;‘Q J) Toho University

o

Direction sensitive dark matter search
with nuclear emulsions

Tatsuhiro NAKA
Toho University
(KMI, Nagoya Univ.)
on behalf of NEWSdm collaboration



Advantage of Directionality for dark matter detection
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* More reliable evidence for dark matter
with distribution model in the halo

* Background discrimination for isotropic

component and/or different distribution

Galactic excess
e.g., cosmic-ray boosted DM,
dark particle by annihilation or decay
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Direction Sensitivity for solid detector
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NEWSdm experiment
am Collaborated by 5 counties, 14 institutes

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

Super-resolution nuclear emulsion and sub-micron tracking
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Nano Imaging
Tracker

,

Underground laboratory

Equatorial telescope



Super fine-grained nuclear emulsion
[Nano Imaging Tracker : NIT]
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AgBr(l) crystal
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Developing

TN et al., NIM A Nucl. Inst. Meth. A 718 (2013) 519-521
T. Asada, TN et al., , PTEP (2017)063H01

1 um

Density : 3.1 = 0.1 g/cm3
Tunable Crystal size : >20 nm

‘ Current standard type : 70 +- 10 nm
L Sensitization : Halogen-Accepter (HA) with Na,SO,



Dark matter sensitivity potential

readout upgraded

Simple
selection
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Readout System
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> Proton recoil or alpha

WIMP signal Higher energy signal e.g., boosted DM

10-keV@proton 500 keV@proton
(30 keV@C)
2D reconstructed 3D reconstructed
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Readout System

PTS-2 @ Kanagawa U.

PTS-3 @ Nagoya

PTS-5 @ Nagoya

QRSP
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> Proton recoil or alpha
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WIMP signal H|gher energy signal e.g., boosted DM
10 keV@proton

(30 keV@C)

2D reconstructed 3D reconstructed
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500 keV@protc

~ 0.4 kg/year/machine
( 100 times improved
from pilot machine)

~ 1.2 kg/year/machine



Microscope Reconstructed

Track selection pro

LSPR (plasmonic response)
+ super resolution

Scientific Reports volume 13, Article number: 22813 (2023)

R< View=430134, CI=6 View=206808, Cl=2

Image data

3D position data
Elliptical fitting data
Brightness

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

pit - px

JINST 12 T04002 (2017)

Tomographic Image Acquirement (0.5s / 170frames) N Image Analysis (0.2s /170 frames)
& . GPU image filter +
(a) Raw image X n (b) 3D tracking (c) 3D crop image
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-> 3D-CNN classification
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PTEP 2021 (2021) 4, 043H01 + CNN selection (on going )


https://www.nature.com/srep

Direction sensitivity checks

B lon-implantation
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Nuclear recoil detection by neutr

Calibration sample

with thermal insulator B

Neutron source due to nuclear fission reaction at AIST is very
useful calibration source for directly detection of nuclear recail,
not only ion-implantation system.

Detection of nuclear recoil tracks are demonstrated

The performance for any experiment condition such as
temperature, device sensitivity control etc. is investigated.
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phi distribution (ellipticity=1.5)

Demonstration of directional B
. o L ~+
[surface run @ Nagoya Univer fool ot e
Technical test at surface lab. (paraf.\;(.;:‘ouf axis) N
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/ ‘ E | | | ll | | | |

(=]

20 40 60 80 100 120 140 160 180

Al plate XY

Keeping the direction to the Cygnus ,
phi, (degree)

1027

/
Photo reflector% Pan head

L NS LY
2

First directional search limit :around| 10
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(>=30keV @CNO recoil) .
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NIT (staticinstalled)

WIMP-nucleon cross section : o [cm?]

B First demonstration of solid tracking detector and directly
tracking analysis
B Directional search around 10 GeV/c? region is first in the world
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COSMIC SILENCE

CRESST LEGEND-200 COSINUS

CUORE LUNA-400 LVD  / XENON-nT GINGER

Underground activities

LUNA-MV

Hall F : v £ , CUPID R&D
* Device self-production with clean room (ISO class.6)
* Device handling and chemical treatment LIME/CYGNUS

Hall C:
* Exposure area with shield and device cooling system

ST

=

Production roo Development room

NIT gel production
Device production
Clean room (ISO class.6)

Checmical development
Clean room (ISO class.7)

ANANANY



Tec h n |Ca I ru n at Temperature dependence for electron efficiency
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Device temperature [C]

B Low-temperature operation to keep the emulsion stability
B Electron background rejection using temperature dependence of
sensitivity for the energy deposition

[Intrinsic radioactivity in the device]

Activity [mBq/kg]

Flux @ Event rate for current Event rate for current selection
U-238 42 underground selection condition [/kg/day] condition [/kg/day]
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Nuclear recoil for 880 keV neutron at AIST
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Current activities for lower BG condition and telescope run

Operation temperature : -15°C
Shield condition : 2cm Pb

Total exposure : ~ 0.1 kg=day

Data taking is on going

On going the BG investigation in the Rn free clean SR - -
room at Hall.C



Environmental Neutron Measurement @LNGS
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Calibration with Monochromatic Sub-MeV Neutron

Proton Range Scattering Angle
Monochromatic 880 keV neutron exposure from - S00r=
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Fvent Classification 4 Single-prong Event N

Neutron elastic scattering Single a-decay from 21°Po
Nano Ag Layer (Top)
0% 0, & 0,%, 0, 0 0,%, 0,00, 0,¢| £
: 3
Multi-pron ’
ENl o prong 5.3um .
= Single-prong (>2 um) (Ep ~ 0.5MeV) : (Ea ~ 5.30MeV) -
LN
P - \
Fiducial Volume * Recently, event selection threshold was improved 2pm = 1um
0e%0 9, ® 0,%, o, ¢ o,°, ' 0%, %o lf;- e MUIti‘prong Event N\
Nano Ag Layer (Bottom) 228Th star (5 prong a--decay) Neutron inelastic scattering

COP Base

Frégments

External a-rays are excluded by fiducial volume cut,
then events are topologically classified to Single-
prong and Multi-prong

Focused on sub-MeV region (2~14um ->
0.25~1MeV) of Single-prong event to analyze with
background free




Demonstration of directional neutron
measurement with sub-MeV scale
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HSample 1‘ Sample 2 ‘ g GZenith
Surrounding environment (| Portable freezer box {outdoor) © N
Altitude 1400 m
. \ IL |- X
Expected angle-integrated —0 >
flux of atmospheric
neutron in 0.25 — 10 MeV 9.0x107% em™2s7! .
(assumed water fraction Horizontal Sample

in ground as 20%)'?

Operation temperature —20 °C | ms’ezlenim
Run start date 24 Nov. 2021
Preparation time in o
underground (days) 2 2 Number of Events [Flux in 0.25 ~ 10 MeV]
?;;:T;Ti’o:n;?rig;};? : Horizont:lg Data . 11'1 i 2'5 event/ g/ day
Analyzed area (cm?) 46.7 99.4 = (7.4%+=1.7) x 103 cm™?s! Phys. Rev. C 107, 014608 (2023)
Analyzed mass (g) 0.67 1.40




Underground Neutron measurement

~0.04 kg=day analyzed in the ~0.9 kg*day exposure device
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Hall.C exposure
[-15°C operation]

Current underground neutron flux upper limit

Mask cosBz < 0.05 && range < 3um <4.5 X10° /cm?/sec (90%CL) *Very Preliminary

Backgrounds from a-ray before drying

process of emulsion plate are expected. Further exposure run is on going.

= To be investigated more.



DM physics using low-energy (< 1MeV) proton recoil

Low-mass dark particle search with “MeV scale

xXx — fgg [mainly from galactic center]
@ + N — @ + N| Testof baryon interaction arXiv:1405.7370v4
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5x 10726 cm3/s M,

BDM flux on the earth ¢~ 1.6 cm ?s71 (

New parameter space search for MeV scale DM
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Expected sensitivity limit for emitted dark particle — nucleon cross sectit

Expected sensitivity for neutron measurement
condition with 1kg*day exposure [90%CL}
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B The run with 1kg=day exposure are on going as neutron
measurement (but not used the telescope yet).
= Scanning will be started from next month.

10728

nucleon cross section : ¢ [cm?]
S
0
~

$107%

_ | | | M Further scale up experiment with telescope is now on
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10 B Theoretical discussion is also on going, such as any

specific particle physics model, validity for cosmology.
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Conclusion

Directional sensitive search for dark matter is important methodology for identification of dark matter behavior in
the MW halo.

Fine-grained nuclear emulsion is implementable tracking detector with capability of detecting nano-scale nuclear
recoil tracks.

Directional search with telescope on the surface lab. was demonstrated, and directional search around 10 GeV/c?
mass range was carried out.

NEWSdm experiment is on going at underground lab. of LNGS.

Telescope run in underground have been started, and data taking is on-going.

In parallel, direction sensitive neutron measurement around sub-MeV energy range is on-going.
= surface run was done

= underground run is on going (now is no background for > 1um proton signal)

New parameter space search for MeV scale dark sector using proton recoil is also on-going.



