p o r t e d 1 5 %

i n o t h e r s t u d i e s . ( d e t a i l i n b a c k u p s l i d e )
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KAPAE-II : Detector Design

BGO decay time

32

-31°C

-26°C

-19°C

18°C

27°C
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KAPAE-II :Detector Design

Readout configuration 
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T h e s i n g l e - s i d e r e a d o u t s h o w e d 1 2 % r e s o l u t i o n , a n d a f t e r c a l i b r a t i o n , t h e

b o t h - s i d e r e a d o u t g a v e 1 1 . 2 % . C o n s i d e r i n g i n c r e a s e d c a l i b r a t i o n e r r o r s

w i t h m o r e c h a n n e l s , t h e g a i n wa s m i n i m a l , s o a s i n g l e - s i d e d r e a d o u t w a s
c h o s e n .

S i n g l e - s i d e
r e a d o u t

B o t h - s i d e
r e a d o u t

R6231-100 

PMT

BGO
R6231-100 

PMT

R6231-100 

PMT

BGO

Reflactor



H.J.Kim, KNU

KAPAE-II : Detector Design

Photodetector

34

•R 1 1 2 6 5 U - 3 0 0 P M T e n e rg y r e s o l u t i o n 1 6 . 5 % @ 51 1 ke V

•S 1 3 3 6 0 - 6 0 7 5 3 x 3 a r r a y S i P M e n e rg y r e s o l u t i o n 1 5 . 1 % @ 51 1 ke V

•S 1 3 3 6 0 - 6 0 7 5 4 x 4 a r r a y S i P M e n e rg y r e s o l u t i o n 1 4 . 8 % @ 51 1 ke V

R 1 1 2 6 5 U - 3 0 0 P M T

S 1 3 3 6 0 - 6 0 7 5 S i P M

S 1 3 3 6 0 - 6 0 7 5 3 x 3 a r r a y S i P M

S 1 3 3 6 0 - 6 0 7 5 4

x 4 a r r a y S i P M
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KAPAE-II : DAQ
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•Mu l t i p l i c i t y t r i g ge r ( P EN + BGO )

•Wave fo rm da ta

•Cha rge da ta

•Rea l - t ime pede s t a l co r r e c t i o n

•Pu l s e s h ape i n fo rma t i o n ( p e a k t ime , mea n

t ime , pu l s e he i gh t , TDC t ime )

•12 -b i t ADC , 6 2 . 5 MHz , 1 . 3 n s TDC

•Cu s tom i zed by No t i c e
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KAPAE-II : Detector assembly
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1 2 3 4 5

6 7 8 9 10

11 12 13 14 15

16 17 18 19 20

21 22 23 24 25

2613

KAPAE-II : Detector mapping
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KAPAE-II : Overground test
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Room temperature  installation Rapid cooling chamber Assembled detector
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KNU lab at Yemi Underground lab.

39

Yemi-Lab
KNU Experimental hall
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KAPAE-II : Yemi lab installation
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• The detector, copper case, and lead

shielding were installed in the Yemi

underground lab.

• The total shielding structure measures

500 × 800 × 600 mm³, with 100 mm thick

lead and oxygen-free copper.

• Cryogenic operation at −37.5 °C was

stabilized after 3 days and maintained

within ±0.5 °C for 19 days.
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KAPAE-II : Data taking
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• Ground l e ve l d a t a : 2 025 J an . 1 0 - Ma r. 0 1

• Unde rg ro und i n s t a l l a t i o n : 2 02 5 Ma r. 0 2 - Ma r. 0 6

• Unde rg ro und da ta : 2 02 5 Ma r. 0 7 - Ma r. 2 4

• DAQ sy s t em upg rad e : 2 025 Ma r. 2 5 - Ap r. 1 6

• Da ta t a k i ng : 2 025 Ap r. 1 7 – Oc t . 1 6 ( 6 mon th )
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KAPAE-II : e+ trigger signal
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P E N  F i l m

C o t i n g

22Na

22Na

3 x P E N  F i l m

2 x P E N  F i l m

C o t i n g

1 2 5  u m  1  x  

P E N

S i n g l e  s i d e

1 2 5  u m  5  x  

P E N

B o t h  s i d e
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KAPAE-II : Results

Impact of the positron trigger on BGO channels
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T h e r i g h t s i d e o f t h e

t a i l o f t h e f u l l p e a k

i s d u e t o p o s i t r o n

e n e r g y d e p o s i t i o n .

• D.W. Jeong et al. “Optimization and characterization of detector and trigger 
system for a KAPAE design”. In: Nucl. Instrum. Methods Phys. Res. A 989 (2021), 
p. 164941. issn: 0168-9002.
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KAPAE-II : Results

Detector BGO energy spectrum

44

M .  M o s z y n s k i ,  M .  B a l c e r z y k ,  W .  C z a r n a c k i ,  e t  a l . ,  “ I n t r i n s i c  e n e r g y  r e s o -

l u t i o n a n d  l i g h t  y i e l d  n o n p r o p o r t i o n a l i t y  o f  b g o , ”  I E E E  T r a n s a c t i o n s  o n  N u -

c l e a r  S c i e n c e ,  v o l .  5 1 ,  n o .  3 ,  p p .  1 0 7 4 – 1 0 7 9 ,  2 0 0 4 .
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KAPAE-II : Results

Ground level energy spectrum
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Ground with source
Ground without source :  0.06 Hz with coincidence trigger
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KAPAE-II : Results

Ground level high energy background waveform
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KAPAE-II : Results

Underground energy spectrum
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KAPAE-II :  Simulation results
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Energy resolution

non-proportionality
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KAPAE-II : Results

Simulation (red) vs Underground (blue)

49
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KAPAE-II : Light leak issue

50

Slope : light leak
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KAPAE-II : Comparison with data & MC
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KAPAE-II : Energy distribution

Total energy distribution with 1275 keV gamma selection

52
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KAPAE-II : Results

Total energy distribution with 1275 keV gamma selection
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KAPAE-II  : Expected sensitivity
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• Trigger rate: ~11 kHz

→ Energy cut (63%): ~7.2 kHz

→ Pileup rejection (expectation

94%): ~6.8 kHz

• 1 day (1D) of continuous data taking

→ ~5.9 × 108 events

• 75 days (75D) of continuous data

taking → ~4.4 × 1010 events



H.J.Kim, KNU

KAPAE-II : Preliminary results
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158 keV gamma

Branching ratio upper limit using 24 hour data
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Branching ratio upper limit using 24 hour data
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Skalsey, M., and R. S. Conti. "Search for exotic 
decays from low-energy e+ e− direct 
annihilation." Physical Review D 51.11 (1995): 
6292.

Confidence Level (C.L.) 90%

HPGe experiment

Confidence Level (C.L.) 68%

KAPAE-II : Preliminary results

Total invisible :  
1.1 × 10⁻⁷ at 90% C.L., improving upon the previous ETH Zurich result (1.1 × 10⁻⁷) .
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Summary & Prospect

57

1. We constructed KAPAE-I detector for the QED study and KAPAE-II 
detector for the exotic dark matter search using positronium decay 

2. The following is preliminary results and prospect with KAPAE-II p-PS 
mode study 

3. KAPAE-II o-PS mode data taking will be started from 2026 for ALP, Dark 
Z and mirror world search.
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