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Main topics

High-resolution Solid Tracking Detector for Dark Matter Search 

 Super-high Resolution Nuclear Emulsion 

 “Paleo Detector” with the mineral



Directionality 
for dark matter signature  
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Standard WIMP Search 

Boosted DM signature 

 Lower mass scale DM search due to boosted 
process ⇒ new parameter space 

 Longer track detection and directionality to 
galactic center 

 Directionality to Cygnus direction and 
anisotropic angular distribution 

 Background discrimination (e.g., 
environment ration, neutrino ・・) 

 Dark matter astronomy (e.g., access to 
velocity distribution)



Direction sensitive dark matter search with nuclear emulsions

NEWSdm experiment   
Collaborated by 5 counties, 14 institutes 



electron-

Ag core

Developing

500 nm 

AgBr(I) crystal

TN et al., NIM A Nucl. Inst. Meth. A 718 (2013) 519-521
T. Asada, TN et al., , PTEP (2017)063H01
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Super fine-grained nuclear emulsion
[Nano Imaging Tracker : NIT]

Density : 3.1 ± 0.1 g/cm3
Crystal size : 20÷80 nm 
(tunable)

Nano tracking detector !For High energy physics 
・neutrino 
・cosmic-ray 
・muography
etc.



Direction Sensitive Dark Matter Search 
with Super-high resolution nuclear emulsion 

Super-resolution nuclear emulsion

Underground laboratory  

Equatorial telescope 
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WIMP signal Higher energy signal e.g., boosted  DM Proton recoil or alpha

5μm

10 keV@proton
30 keV@CNO

> 500 keV@proton

Element Mass 
fraction [%]

Atomic 
fraction [%]

Ag 41.5 8.4

Br 29.7 8.1

I 1.9 0.3

C 12.3 22.7

N 3.7 5.2

O 9.2 12.5

H 1.8 42.8

S, Na + 
others

~0.1 0.1
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Readout System

T. Shiraishi, TN et al., PTEP, 4, 043H01 (2021)
A. Umemoto, TN et al., PTEP 10, 103H02 (2020)
Y. Katsuragawa, TN et al., JINST 12(2017)T04002
M. Kimura and TN, Nucl. Inst. and Meth. A 680 (2012) 

Readout system
[PTS]

CMOS camera with high speed and 
wide field of view   

Epi-illumination optics 

Driving stage  

 4 machine operation (Toho, Nagoya, Kanagawa+LNGS) 
+ 1 machine commissioning + 1 machine construction 

 Scanning speed :
WIMP search ⇒ 0.4 kg/year/machine   

Longer track (~1μm for BDM, neutron etc.) ⇒ 1.2 kg/year/machine

Speed is continuously 
upgrading! 

 Napoli University + Toho university
 Super-resolution event reconstruction over optical 

diffraction limit
 Plasmonic spectrum for signal/background 

identification  

A. Umemoto, TN et al., PTEP, 063H02 (2019)
A. Alexsandrov, TN et al.,Scientific Reports 13, 22813 (2023)

Super-resolution
System 

ReconstructedMicroscope



Nuclear recoil detection by neutron 

Tracking Energy threshold 
>= 30 keV @ carbon  

Ellipticity (track length)  spectrum
Angular distribution
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proton recoil 



Demonstration of directional DM search
[surface run @ Nagoya University]

glass base

CYGNUS
(parallel to x axis)

NIT

Keeping the direction to the Cygnus

phi distribution (ellipticity≧1.5)

phiχ (degree)

First directional search limit  around 10 
GeV/c2 mass region 

 Demonstration of solid tracking detector and directly 
tracking analysis 

 First Directional search around 10 GeV/c2 region in the world 

Exposure 1.5 g・days , 
Direction sensitive limit (95% CL)
C,N,O recoil hypothesis
( >= 30 keV @CNO recoil)  

Cygnus 

9

Technical test at surface lab. 

arXiv:2310.06265



Directional search for standard WIMP search
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Case for current readout ability 

Case for extrapolation lower energy 

Case for intrinsic detection ability

10 kg∙year simulated sensitivity [90 % C.L.] w/o BG

Device potential

Current readout performance

Lower-energy readout 10 GeV/c2

20 GeV/c2

50 GeV/c2

100 GeV/c2

Current
Intrinsic

optics and device  upgraded 

Device condition
Density  3.2 g/cm3 
Main Target : CNO + AgBr

Super-resolution readout

High speed readout 



Larger scale experiment 

Scanning power : 200 kg/3 month

Emulsion target > 1 ton scale or more 

 Current emulsion 
technologies have been 
achieved ton scale experiment 

 Background reset techniques 
have been demonstrated in 
the OPERA experiment.

Challenge 
・ Nano-scale track readout for ton scale emulsion 
⇒machine learning techniques are promising 
・Background ⇒ new device technologies 

CHORUS experiment OPERA experiment 

HTS @ Nagoya U.



Boosted dark matter search 
Model independent ψ-p cross section limit 

<σv> = 5×10-26 cm3/s

1 kg・day exposure(expectation), 
90%CL

𝜒

𝜒

𝜙

𝜙

𝜙

𝜙

X

Multi-component dark matter
(annihilation or semi-annihilation)

Decaying and multi-component

𝜙

Å Lighter target (e.g., proton) has good 
advantage for MeV scale energy 

Å O(100) keV proton tracking with 
low-background condition 

Detector on the earth
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𝑀𝜙:10𝑀𝑒𝑉

𝑀𝜒:20𝑀𝑒𝑉
Signal region

Proton recoil analysis for neutron measurement  

LNGS underground 
demonstration 

0.04 kg・day analysis 

210Po 



Production room

Å NIT gel production 
Å Device production 
Å Clean room (ISO class.6)
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Underground activity and status at LNGS

 In 2024, construction of larger scale experiment and low-background device operation test
 Planning the telescope run with 10 kg・day exposure both WIMP and boosted DM search
 Scanning and analysis study are on going in Japan and Napoli group.  



Dark Matter Search Neutron

Anti-matter symmetry   

Charged Particle Therapy  

Ion beam monitoring 

・positron quantum diffraction 
imaging 
with QUPLAS collaboration ・nuclear spallation measurement 

for ion beam therapy 

・High precision measurement
of ion beam.
with RIKEN etc.

・Direction sensitive dark matter search 
・boosted DM search with MeV scale 

・Underground neutron measurement 
・neutron imaging 
・nuclear plant and fission facility 
・Ultra-cold neutron for fundamental physics

NIT technologies

with FOOT collaboration



Paleo Detector
Ancient Mineral

Geologic time scale 
> O(100) M year 
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lattice defect

Traces of charged particle  are stored for hundreds of millions of 
years as “damage tracks”.  



VS

~ 104 kg > 0.001 kg (1g) 

O(1) years109 years

𝑵𝒖𝒎𝒃𝒆𝒓𝒐𝒇𝒔𝒊𝒈𝒏𝒂𝒍𝑵=𝑹[/  𝒌𝒈𝒚𝒆𝒂𝒓]×𝑴 𝒌𝒈×𝑻𝒚𝒆𝒂𝒓

Mass scale 

Time scale 

DM DM

Exposure 
（Mass × Time) >  106 kg・year ~104 kg・year >

Å Final sensitivity depends on the detection performance such as energy threshold, readout efficiency, background etc..
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Astro and particle physics nature Experiment setup

𝑵𝒖𝒎𝒃𝒆𝒓𝒐𝒇𝒔𝒊𝒈𝒏𝒂𝒍𝑵=𝑭[/  𝒎𝟐 𝒚𝒆𝒂𝒓]×𝑺𝒎𝟐 ×𝑻𝒚𝒆𝒂𝒓

Neutral 
particle

Charged 
particle



1 cycle  ~ 250 Myear
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Credit: Tohoku University 

Neutron Start Marger (NSM)

~ 1 events per 0.1 Myear

Super Nova

~1 events per 100 year 

Dark Matter Subhalo



Mineral candidate 

- 0.1-1 billion year scale and established dating method 
(e.g., K-Ar method )

- Many previous research 

- Transparency  seat and good scalability  

Olivine 

- Very low U, Th cotamination

- Component of the Meteorite or the moon rock   

- very high resolution tracking detector  with nm scale  

Muscovite mica 

On the earth In the universe 



Dark Matter or Exotic Particle Search with Mica



10-22 eV keV MeV GeV TeV Mpl 10M☉

WIMPWDM
Sterile Ȋ etc.  

Ultralight or Fuggy DM
Axion, dark photon  

Composite DM PBH

Unitality limit

Dark Matter mass scale 

𝐷𝑀𝑓𝑙𝑢𝑥𝑜𝑛𝑡ℎ𝑒𝑒𝑎𝑟𝑡ℎ=1.2×10−13/  𝑐𝑚2𝑠𝑒𝑐
𝑣

300𝑘𝑚/𝑠𝑒𝑐

1020  𝐺𝑒𝑉𝑐

𝑀𝐷𝑀
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 Ultra-heavy DM or exotic particle should be very low flux.
 Paleo detector with geological time scale has good advantage.



Composite or Ultra-heavy Dark Matter

Q-ball

Monopole 

Quark Nugget    

Nuclear rite  

PBH 

Hiramatsu, Kawasaki, Takahashi (2010)

 Baryon or/and Lepton number generation 
 Beyond Standard Model （e.g., SUSY）⇒ Grand Unified Theory
 Dark Matter Candidate 

Non-topological soliton : field configuration minimizing energy with charge Q 
for scalar field with U(1) symmetry.  

Expected mass : > 1010 GeV 



𝐿=𝐵

𝑄𝑒=𝐵−𝐿=0
𝐿<𝐵

𝑄𝑒=𝐵−𝐿>0

 Q-ball with both B and L charge (e.g., ucucdcec )

 Stable against decay into protons

 Lepton component can decay into leptons
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Stable “charged” Q-ball

Stable charged Q-ball condition 

 Size of the electron cloud becomes smaller than the 
Q-ball radius 

 Bohr radius is smaller than the Q-ball radius  when 
the cloud starts to from 

 Schwinger effect become effective 

J.P. Hong, M. Kawasaki, M. Yamada, PRD, 92, 063521 (2015)

J.P. Hong, M. Kawasaki , PRD,  95, 123532 (2017)



Q-ball atom

Much heavy mass : ~ 1020 GeV
Qe = α-1 ~ 137
+O(1) ionlike
β : 10-3

Evolution of charged Q-ball

Condition of “charged” Q-ball dark matter 

As quite heavy atom-like particle, it should not be 
stopped in the material. 

Start the neutralization from keV to 
eV scale following the Saha fomula

e
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β= 1x10-3

Electric charge of Q-ball

Energy loss of charged Q-ball in muscovite mica
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Ion implant system  
(30-200 kV)

1.0 MeV/mg/cm2

6.3 MeV /mg/cm2

(T. Hirose et al., white paper of Palo 
detector (2023)) 

1.0 MeV/mg/cm2

9.4 MeV /mg/cm2

Xe 100 keVKr 84 keV

Electronic loss : 
Nuclear loss : 

 Tracks can be formed in expected charged Q-ball 
region with mostly 100 % efficiency

 In case of Q-ball, tracks are enough longer than ions in 
this test  

Mica should form the tracks!



25

Expected Q-ball tracks 

Xe 500 MeV/u@ HIMAC

No background candidate on the earth 
⇒ Background free !



QTS system 

Automatic scanning system for Paleo Detector

Expected scanning speed

1st step :    ~20h /100 cm2 *NOT specific optimization

2nd step  :  ~ 1h /100 cm2 * optimize the stage motion 

3rd step :  ~ 10 min /100 cm2 * wide field of view
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SKYLAB (1978)

MACRO (2000)

MICA (monopole search 1986)

ZQ=137

First target 
(O(1) cm2 scan )

Second target 
(O(100) cm2 scan )

Third target 
(> O(1000) cm2 scan )

Over dark matter density

Now on this stage



Xe 16 GeV, 46 h

100 um

NOT observed

Xe 7.5 GeV, 12 h

100 um

Xe 10 GeV, 24 h

100 um

Xe 4 GeV, 6 h

100 um
beam direction

Etching method and tracking ability was confirmed



Target for the olivine 

Meteorite and super-heavy (transuranium) element      

Olivine in  meteorite   

3 events observed   
× : OLIMPIYA 
△ : ARIEL-6 (Fowler et al., 1987)
■ : HEAO-3 (Binns et al., 1989)
◇ : UHCRW (Donnelly et al., 2012)

artificial detector(exposure < 10 yeas)   

Paleo detector (exposure > 100M yeas)

candidate source (?) 

Super Nova : O(1) /100 years
Neutron Star Merger (NSM) : O(10-100)/1M years 

Astrophys. J. 829:120(2016)

 Lunar rock

P. B. Price and R. L. Fleischer,  Annu. Rev. Nucl. Sci. 
1971.21:295-334

Long track observed (> 1 mm) on the Apolo12 sample 

1.5 µm

Electron microscope w/o etching 

High precision analysis 
of solar flareExotic particle or not (?)
https://doi.org/10.1111/maps.13732

https://doi.org/10.1111/maps.13732


Summary    

High-resolution Solid Tracking Detector 

Super-fine Grained Nuclear Emulsion
Nano Imaging Tracker : NIT 

Å Direction sensitive dark matter Search  
Å Boosted Dark Matter Search from galactic center 

 Underground run is on going at LNGS
 Device and scanning system is operating, and 

upgrade studies are on going,  

Various application is expanding 
- Neutron measurement 
- Quantum diffraction imaging 
- Charged particle therapy                   etc.

Paleo Detector 

Å Heavy dark matter or exotic particle search 
Å Ultra-heavy cosmic ray 

(include the search of anomaly by previous research

 Detector performances for the muscovite mica and 
the olivine are almost understood, and now on stage 
to start the new particle search 

 New optical microscope system is developing using 
our exiting emulsion technology.

Interdisciplinary cooperation with particle physic, 
cosmology, geoscience, planetary science etc.



Back up



Track selection procedure  

Nucl. Inst. Meth. A 680 (2012) 12-17

JINST 12 T04002 (2017)

Image data
3D position data
Elliptical fitting data 
Brightness 

CNN 

R > 1μm

Topological selection

R > 0.3 – 1.0 μm

+ CNN selection (on going )

R < 0.3 µm

LSPR (plasmonic response)
+ super resolution

3D reconstruction 

ReconstructedMicroscope

PTEP 2021 (2021) 4, 043H01

Elliptical 
fit

https://www.nature.com/srep


Walker
Fleischer

Price  Actively studied by Price, Walker, Fleischer et al., 
in 1960-1980s

 Study for Cosmic-ray, exotic particle (dark 
matter, monopole etc.) had been done in the 
mica and lunar rocks returned by the Apolo
project. 

Ice core Wood Asteroid

Traces of cosmic-ray in the geological samples

Mostly radiochemical analysis

+

Upgrade and new approach with cutting edge technologies

Kinematical measurement 

Paleo Detector



Expectation for searching the parameter space of Q-ball model
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J.P. Hong and M. KawasakiPhysRevD.95, 123532(2017)

New type Q-ballGage mediated Q-ball

2nd stage : 1 week scan

3rd stage : 1 year scan

3rd stage : 1 day scan

3rd stage : 1 day scan


