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Dlrectlon senS|t|ve search = hew generatlon dark matter search experlment
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i > Dark,Matte Astronomy (dark matter distribution, ) - ¥ ‘
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Dlrectlon senS|t|ve search - new generation dark matter search experlment
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Challenge for Direction Sensitive Dark Matter

technologies _ '
107 & Our device case E:::.I:S S_m?sme;;_[;
o8 - Density 3.2 g/cm3 AMS 28.86
. . . . . = Main Target : CNO + AgBr
Can the solid (or liquid) detector have directional T
eps s oy _s 107
sensitivity to nuclear recoil signal due to WIMPs ? ¢ =
(currently gaseous detector is on studied ) e 100 GeV/c?
g ‘03%_ 50 GeV/e2
> Track length of recoiled nuclei <~ 1 pm ol 20 GeV/c?
» Angular dispersion due to straggling ~ 25deg. - 10 GeV/c2
> Scalability and low-background e
1?||||...|H...|.I_.|H|....|.ﬂﬂl._|.|..||ﬂH|
h . I h ” l I ° 100 200 Reggi?l\luclei I;{‘gr['u]ge [nm] 200 000 700
New ni nge !!
ew tec Cdl challenge ~

Low mass ( ~“10 GeV/c2) search : light target + < 200 nm length
High mass (> 100 GeV/c2) search : heavy target + < ~700 nm
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N E\/\/Sd M ~Nuclear Emulsions for WIMP Search + directional measurement

Chiba
Nagoya
4
A3 , LPI RAS Moscow
» Bari Gyeongsang
W GSS| JINR Dubna
http://news-dm.Ings.infn.it LNGS SINP MSU Moscow
: INR Moscow
Napoli .
R Yandex School of Data Analysis
oma

NEWS: Nuclear Emulsions for WIMP Search
Letter of Intent LOI under review by the LNGS scince committee

(NEWS Collaboration) https://arxiv.org/abs/1604.04199
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Concept of NEWSdm experiment

Device self-production

Equatorial Telescope @
__Superstiigh tesolution device

/7
ASurface laboratory

exposure using telescope

Underground laboratory ’/’

,’ Using microscope technigues



Nuclear Emulsion

» Kind of photographic film
> High spatial resolution
» 41 tracking

Chemical
developmeé

—
125mr treatment

Solid tracking detector :
Density ~ 3 g/cm3




Latest nuclear emulsion experiment and readout
OPERA detector

Current hlghest_ speed readout system
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Observed neutrino oscillation with Scannmg Speed ~ several ton /year

30 ton emulsion detector x 5 years (150 ton *year) Ref : M. Yoshimoto el al., arXiv:1704.06814 [physics.ins-det]
(Emulsions are 20 % volum in this picture)

It has good potential for ton scale experiment !
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Concept of super-high resolution

—— Polymer (C, (N,0))
Charged Particle / Silver halide crystal

(AgBr) * ~ 200 nm
J |
Qv .V

Latent image :II :
\) \) S|zc:]>eecrl]<sI

't treatment Micronize technology is needed a Developm@Rt treatment
new method !! o
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Self-production of Nano Imaging Tracker(NIT)
S E 3 quIed AgBr crystal

Super-resolution = -

o

L\ size1
\ Entries 234
Mean 24.28
RMS 4.493 .
NIT Current standard Device :
Nano Imaging Tracker [NIT]
crystal size : 44 nm
NIT-60
 Production time : 4-5 hours /batch Finest grain emulsion :
One butch :~100g (+300¢g) Ultra-NIT [UNIT]
(there are 2 type machines) crystal size : 25 nm
= kg scale production is possible using this !
machine. e Qlo“ 550" gp[;;zd 50 50 “Thtaka et al., Nucl. Inst. Meth. A 718 (2013) 519-521

T. Asada, T. Naka +, Prog Theor Exp Phys (2017) 2017 (6): 063HO1



prototype NIT film for dark matter experiment

Elemental composition of NIT

s
i Ag 0.44 0.10
_gi J Br 0.32 0.10
E | 0.019 0.004
- C 0.101 0.214
3 0 0.074 0.118
. N 0.027 0.049
3 - 0.016 0.410
£ | s Na+others ~0.001 ~0.001

@ Intrinsic radioactivity :

@ Intrinsic neutron emission:
~ 1.2 /kg/y (by SOURCE simulation)

U-238 Th-232 K-40
27 6 35 (~400) 24000

= ~ 0.1 /kg/v ( > 100 nm nuclear recoil)
Detail shown in Astropart. Phys. 80 (2016)16-21

[mBa/kg]



NIT device potential
1 4nttmslcpotenuaLof_NlLdemce_
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Carbon Energy [keV]

WIMP-nucleon cross section [cm2]

10 kg-year simulated sensitivity [90 % C.L.] + zero BG

10732 - N — —
Case for current readout ability
1034 L Case for extrapolation lower energy
Case for intrinsic detection ability
10736 L _
10738 |- _
1079 - chnce
1042 - Lower-energy reado
1044 Device potential ™~—wrcee" = .
10° 10’ 10° 10° 104

WIMP Mass [GeV/c?]
NIT detector / CNO sensitive / no Bkg no directionality

Simulation limit is “energy > 5 keV for all atoms (SRIM limit)”
& “Sensitivity > 0.1 % (Simulation statistics limit;10 event)”

Device potential : 10 keV of C recoil (> ~ 10% eff. and 45 ° angl.

Res.
12



Low-velocity ion tracking

Can use ion implantation as calibration source
- Mono energy (£0.1 keV)
- Good direction uniformity (<10 mrad)

- Now, C from CO, " Ar, Kr (but other various ion is possible)

100 keV Carbon SEM image

7

7cm X 3cm implantation area

ion direction =

m—p  emubonfin__ y

e 0 degree

AgBr crystal has good sensitivity
about Carbon (~ 100 % efficiency)

13
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Development of New Readout System for nano-tracking

Prototype R&D system @Nagoya and Napoli
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Candidate selection method using

epi-illuminated optical microscop 2

a

D.

Ellipticity (major/minor) [pi

2 8
26
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K. Kimura and T. Naka, Nucl. Inst. Meth. A 680 (2012) 12-17

T. Katsuragawa et al, JINST 12 T04002 (2017)

Performance using only elliptical shape analysis
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Readout efficiency PTS-1.5(Ellipticity>=1.25,1.40,1.60 & minor>=4.8)

— PTS-1.5_Elli1.25 cut

PT8-1.5_Elli1.40 cut

m— PT8-1.5_Elli1.60 cut -

1 | | 1111 | 1111 | 1111
250 300 350 400 450
Distance between grains [nm]

100 150 200

Current microscope has the potential to select > 100 nm length

tracks

Direction sensitive eff. :
~30 % @60 keV

(Cullently limited by the optical

condition = to be upgrade)
Angular resolution :

~30 deg. @60 keV

= good compatibility to
expectation by simulation

Angle distribution, Elli>=1.3, bin=21

1200 . Entries 7699
B : Maan 0.03124
L r. RMS 0.509
1000} : ‘ Underfiow 0
‘ Overfiow 0
800} - h.....| 90 1007 = 18.2
§ k p1 0.03499 £ 0,00539
: J |2 0.3665 + 0.0061
6001 : ‘ \ pé 68362323

0-1 3 -1

4.5 0 0515 1 1.5

2D Angle[rad]



Major(pix)

Demonstration of direction sensitive nuclear recoil detection due to
14.8 MeV neutrons

signal region 1hEEEE AREEE e R
20 t ] 25|
Red]: confirmed track by X-ray microscope | ‘
aftey optical microscope readout " - .
20
15 | L 2
r7 J—I_LI_ ._.'
10 - | - ]
e T 10;
ot o i | Direction of neutron j
5 =r’f:E-l-::l'Tl-=-.:-Hl-‘ 5 1
n‘ ;_I ! i 1 1 I l 1 1 L I i L | ' B | | | | ' I 1 I § k k I 1 I i I_.
- . . . . . 045 A 0.5 0 0.5 1 1.5
2 4 6 8 10 12 Azl h Angl d 2D angle [rad]
Minor(pix) zimuth Angle [rad.]

Mostly detected target was Br recoil [ < 200 keV ]
Now on preparing CNO recoil demonstration due to 565 keV (Li-p nuclear fission reaction)



Study of higher level event selection technigue

® For Signal/Background discrimination
® For lower energy threshold

Super-resolution microscopy N
WX-ray mic TN etal, Rev Sci Instrum. 2015 86(7):073701) ~ Cutting-edge technologies

i : for microscopy and image-
®Machine learning - Py g

. _ _ processing
B Phase-difference imaging
etc.
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Localized Surface Plasmon Resonance (LSPR)

Localized Surface Plasmon Resonance Silver-nano pa rticle

Light of
microscope

silver nano particle

s (1) —6,(2) 40nm 80 nm

p=4r¢ a 0
gl (ﬂ’) + ng (l)

Recoiled proton*rack
&A)+2¢.(4)=0 due to neutron

Plasmon Resonance condition

18



Concept of super-resolution microscopy using LSPR

0.0

TEME &
45 nm:120 n

TEM image
45 n?:SO n

14

Wn

Dipole moment for non-spherical Ag nano particle
depends on the polarization angle
Resonance wavelength is shifted by that.

LY

Scattering intensity

polarization
direction

/ If:\
z/\\ /
/ l \_// |

polarization direction of incident light

polarization /

NN

polarization direction of incident light

L%

Scattering intensity

By combination both the wavelength shift and rotation of
polarized angle, non-diffractive condition is realized.
optical resolution = position accuracy

(~10 nmorless)

Developed silver grain such as the
nuclear recoil has very complicated
silver filametn structure

= It’s very good to realize above
concept

19




Resolution calibration

Automatic plamon analysis microscope system
" Liquid crystal rotater

suppression of stage vibration

(=color imaging )

(=combine machine learning)

500

100

One silver nano particle

400
300

200

Entries 5838
Mean -1.617e-05
RMS 0.005904
2/ ndf 182.1/58
Prob 9.71e-15
Constant 427479

Mean -3.272e-05 + 6.997e-05
Sigma 0.005229 + 0.000066

-0.04 0.02 C 004

x distance from tt hs— lection

=¢patial resolution

Pixel of Y axis [1pix : 58 nm]

400
350
3001
250
200F
150 F

100

Position accuracy ~ 5 nm!!
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Bary-center shift - resoluti

-1

0

on

Pixel of X axis [1 pix. : 58 nm]]

0.04

1
Entries 5838
Mean -2.593e-06
RMS 0.006632
¥2/ ndf 152.6/57
Prob 1.172e-10
Constant 3626 +6.6

Mean 1.317e-05 + 8.267¢-05
Sigma 0.006195 + 0.000076

0.02

icenter of the collec mmu]



Readout study using the plasmonics information

20

15

10

cl 3474 in frame 140 at xy: -4.46 11.04

Direction sensitivity using plasmon analysis

C 100 keV C 60 keV
Enrias 214 Eritrigg ERA4 — Enlriag 2095
200 Pz 1&12 Maan 1,611 50 __ Maan 1,565
1B0 St Dew  0L7173 i Dhere DGR o S Dew  0.TER J

:|1JJ'

Entries 1600
Mzan 1.663
Sd Dav  0.7262

mw * " f

%IIIID-EI

il
40 Blue : total

cﬂ

5 10 15 20

Shift of barycenter is important information

for nano-scale structure

25

30

35

Red : Bari-center shift > 30 nm
Green : Bari-center shift < 30 nm

ulmm

Demonstration of the direction sensitivity have been done.
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Direction sensitivity of low-energy Cion [ 30 keV ]

amplitude (H/V)
N w
o ) » N

N

1.5

0.5

Expected : 90 ° -> Measured : 90°

Entries 1911

Mean 1.572

Std Dev 0.8051

%2 / ndf 41.57 /40

p0 1.869 £ 0.161

p1 1.564 + 0.034

p2 0.4158 + 0.0392

p3 1.432 + 0.064
ey

| 1 | I 1

2.5 3
0 [rad]

1.5F |

L [

| T + ] +
0.52

Y R 25

/‘@ /-
/ [ J
5’/)
o I
Expected : 135" -> Measured : 136
Entries 1807
Mean 1.828
Std Dev 0.8707
¥2 { ndf 47.14 / 42
p0 1.964 + 0.149
p1 2.373 + 0.037
p2 0.4838 + 0.0348
p3 1.298 + 0.052

¢ [rad]

Indication :: low-mass dark matter (< 10 GeV/c2) can be seen with the direction !
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Background studying

Technologies Expected rejection power or
event rate

Physical BG
Electrons C-143 Crystal temperature dependence (> 10°% or more rejection power
Environment gamma (M. Kimura et al., NIM A 845 (2017) 373) (< O(1) /kg/day)) *now on
Crystal sensitivity control studying
Image and plasmonic analysis
Synthetic Polymer > 103 or more
Neutron Intrinsic (o, n) - ~ 3 x 10-*/kg/day or less
Astropart. Phys. 80 (2016)16-21
Environment Water shield < 1E-4/kg/day
Cosmic-ray Recoiled nuclei Coincidence with MIP sensitive emulsion *on studying using simulation
Spallation neutron (under studying with simulation) (~O(104)/kg/day * now on
study)

Nonphysical BG

Contaminated dust (under studying) Clean room Under studying
Plasmonic analysis and image processing (at least > 10° or more, in
Machine learning principle it should not be

Chemical treatment background )



Exposure site

Test experiment Site

Gran Sasso underground laboratory, Italy

CRESST GERDA-|| XENON 1T ERMES
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COBRA

DAMA/LIBRA

facility at Hall.F, LNGS
[> Operation will be started in this October




Conclusion

» Directional sensitive search is new methodology to obtain new information for direct
dark matter search

» Super-fine grained nuclear emulsion (Nano Imaging Tracker : NIT) have been firstly
demonstrated to be able to detect the nuclear recoil as track.

» NEWSdm project is now on going as international experiment toward directional dark
matter search in the LNGS
2018 : underground facility construction at LNGS
2019 : TDR will be prepared and start the small scale experiment
2020 - : preparation and run for larger scale experiment of ~ kg scale

» Background study and new readout technologies are now on progress



Potential of Directional Sensitive Search

20 observed avents == Slgmal - = Background
W woara [ 1o bana
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Annual modulation : Several 1000 events WIMP mass [GeV/c2]




Clean&Dark Room

To Celestial
North Pole
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Clean Room
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