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NINJA experiment and

novel neutrino activities using nuclear emulsion
Tsutomu Fukuda (IAR/F-lab, Nagoya U.)
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Nuclear emulsion and automatic readout system

* Nuclear Emulsion is
a special photographic film.

 Signal is amplified by
chemical process.

Automatic track scanning system
Track Selector

Tomographic Images - . Tracking PC
In Emulsion Layer

Image
Filter
Recorded as silver grains along &Tracking
the particle passing through line

Digital Data
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50 micron
Improvement of Scanning speed in 40 years
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Neutrino experiments with nuc\ear emu\sion

Accelerator based experiments
- Emulsion-Counter Hybrid analysis

Event: 12123032048, 2 May 2012, 10:12 (UTC), XZ projection
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Neutrino oscillation

* First experimental result beyond the standard model in the particle physics

(b) FC p-like + PC S K

Progress of Theoretical Physics, Vol. 28, No. 5, Noven

Remarks on the Unified Model of Elementary Particles
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Institute for Theoretical Physics
Nagoya University, Nagoya
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- First experimental evidence Final demonstration
Theory (1962) (1998) (2015)

Precise measurement of neutrino oscillation
- Open the door to new physics of the particle physics and the universe.
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Neutrino physics on sub-multi GeV

- Cross-sections
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A better understanding of v-nucleus interactions is important for the precise measurement of v oscillations.




2 NINJ A

NINJA Experiment 6

Neutrino Interaction research with Nuclear emulsion and J-PARC Accelerator

 Precise measurement of v -nucleus CC cross-sections in Sub-Multi GeV region
« Electron neutrino cross-section measurement, Sterile neutrino search
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NIN]A Physics Run (E71) 7

Scintillation Tracker

Hzo - 75kg

Fe:130kg
CH:15kg
em : 30kg

Film 130m?

Emulsmn film
0. 5m m 2. 3mm

v H
i mm 1
FEN

Emulsion gel iron

(every 4hours) (_eVery 4days) Polystyrene [l water
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- Sciptillation Tracker Emulsion Shifter ECC

E71a:2019 Nov. — 2020 Feb Scintillator

E?lb : 2023 NOV. _ 2024 Feb = TOtaI POT 1021 Scintillation Tracker Emulsion Shifter Water ECC
ime resolution our - a
E71c:2025 Nov. — (plan) ! u 10 nsec ove 4 (199 cay)

- Position resolution 2.1 mm 1 um level 1 pm level




Latest Physics Run(E71 ) 8

Emulsion films production
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7 NINJ AR PYPSY, Physics Run(E71 ) 9

We successfully conducted our second physics run! (2023-2024)

| . .\ L

Neutrlno“beam exposure (NovéFeb ) Development of emulsion films @Gifu Univ.

Developer STOP FIX
20£0.2C ~ 20+0.5C | 20+0.5°C
110L 2201 |4 \ 350L 350L fg

Accumulated POT

Measured POT by BM
Measured POT by BM && ST
Measured POT by BM && ST && LES

11/08 1 1/2'.2 12/06 12/20 01/03 01/17 01/31 02/14 02/28
Date

""r ‘ » » ) 39 34 3n9 3/24 3/29 4/3 4/8 413 418
Nov. 2023 Feb. 2024 7y

Mar. 2024 Apr. 2024
93% of neutrino beam exposure are effective. > Emulsion scanning in progress




m E71 Neutrino event analysis

Likelihood ratio
All tracks accumulated

durlng the exposure
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SANINA  Technical improvements

Emulsion gel Scanning technique in HTS2

@ : High speed and good angle accuracy
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'. i 8 0.015 capture on all Sensors (SS)
(220->340nm) 2024 Jan. ~ Multi sensor test ~ g°® . Vo  Final result
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Doped with chemicals (5MBT) to improve noise 2024 Apr.~ - Full sensor test . |
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@ : Development of recipes that enable emulsion @ : New Track Ranking (Fine S/N tracking)
production at twice the speed.

Emulsion fabrication Development in F-lab I . . I_mage anaIySi_S > 3 new selection pa'tameters .
[ilgrain fitting [ii]# of grains around tracks [iiilmaximum gap of grains

. _ Signal eff. and Noise reduction rate
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1 emulsion
Initial performance of sensitivity and noise level is good. u layer

A
5 - Next step:
— Long-term characteristic are currently testing. "' ' Machine Learning

-5 0




12

Future prospects

Period
2019-2020
2023-2024

‘E/1la
‘E71b
‘E71c
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Submitted last Dec.
LOI for next NINJA physics

Letter of Intent:
Precise measurement of neutrino interactions and
sterile neutrino search with nuclear emulsion detector
at J-PARC

M. Suzuki', L. Usuda®. S.

Db el + \\/ater target Run —HK, ESSvSB

SR ”m;¢mmmm ‘ Heavy water target Run
'mm?whmwwww —Neutrino-nucleon interactions

‘ Lead/Iron target Run

B —v, Xsec./Sterile v search

D
VD,

= ESS Neutrino Super Beam Plus
2037~

Abstract

The NINJA experiment stands for Neutrino Interaction research with Nuclear e and C Accelerator
It aims to conduct precise measurements of neutrino interactions in the Sub-Multi GeV' energy range and to search
for sterile neutrinos using an emulsion-counter hybrid d or with nue emulsion as the main detector and ne
trino beams produced by the J-PARC stor. Thus far, the NINJA experiment has conducted proof-of-principle
tests, test runs, and physics runs, using nuclear emulsion detectors with water and iron targets to measure neutrino
als for the next decade and the means to achieve them.

This Letter of In X o ed objectives base sults of previous experiments. These

interactions. W e now discussi

| inputs for lon seline neutrino oscillation experiments such as T2K,
nkov del J nucleon interact clear emulsion
ors, establishi lh»ulhl on for < 8 - [: i e eutrinos through
This LOI presents these objectives in detail and outlines .
how they can be accomplished

Keywords: NINIA neutrino, cross-section, sterile neutrino, nuclear emulsion
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Novel neutrino activities using nuclear emulsion
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Toward precise measurements of geo-neutrino

Geo-neutrino from Mantle is important information for the earth science
to understand the driving force of mantle convection

<J_L that causes
i core First detection of geo-neutrinos P
9.7 x102 kg by KamLAND (2005) ate movement

T , Volcanic activity

Veeo (I\/Iantle) = Vg, (KamLAND)- v, (Crustal)

Geoneutrino Model Evolution (Local Curst Errors)

d{geo-neutrino]
Crustal:Mantle~7:3
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Geo-neutrino

Anti-electron neutrinos from the
decay of radioactive isotopes in
the earth (V7). mainly,

4 8 B
ineutrino energy, E, (MeV)

BSE Model Err

KamLAND collab. T. Araki et al., Nature 436, 499-503 (2005). i e Ky A P

Current situation . e S e
20 years of observations, statistical accuracy (" 'ECT““’;“ T ()
S B daal R - L eI INIVIAY has improved, reaching a level where o B =

SANE S B RV R RV YA oeoscientific insights can be obtained. smemnt,, | v | Sorogear

77

adecay Bdecay Earth’s heat source

Dominant uncertainty is crustal neutrino flux models
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Measurement of the position distribution of radioactive isotopes

in crustal rock using nuclear emulsion

Main uncertainty: Where are radioactive isotopes concentrated?

In minerals? In accessory micro-minerals? Between mineral grains?

B i A3 190618-LongLine: Th
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Concentragon . .l
| Laser measurements suggest the possibility that
radioactive isotopes are concentrated in accessory

or

A large number of various crustal rocks measurement
Ll using nuclear emulsion!
NN R, ; e Position (mm) . .. . . .
- Modeling the position distribution of
238 2>20Ph+8 o +6e +6 U +51.7MeV di - . . | k
22Th=20Ph 4.6 a +4e +4 T .+42. TMeV : radioactive isotopes in crustal rocks
Various of Crustal rocks
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Proof-of-principle test (6days)

Superimposed Image .




Proof-of-principle test (6days)

Supenmposed Image

Proof of principle established by human eyes—> 120days observation: -
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Large area analysis = a track detection by Machine Learning

. Image |
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Earth science using emulsion

Research on mantle rocks appeared

on the earth's surface by eruptions,

etc., as well as on the earth's crust.
— Earth formation and evolution

Analysis of lunar and meteorite rocks.
— Moon/star formation and evolution

Half-life-time measurements based
on a-ray measurements
— Use for Radiometric dating

Interdisciplinary research with experts
in petrology, geochemistry, seismology
and absolute dating is initiated!

> atrack detection eff., S/N - Comparison with mineral distribution



5 track measurement in emulsion

One of 120days sample

speckled pattern

— [Bray (by eye check)
[ track only area

(From potassium(K)?)

B track detectlon
Automatic recogm’uon of Curved tracks

- Excellent BKG
reduction
- Good scalability

challenge to
Normal Ordering
(meV scale)

— MC | ~— | Sub-Multi MeV electrons
 2vBB . OvBB M
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it M
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‘ ' Emulsion :
10 pmx /’

—> Radiation Cancer Therapy

- In-treatment monitoring -

Improved pre-simulation

Emulsion sheet |

Multi MeVy ray—> Sub-Multi MeV electrons

/ /% )
~ FLASH Radiotherapy
—— (High dose rate particle

Otohb therapy with
®ap, fewer side effects)
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Summar

 The study of neutrino oscillations is the key to pioneering the next new
physics.

 We are promoting the NINJA experiment, an accelerator based neutrino
experiment using nuclear emulsion for precise measurements of neutrino

oscillations. =2 Deepening neutrino-nucleus interaction study

« 2"d Physics Run The neutrino beam exposure in the 2" physics run was
successful and the analysis is now being diligently promoted. The aim is
to publish the first physics paper this year.

 We also are developing aand S track analysis method in emulsion using ML.
- Earth science, not only geo-neutrino but also Star formation and evolution
- Radiometric dating science
- Neutrino less double beta decay search
> Medical application (FLASH Radiation Cancer Therapy)
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