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Short introduction

Yesterday@A8Rva 26 \2) %

T FUKUDA, Tsutomu (Nagoya U., Japan)

2003-2018(2022): OPERA experiment
-> Discovery of v_appearance (2015)
- Emulsion detector preparation
- Establishment of neutrino event analysis
- Hadron interaction study - BKG reduction of v,
- Development of new analysis methods fo
emulsion detector

2015-Current  : NINJA experiment (Spokesperson)
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What is emulsion?

— Polymer (C, (N,0)) AgBr'_lCWSta'._
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Emulsion film production

Nuclear emulsion film is made at Nagoya U. Automatic emulsion coating system at Nagoya U.

- Crystalizing
- Deionazation

= « 7 - Sensitazation

@Nagoya Univ. ( Preparing liquid )

Emulsion gel spout [T -

Gelatin + crystal ( Col provduction ) - S el
o (Cel meliing ) - owm( R

(_Gel Coating_ )
( Dr;ing )
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Emulsion film data taking
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Merits using emulsion detector

Low energy hadron measurement € difficult to measure so far

Neutrino-water interactions € same target as the large water Cherenkov detector

Low background for v, measurement < clear verification of sterile neutrino

Water target emuIS|on detector

i

N
Wi

I

Proton momentum
| ARRERRERANE [EETTT

NINJA U= v/ electron ID v . CC event in OPERA
— 2p2h hi | e T
— 2p2h Icir =

Microscopic image from

the view of the beam axis
Proton momentum

@NINJA position T—>ete electron

0.2 04 06 08 12 1.4 1.6 1.8 2 IETY
Proton Momentum [GeV/c]

Low BG from v, NC =° production
The nuclear emulsion has all the essential elements for low energy neutrino study.
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viking detector at ESSnuSB

Low energy e/y separation in water JeeJGEANT4
1ton water emulsi()n detect()r Need to be confirmed experimentally

10 electron tracks 10 muon tracks
in water ECC in water ECC

NINJA type
water ECCs

20 40 60 80 100 120 140 160 180

- 140 NINJA type water ECCs are installed. (6 x 6 x 4 walls)

- Detector size is 2m x 2m x 2m. The detectors should be installed
a cooling shelter because the temperature need to be keep at
5-10°C for emulsion films. "

- Total apparatus mass include cooling shelter and detector racks ' Averaged blackness
IS ~8 ton.
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T T/ separation
I | W o m |

In principle, m and u can be separated by using Range-dE/dx information.
But need to be confirmed by MC and experiment.




m/u separation — other idea

/

Emulsion film
|iI

lli

q

Using thick emulsion sheets instead of iron plates,
m and u is identified by image analysis at each stop point.

Th|ck Emulsion film
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V Cross-section measurement

Energy region with no neutrino interaction data

*
A

e L

MiniBooNE data with total error
NOMAD data with total error G —

StiBooNE data with preliminary error
RFG model with MM=I.I]3 GeV, k=1.000
——— RFG model with M, =1.35 Ge\’: k=1.007 (p

Nsel

Numbe}of selected events Ngel Number of selected events

Npkg Number of background events

B bkg @ Integrated neutrino flux

1

10

T| &

ERFS (GeV)

[

/ T Number of target nucleons

€ Selection efficiency

calculated based on the data Evaluated using the MC

(1) Neutrino beam:

JNUBEAM 13av6.1

(2) Neutrino interaction:

NEUT 5.4.0

(3) Detector response:
GEANT4 (QGSP BERT physics list) (normalize : POT value & target mass)

(1) v beam simulation

L

| -
L4
1 .

(2) v interaction simulation (3) Detector simulation




Systematic uncertainties

Item

Fe
ag cC

Fe
Lele phase space

Neutrino flux

—5.8% +6.6%

—5.9% +6.5%

MY

AIEES

c5(0)

Isospin $BG

CC other shape

CC coherent normalization

NC other normalization

NC coherent normalization

2p2h normalization

Fermi momentum Py

Binding energy Ej,

Pion absorption normalization

Pion charge exchange normalization (p, < 500 MeV /c)
Pion charge exchange normalization (p, > 500 MeV /¢)
Pion quasi elastic normalization (p, < 500 MeV/c)
Pion quasi elastic normalization (pr > 500 MeV/c)
Pion inelastic normalization

—0.0% +1.5%
—0.0% +0.1%
—1.2% +1.1%
—0.9% +0.8%
—0.6% +0.5%
—-1.5% +1.6%
—1.0% +1.0%
—-0.8% +0.0%
—2.5% +2.8%
—1.1% +1.0%
—0.9% +0.0%
—0.9% +1.0%
—0.0% +0.8%
—0.0% +0.8%
—0.8% +0.7%
—0.0% +0.8%
—0.8% +0.7%

—0.0% +0.9%
—0.3% +0.2%
—0.7% +0.6%
—0.3% +0.3%
—0.3% +0.2%
—0.7% +0.7%
—0.4% +0.4%
—0.2% +0.0%
—1.1% +1.2%
—0.5% +0.4%
—0.3% +0.2%
—0.4% +0.5%
—0.0% +0.2%
—0.0% +0.2%
—0.3% +0.2%
—0.2% +0.2%
—0.3% +0.2%

Full (Restricted) phase space

Flux :
-5.8% /+6.6%
(-5.9% / +6.5%)

= Neutrino interaction model :
-4.1% / +4.6%
(-1.9% / +2.0%)

Wall backgrounds
ECC-Shifter-INGRID misconnection backgrounds

—1.1% +1.1%
—1.4% +2.2%

—0.2% +0.2%
-1.1% +1.7%

Base track detection efficiency

ECC track reconstruction

ECC bricks track connection

ECC-Shifter track connection

ECC-INGRID track connection

INGRID track reconstruction

Kink event cut

Momentum consistency check

Target mass

Difference between iron and the stail_lless steel

—-0.3% +0.1%
—-0.1% +0.1%
—-0.1% +0.1%
—2.3% +2.4%
—-3.0% +3.2%
—0.7% +0.8%
—0.6% +0.5%
—-1.3% +1.3%
—0.6% +0.6%
—0.3% +0.3%

—0.3% +0.1%
—0.1% +0.1%
—0.1% +0.1%
—2.3% +2.3%
-3.1% +3.2%
—-0.7% +0.8%
—0.2% +0.1%
—0.8% +0.8%
—0.7% +0.7%
—0.3% +0.3%

Total

—8.5% +9.4%

—7.5% +8.2%

Background estimation :
-1.8% / +2.4%
(-1.1% / +1.7%)

— Detector response :

-4.2% | +4.4%
(-4.1% | +4.2%)

Covariance matrix of flux uncertainty

40 0.01

0.008

35

V., 30

1L

25

20

15

0.006

0.004

:""]|||||||||||||||||_||||||||||||||||x
5 15 20 25 30 35

i

NINJA: Neutrino Mode, Vu

Fractional Error

0.3

Hadron Interactions dxE,, Arb. Norm.

— Proton Beam Profile & Off-axis Angle = Material Modeling
=== Horn Current & Fisld Number of Protons

———— Horn & Target Alignment —— Total Error
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To do
Detector simulation using GEANT4 to analyze PID.
Check MC PID works for neutrino interactions in ESSnuSB energy.
Full MC process of neutrino cross-section measurements.

B O

Experimental verification of 1,2 and 3.
- for 1, a test experiment by CERN?
- for 2&3, a physics run in NINJA at J-PARC?

Candidate site: Beamline for WCTE

3Gevy > BINEAG P )%

HIEARE  WH B,

7
A ISR D8

Water Cherenkov r N | v |
Aerogel Detector Ground leve
i Threshold . -
Wire Chambers Shielding Ev - 200-300MeV
/
JPARC-=a—FY/ o / L
E=-2—1R = \
el - -~ l‘— ‘ &
J = e 17
Permanent Om e A / 4 | (e t.a
Magnet (0.1 TM) e N @ (@ UPARC=HIE - [ g

_____ g NI Ao B SAND
M p; A DM e
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PRI Current status of NINJA

 The analysis of Detector Run using 60kg iron target was completed.
In backward m production, significant discrepancy between data
and simulation was found.

 The analysis of Physics Run using 75kg water target was going on.
« Second Physics Run using water target will be implemented this year.

 Large budget (1IM€ for byears:2023-2027) was obtained last month.
So the discussion of new plan for next year and beyond is started.



SHNININ Results of Detector Run(1)

.2 _‘
ofg, (cm/nucleon)

=sgrrrraavercriaa
(IPELLLR A

0.2

Pion reconstructed mol

—+- Data w/ stat. and total error
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NEUT

==== NEUT flux-averaged
= T2K

—— T2K flux-averaged
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int. uncertainty

Number of events
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Proton reconstructed momentum (GeV/c)

4.0 x 1019 POT @ Detector run

Target: 6bkg iron = v-iron int.

Momentum, emission angle and multiplicity of
u, m and p are measured for 183 CC events.

—4— Data w/ stat. and total emor
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N £33 v.CCaE
D s v * CC RES
w CC COH =
« CC DIS

»
S

Vu
Backgrounds
/ vint. uncertainty

Number of events
Number of events

Number of charged pions

%
©
(=]

04 0.6 5
Pion reconstructed momentum (GeV/c)

Data w/ stat. and total error

v, CC 2p2h @3 v. CC QE

v, CC RES @3 v, CCCOH
N

. NC
Backgrounds

Number of protons

0

— e T

Z o. 0. 0.8 7 'z
Proton reconstructed momentum (GeV/c)

—4- Data w/ stat. and total error
3 v. CC 2p2h @3v.ccae
@l v. CCRES @@ v.CCCOH=
@lv. ccois 2=

Backgrounds

—+- Data w/ stat. and total error

@8 v, cC 2p2n EBv.cc Qe

@l v, CC RES @@ v, CC COH =
v, NC
Backgrounds

]

—4- Data w/ stat. and total error
&3 v, CC 2p2h E3 v, CC QE
@8 v, CC RES v, CC COH =

v, CCDIS 7 v, NC
Backgrounds
int. uncertainty

>i4

15/22



16/22

m Results of Detector Run(2)

« 3.5x1020POT @ Detector run
« Target: 6bkg iron =2 v-iron int.

Result
X107 (cm? /nucleon)

« Momentum, emission angle and Fe +053
multiplicity of u, m and p are o 463 2 023(st2t Zosg(eyst)
measured for 770 CC events. OcCphasespace 385 % 0.20(stat ¥ 55 syst.)

Phase space: 6, < 45° P, > 400 MeV/c

—e— NINJA flux-averaged
— - NEUT

==== NEUT flux-averaged
—— T2K

—o— MINERVA

—4— Data w/ stat. and total error
[+.CC2p2h

[ Jv.CCQE
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Muon angle (deg.)

e o’ 5 The results agree well with the MC prediction



Results of Detector Run(2)’

The results agree well with the MC prediction

Number of protons
Number of protons

I‘I‘._*I" seEd== |
60 80 100 0 140 180 180 s
: 0.2 0.4 .6
Proton angle (deg.) Proton moment

-4+~ Data w/ stat. and total error
[Ov,.cc2p2h [OJv,CCQE
Bv.cCRES [0]v,CCCOHn
@v, ccois _V,NC
v, Backgrounds
v int. uncertainty
GENIE 3.0.6

w
o

Data > MC

Backward

Number of charged pions
Number of charged pions

X ;;)\ sl CYvrae W T 08 o, a0 & 0-2 - 0.8 1 1.4
0 60 80 100 120 140 160 180 Charged pion momentum (GeV/c)
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SN D etected neutrino events in Physics Run

ECC — Emulsion Shifter — Scintillation Tracker — Baby MIND worked well
and succeeded in 1 ID and measuring their charge.

Typical Neutrino CC event Typical Anti neutrino CC event
ECC  wlike

LU

-Baby MIN

Muon (4. 3 * 26 GeV/c)

o
o0
o
I~
o
M~
o
w
o
(o]
Up]
Ts)
o
Te]
m

—

] Y proton - The event pictures (number of protons) in ECC and the py charge
; = measured by Baby MIND are consistent.
U - - To finalized data set, we are checking the muon connections and

%X analysis in ECC, event by event carefully.



Analysis status of Physics Run

Performance check by sub-data set (the central ECC)
before opening full dataset

Emulsion
Shifter

A,
A

Entries/(10 deg)

v

Scintillation
Tracker

a0 50
Angle [deg]

[ ceae
= 2020
 — L
i 3 ccmutin
R e
[E] intemal Beam-related Background
[[C_] External Beam-related Background
[ Partner mis-id

m syst. err (flux+detector+bkg.)

M momentum [ CCaE
[ CC in
== [ CC Multix

—l_ Eﬁg Other
L S —— near future!

A A ————— 100

200 400 600 800 1000 1200 1400 1600 1800 2000 Angle [deg]

]
(=]

[ v int uncerta

-
(9]

Entries/(20 deg)

_..emitted forward was less than expected?

[l

- Open full dataset
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snowmass2021 process at US

DPF Community Planning Exercise

SNOWMASS NEUTRINO FRONTIER:
NEUTRINO INTERACTION CROSS SECTIONS (NF06)
TorPiCAL GROUP REPORT

Snowmass 2021

Welcome page
Announcements Trace: » start

Snowmass Calendar

el e Eles Welcome to Snow SUBMITTED TO THE PROCEEDINGS OF THE US COMMUNITY
Snowmass Report STUDY ON THE FUTURE OF PARTICLE PHYSICS (SNOWMASS 2021)
The Snowmass Community Plann — 5
i i 5 CENISEYEN o e 0w me s meages s e oy wp Sn RS G0 ) 2 mn mp f s G0 M W N o W e qles g3 e Eenewavge: ey #p S S ) 81 o b
Organization COVID-19 pandemic, resumed ful

, Community Summer Study Work: 6 Neutrino Scattering Measurements 13

Snowmass Steering . s i
Group @ https://snowmass21.org/annot 6.1 Long-Baseline Experiment ND capabilities. . . . . ... ... ... ... ... ...... 13
o . 0.1l T2END . . cvvwv o 203685 smmmsssssc55ssenmesssss s s 14
Snowmass Advisory individual frontiers can be found 612 NOVA-ND 15
Group the activity by signing up to the re 6:1:3 DUNE-ND arXiv:2209.06872v1 [hep-eX] 15
Frontier Conveners menu if you haven't already done Bl HE-MEY, & o oaome 05 568 amesmmeslsthes sadeseiisssos 16
APS DPE SnOWMass 6.2 Short-Baseline Experiment ND capabilities . . . . . . . . . .. ... ... ... ... .. 16
page The Particle Physics Community F 6.2.1 MicroBooNE . . . . . . . . 16
S—— of Particles and Fields (DPF) of the g;g |SCBANRDUS (Mubkll off-axis'besimling): o s s s v s s s s s s sREwnE 28 8 8 B };

i cunitv for th A DR e . aesais e B H ARG G B B BN e e R A SEAs ST e

Career provides ah opportunity forthe € 6.3 Dedicated neutrino scattering programs . . . . . . . . .. ..o 18
document a scientific vision for t 631 MINERVA . . . . . . 18
Snowmass Frontiers partners. Snowmass will define th 6.3.2 ANNIE . . . . . . 18
. Identlfy prom|s|ng opportun|t|es i 633 NINJA ........................................ 18
Energy Frontier 6.3.4 H/D bubble chambers . . . . . . . ... 19

. . Snowmass here % "How to Snowi
Neutrino Physics 6.3.5 Far-Forward Neutrinos at the LHC . . . . . . . . . . . . . . .. ... ... ... 19

saTa e N et M R A 6.3.6 nUSTORM . . . . . 20
6.3.7 Polarized targets . . . . . . . . L 20
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Future prospect . D,0

There Is a discussion to further understand v-nucleus interactions,

the study of v-nucleon interactions Is important.

In NINJA, by introducing a heavy water target, we are developing a
method to study v-nucleon interactions by analyzing the subtraction

FERMILAB-CONF-22-149-ND,LA-UR-21-31459

Neutrino Scattering Measurements on Hydrogen and

Deuterium: A Snowmass White Paper betwee na h eavy Water eve ntS an d a Water SAVS ntS .
Conceptual principle J-PARC T81|8
(v-D,0) ~ (v-H,0) > (v-n) 202 R
. Actually, a heavy water ECC #%' ']

2 T TR YT YT . was installed in T81. - |
::: " {
I & |
5 9TAR/Flab, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 4648601, 2 4 . i '

Japan

Development of a bubble chamber is

being considered in US.

A v-heavy water interaction
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Summary

 Nuclear emulsion is 3D tracking detector with sub-micron spatial resolution.
It allows us to analyze neutrino interactions on a variety of nucleus.

 \We have been studying neutrino interactions around 1GeV through the NINJA
experiment. It should be optimized to study neutrino interactions at even
lower energies.

* In this talk, | have shown the items for consideration and the future direction
of END emulsion detector (viking).

 Your comments or inputs is very welcome and we would like to discuss it!
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