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Nuclear Emulsion

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

GeARAe 1@KY K38.8K 1.88um

Developm@eatment
Spatial resolution

SiVergiainG - silver halide crystal size
5 (Sizesiseveral - number density of silver halide crystal
10, A= [UhT)
Sensitivity
- Chemical treatment
- Crystal defect and doping etc.



1896 (A.H.Becquerel )

Discovery of Radioactivity

1947 (C.Powell et al.)
Discovery of « V- N e eV

: Recorded as silver grains

1971_ (K.Niu et al.) _ along the particle passing through line,_
Discovery of charm particle ;. ‘ — e .
in cosmic-ray 50 um

2001 (K.Niwa et al.) =3 S| .
Direct observation of v _ ,’ \Compton

! ¢elect

2015 (OPERA) ——

Discovery of v _appearance

CHORUS

1994-2005

Fermilab E531

1978-1983 Neutrino experiment with Nuclear Emulsion



Emulsion Cloud Chamber (ECC)

basic detector: AgBr crystal,
size = 0.2 micron
detection eff.= 0.16/crystal

1013 “detectors” per film

Emulsion film

a DONuT

Emulsion Layer (44 microns

Plastic Base (205 microns)

Flight Length:280um

Emulsion Layer '

e "y
/ Srliior plasticase 44-70 4 m emulsion gel were coated
DONuT : Iron 1mm on both sides of the ~200 ¢ m-thick
OPERA : Lead 1Tmm plastic base.

NINJA : Iron 0.5mm, Water 2mm

Sandwich structure of emulsion films and target material.



Automatic track recognition

_— CMOS Camera

A

emulsion layer—F-
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Hyper Track Selector Camera:

"l 2MP 72 sensors
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Image processing:
72 GPUs

100088
1008
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1983 1994 1998 2006- 2015~ 2019

DONUT OPERA working developing




NINJA: Feasibility study: 2kg Iron target ECC

Reconstructed track data
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NINJA: Feasibility study: 2kg Iron target ECC
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NINJA: Feasibility study: 2kg Iron target ECC

m

< L‘.

Microscopic image

° O
——

Za

10

T -
o ==
i B
e RN Y o R 1
- S i3
i Wi
o % M &
- i N R ¥

.I.
L1
i L}
%
J'_:;I 'kllt'
L7
s r
- -y 4
: i
., o
., ’
.:____
' ]
IF
e
-
h "
.".I
L] *l

> Iron 2.0cm




Emulsion tilm production in the lab 11

Nuclear emulsion films were made by ourselves

Preparing liquid

- Crystalizing
« Deionazation
- Sensitazation

AgBr crystals



NINJA Experiment

Neutrino Interaction research with Nuclear emulsion and J-PARC Accelerator

A neutrlno mteractlon |n emuIS|on @J PARC
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4 J-PARC = Japan Proton Accelerator Research Complex

[Kobe Univ)

Emulsion Shifter Neutrino simulation




NINJA Experiment

Neutrino Interaction research with Nuclear emulsion and J-PARC Accelerator

A neutino intercti in emulsion J-PARC
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Emulsion Shifter Neutrino simulation

4 J-PARC = Japan Proton Accelerator Research Complex
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NINJA Collaboration

(* Spokesperson)

Nihon University: S. Mikado, Y. Hanaoka
Nagoya University: T. Fukuda®, T. Ishizuka, H. Kawahara,
N. Kitagawa, R. Komatani, M.Komatsu, M. Komiyama,
K. Morishima, M. Morishita, M. Nakamura, Y. Nakamura,
N. Naganawa, N. Nakano, T. Nakano, A. Nishio, H. Rokujo,
O. Sato, T. Shiraishi, K. Sugimura, Y. Suzuki, T. Takao
Toho University: T. Matsuo, Y. Morimoto, S. Ogawa,
H. Oshima, H. Shibuya
Kobe University: S. Aoki
ICRR, University of Tokyo: Y. Hayato
Yokohama National University: A. Minamino, Y. Tanihara
Kyoto University: A. Hiramoto, A. K. Ichikawa, T. Kikawa
K. Nakamura, T. Nakaya, T. Odagawa,
I. Sanjana, K. Yasutome
University of Tokyo: N. Chikuma, M. Yokoyama
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Physics Motivation

Sub-Multi GeV Neutrino interaction
-Major source of uncertainty in v oscillation analysis
- v . anomaly from several experiments (sterile v ?)

Need to more understand the neutrine-nucieus interaction !

1. To measure hadronic final state with low energy threshold
2. Exclusive measurement of v ,, v, - water cross-sections

Sl

be® o & 5

SE laggag
= 50007
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di
ot
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B

% NOMAD data with total error
SciBooNE data with preliminary error
RFG model with M =103 GeV, k=100
——— RFG model with M}'=1.35 GeV, k=107

2p2h interaction ? Effect from Sterile Neutrino ?



Physics Motivation
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Sub-Multi GeV Neutrino interaction

Major source of uncertainty in v oscillation analysis
- v . anomaly from several experiments (sterile v ?)

Need to more understand the neutrine-nucieus interaction !

1. To measure hadronic final state with low energy threshold
2. Exclusive measurement of v ,, v, - water cross-sections

Cross section (107 cm?)

E . = 000 MeV
Total
-=-- CCQE+RPA
== 2p2h A-enhanced

0.0 0.5 1.0 1.5 2.0 2.5

Reconstructed energy (GeV)

arec
B =

2(mp, — Ep — E; + pe cos 6,)

m.f} — (M — Ep)%2 — m? +2(m,, — Ep)E,

Effect from Sterile Neutrino ?
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Nuclear Emulsion Detector

3D reconstruction Scalabilit
Reconstruc‘:‘t_io.n_‘of track data il : y
|

PER Detector

R Ll 23 Kion)
™ 1 =
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Entries

204 m

Good 7 /=x° se ation

LTTTTTTIT T
/ . CC event in OPERA
| LEFET I

20 4 m

Microscopic image from
the view of the beam axis

electron

0.8GeV/c 7 : P =0.79(GeV/c), dP/P =11%

2 mm

1.5GeV/c 1 : P=1.53(GeV/c), dP/P =16%

| | lmm] | |

Low BG from v, NC =% production

Momentum(GeV/c)
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NINJA Roadmap

In 2014, plan was proposed and the collaboration started to be established.

J-PARC T60/T66/T68 experiment

h

Detector RUN

\
L Physics RUN__

Target mass: 1- 60kg

Physics RUN

New proposal (E71) * Target mass: 100- 300kg

Physics RUN

Target mass: 1- 3ton
Target mass: 6-10ton

The aim of T60/T66/T68 is a and :
In this time, we propose the physics run to study neutrino-nucleus interactions.
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v exposure of NINJA

Since the end of 2014, we have demonstrated the basic
performance in test experiments.

(T2K Collaboratiom——— Total Accumulated POT for Physics
. v-Mode Beam Power

. V-Mode Beam Power

:Run3 _ _Rim4

“’4’; | Emulsion
shifter
/

| Iron target

Accumulated POT
Beam Power (kW)

2013 2014

A 1R ﬁ. SR

(}C__+SFT+INGRID )|

L 1!: \ \ \ o f iy ||
S K ¥ _._.T i - |
E IW """ t\\\\\"&\\\\ }. : ||

. PTEP2017,063C02 |
| PTEP2017,063H02 T Y
v event detection - - = =i
Hybrid analysis with T2K}] Water target emulsion detector

JrLITTEt et

———
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Conceptual design of the detector

Precision tracker with timing information 6.5cm
Muon ID

Emulsion Cloud Chamber (ECC) is a sandwich structure
of emulsion films and materials.

LS « ECC is placed in front of T2K near detector, INGRID.
* Precise Tracker is placed between ECC and INGRID to
give a timing information to emulsion tracks.
\ / Muon ID is possible by combined analysis with INGRID.

Event detection,
HNEEEEUEWS N Precise Tracker & 2 options (Emulsion Shifter/ Scintillating Fiber Tracker)
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. . . . . (T i
Emulsion-INGRID hybrid analysis with Shifter B
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m 36hours pitch - ha
:_ (/ _— 21.5min. pitch .
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— Emulsion films are set on moving stages controlled by stepping motor.
Time stamp is given by coincidence of tracks on each stage.
—> Position difference from reference point = Timing information

Emulsion-INGRID hybrid analysis with SFT

Entries

Top view

. Mean -
0,: 2.7/5cm e o
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Momentum measurement

13.6 (MeV/ic)| X — X
—— |1+0.038 In ——
0% | X, X,

measurement by the MCS method

PB =

MC study by GEANT4

Rl test.beam . KEK—T1.7 .
) DATA
L : 0.8Gevicn , /vith1mmPb
N 20 | - 1.5GeV/c n
nb Scattering e B %} i | *+ /
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p (GeVic)

B S [E With 0.5mm Fe .
W | P 0.8GeV/c pion : P =0.79(GeV/c), dP/P =11%
@) .
o [ o —8=0.1GeVic 1.5GeV/c pion : P =1.53(GeV/c), dP/P =16%

120% —
S . 2 o8 g () 2GeV/c
S ™ 0.5GeVic
© N e 1GeV/C
"qc_; o —— 2GeV/c - More measured plates,

70% 1 3GeVic better measurement accuracy.
s 50%

° (0)

% 50% - = - lower momentums have better accuracy

40% 02 " .
g o 5 C——— because of their large scattering.

o — m
- < 7 - measurement accuracy gets worse
10% e f ” h & - ] .
o% . Effect from track stopping just before particles stop.
0 5 10 15 20 25 30 35 40 4

Number of plates using momentum measurement



Proton identification

Proton momentum threshold
Proton (CCQE)

dE/dx measurement by track blackness
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I

=== Proton (2p2h)
High momentum

= Proton (2p2h)
Low momentum

0.05

NINJA

i

Low energy proton

- Range measurement

- Kinematical energy

o leooMev |k
th-—(~200MeV/c)

NLermp
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Status of event analysis in
Detector RUN

e |lron interactions Track multiplicity of CC event

Impact Parameter in vertexing events

S Black + Gray (VPH>100)
N Thin (MIP) ~ (VPH<10(

Multi-proton event analysis

e N y

™~ Observed back-to-back proton event

>340MeV/c

b_—T~
/\\\ >350MeV/c
210+ 10MeVic Pl T2

‘i cand e

1
l;’: I -

v, N

012345



Water target emulsion chamber

We installed a water target emulsion chamber.

Frame type

=== pl|astic spacer
( 2mm thickness)

Sandwich structure of Emulsion
films and Frame type spacers

N L LLEERATEAARERAE

1 %, 0t 8 “ Ny . Steel plate

support: 500um steel ECC
59 sets (500um steel)
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Water target emulsion chamber

We installed a water target emulsion chamber.
w ' — \ ame type

- m" v v ' Feglon —

iy dbalis nhuurui
*

LLLLILCE I

Y .r”;wrrrf,mm;mﬂw_y'

=T T -

(tan x,tan y)=(-0.040, 0.845)

W-a"t'er"TaTge ka = 10-20 v ey . - (tan x,tan y)=(-0.589, -0.074) proton S

Minimum distance( )=2.4um, depth=620um




Status of event analysis in
Detector RUN

Water interactio

ECC-SFT-INGRID matching

ECC penetrating
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Physics Run (J-PARC E71)

We proposed a new experiment (Physics Run) to study
neutrino-water interactions with large statistics in 2019.

“*NINJA - Measurement of hadronic final state with low energy threshold
- Detailed analysis of 2p2h-like neutrino interactions
-> flux-integrated cross-section for events with two proton
- ratio of the two-proton to single-proton CCOx events
Ll - Exclusive v , and v , cross-section measurement with high stat.

Proposal for precise measurement of

neutrino-water cross-section in NINJA physics run

The NINJA Collaboration

8. Acki!, N.Chikuma? T. Fukuda®, Y. Hanaokat, T. Havashinod, Y. Hayato?,
A Hiramoto®, A, K. Ichikawa’, H. Eawahara®, N. Kitapawa®, T. Koga®, K. Komatani®,
M. Komateu®, M. Komiyama® K. Kuretsube!, T. Marushima’, T. Matsuo?, 3. Mikado?,
A, Minamine®, Y. Morimoto?, K. Morishima®, M. Morishita?, K. Nakamura®
M. Nakamura®, Y. Nakamura® N. Naganawa®, T. Nakano®, T Nakaya® A. Nighio®,
8. Ogawa’, H. Oshima’, H. Rokujo®, L. Banjana®, O, Sate?, H. Shibuya’ T. Shiraishi®,

gimurad Y .‘:m uki?, 8. Takahashil, T. Takae?, R. Tamura®?, D. Yamaguchi®,

| Kabe University, Hobe, J.qp.md n D
2 University of Thkyo, Tokyo, Japan ec 15t

! Il ] L] ] 1 I ] I I 1 Il T I 1 ] 1 I I 1 Ll LI 1 l 1 1 ] 1 | ] ] I L] I ] | 1 ]

CCQE

2p2h

CC1pi
] CC Multi-pi

CC Other

NC

v, events
v, + Vv, events

INagova University, Nagoya, Japan
iNihon University, Narashine, Japan

V events/200MeV/10?'POT

i Kyota University, Kyvoto, Japan

i Unrversity of Tokvo, JCRK, Kamioka, Japan
“Thha University, Funabashs, Japan

& Yokohama National University, Yokohama, Japan

* Spokes person, Emall: tfikuda@fab phys nagava-w.acjp
Abstract

We propose a neutrine experiment which aims at measuring neutrino-water
cross-sections with nuelear emulsion based deteetor at J-PARC neutrine beamline.

=

Precise measurement of neutrino-water interactions is important to reduce gvstematic
uneertainties in current and future neutrine escillation experiments which search for
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Status of E71

Dec. 201 7: Proposal was submitted.

Jan. 201
Apr. 2071
Viay: 20°
Viay: 20°

Jun. 20

8: Reguested stage-1 status at J-PARC PAC meeting.
S Won the fund for the project from| JSPS (Kiban-A).
S: Updated MoU between NINJA-12K.

& DR wWas submitied.

3: Explained technical details at J-PARC FIFC meeting

Jul. 2016: Won stage-1 status
Jul. 2018: Reqguested stage-2 status at J-PARC PAC meeting.

for two

We requested neutrino mode exposure with total 102" pot

1st exposure (E71a) was requested to be done in 2019.

times exposure.
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Plan: Detector setup

Detector is Water ECCs, SFT and INGRID.
This configuration is already tested in the past experiment.

,800 CCQE
820 2p2h @107 EZ

support: 500um steel ECC
59 sets (500um steel)



31

Plan: Experimental site
B2 floor

NINJA

. w WV
Vi f | Ty

3 5% | |1 i 3 i
r II!--:l' F- g

LT

< 400cm

+ The deleCioTEIaleenis
cooling COliNESSEIRel

& 1 -2_Ii..‘u:t_'f-1't--E |
4 (INGRID+150cm)

Mobile vinyl house
with insulation
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Toward measurement at off-axis

* Slow proton detection
ey S ] pam | ......................... ....... mq_l_tip__l__j_city .......

no cut

ltan|<4.0
ltan|<3.0
ltan|<1.5

High speed Large angle Scanning Proton @2p2h (NEUT 5.3.7_INGRIDFIX)

efficiency

o BT T Nocut | |tan |<4.0 | [tan |<3.0 | |tan |<1.5

100% 46.6% 41.7% 20.8%

e
0]

0.9F

New: [ abae ahale | 820 evt | 380 evt 340 evt 170 evt

50kg water target, 1.0x102'POT

0.65F

o ) I
NS I AL D SR AR High speed && large angle Scanning

| | | will be applied near future.

conventional \
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Emulsion film production

Production status

52% done .

o« ~5.6/m?/week@ Nagoya
» Jul.-Dec. T
» Totally 94 m?

| sAoEErRLLEHETRY. AARN
PEIERGEZEY. RELTULEET.
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Plan: Film refreshing

« Accumulated noise tracks after producing films are deleted

with high temp. and high humi. condition ( fading effect )
(Ags + 2H,0 + O — 4AgT + 40H ™)

B track density
Before Refreshed

ra
[

-
o

*r density [6000(umT]

{4
g
- |
e
-
&

8

2015/12/10 16:58 2015/12/11 16:58

Place 1D

We will reguest ene reom on ground
at J-PARC for film refreshing.

This work will be done before two mohft
Current plan | i

PR (B



Schedule for preparation

The case of neutrino beam exposure from next May

2018 2019

Emulsion film
production

Refresh&
Packing

SFT
production

INGRID test

It depends on the beam schedule (FHC/RHC)




3~NINJA Summary

 We are performing a neutrino experiments at J-PARC
to study low energy neutrino - nucleus interactions with
nuclear emulsion.

« We are carrying out a test experiment at J-PARC to
check the feasibility and detector performance.

« The event analysis of the iron and water target ECC is
Now In progress.

« We proposed a Physics Run based on experience of
Pilot Run and Detector Run to investigate v -water int.
with , large statistics.

* Now we are improving our analysis and producing large
amount of emulsion films for coming Physics Run.

cREJ Nuint 18 - 12th International Workshop on Neutrino-
Nucleus Interactions in the Few-GeV Region




Thank you very much.




