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Abstract

The NINJA experiment stands for Neutrino Interaction research with Nuclear emulsion and J-PARC 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 detector with nuclear emulsion as the main detector and neu-
trino beams produced by the J-PARC accelerator. 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
interactions. We are now discussing the physics goals for the next decade and the means to achieve them.

This Letter of Intent (LOI) details several proposed objectives based on the results of previous experiments. These
include: 1. Precision measurements of neutrino interactions using water-target nuclear emulsion detectors to provide
crucial inputs for long-baseline neutrino oscillation experiments such as T2K, HK and ESSySB, which uses large water
Cherenkov detectors. 2. Measurements of neutrino-nucleon interactions using heavy water-target nuclear emulsion
detectors, establishing a foundation for calculating all neutrino interactions. 3. Exploration of sterile neutrinos through
high-statistics experiments using heavy targets, such as lead. This LOI presents these objectives in detail and outlines
how they can be accomplished.
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1. Introduction

1.1. Physics motivation

Unmeasured properties of neutrinos, such as the leptonic CP-violating phase and neutrino mass ordering, rep-
resent key frontiers in particle physics. Their exploration through high-statistics neutrino oscillation experiments is
underway worldwide. These experiments rely on nuclear targets to maximize statistics, using neutrino-nudgus (
interaction models to reconstruct neutrino kinematics from the data. However, next-generation neutrino oscillation
experiments face critical challenges due to systematic uncertainties in these models, which limit their precision and
impact. Utilizing the emulsion cloud chamber detector (ECC), the NINJA experiment has already demonstrated its
potential by collecting data in both neutrino and anti-neutrino modes (Sec. 1.2, Tab. 1). dHihas resulted in a
series of cross-section measurement publications [1, 2, 3]. To further this work, we request an additiont0?*
protons-on-target (POT) exposure for the newly constructed ECCs, which may feature both water and heavy water
targets.

Water Target Physics for Neutrino oscillatiors At Tokai-2-Kamioka (T2K) [4] and Hyper-Kamiokande (HK)

[5], beam neutrino oscillations are primarily measured through charged-current quasi-elastic (CCQE) interactions at
energies below 1 GeV, where the observed nal state typically consists of a single outgoing lepton. However, in
nuclear media, these seemingly simple kinematics are altered by nucleon correlations, necessitating accurate models
to control systematic errors. The high-resolution NINJA detector with a water target is well-suited to study these

e ects (Sec. 2, 3). Firstly, nuclear ects vary across targets, and using the same water target as T2K and HK far
detectors eliminates potential biases. Secondly, observing outgoing nucleons is critical, as they provide direct insights
into nuclear models. High-resolution detectors like NINJA can measure nucleon multiplicity and kinematics with
precision, surpassing the capabilities of the T2K and HK near detectors. Current data in this area is sparse, so any
additional inputs will signi cantly advance the eld. These distributions will be made directly available to facilitate
forward-folding comparisons with theoretical models, ensuring the utility of this water run despite the limitations in
detector size and statistics.

Hadronic Final States for Neutrino Oscillatiors- Measuring neutrino mass ordering via neutrino oscillations
requires detailed knowledge of hadronic nal states. This is because experiments can access to inelasticity through
hadron energy measurements which is an estimator of energy transfer, and this allows to charge separation and particle
identi cation to boost the sensitivity of neutrino mass ordering [6]. For instance, HK relies on atmospheric neutri-
nos to measure neutrino mass ordering, where baryonic resonances (CCRES) and deep-inelastic scattering (CCDIS)
dominate, making precise modelling of hadronic nal states essential. Currently, data on nal-state hadrons from
neutrino interactions is scarce. NINJAs high-resolution detector can provide crucial information on hadron multiplic-
ity and kinematics. Recent results from NINJA (T60, Run 6) [7] revealed an unexpected excess of backward-going
pions (Fig. 1) suggesting a rich nature in hadron measurements with a high-resolution experiment such as NINJA.
In addition to HK, water target experiments including ESB [8], IceCube-Upgrade [9], and KM3NeT-ORCA [10]
aim to use atmospheric neutrinos to measure mass ordering, highlighting the global demand for high-quality water-
target neutrino beam experiments. NINJAs data will thus contribute signi cantly to worldwide neutrino oscillation
programs.

Heavy Water Target and Axial Vector Form Facters NINJA's water and heavy water targets provide a unique
opportunity to study neutrino-nucleon interactions (Sec. 4), shedding light on the axial-vector response of nucleons—a
fundamental property for understanding baryon structure. While vector current responses have been extensively
studied from the photon and electron scattering, much less is known about the axial-vector response. This information
is crucial for neutrino physics since vector-axial vector interference contributes to teeedces betweenand —
cross sections. Recent lattice QCD calculations of nucleon axial form factors [11] exhibit tensions with values from
neutrino bubble chamber data traditionally used in neutrino oscillation experiments. The lack of a rst-principle
theoretical description of multi-particle systems such asA interactions is yet possible, and these models need
inputs of neutrino-nucleon data. NINJA's deuterium target will provide critical insights into axial vector form factors,

a hot topic in both neutrino and nuclear physics. These results will also improve interaction systematics.

Other Advanced Nuclear Physics Topies The axial current structure in the resonance region and beyond is
even less understood. For example, the axial vector coupling of a nucleon to the Delta transition is somewhat mea-
sured for the+3/2 channel, where (1232) dominates the pion production amplitude. However, the contributions of
non-resonance amplitudes anrdli2 amplitudes, including their W-dependence, still need to be clari ed. At higher
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Figure 1: Preliminary result of charged pion angular distribution in NINJA anti-neutrino mode run (T60, Run6) [7].

energies, the axial current structure is even less understood. The so-called shallow-inelastic scattering region (the
transition region from resonance to deep-inelastic scattering) is dominated by multi-meson production. The DCC
model [12] accounts for the 2channel and provides a satisfactory description of inclusive electron scattering. How-
ever, all reaction models may fail in this region for neutrino experiments due to the lack of knowledge of quark-hadron
duality in the axial current. This region dominates reactions for low-energy neutrino telescopes, including lceCube-
Upgrade [9] and KM3NeT-ORCA [10]. We expect NINJA can signi cantly contribute to these experiments, as well as
to HK atmospheric neutrino measurements. NINJA is also valuable for exploring unmeasured processes and unknown
hadron structures using neutrino beams. Recently, MicroBooNE succeeded in measuring Cabibbo-suppressed CCQE
interactions in an argon target [13]. A high-resolution detector like NINJA is particularly useful for investigating rare
topologies such as and  productions. There is also speculation about enhanced pion production in antineutrino
beams through the production below the production threshold [14]. This serves as an additional background for

e appearance searches and is worth exploring.

BSM Physics Topics— NINJA is an ideal experiment to uniquely explore certain types of beyond-the-standard-
model (BSM) physics. The detector location can be optimized to maximize the sensitivity to sterile neutrinos (Sec. 5).
Furthermore, high-resolution detectors are traditionallgative for investigating rare processes, both within the
Standard Model and the BSM physics. This is evident from recent successes in high-resolution detectors including
MicroBooNE [15]and CCM [16]. NINJA has a unique opportunity to search for new particles using a water target.
The higher spatial resolution of the emulsion detector compared to liquid argon time projection chambers allows for
NINJA to access topologies that are otherwisedlilt to observe. Research in this exciting eld has only just begun,
and NINJA is positioned to make important contributions.

1.2. NINJA experiment

1.2.1. Nuclear emulsion

Nuclear emulsion has an intrinsic spatial resolution better tham in three dimensions and a comparable multi-
track separation, as illustrated in Fig. 2 and Fig. 3. Therefore it is particularly suited for observing short-path decays,
and also for disentangling events with multiple tracks. An emulsion Im has two thin emulsion layers coated on both
sides of a transparent plastic base, making up a micro-detector element of track position and angles. The main detec-
tor, designed as an Emulsion Cloud Chamber (ECC), consists of emulsion Ims interleaved with metal plates. Various
material plates can be used in the ECC, which means that various target materials can be chosen to study neutrino-
nucleus interactions [2]. Furthermore, by inserting nuclear emulsion Ims with some spacing in a water tank, it is
also possible to conduct an experiment to study neutrino-water interactions [1]. Our ECC detector design, which is
based on a sandwich structure of emulsion Ims and other material layers, enables us to detect low-momentum hadron
tracks emitted from a neutrino-nucleus interaction separately and measure the emission angles of each track [3]. It
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Figure 2: A Zoom-in to one emulsion Im showing an exam- Figure 3: Reconstructed neutrino interactions in NINJA combining the
ple -iron interaction as observed in NINJA. recorded trajectories in a stack of emulsion Ims [17].

is possible to estimate the momentum of the hadrons from the measurements of multiple scattering in the material
layer [18]. In NINJA, this can be used to achieve demonstrated momentum resolutions of 25-30% for muons, pions
and protons [3]. Alternatively, when the tracks are contained in the detector, such as in the case of most low momen-
tum protons, a range-energy relation can be used, capable of achieving excellent resolutions of 6% for muons, and
4% for protons [3]. By combining this momentum value with the ionization-loss value such as grain density and the
pulse height measured in the detector [19], particle identi cation also becomes possible, as presented in Fig. 4.

As described above, the emulsion detector has many excellent features, there is however no time information in the
emulsion detector itself because it is a storage-type detector with no dead time. To solve this problem, an emulsion
shifter and a scintillation bre detector are installed to add the time information to each track measured in the emulsion
detector [20]. With matching the track information from the downstream electronic muon detector, each reconstructed
vertex is analysed as a whole piece of the information on the neutrino-nucleus reaction.

Figure 4: Left: Expected energy loss per unit lengtB/(tk) for di erent particle types as a function of their momenta. Middle: The volume pulse
height (VPH) measured in NINJA is directly indicative of the partidigak. Right: VPH-based particle identi cation (PID) capabilities of NINJA,
showing excellent capabilities to separate protons from muons and pions, often referred to as minimum ionizing particles (MIPs).

In order to achieve this, it is necessary to scan many emulsion Ims. In the past, readout of particle tracks in the
emulsion was a time-consuming process. With the development of fully automated high-speed track-reading system
and its continuous improvements and re nements, it has now become possible to obtain large amounts of track data
quickly, including large-angle tracks up to 80 , where is the track angle with respect to the perpendicular of the
emulsion Im (the beam direction) [21].



1.2.2. Past exposures

In 2014, we proposed a test experiment to develop a new emulsion-based neutrino detector at the near detector
hall of the J-PARC neutrino beam line. Its physics aim was to study all the neutrino-nucleus interactions (
nucleus, ¢/ e-nucleus,) with high e ciency (with less bias), to detect hadrons emitted from the interactions with a
low momentum threshold, and to measure their cross sections separately [22]. In the following years, we conducted
a series of test experiments, T60, T66, and T68, in which we developed new ECCs, water-target systems, emulsion
multi-stage shifters, and scintillating ber trackers (SFT), etc. From these experiments, we had several technical
demonstrations [17, 20] and obtained physics results on neutrino-iron interactions [2, 3] and neutrino-water inter-
actions [1] although the statistics were limited. Then we carried out data-taking runs with a 75-kg water target as
rst physics runs, E71a and E71b. As shown in Fig. 5., a water-target ECC (Emulsion Chamber Counter) was used,
consisting of a tracking unit made of two nuclear emulsion Ims sandwiched between a thin stainless steel plate and
placed in a light-shielding bag, alternating with approximately 60 layers of water target sections in E71. Additionally,
a Large Emulsion Shifter (LES) and a Scintillation Tracker (ST) [23] were installed behind the ECCs to provide time
information for the neutrino interactions detected in the ECC, enabling the identi cation of muons with a downstream
Muon Range Detector. The table 1 summarizes these exposures and data-taking runs for the NINJA experiment.

Figure 5: Detectors for E71

Table 1: History of the NINJA Experiment

Exp. NINJA Run Beam Period Beam POT Taget and mass
Name (1079
T60 Run 1-3 Nov. 02, 2014 - Dec. 22,2014 — Fe (2.0kg)
Run 4 Feb. 25, 2015 - Apr. 01, 2015 ~ 1:4 Fe (2.0kg)
Run 5 May 08, 2015 - Jun. 03,2015 ~ 0:8 H,O (1.0 kg)
77777777 Run6 | Jan.31,2016-May27,2016 | 04 |  Fe(60kg) |
- 35 Fe (60kg)
| T66 |  Run7 | Jan.31,2017-Apr.12,2017 | 59 | = H,O(1.3kg) |
| T68 |  Run8a | Oct 14,2017-Dec.22,2017 = | 71 |  HO(@3.0kg) |
Run 8b Mar. 09, 2018 - May 31, 2018 ~ in total H,O (3.0kg)
| E71la| Phys.Runla Nov. 06,2019 -Feb. 12,2020 | 48 | H,O (75kg)Fe (130kg) |
| T81 | Run9 | Feb.26,2021-Mar. 26,2021 | 18 | = D,O (9kg) |
| E71b | Phys. Run1h Nov. 23, 2023 - Feb. 04, 2024 ~ 31 | HO (75kg)Fe (130kg) |
| E71c | Phys.Runl¢  Nov. 2025-(planned) | | 21 [ H,O (130kgjFe (230kg)|




2. Water target run for T2K /HK experiment

Figure 6: Layout of the T2K experiment, including the beam, its near detector facility at 280 m from the target, and the Super-Kamiokande detector
295 km further away. The HK experiment will utilize the same beam and near detector facility as T2K, and replace Super-Kamiokande with the
HK detector, about eight times larger in size.

2.1. Introduction to Neutrino Oscillations

The three known neutrino avors {, , and ) are created in pure weak states but evolve into superpositions
of mass states. This phenomenon leads to avor oscillations —discovered two decades ago [24, 25]-, characterized
by six parameters[26]: two mass-squaredetences (mg2 and mgl), three mixing angles {3, 23, and 1), and
one CP-violating phase {p). Here,my, mp, andmg denote the neutrino mass states. In this landscape, three major
unknowns remain: The sign ofmg2 (neutrino mass ordering), the conservation of CP symmetry (determinegbpy
and the octant of,3 (whether it is smaller, larger, or equal to 3527].
Deepening in our understanding of neutrino oscillations is of critical importance for contemporary fundamental
physics. The lepton mixing pattern d@irs signi cantly from that of quarks. Resolving open challenges is paramount
for unifying quark and lepton physics, revealing underlying symmetries [28, 29], and providing hints about the origin
of the observed matter-antimatter asymmetry in the Universe [30, 4]. Precision neutrino oscillation measurements
also have the potential of uncovering new physicsas, such as the existence of sterile neutrinos [31], later covered
in Sec. 5, or non-standard neutrino interactions [32].

2.2. T2K and HK

Figure 7: Left: Flux prediction at 2.5 -axis at the near detector ND280 (FGD1 target) and far detector Super-Kamiokande. The size of the main
cross section channels is also overlaid. Right: A direct comparison of the ux at ND280 vs that at WAGASCI and NINJA.



Figure 8: Left: A drawing of the WAGASCI-BabyMIND detector, including the placement of NINJA. Right: The con guration of NINJA in runs
E71a, E71b. Including emulsion shifter to connect NINJA tracks to those in the other elements of WAGASCI-BabyMIND.

Among all existing experiments the leading sensitivity mngz, 23 and cp is held by long-baseline (LBL) ac-
celerator neutrino oscillation experiments. The T2K experiment [33], see Fig. 6, and the HK experiment [5], both in
Japan, are respectively present and future world-leading LBL neutrino oscillations experiments. These experiments
study the disappearance probability

h i .
P( ! ) 1 4cod(13)siP(23) 1 co( 13)sin( zg)lsinZ%ﬂE&E 1)

primarily sensitive to m2,, 3. HereL is the distance between the neutrino production and detection poirit &nd
the neutrino energy. And the appearance probability:

P 1 o) SR 19 s zs)sinzélz27En§2Lé %:27;‘3*%@9#%%% @

primarily sensitive CP-violating eects, encoded in the sign which is negative (positive) for (anti)neutrino oscilla-
tions. Here Jcp is the so-called Jarlskog invariant [34, 3k} = % €0s( 13) SiN(2 12) SiN(2 23) SiN(2 13) Sin( cp).
To precisely measure the oscillation probability, these experiments utilize three elements:

~ Neutrino Beam T2K utilizes a highly pure muon (anti)neutrino beam by focusing positive (negative) secondary
mesons —typically pions— generated by colliding protons of the JPARC proton accelerator against a graphite
target. Depending on the magnets' polarity a beam of neutrinos or antineutrinos is created, which is typically
referred to as or ~ beam mode. The production yields of the secondary mesons and their propagation in the
target are tuned using monitoring data at the JPARC facility in combination with external hadron production
data of the NAGISHINE experiment at CERN [36]. The JPARC neutrino beamline has recently been upgraded,
enhancing its power from 0.5 MW to 0.8 MW. This major improvement is part of a longer upgrade plan [37],
which is aimed at achieving 1.3 MW by 2027. In 2027, the HK experiment will start, inheriting the JPARC
neutrino beamline from the T2K experiment. A particularity of T2K is that it uses to so-calleakis beam
technique, in which the detectors intentionally miss the beam center by a calculated amount to bene t from a
modi ed neutrino energy spectra. Due to the pion decay kinematics, increasiagis translates into a smaller
maximum energy, which translates into a narrow energy spectra, characteristic of T2K.
Near Detectors (NDs): T2K's near detector facility has been evolving since the start of the experiment in
2010. Currently it consists of INGRID (@ -axis), the near detector at 280 meters (ND280) (8.5axis)
and the WAGASCI-BabyMIND detector (1. -axis). INGRID, features a cross-like shape is used to mon-
itor the beam direction and intensity on a daily basis. ND280 is built up of multiple detector sub-modules
featuring complementary technologies. ND280 original targets consist of FGD1 and FGD2 [38], consisting of
layers of plastic scintillator bars oriented in alternate axis in consecutive layers. FGD1 is full plastic, while
FGD2 replaces half of the detector mass layers of inactive water. In 2024 ND280 has been upgraded [39]
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to include SuperFGD [40, 41], a new full plastic detector with 3D granularity. In addition, ND280 features
gaseous time-projection-chambers [42] and an electromagnetic calorimeter, all within the UA1 dipole magnet,
acting also as a side muon range detector [43]. In 2020 a new near detector WAGASCI-BabyMIND was in-
stalled, also consisting of several sub-module technologies, including WAGASCI [44], a new target concept
with 3D granularity made up of 80% inactive water, and BabyMIND [45], a magnetized muon range detector.
WAGASCI-BabyMIND, see Fig. 8 also hosts the NINJA detector. Due to its common technical aspects, includ-
ing the beam modeling and the sharing of detector data, and its research synergies, presented later, NINJA and
T2K experiments are currently actively collaborating and articulate the necessary data sharing and knowledge
transfer via a dedicated working groufK-NINJAcreated in early 2024.

Far Detector (FD): The far detector of T2K is Super-Kamiokande [46] (SK), the largest water Cherenkov
detector in the world and one of the most important existing neutrino detectors. SK is placed 295 km away
from the beam creation point, at 2.6 -axis, same as the ND280 near detector. At 2.5-axis the neutrino

energy peaks at 0.6 GeV, such that 295 km away, when the neutrino beam reaches SK, the oscillation probability
from the muon avor to the electron avor, often referred toR6 ! ) is expected to be nearly maximal,
producing a dramatic dierence between the unoscillated and oscillated ux —presented in the left panel of
Fig. 7— and allowing to perform precision neutrino oscillation studies. In 2027, the HK detector will start its
operations, and the HK collaboration will inherit the beam and near detector facilities of T2K resulting in the
long baseline accelerator physics program of HK (HK). The HK detector relies on the same well understood
and highly successful detection technology of SK, but increases its ducial mass 8y The size increase,

paired with the increased beam power, will allow HK to collect beam neutrinos about 20 times faster than T2K
in 2020, transforming the sensitivity of the experiment, which is currently limited by systematic uncertainties
to a new scenario where the limit to the sensitivity are systematic uncertainties.

T2K in the present, and HK in the future, combine data at the two detector sites (NDs and FDs) together with external
data (NA6ISHINE, in the future NINJA) to draw statistical conclusions on the neutrino mixing properties. This
strategy has been already demonstrated as greatly successful, with T2K as one of the most in uential experiments
on the eld of neutrino physics in the last decade. T2K measured the rst indications of a nontnalhgle [47],

is leading the measurement of the value gf and n‘éz [48] and has provided the rst strong indicatidnsf CP-

violation (strongly disfavoring CP-conserving valugs , 0; ) [4], a search that is among the most important studies

in the scienti ¢ program of HK [5].

2.3. Research Challenges and the Need for Water Measurements

To study neutrino oscillations, see Egs. 1 and. 2, identifying the neutrino avor is crucial. Neutrino oscillation ex-
periments do that by identifying the avor of the nal-state charge lepton produced by charged-current (CC) neutrino
interactions. For instance, a CC (" ) interaction will produce a ( *) particle, whereas a CG (") interaction
will produce ae (et) particle. At the operation energy of T2K experiments, i.e. neutrino energies around 1 GeV,
the dominant interaction mode consists of heutrino-nucleon scattering, which can occur through several channels, see
Fig. 7, including CC quasi-elastic (CCQE)fn ! + p], resonant (CCRES) i+ p! + *n] and deep-inelastic
scattering (CCDIS) interactions [when the interaction happens with a quark, typically producing several nal-state
hadrons]. Since interactions happen with a nucleon bound in the nucleus (Carbon, Oxygen, etc), they are subject to
a plethora of nuclear ects, illustrate in Fig. 9. For instance, interactions can happen with a heavily bound pair of
nucleons (2p2h) by meson exchange current (MEC) and the nal state particle kinematic distributions and patrticle
contents are modi ed due to re-interactions experienced when escaping the dense nuclear medium, known as Final
State Interactions (FSI). These nucleaeets have a signi cant impact when reconstructing the incident neutrino
energy, as illustrated in Fig. 10, and therefore the study of neutrino-nucleus interactions is of critical importance in
contemporary neutrino physics since better understanding them is key to enable further precise neutrino oscillation
measurements.

T2K, and in the future HK, utilizes the capabilities of the far detector to split neutrino interactions according to its
avor (muon or electron) and the presence or not of a charged pion. However, water Cherenkov detectors are blind to
low momentum protons —protons only produce a signi cant amount of Cherenkov light above /2-GeMich are

1The result was highlighted as one of the top 10 remarkable discoveries of the year by the journal Nature [49].
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Figure 9: lllustrations of several nuclearexts a ecting the reconstruction of the incident neutrino properties. Left: The initial nucleon is not

free nor stationary, but instead is moving with an initial momentum distribution and bound to nucleus with a certain binding energy. Center: Some
nucleons are very strongly bound to one-another via so-called meson exchange currents, responsible for multi-nucleon knockout in which the
incident neutrino eectively strikes several of these highly bound nucleons. Right: The nal-state particles are created in a dense nuclear medium
and therefore are subject to interactions that can transform the particle content or types (charge exchange, pion absorption, proton absorption,
de-excitation, etc) and kinematics (e.g. via scattering). Image credit: Ref. [50].

Figure 10: Neutrino energy reconstruction in
T2K exploiting four momentum conservation
and assuming a true CCQE interaction with an
initial stationary nucleon for several interaction
channels.

Figure 11: Predicted event rate spectra in SK for Figure 12: Expected and measured
CCQE-like events in SK (Iring sample), before and Oxygen vs Carbon cross section ra-
after the near detector ux and cross section modetio (Roc) in the forward muon re-
constraint.). Plot from Ref [48]. gion. Plot from Ref [51].
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of great importance. For instance, events with a single nal state proton and no pions correspond typically to a true
CCQE event, whereas the presence of multiple protons (e.g. 2p2h) is symptomatic of the presence of signi cant nu-
clear e ects (e.g. MEC). Since SK can not quantify the fraction of events experiencing thests €T 2K relies on its

near detectors, primarily ND280, to quantify theseets and assess what model prediction variations are statistically
consistent with the recorded data. The near detector data constraint, which also allows to tune the nominal ux pre-
diction, is of critical importance for T2K, see in Fig. 11, enabling its leading sensitivity to neutrino oscillation physics.

Error source | eIR]| 1R]| ¢1R|  1R] .1Rde.] CC1
T2K 2022 POT [targets FGDAFGD?2]

Flux+Xsec (ND constr)] 4.1%| 3.8% 3.7% 3.6% 5.0%)| 3.5%
Flux+Xsec (ND constr)] 2.7%| 25% 23% 2.3% 3.1%) 2.4%
Upgraded T2K 2027 POT including 100%@correlation [targets FGDIFGD2+SFGD]
Flux+Xsec (ND constr)] 1.8%| 1.7% 18% 1.7% 1.9%)| 1.5%

Table 2: Systematic uncertainties in the six Super-Kamiokande samples in percentage for T2K pre-upgrade (2022), post-upgrade (2027), and post-
upgrade but including 100% systematic error correlations for Carbon and Oxygen parameters [52].

The goals of the T2K experiment have changed signi cantly since its start in 2010. At that {imeas not
known to be non-zero, a necessary requirement to measure CP-violation in neutrino oscillations, as it is explicit in
Eqg. 2. Similarly, much progress has been made in the last decade in understanding the role and magnitude of several
nuclear e ects a ecting neutrino-nucleus interactions. This combined progress has been an important ingredient in
the decisions of the ND280 detector upgrade completed in 2024, the installation of a new near detector, WAGASCI-
BabyMIND in 2019, and the design of the HK experiment, which will include an additional intermediate water
Cherenkov detector (IWCD) at about 1 km from the neutrino production point. The goals of these upgrades are as
follows. The ND280 upgrade, featuring the new SFGD target, will enable a much further detailed understanding of
nuclear e ects in Carbon, thanks to a much lower tracking threshold than previous ND280 targets, thus providing
invaluable datasets for theorists to re ne and validate existing models and for T2K and HK to constrain their predic-
tions, as earlier exempli ed in Fig. 11, with the goal of enhancing its existing sensitivity. The one caveat of the ND280
upgrade, however, is that it studies neutrino-Carbon interactions, whereas water Cherenkov detectors such as SK and
HK, are made of water (}0). Therefore, there is a limit on how much one can constrain existing uncertainties unless
unless it is possible to extrapolate precise data on Carbon to Oxygen constraints. To do exactly that, ND280 has a
target with some water on it, named FGD2, which is of great help for that task, and has been used in the past to study
C vs O di erences, which are known to be signi cant for those events where the nal-state muon is very forward,
see Fig. 12. Despite of the critical role of FGD2, and as presented in Tab. 2, T2K and HK would greatly bene t
from additional data on water which would allow to more strongly correlate uncertainties for interactions in Carbon
and Oxygen. Recognizing the importance of having further data on water, the WAGASCI-BabyMIND detector was
installed, featuring both a 100% plastic (CH) target (Proton Module) and a hybrid water (80%) plastic (20%) targets
(WAGASCI). This addition will double the statistics in water for T2K, and will allow to disentangle degeneracies in
cross section and ux parameters by doing measurements at a sligh#yedit o -axis, earlier presented in Fig. 7.
HK, will further bene t from additional data on water utilizing IWCD, featuring the same detection method as HK.
There is, however, a fundamental limitation. Both FGD2 and WAGASCI have high hadron detection thresholds, simi-
lar to 450 MeVc for protons. In IWCD, this threshold is even larger, at around 2 /&eWherefore, although existing
and planned T2K and HK detectors can study interactions in water, their constraints are strongly limited to a descrip-
tion of the leptonic part of the interaction (i.e. a description of the nal state lepton kinematics). If one could, in
addition, have a strong direct constraint of the hadronic part of the interaction, powered by precision measurements of
nal-state low momentum protons and pions in water, this would enable a much more reliable energy reconstruction
for the incident neutrinos, which would dramatically boost the sensitivity of T2K and HK to neutrino oscillations.
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CCQE-1plh | CCQE-2p2h | CCRes-1 | CCDIS multi- CC-Other
All Events 6710.0 1347.1 6078.8 2822.7 317.9
Selected Events 1169.8 300.2 1216.4 830.2 99.8

Table 3: Expected events in NINJA according to NEUT v5.7.0 per every 100 kg of water ah@?1. The total number of events and the expected
number of selected events after requiring a reconstructed muon track in BabyMIND are presented.

2.4. Understanding neutrino-water interactions with NINJA

NINJA has all necessary characteristics for an ideal near detector for T2K and HK. It pairs excellent particle
identi cation capabilities with exceptional tracking granularity, enabling detailed studies of neutrino interactions in
water. Thanks to those capabilities NINJA has the potential to drastically transform the modern knowledge on neutrino
nucleus interactions while releasing data and measurements that would be immediately bene cial for T2K and HK.
A list of pioneering measurements that would be enabled by high event rates in NINJA include. Expected event rates
for di erent reaction types for every 100 kg of water and* 0T are summarized in Tab. 3.

Figure 13: Expected proton momentum distri-
bution for di erent interaction modes (CCQE,
2p2h) compared to the detection thresholds of
FGD1 and WAGASCI T2K targets and NINJA.
In the case of 2p2h the momentum of both
the highest (high) and lowest (low) momentum
proton is presented.

Figure 14: Cross-section predictions for
(solid) and ~ (dashed) 2p2h interactions on
12C from Martini et al. [53], Nieves et al. [54],
and SuSA v2 [55, 56]. Reproduced from
Ref. [48].

Precision studies of multi-nucleon knockout in water.The high granularity of NINJA enables precision mea-
surements of the proton production yields and their kinematic distributions. There is signi cant theoretical literature
on the topic [53, 57, 58, 54, 55, 56, 59, 60, 61, 62], but data is generally extremely scarce, and inexistent for water. The
200 MeVc proton tracking threshold implies that NINJA is sensitive to practically the totally of all protons momenta
in neutrino-nucleus interactions. NINJA is not only capable of studying this interactions in water, but its tracking
capabilities make it unmatched when compared to targets of any other experiment, including T2K, as presented in
Fig. 13. As presented in Tab 3 NINJA expects hundreds of 2p2h interactions, allowing to perform detailed studies on
the process. These measurements are critical to validate and enhance existing model predictions, which are widely
di erent, as presented in Fig. 14. The capabilities of NINJA would enable to go even one step further, performing
a rst measurement of 3p3h, which is expected to be around 10-20% of 2p2h. Most modern neutrino interaction
generators do not include 3p3h in their predictions.

Detailed characterization of FSI in water. Pion FSI is of great importance, for instance, the absorption of the
charged pion in a CC-RES event can induce the same nal-state particle content of a CCQE interaction. Currently,
both T2K using beam neutrinos and Super-Kamiokande using atmospheric neutrinos are observing a signi cant ex-
cess of low momentum pions associated with events with low momentum nal-state leptons, as presented in Fig. 15.
This excess could be explained by a signi cant mis-modeling of pion FSI. T2K, using the ND280 detector, has made
a recent measurement in Cabron using FGD1, and, no excess has been observed [64]. However, NINJA —even if with
low statistics— observed a strong absence of events with a single pion in water, as presented in Fig. 16. Therefore,
to elucidate this tension is therefore imperative to do the measurement in water, where FSI might be signi cantly
di erent. As presented in Tab. 3, NINJA can collect a large number of events with and without pions in the nal-state,
essential for this measurement. To characterize pion FSI, NINJA can measure so-called transverse kinematic imbal-
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Figure 16: Expected pion multiplicities in
) o . water according to NEUT 5.4.0 compared to
Figure 15: Observed data and predictions with NINJA measurements. Figure reproduced from
1 uncertainties show signi cant excess for Ref. [1].

CC events with pions (CCZI) both in T2K
beam and SK atmoshperics data. Ref [63].

ance (TKI) variables, very sensitive to thesesets. In TKI, one projects the measured track's kinematic variables in
the plane that is most informative to nucleaeets. Examples of this variables include:

pr= pr+ prt pf 3)

;= arccos— P~ (4)
g PP

PN= Zprt ZpL (5)

which can be applied also to pionless events by simply removinggheontribution, and double-transverse momen-
tum imbalance variables:

pPrr = pTT + p'?'r (6)
A PP
Prr=0® a1 P Y (7)
P _ - PP
Prr=Pp Zr1 By Y (8)

These variables have shown signi cant disagreement with data, both for events without [65] and with pions [66]. The
disagreement is particularly strong for pionless events in regions with largand pr, and for events with pions
with the large prt, examples for each are presented respectively in Fig. 17 and Fig. 18. Those regions associated
to events strongly in uenced by nuclearects. Existing TKI measurements are limited to plastic and Argon targets,
without any data on water further strengthening the importance of NINJAS data.

Understanding the production yields of nuclear fragments.When particles experience nuclear FSI, energy
is transferred to the nucleus, which can then break or re-adjust by emitting nuclear fragments via de-excitation. The
emitted fragments, such as deuterium (D), tritium (T), 3He armghrticles, is widely dierent in existing models,
see Fig. 19. The nal-state fragments are expected to be low momentum and very ionizing, such that only a detector
with exceptional tracking and ionization capabilities like NINJA can do this measurement. Such data, reported for
instance as expected versus observed production yield fereit nuclear models, would be invaluable to advance
the current modeling of FSI and include a correct treatment of nuclear de-excitation which would otherwise bias the
measurements of detectors relying on the visible energy as a proxy for the hadronic activity in the system.

Precision measurements of CCQE interactions in the forward regionPionless interactions are known to be
in disagreement with existing neutrino-nucleus scattering data in T2K [71, 51] and MINER, 73], particularly
in regions of low momentum transfef). T2K used to deal with this via the inclusion of a nuclear screening
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Figure 17: MicroBooNE results compared with
predictions using the NEUT LFG model. The
e ects of adjusting the nucleon mean free
path by -)30% are displayed and labeled
as More(Less) FSI Figure reproduced from
Ref. [65].

Figure 18: Measured vs expected events in the
FGD1 plastic target of T2K as a function of
pr1. Figure reproduced from Ref. [66].

Figure 19: Average number of particles pro-
duced per event for INCL [67], INCL coupled
with ABLA [68] and NuWro [69]. NuWro pro-
duces only protons and neutrons. Figure repro-
duced from Ref. [70].
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e ect using the Random Phase Approximation (RPA) [54]. However, in order to account for nuclear shells, T2K

is now describing the nuclear initial state via a Spectral Function (SF) [74], which strongly relies on the impulse

approximation, i.e. the assumption that the initial nucleon is at rest, which is expected to break down at low momentum

Q? . 400 MeVic [75]. To deal with this limitation T2K introduces aad hoc G-dependent parametrization to

perform a data-driven tune of the baseline prediction for @%walues [48]. Data of NINJA is particularly well

suited to investigate neutrino-nucleus interactions for this events fofoevents, which can then be used to assess

the validity of T2K's parametrization and constrain the size of its prior uncertainties increasing T2K sensitivity.
Inclusion in the near detector tting. In the T2K experiment, the near-detector data are tted with the MC

prediction to give constrains on the neutrino ux and cross-section systematic errors. One possible approach is to

include the NINJA data to the t along with the T2K near detector. We performed a sensitivity study with simulated

NINJA and T2K data with 2 10% POT and 20 10?! POT, respectively[76]. Figure 20 shows the error size of

the cross-section systematic parameters before and after the tting. Although errors of some parameters, especially

the 2p2h parameters, are reduced by including the NINJA data in the t, é@stds limited. As a result, even if the

tting including NINJA is used in the oscillation analysis, con dence regions of the oscillation parameters will not be

signi cantly changed as shown in Fig. 21. It may be because the T2K neutrino oscillation models and parameters are

optimized for the tting with the T2K detectors. It is newly optimized considering the NINJA detector, the inclusion

of the NINJA data will have bigger impacts on the T2K oscillation results.

Figure 20: Error size of the cross section systematic parameters before and after the near detector tting including NINJA.

Figure 21: Contours of the 68% con dence level of%sis-j m%zj and negative log-likelihoods ofcp calculated with constraints ons from
reactor experiments.
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2.5. Experimental setup

The baseline plan is running an experiment in the same or similar detector setup as E71 in the B2 oor (Fig. 22).
We use water target ECCs. They are made of sandwich structure of emulsion Ims and water target as well as
iron plates used for the momentum reconstruction using multiple Coulomb scatterings. An emulsion shifter and a
scintillator tracker are used to give a timing information to tracks recorded in the ECCs. We are now developing a
new emulsion shifter and a new scintillator tracker for the next physics run planned in 2025 which cover wide area
of the ECCs with a better positional resolution. The BabyMIND detector which is a part of the T2K detector is
located in the downstream of the ECCs and it is used as the muon range detector. The T2K experiment will operate
and analyze BabyMIND until 2026 and provide the analyzed data to NINJA following an MoU between T2K and
NINJA. However, the operation plan of BabyMIND beyond 2027 is not yet decided. We request J-PARC to keep
the BabyMIND detector in B2 oor for this running option. In this running option, we can reuse a large part of the
detectors and analysis methods developed for E71. In addition, we can combine the new data with E71 data to gain
statistics in the analysis. The 4 ECC con guration gives 133 kg water target mass. When the J-PARC Main Ring
power is increased to 1 MW, 1.0?* POT is expected in three month beam operation.

Figure 22: Detector setup of E71

One possible modi cation to the setup in E71 is tilting the ECCs. In E71, ECCs are installed so that the emulsion
Ims in the ECCs are perpendicular to the neutrino beam. As a result, the ECCs are not sensitive to particles scattered
in 90 to the beam and we could not measure continuous angular distributions from 0 tasl88own in Fig. 23.

If we tilt the ECCs as shown in Fig. 24, we can detect particles scattered.irB§Gcombining the data of the tilted
ECCs with normal ECCs, we can measure the continuous angular distribution from 0 to 180

2.6. Summary

We propose a neutrino-nucleus interaction experiment using J-PARC's neutrino beamline, directly bene ting T2K
and HK experiments. The NINJA detector's proven exceptional tracking of low-energy particles enables unprece-
dented precision in studying nuclearexts. This capability will allow rst-time precision measurements of multi-
nucleon knockout in water, investigation of T2K and SK tensions regarding low-energy pion production, and pioneer-
ing measurements of nuclear fragment yields to understand de-excitation and nal-state interactions. These results
will help validate theoretical models and constrain experimental uncertainties, particularly in establishing correlations
between neutrino-Carbon and neutrino-Oxygen interactions, critical for improving neutrino oscillation measurements
and enhancing their sensitivity.

The baseline experimental setup is the same as that in E71. We will place ECCs, an emulsion shifter, and a
scintillator tracker upstream of BabyMIND. The BabyMIND detector which is part of the T2K detector will be used
as a muon range detector. One possible modi cation to the E71 setup is tilting the ECCs to give sensitivity to particles
scattered 90to the beam. We will decide on the optimal detector setup based on the sensitivity study.
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