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POWER OF DIRECTIONALITY

* Impinging direction of DM
particle is (preferentially)
opposite to the velocity of the
Sun in the Galaxy, i.e. from
Cygnus Constellation

WIMP Wind
e

cember

®* Unambiguous proof of the

galactic origin of Dark Matter oo E""l_““"“°“heWIMP‘N“°‘e°“ 7
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NEWSdm PRINCIPLE

Dark Matter nuclear
wind

B y -
¥ _ / recoil
* *
¥ ~ x
(

Cygnus

nuclear emulsion film

Aim: detect the direction of nuclear  Declination Axis
recoils

Polar Axis
Target: nanometric emulsion films

acting both as target and tracking
detector

Background __ reduction: neutron
shield surrounding the target

Fixed pointing: target mounted on
equatorial telescope pointing to the
Cygnus Constellation |

Location: Underground labs
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Detection principle

1. Ionization induced by a particle
— 2.6 eV band gap

2. Electrons trapped at a lattice defect
on the crystal surface

AgBr crystal

~200 nm £

— Attract interstitial silver 1ons

—  Produce a “latent image” = Ag,

3. Chemical amplification of signal
— Development =2 silver filaments

— 107 - 10® amplification
4. Dissolve crystals
5. Observe it at optical microscopes

or of an

optic roscope



NIT EMULSIONS

Constituent | Mass Fraction AgBr-I: sensitive elements
é‘ng :fl 8"{? :‘7%Orgamc gelatine: retaining structure
elatin .
PVA 0.05 ._.-/ PVA to stabilise the crystal growth
(a) Constituents of nuclear emulsion
Element | Mass Fraction | Atomic Fraction L
h Ag 0.44 0.12 5 B
cavy Br 0.32 0.12 S ol
nuclei I 0.019 0.003 =
C 0.101 0.172 Z
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S 0.003 0.003 5 b
] 0.2
(b} Elemental composition ﬁ y
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READOUT TECHNOLOGY



OPTICAL MICROSCOPE READ-OUT: STEP 1

100x objective lens with ﬁ | Bonito CL/CMC-4000
igh N.A. CMOS Camera
] r% 4 Mpix, @100 fps
RN

_| Nikon VM C-2.5x

\ 3
5 , W
, !\a -4y
' T Q
Resolution: 28 nm/pixel |

N\
\h
’ 100W
View Size: 65.2 x 48.3 pm? | | Nikon Oil Objective 4
100x, 1.45 N.A., Plan Apo

\ S | Magnifying lens,
3
> b4

Halogen
: Lamp

Test using 400 keV Kr ions

Scanning with optical microscope and
shape recognition analysis

Elliptical fitting

Krion
exposure




Selection of Kr 10n tracks with shape analysis
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Direction detected! NIM A680 (2012) 12-17




TRACK SELECTION:Shape analysis

; . 2 I ndf 2433176

200 Test using 60 keV C ions ) 840.9+ 12.4

§’ - : p1 0.1675 + 0.0054

5 | | p2 0.3558 + 0.0059

000 1600 p3 859.2+ 5.2
s00 ' rao

0.5 1 1.
Angle with beam, rad

SIGNAL SELECTION
6% = O%jptrinsicT O scattering ® Major axis/minor axis > 1.25
s =360 mrad ® minor axis > 170 nm




INTRINSIC ANGULAR RESOLUTION

Neutron test beam sample: exposure at FNS facility (Japan)

« Compare clusters with elliptical (e > 1.1) shape with the proton
recoil direction

- Scattering contribution negligible

_—_—_—_—_—_, e e e
‘ : { %% I ndf 164.2/ 82
450" ] po 396.9 + 7.1

p1 0.01423 + 0.00355

400 ' p2 0.2347 + 0.0036
33.23 + 0.83

3501
3001

250

INTRINSIC ANGULAR RESOLUTION | | ==

150

O = 235 mrad - 130 100?
sOE- o, o s
e X 0 05 . ‘:“.’:. .
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CRYSTAL MODEL

Simulation of crystals in NIT

Crystal radius gaussian (22.0, 3.4) nm
Volume occupancy ~45 %

Events generated by SRIM are
translated in the crystal framework

Grain associated
to the track

True path of
Cion

.. EXTREME
POINT

Cion

EXTREME
POINT




STEP1: SHAPE ANALYSIS

N Qaus C1 OOkeV_H: 44 %
C60keV_H: 24%

corresponding to the
measured inefficiency

Track length threshold ~190 nm R

Data/MC comparison: 012

€sn =

[ |—— SRIM + Crystals

0.7F

From the CDFs = track 0{—
length threshold o5/
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TECHNOLOGICAL DEVELOPMENTS
SCIENTIFIC REPLIRTS o

R T , pAQ of '"‘Eﬁ‘““"n — SG | (a)
OPEN A Novel Optical Scanning Technique £ .
. . . © res‘e}‘ DAQ cM| (b)
~with anInclined Focusing Plane gl oSt Sy
Andrey Alexandrov()*%3*, Giovanni De Lellis? & Valeri Tioukov* g = DAQ e =
| = m|0

Horizontal axis

Received: 9 August 2018
Accepted: 18 January 2019

Figure 1. Illustration of (a) Stop&Go (SG), (b) Continuous Motion (CM) and (c) the proposed Inclined
Motion (IM) scanning techniques.

amera

LR SC S Nature Scientific Reports (2019) 9:2870
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BEYOND OPTICAL RESOLUTION:
NEW TECHNOLOGIES

15



RESONANT LIGHT SCATTERING FROM AG NANOPARTICLES

E,; intensity of inside metal

A L |

e o ‘/ - 3¢,(A) P
/\/ o L® o’ e, (W+26,(1)
° & | £,(4)+28,(4)=0

E,is resonance enhanced

Nano-metal in medium &4

Scattering spectrum depends on the light polarization and on the grain shape
H.Tamaru et al ., Applied Phys Letters 80, 1826 (2002)
a) '
Ao S
p
\\\\
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o

10 L ] L

1 b)
<
y | .
SEM image - SEM image -
=S Ag 100 nm spheroidal
7/

Ag 100 nm spherical
no polarizing property

Intensity (arb. units)
(&)

Intensity (arb. units)
(6)}

0 L i L 0 1 L 1
400 500 600 700 800 400 500 600 700 800
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The polarization dependence of the resonance frequencies strongly reflects the shape anisotropy



RESONANT LIGHT SCATTERING: SILVER GRAINS

TEM image of Carbon track after development

30keV Carbon ion
implanted

~

Surface of
emulsion

Different orientation

Scattering intensity

~

\

polarization
direction

/

polarization direction of incident light
Optical response strongly depends

on the polarization of incident light
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RESONANT LIGHT SCATTERING: SILVER GRAINS

TEM image of Carbon track after development

polarization
30keV Carbon ion direction

implanted \
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ﬁ l
Surface of S
emulsion " polarization direction of incident light

, , , Optical response strongly depends
Different orientation on the polarization of incident light

Published on PTEP (2019) 063HO02
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A TRACK MADE OF TWO GRAINS

e=1.49
without polarizer

Track validated by
elliptical shape analysis

¢ P
L dx @ ] I
2rdy O 1T -
& 1—0°°...° . g 1+
o% [ ) ° b 3? - o
2000000000020000000 0 EO_.... .0.. :0‘0
'gé [ . ° =
a -1 . - < -1F
Sl e o i A | Linear fit slope = track direction _
- . -
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Published on PTEP (2019) 063H02



SUPER RESOLUTION MICROSCOPE WITH 3D RECONSTRUCTION

Ao - 4

DD

-

-

1. W0O/2018/122814 METHOD AND OPTICAL MICROSCOPE FOR DETECTING PARTICLES HAVING SUB-DIFFRACTIVE SIZE

G02B 21/00

@ PCT/IB2017/058544

ISTITUTO NAZIONALE DI FISICA NUCLEARE

WO

_Lir

05.07.2018

DE LELLIS, Giovanni

Optical microscope (100) for detecting particles having sub-diffractive size within a sample, comprising: a display system (50), having a first objective (01); a polarising
device (6); an analyser system (60), having a second objective (02) and a reflection element (7), wherein an optical path between the first objective (01) and the secon
objective (02) is divided into two identical parts symmetric with respect to a coupling plane; a sensor device (S2) configured to detect a plurality of beams correspondin
to a plurality of polarisation configurations of the polarising device (6) that is reflected by the reflection element (7), thus acquiring a plurality of images; and one or mor
processing units configured to perform a two-dimensional method of analysis of the plurality di acquired images.
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STEP2: PLASMON ANALYSIS

Data categories:
1. Micro-tracks: two or more grains aligned
2. isolated grains
*Multi-grain clusters (> 2 brightness peaks) — microtracks

*Moving grains (As > Asy,,) — nanotracks
Static grains (As < As ;) — background
MICROTRACKS MULTI-GRAIN CLUSTERS
205 pol angle 205—

5

S S | 0 G: IIIIIIIIIIIIII IIIIIIIIIIIIIIIIII 0
25 30 35 40 0 5 10 15 20 | 25 30 35 40

G:IIIIIIII[IIIIIIIII
0 5 10 15 20/

Empty space between two grains A single grain is reconstructed



STEP2: PLASMON ANALYSIS
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CARBON ION SAMPLES a

Aim: plasmon analysis with C-Ion samples

C-Ion samples (vacuum implantation) A 7
100keV  (Horizontal ~ 80°) ’
60keV (Horizontal ~ 80°) ;
30keV (Horizontal ~ 80°) § NR
10keV (Vertical ~ 10°) =

Horizontal exposures to produce nanotracks in NIT with a preferred
direction (signal-like samples)

Vertical exposure to produce in most cases one grain in NIT with an
isotropic direction (background-like sample)
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EFFICIENCY OF PLASMON ANALYSIS =

Nmulti—grain -+ Nmov’i,ng C100keV: 48 %
Epl = N C60keV: 40%
tot C30keV: 31%

| —— SRIM + Crystals

Plamon analysis essential for :
30keV Carbon detection 3

0.8
L 1o CL

efficiency = track length
threshold

C30keV

: 1 [ L1l I L1 1 | L Ll ; L1 1 I L1 1 I L1 1 I L1 1 I | - l L1l [ |
60 80 100 120 140 160 180 200 220 240
track length [nm]

track length threshold (120+5) nm
Further threshold lowering using U-NIT with larger granularity



Colour Camera and Extension of the

Plasmon Resonance Analy31s
— P 7?-"' % ) Colour camra j

Particle tracks e\ R Whlte LED 7‘
~ displayed in colour - 1 Sample illuminated source |
with white light




Annu. Rev. Phys. Chem. 58 (2007) 267-297

. . . . Colored optical image of silver rod
‘ ‘ ‘ dipole in metallic particle *polarization rotating

dipole moment P P
q p:47z_8ma3 81( )_gm( ) EO
&(A)+2¢,(4)

& (4)

resonance

EI ‘ ‘ gA)+2¢, (4)=0

45x120

Appl. Phgs. Lett. RO, 1826 (2002)

T imaee " 45 nm:120 nm
’ ’ 4 : ;
AQ grain size — resonance wavelength 5"”’.80 i | Y
190,0m 10 gm
~45 nm : blue ~45 nm : blue

27
~80 nm:green  ~120 nm :orange—red


http://www.annualreviews.org/doi/abs/10.1146/annurev.physchem.58.032806.104607
http://dx.doi.org/10.1063/1.1461072

Silver Nanoparticles for calibratio

40 nm diameter 60 nm diameter

7.5umx 7.5 um 7.5 um x 7.5 um




Silver Nanorods for calibration

40 nm diameter, 80 nm height

NR-40x80

7.5umx 7.5 um

40 nm diameter, 120 nm height

NR-40x120

7.5 um x 7.5 um




Colour camera
[Localized Surface Plasmon Resonance

Alpha track 100keV C-ions
S

Image size 15 um x 15 pum Image size 15 um x 15 pm

Head/tail discrimination! .



Background and analysis
techniques



BACKGROUND SOURCES

EXTERNAL SOURCES

1) Env!ronmental photons . GEANT4 SIMULATION
2) Environmental neutrons

3) Cosmogenic neutrons

INTRINSIC SOURCES
1) Radioactivity from 14C
2) Intrinsic neutrons

Contents lists available at ScienceDirect

Astroparticle Physics

journal homepage: www.elsevier.com/locate/astropartphys

Intrinsic neutron background of nuclear emulsions for directional Dark @

Matter searches
<1/10 kg year
without raw material pre-selection

CrossMark




EXTERNAL BACKGROUND =

1 m of Polyethylene provides a
nuclear induced recoil rate of
about 1.4

——e—— Environmental neutrons - polyethilene shielding
- E
- C ——e&—— Cosmogenic neutrons - polyethilene shielding
X -
(=] L ——m®m—— Cosmogenic neutrons - water shielding
X
o
=10
[0) L
—
]
o

%2 I nof 0.0288 /1 x? / ndf 3.143/8
Prob 0.9251
Prob 0.8652 0
- p! 1.757 £ 0.233
10
= Constant 5.539 + 0.2191 pt ~0.05873 + 0.01324
r Slope  -0.2063 + 0.01407 p2 1.409 + 0.1384

0 50 100 150 200 250 300 350 400
Shield thickness [cm]

Source Rate [10 kg x y| !
Environmental gammas | (1.97 +0.17) x 10*
Environmental neutrons O(1072)

Cosmogenic neutrons 1.414+0.14

Further discrimination:
Use OPERA-Ilike emulsions as veto

Topological identification

OPERA-like
NIT




RADIOACTIVITY FROM 14C a

Given the carbon content in the emulsion and the 14C activity, beta-rays
amount to ~108 per kg*year

Strong reduction factor: NIT emulsions insensitive to MIP and largely
insensitive to electrons

1|§— ¢ @
10“;? ’
. _ . S 102k
Additional level arms being quantified: |5 ¢ "
. . [} -3
 Dedicated chemical treatments E 107
- Reduced sensitivity to electrons at low |5 10'f 1 v
temperatures 2 050
. . @
EIectro_n response to polarized light S ook
Scatte rl n g -7 E _+_ 40 nm AgBr emulsion
« Colour camera to distinguish nuclear 10 3 L 400 et tront e
recoils from electrons 10°E S
* Replace the gelatine with synthetic 10°0 5600 50 200 250 500 550
polymers (final choice) Temperature / K

NIM A 845 (2017) 373



MACHINE LEARNING
TECHNIQUES



MACHINE LEARNING APPROACH

Experimental data
« Signal: samples exposed to C ions at different energies

- Background: gamma exposure, random fo
. /
0 1 2 3 0 1 2 3
o o o
5 5 5
10 10 10
5 ‘ 15 15
20 20 20
E 5 5
0 0 30
0 5 10 15 20 5 k) 0 5 10 15 20 5 30 0 5 10 15 20 s 30
5 6 7
0 0 o
5 S 5
10 10 10
5 15 15
20 20
5 5
30 30 30
5 10 5 20 5 30 0 5 10 15 20 % 30 0 5 10 15 20 5 30

0

C100keV Fo

« 3D CONVOLUTIONAL NN: approach
designed to work with images, capable of
discovering complex features of images
and gaining high performance

» Stacking together images for different light
polarizations to obtain a 3D image




PRELIMINARY RESULTS

60keV Carbon VS gamma

Several approaches compared
* Orange: using only data far from the edge (currently limited statistics)
* Blue: increasing the above dataset by random rotation of images

: adding edge part with silver nanoparticles

Background rejection power vs efficiency (C60keV vs gamma)

10* 1

103 B

107 ;

bckg_rejection

10? 1

103 B

0.65 0.70 0.75 0.80 0.85 0.90 0.95 100
efficiency



STATUS OF THE NEW LNGS EMULSION FACILIT

208

285.5

7503

‘ﬁf_’f

17

15

13 |

4] 16

162 |

38
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First test at LNGS



Emulsion Production at LNGS a0

Emulsion production machine
'LN \ fuIIy operational
(E :

I l

L LTI

Emulsion pouring

Current production rate
lkg per week




10g detector: checking the whole chain 4

COOLING Shield
SYSTIEM /' S design

~d Polyethylene » AL | Cooling

system

: y
Iron structure
for lead sheets o

|
\\\
b\
\‘\.

—
=
| —




10g detector test

o | insertion in L Connection
: the shield ’ with the

cryostat

10g test started on 17t June
Extraction on 8th July




films pre at Nagoya



NEWSdm SENSITIVITY



SENSITIVITY OF A PILOT EXPERIMENT

10 \\ \\ e ke e - 10kg x year experiment
107 |\ 50 nm « Zero background assumed
e PAUATERA - Directionality not exploited
107

P\ \
\\ N .
N\

WIPM-nucleus cross section (cm?)

1074
10742 ) \ ——-—'""'"'//
1074 \ _....-—-""'/
1074
107
1074
L i L |
10 02 10° 10*

1
WIPM mass (GeV/c?)



TOWARDS THE NEUTRINO FLOOR '

» Discrimination based on _ NEWSdm Collaboration
me_asuremeljt_qf recoil direction Eur.Phys.J]. C78 (2018) no.7, 578
« Unique possibility to search for WIMP
signal beyond “neutrino floor” — F——T———

30 nm - 10 ton x year

-y
o
N

-t
c
o

-
o
IS

r Neutrino coherent scattering
indistinguishable from WIMP

interactions f———-)

Phys.Rev.D89 (2014) no.2,
023524 (Xe/Ge target)

© ©
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Y

-45 B

o
X

-h - - -t -
o

..............

WIPM-nucleus cross section (cm?)
o
&

—

<
N
@

—

wh
o
N

pial £ 1 cavyel PR S M ST WA B Y |

REQUIREMENTS o 10 WIPMm;g:(GeV/cz) 10° | ...‘.1.04
- Larger mass scale detector
« Reduction of track length threshold

The neutrino bound is reached with:
&J10 ton x year exposure if 30 nm threshold

&J100 ton x year exposure if 50 nm threshold




CONCLUSION AND PERSPECTIVES

Nuclear emulsions with nanometric grains pave the way for
a directional dark matter search with high sensitivity

Breakthrough 1n readout technologies provide 3D and
head/tail discrimination with high sensitivity

Neutron background from intrinsic radioactivity negligible
up to ~ 10 kg year, without any care on the material choice

Machine learning approach to handle the complexity of the
information

Experimental tests ongoing in Gran Sasso to reproduce the
full analysis chain

Prepare a few kg scale detector as a demonstrator of the
technology and for the first physics run

TDR 1n preparation



