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What is Nuclear Emulsion ?

N REFLE R BRI R
P h\&éfﬁﬁ% *“EEW)LA”

\ <y ‘s

100um-“9 mm

B3 7!3/0)#*7"&?#0%’_’#*%‘ RITIR Emﬁtljiﬁ



Photographic Film technology

Nuclear Emulsion is a special photographic film.

Signal is amplified by chemical process.
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1896 (A. H. Becquerel )
Discovery of Radioactivity

1947 (C. F. Powell et al.)
Discovery of &t

1971 (K.Niu et al.)
Discovery of charm particle
in cosmic-ray

2001 (K.Niwa et al.)
Direct observation of v _

2015 (OPERA)

Direct observation of vV _
Appearance

Contribution for
fundamental physics...

OPERA 1st v . event (2010)
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Nuclear Emulsion Detector

3D reconstruction Scalabilit
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0.8GeV/c 7 : P =0.79(GeV/c), dP/P =11%
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Off-Axis
Detector
(ND280)

A neutrino interaction in emulsion @J-PARC
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NINJA Collaboration Ea\IIEN

( * Spokesperson)

Nihon University: S. Mikado, Y. Hanaoka
Nagoya University: T. Fukuda*, H. Kawahara, N. Kitagawa,
R. Komatani, M.Komatsu, M. Komiyama, K. Morishima,
M. Mirishita, M. Nakamura, Y. Nakamura, N. Naganawa,
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, K. Kuretsubo, T. Marushima,
S. Takahashi
Yokohama National University: A. Minamino, D. Yamaguchi
Kyoto University: T. Hayashino, A. Hiramoto, A. K. Ichikawa,
K. Nakamura, T. Nakaya, I. Sanjana, K. Yasutome
University of Tokyo: N. Chikuma, T. Koga, R. Tamura,
M. Yokoyama
ICRR, University of Tokyo: Y. Hayato
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Physics motivation

This will reduce the errors from neutrino-nucleus interactions
and also, improve the accuracy of the flux measurements
with the near detectors.




Current 1ssues

Cross-section of CCQE-like events [EP¥I ““m" .

Measured value is much larger than PRSI el yiiicte & 2
the simple model predictions. A R

Due to the problem;in the parameters Soat | it s concpers

¥ Serpukhov, Al

measured in the oldiexperiments? ' ' i

0 = 2= g

Insufficient toe consider single nucleon scatternIkrs
withiimpulse approximation?

Contribution from 2 nucleon interaction?
Recent experiments did not measure
low momentum nucleons.

— |t is not possible to discriminate

0 O Q single nucleon interaction
g from multi-nucleon interactions.

Interestingly, large suppression is observed
in the forward ( small g? ) region.



Current 1ssues

Difficulty in measuring v . cross-section

~ rejection of 7t % contamination
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EXisting near detector always suffer from contamination from 7 °
It IS Important (o measure low energy. electron cross-sections.
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Taken from “Measurement of the electron neutrino charged-current
interaction rate on water with the T2K ND280 7t O detector”,
K. Abe et al. (T2K Collaboration) , Phys. Rev. D 91, 112010



Our approach

Precise neutrino-nucleus interaction measurement is important
to reduce the systematic uncertainty in future neutrino oscillation

experiments.

We started a new experiment at J-PARC to study low energy
neutrino interactions by introducing nuclear emulsion technique.

The emulsion technique can measure all the final state particles
with for a variety of targets (H,O, Fe, C,...).

Furthermore its ultimate position resolution allow to measure
and to explore

Proton (CCQE)

=== Proton (2p2h)
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Conceptual design of the detector

1/ beam

‘+—»

6.5cm
Muon ID

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

I « 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,
Physics analysis
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NINJA Roadmap

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

J-PARC T60/T66/T68 experiment

Detector RUN

Target mass: 1- 60kg

Physics RUN I

This proposal (P71) * Target mass: 100- 300kg

>

Physics RUN I

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 status of NINJA

- We have demonstrated the basic experimental concept at J-PARC site.
- “Detector performance run” was started from Jan. 2016.
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.............. : cnulsBmdetecton
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\-‘ 1 spacer ( 2mm thickness)
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3 vV event detection
Hybrid analysis with T2K

Water target emulsion'_detector




v exposure status of NINJA °

- We have demonstrated the basic experimental concept at J-We.
- In 2017-2018, Water target detector run is in progress. _— ]

Detector installation: 17 OGt g

Expsure
[ Run1: 2017 Oct.-Dec.
| Run2: 2018 Mar.-May




Analysis status (Iron Target ECC) ~
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Physics run Proposal (P71)

We proposed a new experiment (Physics Run) at last J-PARC PAC
meeting to study neutrino-water interactions with large statistics.

£NINJA  [RlklE

Proposal for precise measurement of

neutrino-water cross-section in NINJA physics run

December 14, 2017

The NINJA Collaboration
Fukuda®®, Y. okat, T.

v Yokohama, Japan
, Brmails ik uda@dabh phys nagova-u.acejp
Abstract
at J-PARC neutrir

s important to redue

ation experiments which

- Validation of the existence of 2p2h reaction
- Cross-section measurement of 2p2h with accuracy of 10%
- Exclusive v , and v . cross-section measurement

25th J-PARC PAC meeting NttPS://kds.kek.jp/indico/event/26624/

from Monday, January 15, 2018 at 08:00 to Wednesday, January 17, 2018 at 16:00 (Asia/Tokyo)
at J-PARC Research Building ( 2F Conference room )

Manage v

Description All the presentations should include the discussion time of 5 to 10 minutes.

10:50-11:10 Brealk

11:10-11:30  E61(NUPRISM) 20’
Speaker: Mark Hartz (IPMU)
Material: | Slides

P69 (Study of neutrino-nucleus interaction at around 1 GeV) 30
Speaker: Akihiro Minamino (Yokohama National University)

Material: | Slides T

P71 (Precise measurement of neutrino-water cross-section) 30
Speaker: Tsutomu Fukuda (Nagoya University)

Material: | Slides

Lunch
P70 (Proposal for the next EQ5 run with the S—2S spectrometer) 30

Speaker: Tomofumi Nagae (Kyoto University)
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Physics run Proposal (P71)

Expected # of neutrino events
(@200kg water, 1x102'POT)

> 1,000 2p2h events@100% eff.
- model dependent
- need to estimate the det. eff.
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The OPERA Experiment (v ,—v )




v _ analysis result

Expected signal and background events for the analyzed data sample

Expected background

St Charm Had. re-interac. Large p-scat. Total 2tttk (O ey
T — 1h [0.017 £ 0.003 0.022 £+ 0.006 - 0.04 £+ 0.01 0.52 £ 0.10 3
T—3h| 0.17£0.03 0.003 £ 0.001 — 0.17 + 0.03 0.73+0.14 1

7 — 1 [0.004 £ 0.001 — 0.0002 £ 0.0001 0.004 £0.001| 0.61 £0.12 1

T —e | 0.03£0.01 — — 0.03 4+ 0.01 0.78 £ 0.16 0

Total | 0.22 4+ 0.04 0.02+£0.01 0.0002 £ 0.0001C0.25 £ 0.05 » 2.64 4 0.53 (5)

5 observed eventsiwith 0:25 background RaEECIEEERIVRLEEEIEIYED
Probability to be explained by background: ittt

1.1x1077 (Fisher, Profile likelihood) O
Corresponding to 5.1 O exclusion = Conﬂstteéltdwghbth:
. - CXPgClLe 1Stripution
of the background-only hypothesis P

0.2

Discovery of v _ appearance

oi— 1Bl 2|54 1

Estimation of Am2,; (90% C.L.) _
[2.0, 5.0] x 103 eV2 (assuming full mixing) | © © * ¥ 7




Improvement of Am? measurement

. + '
GOIden seleC’[IOn 5 events found (BG:2.0) !

Variable 7—1h 723h 724 176
Zdee (pm) <2600 <2600 <2600 <2600

phy (GeV/e)  >0.15 ' 01 >0.1
Orink (md] =>(.02

track 9??: elastic scattering (65 mrad),
In leag/plate between films 37 and 38

I'IJI

{
/ proton produced in the
interactign of track 2907
7

OPERA (T appearance) __ :
preliminary aF = N k226
T I ™ tack g§_53
OPERA (t appearance) I sl | ‘\ track 4112
PRL 115 (2015) 121802 Hﬁm mn\ﬁ*_\

Event 11213015702

Event 9150097972 Event 10123059807
DAYA-BAY
PRL 112 {2014) 061801

T2K i ; .
PRL 112 (2014) 181801 Expected  Expected e Am3g -
Observed v,

MINOS Signal  Background (10~3 eV?)

PRL 112 (2014) 191801

- J

6.5 2.0 10 28 e 68% C.L

PDG 2016

(C.L. evaluated with Feldman-Cousins method)




R " 4. Conclys;
Summary © SN
Evidence for Vi oscillations So far both ey
Ve & Yoy,
M‘-)uf- QOXC.L. anr ,-" N v'd
;_\1—-— T T ' £ ea'OOd -Fi.t O
> : : L
s ’ -3 2
N sl = f e < lams 107 eV* e
107207 = SIn*26 ~ | ' | [lightlenetn
containe - 960£30 um
o Sk i SRRENE
7 f“;fffﬁ_ ing ° be more conclusive
f‘fwcuf;fv ’
T 04 o8 05 [ We  need more gtatl’st&"ts
sin?28
| Or we have to |oglk for 1000 um
sn?28 > 0% 5 appearance % i
S 10-3N 10 PP O'f- Vel in [omj identified as a proton by dE/dx analysis [26]
aseline experiments
@

For the gr eatestfﬁ?% tg m: T Scientific Background on the Nobel Prize in Physics 2015

2015 NOBEL PRIZE IN PHYSICS

Takaaki Kajita
Arthur B. McDonald

NEUTRINO OSCILLATIONS

compiled by the Class for Physics of the Royal Swedish Academy of Sciences

Super-Kamiokande’s oscillation results were confirmed by the detectors MACRO [55] and
Soudan [56]. by the long-baseline accelerator experiments K2K [57], MINOS [58] and T2K
[59] and more recently also by the large neutrino telescopes ANTARES [60] and IceCube

[61]. Appearance of tau-neutrmes in a muon-neutrino beam has been demonstrated on an
event-by-event basis by @ xperiment in Gran Sasso. with a neutrino beam from

CERN [62].
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Directional dark matter search with scalability .

earth@summer

Direction of solar sysiem/
(230km/sec) /

—

Dark matter wind
( from Cygnus
T L s

5
Direction sensitive Detector

earthi@winter

Capability of detecting

tracks

Sasso lab., Italy
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v . Physics
SHIP Project

- Huge beam bump experiment at SPS from 2026.

- More than 1000 of tau and anti tau neutrino
interaction separately using compact emuision
Spectromete r. Goliath Magnet

Magnetic
Specrometer

Hidden Sector
decay volume

Spectrometer|
=. Particle ID

Target/
hadron absorbe

Active muon shield

v, detector

Drift TubeTrackers

Drift Tube Trackers

Lower Return yoke

Proton target:

DSTau PrOjQCt Tungsten foil + emulsion tracker

Tungsten plate
(0.5mm) 1 unit

Proton beam

+ v_cross section was measured by DONUT with large uncertainty(~50%)

|
on v_flux at beam source. - |

* The uncertainty reduction on v_ production cross section is important. | v+ " ‘
|

* D, — © — X precision measurement in high energy proton interactions LR D

Erntlcionilin Plastic sheet (200 um)

— Re-evaluation of v_ cross section & useful results for future v, experiments (50 pum thick emulsion layers on both
T T

sides of a 200 pm thick plastic base)
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Hadron production experiment@Fermilab

Hadron Interactions i' ateri eli {_‘-:-j'_ mﬂving

Proton Beam Profile & Off-axis Angl(e__,_l ) " e v &
Horn Current & Field | — 2 — Total error (13avl) Slllcon mDVIng JS"'CQ“!F'bEr DEtBCIor

Horn & Target Alignment {(4) - - - Previous error gas cherenkov or DEt?CtD;—H |
y 5[ 0 ®xE,. Arb. Norm. (11bv3.2) . ring imaging cherenkov |\ ~ . ...,
' \

— Cherenkov
— Threshold
1 Detector Calorimeter

E, (GeV)

- Chiba, Fermilab, ICRR, KEK, Kobe, Nagoya, Toho, TRIUMF

=
(%)

Fractional Error
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Summary

Precise neutrino-water interactions is important for future
neutrino oscillation analysis. (Especially, 2p2h and v )

We are performing a neutrino experiments at J-PARC to study
low energy neutrino - nucleus interactions by introducing

nuclear emulsion (NINJA Experiment).

We have carried out a test experiment at ]-PARC (T60/T66/T68)
to check the feasibility and detector performance.

We successfully demonstrated the detector performance and
the analysis in the emulsion based detector (Iron, Water ECC).

we proposed a new neutrino experiment to measure neutrino-
water cross-section precisely (Physics Run) to J-PARC PAC.






