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0 NEWSdm experiment concept

Direction sensitive dark matter search with nano-tracking technologies
for super resolution nuclear emulsion

X4

Dark matter wind
-

exposure using /
Underground  an equatorial telescope y

Ia bOfatOry * Unique possibility to overcome the#“neutrino floor”,
Gran Sasso (LNGS) where coherent neutrino scatte}}ng Creates an
irreducible background
» Directional information is/herpful in understanding the

DM model
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> dm

Directionality preservation of nuclear recoils

« Performance in the measurement of the recoil direction and comparison with other techniques

« Simulation of nuclear emulsion granularity: volume filled with AgBr crystals described as
spheres of diameters 44+7 nm for NIT, 25+4 nm for U-NIT

« Evaluation of energy-weighted
cosine distribution:

n_ Zi\fzcsmsions AE%- CcoS 93 B (AE CcOos H)track
ENcallisions AE% <AE>t'r‘ack

1=

Proposed in JCAPO1(2017)027
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A. Alexandroy, et al,
«Directionality preservation of nuclear recoils in an
emulsion detector for directional dark matter search»
JCAP 04 (2021) 047
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.. Signal and noise in NIT Rangeof recoi nucte

10‘3
Signal: lonization path « aligned clusters L 100 Gev/c Density 3.2 g/cm3
. : . 5 F ev/C Main Target
of bright pixels (NIT not sensitive to Swe CNO + AgBF
m.i.p.!) g‘ﬂg 50-GeV/c2
m Noise: Dust, impurities, the_rmal noise < e 20'GeV/c
random clusters of bright pixels + physics 0 i
by local energy loss (e.g. electrons!) e 0GeVE o e
0 1$ 200 Reggi?Nuclei I;{‘gr?ge [nm] %00 600 7o

Inaccessible due to diffraction limit

Optical mic.

. E~100keV
Proton (6.5um)

Ep ~ 0.6 MeV Carbon ions ‘
E<100 keV BSE\A1q1[08




LSPR-based super-resolution imaging

100 keV Carbon ion in NIT

Optical mic images (8 polarlzat|ons
g,=18.6° 6, =39.0° 8, =59.4°

6. = 120.5° 8, = 140.9° 6,=161.3°

Alexandrov, A., et al.
“Super-resolution high-speed optical microscopy for fully automated readout of metallic nanoparticles
and nanostructures.”
Sci Rep 10, 18773 (2020). https://doi.org/10.1038/s41598-020-75883-z
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LSPR-based super-resolution imaging

124

Angular resolution: 270 + 30 mrad
Length accuracy: 12+ 1 nm
Spatial resolution: ~ 50 nm

NIT granularity: 71 nm

A. Alexandrov, et al

«Super-resolution imaging for the detection of low-
energy ion tracks in fine-grained nuclear emulsions»
Sci Rep 13, 22813 (2023)
https://doi.org/10.1038/s41598-023-50208-y
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Backgrounds

Environmental | Intrinsic

(Astropart. Phys.. 80 (2016) 16-21)

y measurements by Nal detector | womw |

Current shield ol e Intrinsic Radioactivity Rate [g x month]*  Rate [kg x year]?®
T f NN s — Radiogenic neutrons (5.0 + 1.7) x 10° 0.06 +0.02
Polyetiicns  lfor ead sheets T X \\:\ Intrinsic 8 33.7+18 (4.04 + 0.02) x 108
' % HallC |\ m{,‘\‘
102 J e.a NPA T Temperature dependence for electron rejection power for NIT-70
hio e ‘,‘)r.;l , 15400 — 2EW0E
10°} T L acy = Electron Rejection power
o wn umD O re g e * ~ 1072 by lowering T down to-70°C
Lead shield : 5.6 cm R e « ~ 104 @ -70°C with shape analysis
PRUPEAIERSE €8 i Environmental y-rays 10 * ~10#@ -70°C with track likelihood
Envir. neutrons <4.7x102(90 % C.L) § . 2 }1 S
g 1e0e | @ LEO2 A
10 kg detector shield (1 m HDPE @LNGS) o -
8 & a0 0 0 Sensitivity vs. T:
Source | Rate [10kg x y] ! budciadoiniabil NIM A845 (2017) 373
Environmental gammas | (1.97 +0.17) x 10*
Environmental neutrons A(1072) Ultimate solution:

Cosmogenic neutrons 1.41+0.14 replace organic gelatin with a radio-pure polymer




Experimental Activity @ LNGS

®L_NGS surface Lab

LNGS underground Lab
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Automatic readout Requirement

15t trigger

Elliptical shape trigge

® High speed scanning
® Low energy threshold
® Single noise (fog) reduction

Track direction

minor

1 um

CNN

(machine
learning )

Trainingsample :
neutron induce recoil nuclei @AIST
(880keV.-50°C)

Current Selection

CNO : > 30 keV
Electron efficiency: 0.05

= 3 grain track recognition

® Candidate selection and narrow down the
number of event

® Image feature extraction

+—r

1.5um
Confirmation

Electron rejection power :

10 @ room temperature
106@ -50°C

Results:

« Too many candidates (x102 more than expected e)
« Signal not increasing with in-shield exposure time

« Using NIT with reduced sensitivity to e =» not enough
« Definitely more CNO-like than e-like

), First underground exposure inside shield

-50 °C exposures, 10g , up to 40 days
400“' T = 3 1A T

»
PR, S——.  —

; k3 different
3501~ ) production
r K3 batches
'—@300;; ; I - 5
2 [ -
c - -
> 250 226+37 ! E
‘é’ 5:._ T S ———
© 2001 | Normal sensitivity NIT
e I I
g :
5150F o
Q
- F 88+10
= 100.—1 ___________________________________________________________ =
l, I | Low electron sensitivity NIT
| Electron BG expectation
0'_ | le I (Y [ A M X A T ) N S Y Che [N (O O B
0 200 400 600 800 1000

Exposure time (hours)



.. NIT as a Neutron Detector /— . .. oo a-ray )
Th star (228Th - 298pPb) : : .
Single-a in U series
Recoil proton signal '
Topological or
Range cut > ™. 210pg (24.5m)
Clearly distinguishable
" yray (Bray) h _ _ _
Exposed 5x107 y-ray/cm? v' There is no background in sub-MeV region (2 ~ 14
from 241Am um = 0.25 ~ 1 MeV in proton energy)
(5 years accumulation of
environmental y-ray) v MeV region can be analyzed excluding single-a.
i 210
v Environmental y-rays (especially <*°Po peak around 24um)
cannot become T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023) Environmental sub-
background ) MeV neutron measurement at the Gran Sasso surface laboratory

with a super-fine-grained nuclear emulsion detector
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.. Neutron spectrum measurement @ surface lab

(0 (0 a (0
8- B B g .
22Rn >0 MeY, 218p, OLIMY, 2 py  — 2UBi s 2iPo MY, Mpy, , 210B;, 210pg 2ALMeY, 200y,
3.8235 d 3.05 min 26.8 min 19.9 min 164.3 ps 22.26 y 5.012 4 138.38 d
m Excess hypothesis: Track range distribution
=100 —— n-Runt 2 days
. . . P =) =
- Emulsion films are contaminated with radon o0 (3 ﬁf&mgﬁkew i ——

and its products during the production phase § 80

210pg 28400 n-Run2 58 days
- Emulsion becomes sensitive before the gel 70 /7 - mRyn? 0 daye
settles and remaining AgBr cryst_als mobility % ( |i }l Sta}jard
can lead to breaking of o tracks into smaller > ul \
segments 10 ey

|

m Two NIT emulsion batches prepared:

T T T T [T [T [T T T[T ITT T 77T

. /
- In standard conditions 10 .
1 B o e AT A\ ettt b DSl
— In a Rn-free clean room % 30 0 50 8- 70

Clean Room R (um)
m Time-independent (?*1*Po) peak, present in the

standard emulsion, has disappeared in the clean T. Shiraishi, et al., PTEP 2021 (2021) 4, 043HO1
onel T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
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Important confirmation of the a as the source of the offset background, down to the expected level!
Results compatible with no increase of the background inside the shield as expected
Increase of the background while moving away from CR1

To make a shielded tests in CR1




> dm

Future facility for NEWSdm: 10kg and beyond

Emulsion facility and shielding with
an equatorial telescope

NEWS 10 kg - 1 year

100 nm

= 50nm

DAMA/LIBRA
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Boosted DM scenario

Cosmic ray (p, He)

-~

Sensitivity curves of the 10 kg NEWSdm detector
for 1 year of exposure at the surface (Assergi)
level and exclusion plot from PROSPECT surface
experiment. The boundaries go through the dots
corresponding to three H and CNO recoil events
with track lengths of more than 70 nm.

10 kg = year exposure
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N.Y. Agafonova et al.,

«Directional sensitivity of the NEWSdm
experiment to cosmic ray boosted dark matter”,
JCAPO7(2023)067
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.. Multi-component DM scenario

Xe ErHT_10
Entries 10000
Ge Mean 124.9
RMS 72.42
Galactic center Lab. System — Na

A

proton recoil
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S 10727 ? e
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3 Summary

NEWSdm Collaboration

m NEWSdm a double break-through in the Nuclear Emulsion technology:
Eur.Phys.J). C78 (2018) no.7, 578

- Nanometric granularity with NIT

- Super-resolution in optical domain by LSPR 1238, _:Otmztkgyd
m Detection principle of WIMPs by nuclear recoil demonstrated “g 100* | e 20 nm - 100 ton xyear
m Production & handling facility operational @ Gran Sasso Underground g:?)*‘: o ]
m Background studies in progress with 10g scale in shielding at -50 C° e
m Directional measurements of sub-MeV neutron flux at surface Lab, will be ; 10 ' o
extended to underground § :26 s
m Physics goals at reach z ooff o N e
- 10 kgyear -> DAMA region = :‘;8: N |
- Boosted Dark Matter scenario oo ...1i0 , 152 S el
- Multi-component DM scenario WIPM mass (GeV/c?)
m Scalability and discovery potential (challenging background!) 90% C.L. upper limits for the NEWSdm

detector with exposures of 10 ton year (30
nm threshold) and 100 ton year (50 nm

m CDR with all supporting measurements is submitted in July 2023 thesthhmd_) in  the  zero-background
ypothesis

- 10-100 ton-year -> neutrino floor




andrey.alexandrov@na.infn.it

15th International Workshop on the Identification of Dark Matter 2024 (IDM 2024), Jul 8-12 2024 L'Aquila (Italy)



mailto:andrey.alexandrov@na.infn.it

BACKUP SLIDES




Q Background reduction: Machine Learning approach

C30keV 100 C100keV Schematic view of the CNN architecture
—— fog, ROC AUC: 0.967+/-0.001 —— fog, ROC AUC: 0.968+/-0.001 )

10°
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10 10
signal efficiency ' ' 0-0 0.2 si%:al efﬁc&gcy 08 10 o Comput- PhyS- COmmUn.
275 (2022) 108312
O | I . t d t - Carbon/30keV _ Carbon/100keV
n y po arlza Ion a a fog, ROC AUC: 0.977+/-5.1e-03 [ fog, ROC AUC: 0.999+/-1.5e-04

Only colour data
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Background reduction factor and
efficiency for different thresholds on ML
probability-like output on validation data
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.. NEWSdm underground facility and detector
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Emulsion facility at LNGS Hall F

* Work carried out in the facility:
» Installation of containment vessels under the floor
* Improvement of electric system
» Installation of a thermostatic chamber

« Emulsion production machine

» Access to the emulsion facility since December 2020

Gel production room

Gel production machine produced in Japan
and certified compliant to EU safety

Development room




Neutron spectrum measurement @ LNGS Surface Lab

— 80‘» — -
S 3 3 —+- Data
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Figure 3.(a) Range distribution of recoil protons in the sub-MeV region for Sample 1 (2 days, blue) and Sample
2 (29 days, red) at LNGS. (b-d) Sub-MeV neutron measurement results after subtracting the data of Sample 1
from Sample 2 for an equivalent exposure of 27 days. For the MC simulation, neutron signals of elastic
scattering and 14N(n, p)14C reaction are represented by blue filled and shaded histograms. Detection
efficiency was accounted for in the MC simulation. (b) Proton energy spectrum, (c) plane angle, and (d) Zenith
angle.

T. Shiraishi, et al., Phys. Rev. C 107, 014608 (2023)
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FIG. 9. Detectable neutron spectrum in NIT with 1 (g day) expo-
sure at LNGS surface laboratory estimated by a MC simulation based
on GEANT4. The blue line is the original energy of the incident neu-
trons, and the red filled histogram is the neutron spectrum accounting
for the selection and the detection efficiency in this analysis. Below
100 keV is contribution from the '*N(n, p) '4C reaction.



Machine Learning approach

LOSS FUNCTION
SPARSE_CATEGORICAL_CROSSENTROPY
OPTIMAZER

g T ADAM

~ =0 .
1 CONV LAYER 96 11X11 gl iy N

MAX POOL 3X3

2 CONV LAYER 256 5X5 <&

3 CONV LAYER384 3x3 L DENSE128 >

1 DENSE 128
MAX POOL 3X3 1 DENSE 2

Sense prediction accuracy = 65%

» Sense recognition with color

Carbon ion 100 keV

Training and validation accuracy

1 —— Training accuracy

—— Validation accuracy

T
80

T
100
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