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Introduction : Neutrino — Nucleus Iinteractions

The v interaction uncertainty due to nuclear effects,
such as a nucleon-nucleon correlation and final state

iInteractions (FSIs), is a thorny problem.

» It Is hard to separate each interaction mode
because the FSls generate or hide the
particles.

It Is Important to measure low-momentum protons and
pions to understand v — nucleus interactions, including
nuclear effects. 2




NINJA Experiment

Country: JapanKX - Croatig== - the UK=< (13 Institutes, ~50 researchers)

We aim to study neutrino-nucleus interactions using the emulsion detector

— Various targets (H,0, D,O, Fe, C, etc.) @ J-PARC.
— Low momentum thresholds ~ 200 (50) MeV/c for protons (pions)
NINJA Run

A) 2kg iron target run @ SS (2015, v : 1.38x1020 POT)
B-1) 65kg iron target run @ SS (2016, v : 0.4x1020 POT, v : 3.5x1020 POT)

B-2) 3kg water target run @ SS (2017-2018, v : 7.0x 1020 POT)
B-3) 9kg heavy water target run @ B2 (2021, v : 1.8x1020 POT)

C) Physics run E71-a @ B2 (2019-2020, v : 4.8x1020 POT)
(7bkg H>0O, 130kg Fe, and 1bkg CH targets)

Physics run E71-b @ B2 (Under preparation)
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NINJA Experiment : Detector concept

Emulsion Cloud Chamber
(ECC)

Emulsion multi-stage shifter
or/and
Scintillation fiber tracker

Muon range detector

Analyze V interactions

AN

Adds time info.
to the ECC tracks

Select v CC Int.




NINJA Experiment : Detector concept

Emulsion multi-stage shifter

nalyz interactions '
Angle VMg recie to the ECC tracks
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Monte Carlo simulation

= Neutrino beam ;:

JNUBEAM 13av6. 1 ‘IIE “
I

= Event generation :

NEUT 5.4.0 - Hllmllll |
(1) v beam simulation R

u De‘tector response : (2) v interaction simulation (3) Detector simulation
Geant4 (QGSP BERT physics list)

(normalize : POT value & target mass)

Neutrino interaction models used in the nominal MC simulation.

Interaction Model
CCQE Iplh model by Nieves et al. [35, 36]
LFG with RPA correction (MEE:LOS GeV/c?)
2p2h 2p2h model by Nieves et al. [37]
RES Model described by Rein-Sehgal [38] (M{¥5=0.95GeV/c?) HADG®
COHT7 Model described by Rein-Sehgal [39, 40]
DIS GRV98 PDF with Bodek and Yang correction [41-43]

FSI Semi-classical intra-nuclear cascade model [20, 44, 45]



Event reconstruction and the selection of neutrino interactions

Scanback method : The muon candidates were traced back from INGRID to the

iInteraction vertices. If no tracks with connection are found in three consecutive
films, the retracing is finished.

CS Shifter INGRID

Track exist? — Emulsion Track (base track)

X X X O O O O O
y] =T = N B o m E —  cand.

300 pm 500 pm Interacted Iron plate

Emulsion Film Iron Plate Fiducial Volume(FV)

v + v Int.(CC+NC) + cosmic-ray v CC int. u cand. v CC Int. events

150mm
150mm

W/m 150mm, =

ATo0 AT
Detection of v CC interactions Event reconstruction (ECC)
Muon selection (Shifter & INGRID) Proton and pion track search 8
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Number of selected events and fractions

Step Data MC  Purity

Fiducial volume cut 236 - in the wall of the detector hall
Manual microscope check 203 - -

Partner track search 202  207.6 81.7%
Kink event cut 195 198.1 85.5%
Momentum consistency check 183 188.8 88.2%

v, -iron CC Int.
candidates

Signal and background source m

v, CC el <— Signal events

ECC-Shifter-INGRID mismatching

: : 4.8%
(neutrino events, cosmic-ray events)

Upstream wall and INGRID vertical module
(neutron, proton, pion)

ANty Zolld Background
v, NC 0.8% events

INGRID horizontal module
(back scatter muon, charged hadron)

3.4%

<0.1%

v, and anti-v, <0.1%




Muon phase space In cross-section measurement

(1) Fullphase space of induced muons

Merit . easy to compare several measurements and
neutrino interaction models

Demerit : the prediction of the events out of acceptance
depends on the MC models

B the systematic uncertainties of models are large!

(2) Restricted kinematic phase space of induced muons

Merit : the systematic uncertainties of neutrino interaction
models can be reduced

Demerit : the result can be compared to the only same phase space

In this analysis, we measured cross sections in fu/l- and restricted-
muon phase spaces, 6, < 45° P, > 400 MeV/c, respectively.



Cross-section measurement (FHC)

In this analysis, we measured cross sections in full phase space and
limited kinematic phase space, 6, < 45°, P, > 400 MeV/c, respectively.

Numbe; of selected events

Nsel - ka

@ |T| €
|

Cross section A"Tsel A'Tbkg‘ @ (Clll_Q)
3 183 223 1.94x100
Co 175 19.7  1.94x10'2

O-CC bhase space

2.56x1028
2.56x1028
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kag
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Number of selected events
Number of background events
Integrated neutrino flux
Number of target nucleons

Detection efficiency

- Muon angle vs.
momentum

1.5 2 2.5 3 3.5 4 4.5 5
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Summary of the systematic uncertainties (FHC)

Item

Fe
I¢cc

Fe
ele phase space

Neutrino flux

—5.8% +6.6%

—5.9% +6.5%

MI*

Mg{Es

a5 (0)

Isospin %BG

CC other shape

CC coherent normalization

NC other normalization

NC coherent normalization

2p2h normalization

Fermi momentum Pp

Binding energy Fi

Pion absorption normalization

Pion charge exchange normalization (p, < 500 MeV /c)
Pion charge exchange normalization (p, > 500 MeV /c)
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% 4+0.6%
—0.3% +0.3%
—0.3% +0.2%
—0.7% 4+0.7%
—0.4% +0.4%
—0.2% +0.0%
—1.1% +1.2%
—0.5% 4+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%

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 stainless 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%

Full phase space
(Restricted phase space)
— Flux :

-5.8% / +6.6%
(—5.9% / +6.5%)

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

+ Background estimation
—-1.8% / +2.4%
(—1.17% / +1.7%)

Detector response :
—-4.2% [/ +4.4%
(—4.1% / +4.2%)




v, CC Cross section (FHC)
iron int.: 183 events

Flux averaged CC inclusive cross section:

Result MC T2K(INGRID)
x10738 (cm? /nucleon) x10738 x10~38
oce 1.28 + 0.11(stat. )*313(syst.) 1.30 1.444 + 0.002(stat.)*0-189(syst.)
OCE phase space 0.84 + 0.07(stat.) 397 (syst.) 0.87  0.859 + 0.003(stat.)*%22(syst.)
Cross section ™ Phase space: 6, < 45° P, > 400 MeV/c

«— v flux

T2K

ofe (cm/nucleon)
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Muon reconstructed momentum (GeV/c

— The results demonstrated the reliability of the detector and data analysis.14


https://academic.oup.com/ptep/article/2021/3/033C01/6169544
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032016
https://zenodo.org/record/6597038

CC Cross section ( )

lron int.: 770 events <—— Statistics of the number of events in RHC
Is around 4 times as large as that of FHC.

Result
x1073% (cm? /nucleon)

Phase space:
oee 4.63 + 0.23(stat.)*J33(syst.) 6, < 45°

OCE phase space 3.85 + 0.20(stat. ) ¥342(syst.) P, > 400 MeV/c

Preliminary NINJA (Fe target):
_ (MC — DATA)/DATA
AR = (3.57 — 4.63)/4.63 = — 23%
T2K (ND280, CH target):
DINJA (Fe)_ - (MC — DATA)/DATA
/ L =(1.31 -1.71)/1.71 = - 23%
LN
messe=tenaem <— NEUT (MC) = The NEUT prediction is 23% lower
(ND280, -5 ol than that of the data of both
CH targét) | | | | NINJA and T2K.

— There is possibility that the number of events predicted by NEUT is small.]5



Multiplicity distributions ( mode)

ron int.;: 770 events

Number of pions

[%2]
c
Q
a
kS
@
Re!
S
>
Z
1— 50.38 26.91

Number of protons

Number of protons

CCOmOp CCOm1p

This is one of the analyses that take advantage of the sub-um
positional resolution of the emulsion detector.

We aim to measure CCN7zNp cross sections based on the
measurement of multiplicity in the final state.



Proton results ( mode)

Water Int.; 86 events int.: 770 events

B —+- Data w/ stat. and total error 1
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072006
https://flab.phys.nagoya-u.ac.jp/ninja/data-release-2020a/

Pion results ( mode)

Water Int.; 86 events int.: 770 events
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NEUT (Rein-Sehgal, DCC) and GENIE cannot
reproduce the data. 18
— Problems of m production or FSI models?

Number of pions of the data is less
than that of the MC simulation.



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072006
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.072006
https://flab.phys.nagoya-u.ac.jp/ninja/data-release-2020a/

CCOm 1p: Proton results (FHC mode)

int. (CCOm 1p): 54 events

Transverse Kinematic Imbalance
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We also measured kinematic correlations between muons & protons.
( 19



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032016
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032016
https://zenodo.org/record/6597038

Toward a differential cross-section measurement

Proton & Pion Multiplicities Proton & Pion Kinematics

Preliminary

DATA >¢ MC

[2]
c
Q
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o
o
o
o
£
=
P

<—DATA > MC

Preliminary

il i i 00150 4008
2 1 12 >14 1 12 >14
\ Number of protons eVic) eV/o l

DATA for CCNzNp

’ Background subtraction Ana|y3i5 with more
< Unfolding statistics for the
| Efficiency correction differential cross

: : _ section measurements
Differential cross section is on-going!

20



Data release

May 31,2022

Data release for the paper "Measurements of
protons and charged pions emitted from the
S\nu_{\mu}$ charged-current interactions on
iron at a mean neutrino energy of 1.49 GeV
using a nuclear emulsion detector”

The NINJA experiment

This data release is associated with the paper "Measurements of protons and charged pions emitted from the v, charged-
current interactions on iron at a mean neutrino energy of 1.49 GeV using a nuclear emulsion detector". It is currently
available on arXiv:2203.08367 and to be submitted to Phys. Rev. D.

When citing this data release, please cite as well the paper.
The provided zip file contains the data as below.

1. event.root: Event by event information of 183 iron-target interactions.

2. plot.root: Plot information as shown in the paper.

3. detector_efficiency.root: Detectrion efficiencies for muons, charged pions, and protons.

4. momentum_resolution.root: Relation between true and reconstructed momentum for muons, charged pions, and
protons.

5. misPID.root: Mis-PID rates of protons and pions.

6. syscov.root: Covariance matrices of systematic uncertainties.

7. flux.root: The neutrino flux and the covariance matrix of the flux error.

The zip file also contains a README.pdf file with detailed information on the included files. Please read it.

Preview

En ata_release_2022

_data_release_2022a

o (1 README.pdf
o [ detector_efficiency.root
o [ detector_efficiency.txt
o [ event.root
o Y event.txt
o 3 flux.root
o [ fluxtxt

[ misPID.root

[ misPID.txt

[ momentum_resolution.root
o (3 plot.root
o [ plot.txt
o [ syscov.root
o [ syscov.txt

159 20

@ views & downloads

See more details...

Indexed in

OpenAIRE

Publication date:
May 31,2022
DOI:

Communities:
NINJA Experiment

License (for files):
(Z Creative Commons Attribution 4.0 International

Version

Version 2 May 31,
10.5281/zenodo.6597

Version 1 Mar 16, 2022

nodo.6355555

Cite all versions? You can cite all versions by using the DOI
10.5281/ze 54. This DOI represents all versions,
and will always resolve to the latest one. Read more.

Share
Cite as

The NINJA experiment. (2022). Data release for the
paper "Measurements of protons and charged pions

Event information
Detection efficiency
Detector resolution
Mis-PID rates
Covariance matrices
v flux and cov. matrix

ROOT file format
& Text file format

21


https://zenodo.org/record/6597038
https://flab.phys.nagoya-u.ac.jp/ninja/data-release-2020a/

Physics run E/1a : Detector
E71a: 75 kg Water + 130 kg Iron targets run (2019-2020)

Typical V CC event Typical V CC event

p* lik

{ll Tl e {m S -—

proton (03 GeN/©)

Muon (1. O

------

ECC : Analyze v interactions

Shifter /

Scintillation tracker : Adds time info. to the ECC tracks
Scintillation BabyMIND : Muon range detector w/ magnet
tracker — Selects v/v events via u~/u*separation
Emulsion , </~ We conducted an expanded detector
shifter L scale based on the pilot runs.

<~ We expect 15 times more neutrino

Water ECC , events than that of pilot runs. 55




Physics run E7/1a : Proton & Pion results (v—water int.

Y. Suzuki, Ph.D. thesis, Nagoya Univ., 2023.
T. Odagawa, Ph.D. thesis, Kyoto Univ., 2023.

‘33?‘ Preparation of the full-dataset and the analysis is on-going.

<3> Results using ~10% sub-sample of the total
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9;-

Knife oater - T‘ Wlndlng process N £ »
— x 10 faster than hand made — xb faster than current system

Refreshable Iarqe AqBr Crvstal size gel Thicker-base emulsion film

5-methyl Conventlonal m

benzotriazole

X
|

— necessary for HTSZ to Sca'njtlck
with fast & high efficiency.

Angular resolution

Angle (Jtan6 )
— Improve angular resolution o4




Future ; water target run

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

v-nucleon int. measurement using Hydrogen &
Deu‘ter’lum IS brought baCk lnto the Spotllght Neutrinlg Scat?erilllg I\'Ieasurementsro-n Hydrogen and
cuterium: A Snowmass White Paper

Luis Alvarez-Ruso!, Joshua L. Barrow>?, Leo Bellantoni!, Minerba

N - £ » 3 - Betancourt?, Alan Bross?, Linda Cremonesi®, Kirsty DuffyS, Steven
U Sl n g a B u b b l e C h a m be r IS C O n S I d e re d to Dytman’, Laura Fields®, Tsutomu Fukuda®, Diego Gonzélez-Diaz'%, Mikhail
Gorchtein', Richard J. Hill'**, Thomas Junk®, Dustin Keller'?, Huey-Wen
- - - Lin', Xianguo Lu'®, Kendall Mahn'*, Aaron S. Meyer'®!7, Tanaz Mohayai?,
m e a S u re v—n u C I eo n I nte ra Ctl O n S I n U S . : Jorge G. Morfin?, Joseph Owens'®, Jonathan Paley?, Vishvas Pandey!'’, Gil
Paz?’, Roberto Petti?!, Ryan Plestid'**, Bryan Ramson?, Brooke Russell'?,

Federico Sanchez Nieto??, Oleksandr Tomalak!>*%3, Callum Wilkinson'7,
and Clarence Wret?!

Unstituto de Fisica Corpuscular (IFIC), Consejo Superior de
Investigaciones Cientificas (CSIC) and Universidad de Valencia (UV),
E-46980, Valencia, Spain
2 Massachusetts Institute of Technology, Cambridge, MA
3 Tel Aviv University, Tel Aviv, Israel
{Fermi National Accelerator Laboratory, Batavia, IL 60510, USA
% University College, London, London, WC1E 6BT, United Kingdom

We plan to measure v-nucleon int. using a - o o Oopos i 511 A, Dt i

" University of Pittsburgh, Pittsburgh, PA 15260, USA

“Water ECC” & a "Heavy water ECC.” : et of Yo Do, o Do, ¥ 655,034
y . < 9TAR/Flab, Nagoya University, Furo-cho, Chikusa-ku, Nagoya, 464-8601,

Japan

Experimental concept
v-D,0)—(v-H,0) > (v-n ——
(v-D,0) = (v- H20) = (v-m) J-PARC T81(2021)

H,0 D,0 |
° 6 =1

% -
8p " |
8n o ’I

®

4
~X

Pilot “Heavy water” target run was already 2 \_‘K
conducted. We will conduct a large-scale | |
“Heavy water” run in near future.

eavy water ECC

25




Future prospects @ : ESS v SB project (2037-)

The ESS neutrlno superbeam project (ESSnuSB)

European [~
Spallation
Source

There is less data for v int. in the

energy region of interest.
Measure v oscillations at the ) .
2nd oscillation maximum, which — Itis essential to understand
is sensitive to CP violation. the v int. in this energy region.

o . ~ | A few hundreds of MeV
_50 2M oscillation maximum

MiniBooNE data mth total error
* NOMAD data with total error
SciBooNE data mtlhprehmman error
————  RFG model with M; a =1.03 GeV, k=1.000
——— RFG model with M} 1135 Ge\ rl 007

0,,=8.8°
("large" 0,5)

6
4
2
0
8
6
4
2
0
1

<

N ,
VIKING detector §

1ton water target =i
3,000 m2 x 5times/10years = |} 22322

NINJA's Water ECC |[ETTTEw - = @ ||ln

Is also planned to
iInstall as a near
detector.

water ECC | I i | lmﬁ

§




Summary

<3> NINJA aim to study v - nucleus interactions using the emulsion detector.

<§,“«> In the 65 kg iron & the 3 kg water target pilot runs, neutrino cross section and
kinematics of muons, protons, and pions were measured.

<3> We aim to measure CCNm N’p cross sections and proton & pion differential cross
sections each exclusive channels.

<{-}= To increase the statistics, we have performed Physics run E71a (2019-2020).

We show the results using ~10% sub-sample of the total.
Preparation of the full-dataset and the analysis is on-going.

<?,> We also plan a next Physics run E71b in FY2023 and the preparation for emulsion
detector is on-going.

<f3> We also plan to conduct a large-scale “Heavy water” run in near future.

<:3> In ESSvSB project, the NINJA Water ECC will be installed as a near detector.
27



Thank you for your attention!

Please enjoy our results and stay tuned for more! = §

August 2nd - 4th, 2023

NINJA In-Person
Collaboration Meeting in
Nagoya



Took a Prou?c.lphom using August 2nd - 4th, 2023
an emuision tiim as 4 NINJA In-Person Collaboration
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Neutrino charged-current interactions in the 1 GeV energy region

Quasi Elastic Resonant pion production 2p2h interaction

Wi CCQE w Vu CRES) m I‘Dmm;g;’f"\) - hard to detect the

g s g low energy protons.
wt nt np 7. TP
AT 2t ® P * pions can be re-
3 scattered, charge

T. Katori, arXiv:1304. 6014v3 2013
exchanged or

W / absorbed in nucleus.

v, CCOmlp vy CCom2p - E, reconstruction (CCQE) u

£ |

W+ p
myE, —m}/2
Evrec " my —E, +P, cos 8

T. Kikawa : Shm gakUJutsu Workshop(2018
/
—

Residual of Neutrlno Energy(MC)

—~ |
. . S 6 CCO
Hard to separate interaction modes. S EEEES NEUT 5.4.0
_ _ D 1{ /ron int.
— Neutrino energy reconstruction can S . 2PN |
() r
be mistaken. 5 \
o . . . 3 I\ E.. —El.
— This is a major systematic uncertainty e - [y e
in neutrino oscillation experiments. 2 A N7 Y




What we can measure?

What we can measure to solve this problem :

- the number of charged hadrons
- their emission angles and momenta

with wide angle acceptance
and low energy threshold.

g

We use an emulsion-based detector,
Emulsion Cloud Chamber(ECC),
which has sub-micron position
resolution with wide angle
acceptance.

22

Proton momentum (MC)

20
18
16

14

Number of events (a.u.)

12
10

|II||IJ||I|||I|I|III|I||||II|III|II||III

nNnN ~ O

300 500
llll 1

CCQE(1p even ts)

CCRES(1p events)

2p2h(2p events, low momentum)

2p2h(2p events, high momentum)

688 MeV/c
I 1 L 1

L T o

]

oO

200
MeV/c

0.2 0.4

L

0.6 0.8 1 12

—> T2K (CH target)
MicroBooNE (Ar target)

1.4 1.6 1.8 2

—> MINERVA (CH target)  Pp

(GeV/c)

Emulsion Cloud Chamber ( Fe, H20 target )

It is a challenging task applying an emulsion detector techniques
based on the high energy experiments!!

We report a measurement of the flux-averaged cross section of the v,

charged-current interaction using an emulsion detector.

3




Nuclear emulsion film

Vv A kind of silver halide photographic films.
vV Three-dimensional tracking detector for charged particles.
- Sub-pm spatial resolution
- No dead time
V It has been effective in detecting particles with short lifetimes.
ex.) First observations of charm particles, tau-neutrinos,
and double-lambda hypernucleus.

Charged paritcle

\_Y_l
Emulsion
layer

Silver grains

Charged

paritcle
H - - .- - - - — - - mw s

Films’(YeIIovv), Iron plates(.SiIv‘er)

The rows of grains are measured as a
track using an optical microscope. 33




NINJA pilot experiment (65-kg iron target) : Detector

/—’
Y -==->

|

INGRID

ide vi
Side view ECC  Shifter yyon range detector

Film + lron

o

Il |
|
I\\ Select CC int.

Emulsion Cloud Chamber (ECC) rm  wnas svsson Shifter
Analyze v -iron interactions B N Adds time information to
the ECC tracks
Emulsion film (iron plate) : . .
25cm X 25cm % 0.03 (0.05) cm s I “m
Fach ECC brick : T TR T
23 films + 22 iron plates E
Total : 7
12 ECC bricks (264 iron plates, 65 kg) > *=™
Emulsion have no dead time, but do not have time resolution. o e m >z 3




Event reconstruction
Time residuals between
(1) Track reconstruction in the ECC bricks ECC events and INGRID
- Slope acceptance |tanby | < 1.7 (|85 | < ~60°)
- Number of track segments > 2 segments.
- Detection efficiency of each film : 95-99% © 0~50s
- Track connection efficiency between films |

> 999% Time
* tolerance:

[%]
+
-
o
>
o
Y
o
[
o
e}
1S
>
=z

(2) Time-stamping to the ECC tracks

- Connection tolerances between stages: B e e
|Atan9x(y)| < 0025, |AX(y)| <75 pm Time residual [s]
- Time resolution ~ 50 s (top figure) Connection

—}— ECC-Shifter
—$— ECC-Shifter-INGRID

(3) Track reconstruction in INGRID | Muon (A Norm,)
- Events are required to have at least

three active planes
— muon momentum threshold ~ 300 MeV/c

- Tracks are required to start at the most
upstream plane

Connection efficiency
O o o o o o
N w

©
o

o

0 01 02 03 04 05 06 07 08 09 1
tano



Fvent selection (1) INGRID

(1) ECC-Shifter-INGRID track matching ECC Shifter
Muon candidates were selected by track Fim69
matchings. Matching tolerances are below:
|At| <200, |Atand, | < 0.100, |[Ax(y)| < 5 cm

(2) Scanback

The muon candidates were traced back
from INGRID to the interaction vertices.

If no tracks with connection are fond in FideialVelumelFy

the three upstream films, the retracing Scanback -

Is finished.
(3) FV Cu-t Muon from wall

v CC interactions in the_FV were Check the track

selected. Each average fiducial _ using a microscope

scanning area is 116mmXx78mm. }

. V' interaction on iron ' < Emulsion layer

(4) Manual microscope check |1 < Postrene shee

We check whether the muon tracks
were present on the film using a

microscope. v-iron CC interactions
in FV are selected. |1 1 1 Muon candidates

Z vV Interaction candidate Fake event

i < lIronplate




Event selection (2)

(5) Partner track search
p/m tracks were searched.
If multiple tracks for a particular event were connected to INGRID, the track
with the highest momentum was assumed to be a muon candidate. Whereby
two tracks were connected to INGRID, one of the events was discarded.

(6) Kink event cut An event display of a kink event
Two-track events consisting of a muon Coming from wall or
candidate and a pion-like track with an _ o~ - vertical INGRID
opening angle in the region of . ~~_ Attaching track
cos 8 o, <-0.96 were assumed as kink events, kink
and were discounted. y p—

. INGRID matching track ™,

(/) Momentum consistency check i " " Fiimor

The muon momenta estimated by the MCS

measurement in the ECC brick and the range- —

energy relation in the ECC and the INGRID - Kink events

module can be compared to exclude cos 6 ,, <-0.96)
pBMCS > 2.18 pIBRange ) pBMCS < 0.17 pBRange
pBMCS > 3.52 pB Range > IO,B MCS < 0.45 pB Range

This criteria were based on the two-sigma

confidenceinterval of the momentum measurement T T

accuracy. Opening angle cos 6

n
-+
-
o
>
)
Y—
O
[ -
)
Q0
S
)
Z




Covariance matrix of flux uncertainty (FHC
Covariance matrix

- Covariance matrix is calculated for
INGRID module 4.

- Binning :

[0.0,0.2,0.4,0.6,0.8,1.0,1.2,1.4,1.6,1.8,2.0,2.2,2.4,
2.6,2.8,3.0,4.0,6.0,8.0,10.0,30.0(GeV)]

:
=

Total uncertainties
NINJA: Neutrino Mode, vy

INJA: Neutrino Mode, V,,

Hadron Interactions dxE,, Arb. Norm. B Hadron Interactions dxE,, Arb. Norm.

0.3

Proton Beam Profile & Off-axis Angle Material Modeling

Horn Current & Field ~ Number of Protons

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

Hormn & Target Alignment Total Error Horn & Target Alignment —— Total Error

Fractional Error
I 1 T T | T
Fractional Error Z
(] (]
&) 0

T

T

Illl|l||lll|lll||ll_

\Illllll




Systematic uncertainty : Flux (FHC)

The neutrino flux fluctuates according to the covariance matrix 10> times and
the £ 10 change of the cross-section result is taken as systematic

certainty. . .. o :
HL]JX uncer¥a|nty of cross section is evaluated Variation from the nominal.

by fluctuating the number of backgrounds
and the number of selected CC events.

68%

confiden -
ce

-— — interval
variation ( Nse ] — Nvarlanon) / NMC variation e

Occ bkg sel

nominal ( Nyo — Nnominal ) / NMC nominal
se

Occ bkg sel 1 11 12 13 14 15

Variation from the nominal

The 68% confidence interval of the variation is defined as systematic
uncertainty for cross-section result.

Systematic uncertainty




Systematic uncertainties : Neutrino interaction models (FHC)

The variations of Ny g and & are evaluated
by changing £ 1 o of each parameter.

The variation from the nominal is defined as T YT
.- . O — O~ '
uncertainties of cross-section result. _~cc  Fco oo

nominal
Occ

The nominal values and the 1 o uncertainties.
Systematic uncertainty
Parameter Nominal value Uncertainty(1o) a("“&.
MY 1.05GeV/c>  0.20GeV/ ~0.0% +1.5%
y 0.95GeV/c?  0.15GeV/c? —0.0% +0.1%
C2(0) 1.01 0.12 -1.2% +1.1%
Isospin $BG 1.30 0.20 ~0.9% +0.8%
CC other shape 0 0.40 —0.6% +0.5%
CC coherent normalization 100% 100% -1.5% +1.6%
NC other normalization 100% 30% -1.0% +1.0%
NC coherent normalization 100% 30% —0.8% +0.0%
2p2h normalization 100% 100% —2.5% +2.8%
Fermi momentum Py 250 MeV /e 30MeV /e —-1.1% +1.0%
Binding energy E;, 33 MeV 9MeV —0.9% +0.0%
Pion absorption normalization 1.1 50% -0.9% +1.0%
Pion charge exchange normalization (p, < 500 MeV/c) 1.0 50% -0.0% +0.8%
Pion charge exchange normalization (p, > 500 MeV /c) 1.8 30% —0.0% +0.8%
Pion quasi elastic normalization (p. < 500 MeV /¢) 1.0 50% —0.8% +0.7% Total :
Pion quasi elastic normalization (p. > 500 MeV /¢) 1.8 30% —0.0% +0.8% —4_ -I % / +46%

Pion inelastic normalization 1.0 50% —0.8% +0.7%




systematic uncertainties : Background estimation (FHC)

The variations of Np4 are evaluated, and the cross-section variations from
the nominal are evaluated.

variation nomina

_ Occ — Occ

nominal

Occ

Systematic uncertainty

Uncertainty for wall backgrounds —1.1% +1.1% [HKej=| Il RSy /
Uncertainty for ECC-Shifter INGRID mis-matching backgrounds —1.4% +2.2% R pile7s

Wall backgrounds

The number of sand muons in the MC simulation is normalized by the data.

The difference in the number of sand muons between the data and MC is 30%,
which is defined as the syst. uncertainty.

ECC-Shifter-INGRID mis-matching background

The uncertainty attributed to misconnected events was evaluated using mock data,

which are the combination of the nominal and fake data in which the time information
of the ECC tracks is shifted.

The systematic uncertainty is -39% / +24%.
t
asymmetric : because the misconnection rates

between the beam-induced tracks and the cosmic-ray
tracks are different.




Systematic uncertainties : Detector response (FHC)

To evaluate the effect of the detector response uncertainties on the cross
section, the MC simulations were run using each of the detector

responses with their 1 ouncertainty applied.

The variations of Npy and € were evaluated, and the cross-section
variations from the nominal were evaluated.

Systematic uncertainty

Base track detection efficiency
ECC track reconstruction
ECC bricks track connection
ECC-Shifter track connection

ECC-INGRID track connection

INGRID track reconstruction
Kink cut
Momentum consistency check

Target mass

Difference between iron and the stainless steel

variation nomind
Occ Occ
nominal
Occ

SO-CC =

e
—0.3% +0.1%
—0.1% +0.1%
—0.1% +0.1%
—2.3% +2.4% Dominant error
~3.0% +3.2% | [N
—0.7% +0.8% CompOnentS
—0.6% +0.5%
—1.3% +1.3%
—0.6% +0.6%
—0.3% +0.3%

Total : -4.2% / +4.4%



Detector systematics : ECC-Shifter & ECC-INGRID connection

Yy

ECC-Shifter track connection . . . Stat error ~2%
In the MC simulation, use the efficiency 2 NkTimes——=—=1_

based on the data. IS
O
The statistical uncertainty of the data _ © Scannlng area '
was defined as the syst. uncertainty. 2 SH
O +Area1 +Are32 Areal
72k
S 5
O
ECC-INGRID track connection
Same reconstruction processes >
were incorporated into the MC =
simulation. z
©
Difference of the connection % 5
efficiency between the data and MC e T [ — |
was defined as the syst. uncertainty. & qé 02} I\/IaX|mum d|ff 3 5% R—
O G .
0O e

0

0

tan 6



Connection efficiency
o o
H o

o
w

o
N

o
—

ONn detecTio eSNoIo dete eo
3 onnection amo S anag
2 AG° P 00 N
m
0.9F- —4— ECC-Shifter
08— —$— ECC-Shifter-INGRID
C —e—i * Muon (Arb. Norm.)
074
—8— . .
08 Preliminary

i n

OO

01 02 03 04 05 06 07 08 09
tano

1

Selection efficiency

Film69 47 46 ECC 24 23 SDIfter

TIRAI

Event candidate | @——TT 1Tl

\V — 1l /]
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Sand muon like

TIh 1T
H H‘ ___/ Muon ID track

Fiducial Volume(FV) FV put

e —

1
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0-8;— Energy spectrum, Arb. Norm.
07E :
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Number of selected events and fractions ( )

Number of selected events remaining after each selection process. Preliminary

Step Data MC  Purity

ECC-Shifter-INGRID track matching 38508 S~_ Most events are muons of v int.

Fiducial volume cut 926 - in the wall of the detector hall
Manual microscope check 340 - -

Partner track search 833 731.1 62.2%
Kink event cut 803 688.8 65.9%

Momentum consistency check | 770 665.7 67.6%

Signal and backgrounds

v, CC A <— Signal events
vy 27.5%

Mis-matching events between
ECC, Shifter, and INGRID 3.0%
(neutrino events, cosmic-ray events)

Backgrounds from the wall of detector hall 1 6% Background events
(neutron, proton, pion) 270

7, NC 0.2%

Others .
(INGRID module, v, and anti-v,) <0.1%




Cross-section measurement ( )]

In this analysis, we measured cross sections in full phase space and
limited kinematic phase space, 6, < 45°, P, > 400 MeV/c, respectively.

Number of selected events

Numbe; of selected events Nsel

N \I Npkg Number of background events
sel| — |'Ybk

o [0 Integrated neutrino flux
- (P T S T Number of target nucleons
] € Detection efficiency

Calculated based on the data Evaluated using the MC

- Muon angle vs.
Cross section  Ngi  Npge @ (cm™?) momentum

oce 770 215.9 1.27x 1013

OES hasespace 741 209.3 1.27 x 1013

T (nucleons) (%)

. - 9 e 128
Preliminary § 226x10"" 367
.2.56)(1028 412.4 } 1 15 2 25 B3 B35 4 45 5
Pu true (GeV/C)




Summary of the systematic uncertainties ( )

Full phase space
(Restricted phase space)
— Flux :

e
0CC phase space

—6.8% +7.3%

Item e
Neutrino flux —6.7% +7.6%

M3 . . -0.8% +3.5% -11% +2.7% B

M%Es

C5(0)

Isospin %BG
CC other shape
CC coherent normalization

NC other normalization

NC coherent normalization

2p2h normalization

Fermi momentum Pg

Binding energy FE

Pion absorption normalization

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

Wall backgrounds

ECC-Shifter-INGRID misconnection backgrounds
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 stainless steel

Preliminary

-2.0% +2.9%
-1.9% +1.9%
-1.2% +0.9%
—-0.9% +0.7%
-1.2% +1.0%
-0.6% +0.5%
—0.5% +0.0%
-3.0% +3.0%
—0.8% +0.6%
-0.5% +0.0%
-2.3% +2.6%
-0.4% +0.5%
—0.4% +0.5%
-1.3% +1.3%
—-0.5% +0.5%
—-0.5% +0.6%
-0.7% +0.7%
—-0.8% +1.3%
—-0.5% +0.2%
-0.1% +0.1%
-0.2% +0.2%
-3.0% +3.0%
-3.9% +4.2%
-0.9% +1.0%
-1.1% +1.1%
-1.0% +1.1%
—-0.6% +0.6%
—0.4% +0.4%

-10.3% +11.5% —10.4% +11.0%

-2.1% +2.1%
—-2.0% +1.8%
-1.3% +1.0%
-1.2% +1.0%
-1.0% +0.9%
—0.6% +0.5%
—0.5% +0.0%
-2.8% +2.7%
—0.8% +0.6%
-0.5% +0.0%
-2.3% +2.4%
—0.4% +0.5%
—0.4% +0.5%
-1.3% +1.4%
—0.5% +0.6%
—0.6% +0.6%
—-0.7% +0.7%
—0.6% +1.0%
—0.5% +0.3%
-0.1% +0.1%
—-0.1% +0.1%
-3.0% +3.0%
—4.0% +4.2%
—0.9% +1.0%
-1.1% +1.1%
-1.1% +1.1%
-0.9% +0.9%
—0.3% +0.3%

—06.7% [/ +7.6%
(—6.8% / +7.3%)

— Neutrino interaction
model :
-5.5% / +6.8%
(-5.6% / +5.9%)

} Background estimation :

—1.0% / +1.4%
(—0.9% / +1.2%)

— Detector response :
-5.3% / +5.5%

(—5.4% / +5.6%)



Proton / pion track search

Y, — Film
. Backward // Iron plate
- p/ T tracks were searched using 1
a minimum distance (MD)
MD allowance
from the muon track. ‘ Thin track : 50 um
Black track : 60 um
Forward
MC stud Forward emlSSlOﬂ - Backward emISSlon
Yy
10 ¢ O 10
E | (- E ;
@ g Eff.99.9% S £Ff.—99.4%
o 09 — q‘-l: 0.9
© o ¢ o
= D Gos - g 08}
clk 353G S
l— - 0 10 20 30 4 I 70 80 90 "0 10 20 30 4 50 70 80 90 100
MD (um) MD (um)
wn 8 1.0: Y Y ] ? 1.0E 7 : T i
S = Eff.=99.7% Yo Eff.=99.2%
S ®) g 0.9 = 0.9;
5>% 3 S
CS3 ot D o
OTL 5o T |
—Ig Rt s R OV DUV FOVUR VOt FUUON OOt DO OVt 0 iT o7k
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Detection efficiencies of pions and protons (FHC)

- Thin (Black) tracks are required to have at least three (two) track segments.

— the momentum threshold for pions (protons) is 50 MeV/c (200 MeV/c).

- Angle acceptance: |8y()| < ~60°

Pions o Protons o
1 80 ] 100 1 80 T T 1 | T 171 1T ] 1 00
79.7 96.2 100.0 100.0 100.0 100.0 100.0 75.5 90.1 894
160 —90 160 —90

765 76.2 96.2 97.1 80.6 100.0 100.0 79.2 89.2 913 717

140 140
98.2 100.0 84.3 75.0
H -
® o —

100 100

85.5 100.

)
—
N
o

deg.

III|III‘°|III|III

0]
o
0]
o

III|III|I

Pion angle (d
Proton angle

[e2]
o
(o2}
o

704 73.7 79.2 86.5 84.0 76.8 913 88.1 81.7 79.3 81.0 86.4

88.0 894 896 91.2 90.6 89.4 82.7 932 909 898 90.6 914 90.4

80.0 928 93.1 923 916 93.3 934

04 06 08 1 12 >14
Pion momentum (GeV/c) Proton momentum (GeV/c)

89.1 90.2 915

1.2 >14

59.8 83.3 89.7 87.7 883
0O 02 04 06 038

1
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Volume Pulse Height (VPH)

dE/dx measurments in the ECC brick

®» VPH is a measure of dE/dx.

u,p, it

<« > Base layer (180 pm)

___—— T <> Emulsion layer (60 pm)
track

llIllI
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1T
IIIIIII

||||||

II]I[II
II]IlIIl

lllllll lIll Illll
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IIIIIII
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-dE/dx (MeV g'cm?)

Layer

r2

Layerl Layer3 Layer4 Layerl6
100y
;“ Muon
95" == = == Pion
8+ o e m ProtoN |
7&‘ A E a1
! lonization loss in

5 the emulsion film 1
4] (Bethe equation)
Si .
2N e
&

OOiH‘O.SH I1HH15HH2HH2.5HH73

pB (GeVic)

NIM A 556, 482 (2006).

VPH is the sum of
the number of CMOS sensor hit pixels in all tomographic 16 layers.

Volume pulse height

500~

VPH dlstrlbutlon (ECC tracks)
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(@) n Skewness 2.694
%2/ ndf 571.7/18
CERRELS SRR § EEREELEREY [
-+ center 85.64+0.19
G 1200f== = =gl W= = = = = Y e o= o LSigma 14.61+ 014
@) ] ] [ [
P 1000p== = =l Q= = = = = :I - = meam ; lllll : ----- l.
@ ] ] ] L
O 800pm= = = " s m s s s ndesnnn in mmmm L
E ] ] ] L
D 600== = R R R " m
] [] ]
s . . .
400f== = L L] . moEwm
] ] ]
200f== = L TR R s mmmw
] ] ]
00 100 200 300 400 500 V P H

MIP Heauvily ionizing particles

N N I N N N N N O B B |

\IDI_I Q

\\II\\\\I:7OO

VIl ,u,u

18600

(primarily ¢

osmic-

500

. ray data)

MIPs & HIPs can be

400
0 » well separated using

- the VPH & pB!

2100

Ll
0.5

pB (GeV/c)

1 I- —\- -
25 3

50



Momentum measurments in the ECC brick

_Emulsion film (300um)

- Range — energy relation for a short track _wonpatesonum  Angular method
- . A8 =6, =6, 0= A
- Measurement of Multiple Coulomb Scattering iR ol NN A8,
- Angu|ar method Measurements of the angular difference. s, % o ] g . ) ZHS b |
0, 5 8 9

- Coordinate method Measurements of the positional displacement.
Coordinate method

Momentum resolution [Muon Pion Proton | Angle & position " 8ys )
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Particle identification of protons and pions (FHC)

Likelihood function
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Mis-PID rates of pions and protons (FHC)

Pions o Protons %)
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In the region of pB below 0.5 GeV/c, the average mis-PID rates were 0.5% and 0.1%

for pions and protons, respectively.
The mis-PID rates for p 8 above 1.0 GeV/care 19.3% and 15.7% for pions and

rotons, respectively.
P P y 53



Proton & Pion results (FHC mode
int.: 183 events
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Data are generally consistent with the Problems of 7 production or
MC prediction. FSI models? 54



https://journals.aps.org/prd/abstract/10.1103/PhysRevD.106.032016
https://zenodo.org/record/6597038

Multiplicity distibutio
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Discussion for the result of v, cross section

MiniBooNE collaboration,
PRL.100(2008)032301
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v, CC Cross section

2. MiniBooNE phase space

Without knowing flux, you cannot modify cross section model
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— There is possibility that the cross section

in low-Q2 region may be strange. 56
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Pion FSls (P, < 0.3GeV/c, 0, > 90°

NEUT simulation
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<> Back-scattered and low-momentum pions are expected to reflect

rescattering in the nucleus by FSI.

<:3:. These pion data will play an important role to improve pion

production channels of neutrino interaction models.



Dynamical Coupled-Channel (DCC) model

<> DCC approaches are a widely used tool in hadronic physics that allow to
analyze different reactions and partial waves in a consistent way.

<> The model is based on an energy independent Hamiltonian which is derived
from a set of Lagrangians by using a unitary transformation method.

<> DCC model for nN,yN — N, nn, KA, KX (W < 2.1 GeV)
— extension to vN - IX (X = N, N, nN, KA, K¥) (Q? < 3.0 (GeV/c)?)
by analyzing electron-induced reaction data for both proton and
neutron targets.

1 i 2 ; i
E, (GeV) E, (GeV)

Total cross sections for the CC v, p (left) and v,n (right) reactions.

S. X. Nakamura, H. Kamano, and T. Sato, Phys. Rev. D 92, 074024 (201D5). 58



The slide is taken from T. Sato, “Neutrino Induced Meson Production Reaction DCC(coupled channel)
model,” NuSTEC Workshop, Oct. 2019.

ANL-Osaka DCC model

Model developed for N* physics: spectrum of nucleon excited states,transition form factors

@ Fock-Space:isobar(N*, A) , Meson-Baryon (7 N,nN, KA, K3, N (wA, pN,oN))
@ Interaction:isobar excitation and non-resonant meson-baryon interaction

@ Coupled-channel(Lippmann-Schwinger)equation is solved numerically.

T=V +VGyT

Physics included inside V'

-

T. Sato (Osaka U.) Meson Production Oct. 2019, NuSTEC Workshop



Physics run E/1a : Muon results (v—water int.)

<3:= A sub-dataset was used to develop
analysis methods.

‘%/'}‘ We show the preliminary results using
~10% sub-sample of the total.

<3¥= Preparation of the full-dataset and the bt
analysis is on-going. \
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Y. Suzuki, Ph.D. thesis, Nagoya University, 2023.
T. Odagawa, Ph.D. thesis, Kyoto University, 2023.
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Physics run E7/1a : Proton & Pion results (v—water int.

Y. Suzuki, Ph.D. thesis, Nagoya Univ., 2023.
T. Odagawa, Ph.D. thesis, Kyoto Univ., 2023.

‘33?‘ Preparation of the full-dataset and the analysis is on-going.

<3> Results using ~10% sub-sample of the total
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Spectrum comparison with ESSnuSB (nu_mu)
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