
Fermilab

Neutrino Scattering: Connections Across Theory and Experiment

FERMILAB-PUB-25-0202-T

arXiv:2503.23556

This manuscript has been authored by Fermi Forward Discovery Group, LLC

under Contract No. 89243024CSC000002 with the U.S. Department of Energy,

Office of Science, Office of High Energy Physics.



Neutrino Scattering: Connections Across Theory and Experiment

L. Alvarez-Ruso,1 A.M. Ankowski,2 A. Ashkenazi,3 M. Sajjad Athar,4 E. Catano-Mur,5

P. Coloma,6 P. Dunne,7 L. Doria,8 A. Garcia-Soto,1 S. Gardiner,9 R. González-Jiménez,10
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One of the highest priorities in fundamental particle physics is the precise measurement of neutrino properties and interactions.
The discovery of non-zero neutrino masses remains one of the very few hints regarding the nature of physics beyond the
Standard Model (SM). Fundamental questions about neutrino properties still remain unanswered, such as their absolute masses,
the ordering of the mass states and the charge-parity (CP) violating phase. Moreover, neutrinos have the potential to carry
information regarding the nature of astrophysical sources. They are also a tool to expand our understanding of nuclear structure.
To investigate these questions, a large number of ongoing and future experiments probe neutrino interactions with matter in a
broad range of energies scales and a variety of targets. They are sensitive to different neutrino-induced reaction mechanisms,
challenging nuclear theory at various energy regimes and require a good understanding of electroweak response of nuclei from
low-lying excitations, through the quasielastic regime and the baryon resonance excitation region up to deep inelastic scattering.

In this document, put forward by the Neutrino Scattering Theory Experiment Collaboration (NuSTEC),
we provide input on the experimental and theoretical efforts towards accurate and precise understanding of
neutrino interactions, which is a crucial requirement for a number of programs across many energy scales. The
neutrino oscillation program is one of the driving forces of these efforts. Among accelerator-based neutrino experiments, the
Deep Underground Neutrino Experiment (DUNE) [1–4] and Hyper-Kamiokande (HK) [5] will propel the field into the precision
era in the near future. This is aligned with 2024 Strategic Plan for U.S. Particle Physics (P5), as well as with the strategy of
particle physics community in Japan which has identified the Tokai-to-Hyper-Kamiokande project as one of its highest particle
physics priorities for the next decade. The European experimental and theoretical engagement in various aspects of these
programs is invaluable, as explained in more detail in the document. In this context, it is important to highlight a European
proposal for the ESSnuSB next-to-next generation neutrino oscillation experiment [6].

Long-baseline oscillation experiments also conduct an extensive program focused on studying neutrino-nucleus cross sections
using their near detectors. In similar energy ranges, the SBN program at CERN [7] and at the Fermi National Accelerator
Laboratory (FNAL) [8], as well as the upgraded T2K experiment [9], will provide additional insights. The CEvNS program [10]
and ESSnuSB at lower energies, as well as KM3NeT and IceCube at higher energies, further contribute to our understanding
of neutrino-nucleus interactions.

Furthermore, there are ongoing European initiatives that aim to deliver well-understood neutrino beams that would allow
precise measurements of cross sections from NuSTORM [11] and FASERν. At the same time, European facilities deliver precise
electron and hadron-induced reaction data from ProtoDUNE, as well as dedicated electron scattering exepriments to improve
neutrino energy reconstruction techniques through external data validation.

Future breakthroughs in the field critically require improvements in the theoretical modeling of neutrino-nucleus cross sec-
tions. In Europe, diverse groups are developing highly realistic models tailored to different energy ranges and relevant degrees
of freedom. Yet, more work is needed to support experiments, especially in the high-energy sector and in uncertainty quan-
tification. In parallel, Monte Carlo event generators are evolving into flexible interfaces that incorporate advanced theoretical
models in order to translate raw detector signals into measurable cross sections. Next-generation precise measurements
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encourage strengthening the connection between Beyond Standard Model searches and neutrino cross section
predictions [12]. It should be noted that many potential Beyond Standard Model effects in neutrino oscillations (neutrino
decay, non-standard interactions, non-unitarity of the PMNS matrix) are degenerate with standard oscillations. Detecting these
sub-leading effects requires data from multiple experiments, which in turn demands substantial advancements in theoretical
models and event generators to achieve the necessary consistency and precision.

This broad field of experimental and theoretical activities is supported by many European institutions and experts. These
include particle beams, water Cherenkov and/or the liquid argon time projection chamber (LArTPC) technology; facilities
performing electron and hadron scattering; and a strong neutrino and nuclear theory community developing models of neutrino
interaction with nuclei and hadrons. Precision-era neutrino research demands robust collaboration between theory
and experiment, yet current efforts remain fragmented with no clear leadership or sufficient institutional
support. Establishing a CERN Neutrino Physics Center [12, 13]—modeled on FNAL’s successful LHC Physics Center—would
create a unified European hub for both experimental and theoretical neutrino activities. This center, evolved from the Neutrino
Platform at CERN, is envisioned to drive coordinated scientific leadership, enhance prioritization, and provide the critical
precision theory predictions and simulation support necessary to advance neutrino physics.

I. Introduction

The precise measurement of neutrino properties is among the highest priorities in fundamental particle physics, in-
volving many experiments worldwide. Since the experiments rely on the interactions of neutrinos with bound nucleons
inside atomic nuclei, the planned advances in the scope and precision of these experiments require a commensurate
effort in the understanding and modeling of the hadronic and nuclear physics of these interactions, which is incorpo-
rated as a nuclear model in neutrino event generators. This model is essential to every phase of experimental analyses
and its theoretical uncertainties play an important role in interpreting every result. Here we discuss the impact of
neutrino–nucleus interactions on the measurement of neutrino properties using the determination of oscillation param-
eters as a central example. This discussion includes an overview of the experimental challenges, how event generators
work, and the status of the relevant theory. We then emphasize how our understanding must improve to meet the
demands of future experiments. In every topic we find that the challenges can be overcome only through the active
support of integrated collaboration across strong and electroweak physics that includes theorists and experimentalists
from both the nuclear and high energy physics communities. Further details on the experiments, event generators,
and relevant theory precision can be found in reviews, white papers, and references therein.

II. Experimental efforts

The experimental study of neutrino oscillations spans a wide range of experiments, each designed to constrain different
oscillation parameters by examining the appearance or disappearance of specific neutrino flavors across different
energy regions. All relevant experiments rely on heavy nuclei as targets and, thus, their accuracy is limited by our
understanding of neutrino-nucleus interactions at various energy scales.

There is a number of key areas which need to be addressed in preparation for the next-generation experiments’
program, one of particular importance is the relationship between the true and reconstructed neutrino energy. Nuclear
effects alter the amount of visible energy in a detector and can impact the shape of the oscillated spectrum in a way
which is degenerate with neutrino oscillations. It is inevitable that a fraction of the neutrino energy will be invisible
in the detector so the uncertainty introduced by the difference between true and reconstructed neutrino energies
must be properly quantified and reduced to a level compatible with the target precision on oscillation measurements.
Furthermore, the differences between the cross sections for different neutrino flavors and neutrinos and anti-neutrinos
need to be understood. In principle, these differences are predictable thanks to the assumption of lepton universality.
However, mass differences between lepton flavors become significant in areas of the interaction phase space which
have large associated uncertainties. A typical example would be at low energy transfers, where nuclear models differ
substantially in the way in which they incorporate the treatment of final state interactions, optical potential, Pauli
blocking or long-range correlations [14]. Finally, it is important to study the energy dependence of the cross section.
Due to oscillations, the flux probed by near detectors is different from the one seen at the far detector. To reliably
extrapolate near detector constraints to the far detector, the evolution of the cross section must be known for the
range of energies relevant for oscillation searches. Therefore, it is essential to have high-quality neutrino scattering
measurements in order to benchmark the nuclear interaction model.

This section offers an overview of various experiments, outlining their objectives, requirements, and the comple-
mentary measurements they can provide. The experiments are arranged in order of increasing incoming neutrino
energy. To address some of the challenges in neutrino interaction modeling, the final subsection highlights dedicated
experiments that aim to refine these models and reduce uncertainties using both neutrino and electron scattering data
by leveraging nuSTORM and dedicated electron scattering experiments.

CEνNS: A number of experiments worldwide are performing Coherent Elastic Neutrino-Nucleus Scattering
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(CEνNS) measurements using spallation sources, astrophysical neutrinos, and reactors. Neutrinos from pion de-
cay at rest provide a well-understood source, in both spectrum and time with respect to a pulsed beam, of neutrinos
of three flavors. These include monochromatic νµ from pion decay, and ν̄µ, νe from three-body muon decay. Their
energies are in the range of tens of MeV up to about 50 MeV. Since the maximum CEνNS recoil energy scales as
∼

√
2E2

ν/M , where M is the mass of the recoiling nucleus, stopped-pion neutrinos result in tens of keV recoils for
medium-size nuclei. The COHERENT experiment has exploited these neutrinos at the Spallation Neutron Source’s
pulsed beam at OakRidge National Laboratory for CEνNS measurements on three materials to date, namely CsI [15],
Ar [16], and Ge [17]. More measurements are ongoing, with the aim to map out the target-mass dependence of the
cross section. In Europe, there are plans to use the European Spallation Neutron Source for CEνNS studies, using
several detectors.

At slightly lower neutrino energy, dark matter detectors are designed to discover Weakly Interacting Massive Parti-
cles (WIMPs) with masses in the GeV regime. These are also sensitive to competing recoils from other astrophysical
sources such as solar neutrinos. Indeed, two xenon-based experiments [18, 19] have observed CEνNS from solar
neutrinos, providing the first hints of the so-called “neutrino fog”. At even lower neutrino energies of several MeV,
recoil energies are in the sub-keV range and experimentally extremely challenging to detect. During the past decades,
a very wide range of detector technologies has been deployed in search of reactor-neutrino CEνNS, culminating in
a successful first measurement by CONUS+ [20], which makes use of high-purity Ge diode detectors. Many other
searches are underway at many reactor sites. Radioactive sources have also been proposed for ultra-low-energy-recoil
CEνNS searches, but come with great technical challenges.

The higher the momentum transfer, the larger the effect of the nuclear form factor on the recoil spectrum. At
stopped-pion neutrinos energies, there are reasonable prospects to determine neutron form factors; at percent-level
precision one needs to disentangle nuclear effects from potential BSM signatures in the recoil energy distributions. At
reactor energies, the form factor is effectively unity, providing a cleaner BSM search territory, but limiting prospects
for shedding light on nuclear structure.

ESSnuSB: The European Spallation Source Neutrino Super Beam (ESSnuSB) [21] is a proposed next-to-next
generation neutrino oscillation experiment to precisely measure the CP-violating phase at the second oscillation
maximum. It will use the 5MW European Spallation Source (ESS) proton linac [22] for the neutrino beam production
with the on-axis 500 kt water Cherenkov far detectors located at a mine 360 km from the source. The neutrino energies
will be in the 60-600 MeV range. As the knowledge of the νµ and νe interaction cross section with water in this
energy rang will be crucial for the precision measurement, a staged approach is proposed in which a cross-section
measurement will take place during the far detector construction [23]. For that purpose, a low energy monitored
beam (LEMNB) facility and a low energy neutrino beam from a ring of stored muons (LEnuSTORM) are foreseen to
be built. The LEMNB will operate first, after which LEnuSTORM will take over. Neutrino interactions from both
of these sources will be detected using a dedicated water Cherenkov detector. The LEMNB technique allows for a
very precise neutrino flux measurement, hence the expected error on the νµ cross-section is of the order on 1%; the
precision of the νe measurement is statistically limited. The LEnuSTORM facility will provide both νe and νµ fluxes
in a roughly equal part, which makes it suitable for νe cross-section measurement; the momentum of the stored muons
will be tuned so that neutrino energies match those of the main ESSnuSB beam. Should the experiment be approved,
the construction is expected to begin in the 2030s.

SBN: At Fermi National Accelerator Laboratory (FNAL), the Short-Baseline Neutrino program (SBN) delivers
a rich and compelling physics opportunity, including the ability to resolve a class of experimental anomalies in
neutrino physics and to perform the most sensitive search to date for sterile neutrinos at the eV mass-scale through
both appearance and disappearance oscillation channels. The program consists of Short-Baseline Near Detector
(SBND), the MicroBooNE detector and and short base-line far detector (ICARUS), all utilising the Liquid Argon
Time Projection Chamber (LArTPC) technology.

SBND is a 112-ton LArTPC located only 110 meters away from the Booster Neutrino Beam (BNB) target [24]. Due
to its proximity to the neutrino source, SBND will collect an unprecedentedly high event rate of neutrino interactions,
providing an ideal avenue for precision studies of neutrino-argon interactions. SBND will record approximately ∼7,000
neutrino events per day, amounting to ∼2,000,000 νµ events per year and ∼15,000 νe events per year, enabling both
inclusive and exclusive neutrino-argon interaction measurements. Before the DUNE era, SBND will produce the
world’s highest-statistics neutrino-argon cross section measurements. Leveraging the high resolution of LArTPC
technology, SBND will perform precise measurements of multiple final-state interactions for both νµ and νe events.
The high event rate will also enable the detection of several thousands of rare interactions, such as those associated
with the production of Λ and Σ+ hyperons in neutrino-argon scatterings.

Furthermore, SBND’s large mass, its proximity to a high-intensity beam with high-statistics, and LArTPC’s capa-
bilities allow for the exploitation of a PRISM-like feature [25]. This feature introduces an additional degree of freedom
in performing targeted neutrino cross-section measurements by analyzing neutrino interactions across a continuous
range of off-axis angles, corresponding to fluxes with mean energy shifts of ∼200 MeV. The SBND-PRISM ability of
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taking measurements in the same beam and with the same detector, but with different neutrino spectrum exposures
by selecting events in different angular bins on the face of the detector, will be a powerful technique for disentangling
nuclear effects in neutrino-argon interactions and constraining neutrino-nucleus models and generators.

SBND began collecting BNB physics data in December 2024 and is expected to operate with an exposure of 10×1020

protons-on-target until the planned long accelerator shutdown at Fermilab in late 2027 or early 2028, yielding nearly
10 million neutrino charged-current and neutral-current interactions on argon. This data set will be instrumental in
advancing our understanding of neutrino-argon scattering at the sub-GeV and GeV energy scales. After the accelerator
expected restart in 2029, opportunities are being explored to operate SBND in antineutrino mode, addressing the
scarcity of antineutrino-argon scattering data and its potential importance for DUNE’s CP violation measurement.
The insights of SBND data will play a critical role in refining neutrino-argon interaction models, providing essential
inputs for DUNE and future neutrino experiments.

MicroBooNE was the first operational LArTPC located 470 meters away from BNB. It consists of 85-ton active
mass, ran for 5 years and collected 12.5×1020 protons-on-target. Using both the BNB beamline and off-axis neutrinos
from the Main Injector NuMI beam, MicroBooNE diverse cross section program supplied some of the highest-statistics
neutrino interaction measurements, including multiple final states with different numbers of protons [26–28], pions [29]
and rare process such as Λ and η production [30, 31].

In the meantime, ICARUS has transitioned from its early operations in Italy and subsequent refurbishment at
CERN to FNAL. After completing commissioning in June 2022, it is now analyzing data from its initial two physics
runs and preparing for a third. Although its primary mission as the far detector in the SBN program is to search for
sterile neutrinos, ICARUS also supports detailed cross-section measurements. Using both the BNB beamline and off-
axis neutrinos from the Main Injector NuMI beam, the experiment captures neutrino interactions over a several-GeV
range, a capability enhanced by its off-axis positioning and the contributions from pion and kaon decays producing
excellent electron and muon neutrino beams. This energy window is critical, as it overlaps the regions relevant to
both SBN oscillation studies and a portion of the DUNE spectrum.

T2K/HK: The next generation experiment Hyper-Kamiokande (HK) will study the oscillations of both atmospheric
and beam neutrinos, measuring both the extent of CP violation in neutrino oscillations and the neutrino mass ordering
(MO). As such, it is concerned with neutrino interactions in the range O(0.5− 50 GeV). The neutrino energy spectra
from these sources are identical to those observed and studied by the Tokai–to–Kamioka (T2K, beam neutrinos) and
Super–Kamiokande (SK, atmospheric neutrinos) experiments. HK directly benefits from developments in current-
generation analyses. The sensitivity to CP violation comes primarily from measuring the (ν )

µ → (ν )
e oscillations in the

beam, but also from the atmospheric flavour-changing channels at energies below 1 GeV. Studies of HK’s sensitivities
to neutrino oscillations demonstrate that improving the systematic uncertainty over T2K’s 2020 analysis [32] can lead
to less than halve the required running time to exclude CP conservation at 5σ for 50% of the phase space. The largest
impact comes from improving the νe/ν̄e uncertainty, although improvements in low-energy modelling and single-pion
production are also focal points [33, 34]. To better understand these processes, HK will use two complimentary near
detectors: the upgraded ND280 detector [35], capable of measuring protons with a 200-300 MeV/c threshold and
neutrons, and resolving high-multiplicity events, and the Intermediate Water Cherenkov Detector (IWCD), which will
make high-statistics measurements of interactions on water, with large electron neutrino and anti-neutrino samples.
IWCD has the ability to probe neutrino energy by moving to different off-axis angles from the beam using the PRISM
technique [36], and particle and kinematics acceptance closely matching the far detector.

For T2K and HK’s baseline and neutrino energy spectrum, the CP violating phase and the normal ordering can
be degenerate in certain parts of the phase space (δCP ∼ π/2 in normal ordering, δCP ∼ −π/2 in inverted ordering).
These degeneracies are almost entirely lifted when atmospheric and beam neutrinos are analyzed simultaneously [34],
since the atmospheric neutrinos are sensitive to the effects in a markedly different way to beam neutrinos. Like
SK and other atmospheric experiments, HK’s sensitivity to the mass ordering comes from measuring the resonance
region from matter effects in the Earth at Eν ∼ O(3 − 10 GeV). Importantly, the effect depends on the sign of the
interacting neutrino, which is impossible to accurately reconstruct on an event-by-event basis. However, knowledge
of how neutrinos and anti-neutrinos differ in their interaction can permit some, albeit imperfect, separation. Thus,
improvements in DIS modelling that dominates in the mass ordering-sensitive region, as well as how DIS interactions
differ for neutrinos and anti-neutrinos, has a profound impact on the sensitivity to the mass ordering for atmospheric
neutrinos. Furthermore, as a result of the δCP −MO degeneracy, it also impacts HK’s ability to measure δCP at high
significance if Nature prefers the region of maximal degeneracy.

Although HK will not see ντ charged-current (CC) interactions in the beam due to the neutrino energy threshold,
it will in the atmospheric neutrino samples. SK has demonstrated statistical separation of such events to produce
several τ -enhanced samples [37, 38]. These samples are being used to both measure the absolute ντ interaction,
which is at 1 − 2σ contention between OPERA, IceCube and KM3NeT [39]. They further enhance the sensitivity
to neutrino oscillations and testing of the three-flavour oscillation paradigm. Notably, the ντ cross section is a
significant uncertainty for the mass ordering sensitivity, since the products of decaying τ -leptons can be mistaken
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for hadronisation products from an electron or muon (anti-)neutrino partaking in a DIS interaction. These events
can thereby enter the same samples as those sensitive to the mass ordering, constituting an irreducible background.
An improved understanding of the ντ interaction cross section would therefore also improve the sensitivity to the
neutrino mass ordering. Critically, whereas HK’s near detectors will provide constraints on neutrino interactions in
the CP-sensitive GeV-scale range, they will not be able to provide strong constraints on the higher energy DIS and
ντ interactions, which impact the mass ordering sensitivity.

NOvA: The NOvA long-baseline experiment studies neutrino oscillations using Fermilab’s NuMI beamline and two
liquid scintillator detectors. Its narrow-band energy spectrum, peaked at ∼2 GeV, optimizes sensitivity to electron
neutrino appearance and muon neutrino disappearance at the Far Detector (FD). The near detector (ND) plays a
central role in both oscillation and neutrino interaction studies. A key component of NOvA’s oscillation analyses
to date is “near-to-far extrapolation”, a method to predict FD event rates using ND observations while reducing
dependence on theoretical models [40, 41]. Beyond extrapolation, the ND high-statistics datasets can be used to
measure neutrino cross sections in the 1–3 GeV energy range, where multiple interaction channels are relevant. NOvA
sits in the transition region between quasielastic scattering, meson exchange currents, and resonance production,
resulting in sensitivity to each of channels and the sum. The detector’s fine segmentation enables precise tracking
and calorimetry, allowing clear separation of muons, hadrons, and electromagnetic showers. With dedicated neutrino
and anti-neutrino beam runs, the experiment can explore a wide range of inclusive and exclusive νe CC, νµ CC, and
NC interactions [42].

Neutrino interaction models consistently show discrepancies when compared to NOvA data [43–46], mirroring
challenges seen in other experiments. Historically, the experiment has relied on GENIE as the default event genera-
tor [47], tuned through targeted modifications informed by theoretical advancements, external data constraints, and
ND observations, in order to refine the modeling of the different neutrino-nucleus reaction mechanisms. Systematic
uncertainties are similarly managed through a combination of GENIE reweighting parameters and NOvA-specific ad-
justments. For future analyses, NOvA plans to adopt GENIE’s “DUNE AR23” Common Model Configuration (CMC)
and nusystematics, benefiting from standardized cross-section variations and an expanded reweighting framework.
These community-driven tools align with its current approach and will enhance consistency with other experiments.
NOvA’s high-statistics data will help refine these models, and its carbon target provides a key comparison to future
argon measurements, strengthening the framework for long-term use in oscillation and neutrino interaction studies.

DUNE/ProtoDUNE: DUNE’s full physics program consists of high-precision measurements of θ23, θ13, ∆m2
32,

the neutrino mass ordering, and the CP violating phase δCP, as well as tests of the three-flavor paradigm as a way to
search for new physics in neurino oscillations. Achieving these goals requires 600-1000 kt·MW·yr of data statistics,
depending on the true values of the parameters. Not only this but similar to HK, it will also require systematics to
be constrained at the few-percent level, which is beyond what is achieved in current experiments.

The first priority of the experiment is to successfully deliver Phase I, consisting of 20 kt of far detector mass, a 1
MW beam and the Phase I near detector composed of a movable liquid argon detector (ND-LAr) with a downstream
spectrometer (TMS) and an on-axis beam monitor (SAND). Full achievement of DUNE’s physics program also requires
Phase II. To reach the necessary statistical uncertainty, Phase II consists of 6-10 additional calendar years of operation
with a greater than 2 MW beam and 40 kt of far detector mass. Additionally, the Phase II near detector is necessary
to achieve sufficient systematic uncertainty control. The main component of the Phase II ND is a magnetized high-
pressure gaseous argon time projection chamber surrounded by an electromagnetic calorimeter and a muon detector
to the Phase I ND; upgrades to ND-LAr and SAND are also possible. The Phase II ND will constrain many aspects of
DUNE’s systematic uncertainty budget, but of particular relevance to this document are the unprecedented neutrino-
argon interaction measurements that it will enable.

DUNE’s wide band beam leads to particular requirements on the global neutrino-argon interaction program. The
wide range of energies allows a full oscillation cycle to be observed but it also means that many different interaction
topologies contribute to the observed events. Liquid and gas argon are the ideal detectors for these measurements.
Both have exquisite capability to observe exclusive final states, with liquid argon allowing deployment at the many-kt
scale. Gas argon by comparison cannot achieve high target mass but is magnetizable and has lower energy thresholds.
The support of CERN has been key to the delivery of both technologies. Particularly, ProtoDUNE and the technical
expertise provided by the Neutrino Platform have been instrumental in the testing of liquid argon technology. It
has also delivered DUNE’s first physics results, which are hadron-argon interaction measurements in the GeV energy
regions directly applicable to DUNE. This role will continue to be crucial to demonstrate the readiness of Phase II
technologies and to continue to provide further improved measurements of hadron-argon interactions. GeV-scale beam
tests of gas argon time projection chambers (TPCs) have also been carried out at CERN and more are envisaged for
the Phase II ND. Furthermore, deploying the Phase II far detectors requires cryostats that can contain them, with
the Phase I cryostats having been provided by CERN.

The knowledge of the relation between true and reconstructed neutrino energy is critical to the DUNE program.
In a liquid argon detector such as DUNE, a portion of the neutrino energy is reconstructed through visible energy
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deposits. However, a significant portion of the neutrino energy is transferred to particles which are not reconstructed,
and bias the reconstructed neutrino energy. One of the main sources of missing energy are neutrons and low energy
particles. Since neutrons do not ionize the liquid argon, they cannot be detected by their tracks. Although some
neutrons can be reconstructed via their secondary interactions, the cross section of these processes is not well known
and relies on sub-nanosecond timing resolution in order to infer the kinematics of the neutron. The main mechanisms
through which neutrons are produced in neutrino interactions is through final state interactions (FSI). In anti-neutrino
interactions, in addition to those produced in FSI mechanisms, neutrons are also produced at the vertex.

Another important source of missing energy is the production of charged pions. The latter deposit energy inside the
detector through ionization, but it is not always possible to resolve the number of pions produced in an interaction. As
a result, pion production processes contribute with integer multiples of the pion mass of 139.57 MeV to the neutrino
energy bias. Charged pions are produced predominantly through resonant interactions, but also in shallow and deep
inelastic scattering, as well as through FSI. In practice, neutrino experiments rely on the use of Monte Carlo generators
to predict these quantities, and the latter rely on numerical hadronization routines and cascade models. The lack of
theoretical guidance and experimental guidance in this region means that models targeting pion production process
or hadronization have poor predictive power.

Support for neutrino scattering theory and measurements in Europe is crucial for DUNE. DUNE has had significant
contributions to its interaction systematic model development from European collaborators (e.g. CERN staff in EP-nu
and theory) and is supportive of efforts to formalize and further this work, e.g. through a dedicated neutrino physics
center at CERN.

KM3NeT: The KM3NeT neutrino infrastructure consists of two detectors, ORCA and ARCA [48]. ORCA is
optimized for the study of atmospheric neutrinos with energies ranging from 3 GeV to several hundred GeV. Its
primary objective is to determine the relative ordering of neutrino masses. This ordering affects neutrino oscillations
in matter, leaving an imprint on the atmospheric neutrino flux through characteristic appearance/disappearance
patterns for the different neutrino flavors as a function of energy and path through the Earth. Most of ORCA’s
sensitivity comes from upgoing events with energies between 5 and 10 GeV [49, 50]. Therefore, precise knowledge
of the atmospheric neutrino flux and neutrino-water cross section in this energy range is essential. Recent analyses
with an initial six-line configuration have demonstrated ORCA’s immense potential not only for studying neutrino
oscillations but also for probing BSM physics [51–55]. The event generator used to simulate neutrino interaction in
this analyses is GENIE.

ARCA’s main goal is the detection of high-energy neutrinos from astrophysical sources, with energies ranging from
a few TeV to PeV [56]. Due to its geographical location and excellent pointing accuracy, ARCA is particularly
well-suited for identifying neutrino sources within the Milky Way at TeV energies. Additionally, even with a partial
configuration of 21 lines, ARCA recently reported the most energetic neutrino ever observed—at 220 PeV, opening a
new window to ultra-high-energy neutrino astronomy [57]. At energies above few tens of TeV, neutrino interactions
with matter become significant in a process known as Earth attenuation, where neutrinos can interact with quarks
during their passage through the Earth before reaching the detector. These deep inelastic interactions depend on
nuclear properties, making it essential to accurately model nuclear effects at high energies. Currently, the event
generator used for ARCA simulations is the HEDIS module of GENIE [58], using the tune with the CSMS model [59].

FASERν: The FASERν detector at CERN’s LHC is poised to significantly advance our understanding of neutrino
interactions and their potential to reveal new physics. Positioned 480 meters downstream from the ATLAS interaction
point, FASERν is uniquely situated to detect high-energy neutrinos produced in proton-proton collisions. A critical
aspect of FASERν’s research program is the precise study of neutrino interactions across all three flavors—electron,
muon, and τ—at energies from few hundred GeV to multiple TeV. These measurements are essential for several reasons.
These include probing Parton Distribution Functions (PDFs) where high-energy neutrino interactions provide insights
into the internal structure of protons and neutrons. Accurate cross-section measurements help refine PDFs, thereby
providing crucial input to numerous measurements in high-energy physics and astroparticle physics. Furthermore,
the highly energetic neutrino interactions with the Tungsten target result in a DIS from a nucleon, and the resulting
QCD-jet propagates through the nuclear medium, modifying the hadronic states observed e.g. by widening the angular
scale of hadron distribution, and the emission of baryons from the nucleus. The precise resolution of the FASERν
experiment can provide important information on the the interactions between the nuclear matter and the original
QCD jet.

IceCube: The IceCube Neutrino Observatory, located at the South Pole, instruments a cubic kilometer of ice with
5160 digital optical modules — each housing a 10” photomultiplier tube — arranged along 86 vertical strings. Its
central DeepCore subarray lowers the energy threshold to capture atmospheric neutrinos above 5 GeV for studies of
neutrino properties, interactions, and physics beyond the Standard Model, while the remaining 78 strings, optimized
for a threshold near 100 GeV, target cosmic-ray and astrophysical neutrino sources.

Advances in detector modeling [60] and machine learning event reconstruction have enabled IceCube to achieve
leading measurements of the oscillation parameters θ23 and ∆m2

32 via the νµ disappearance channel using only
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atmospheric neutrinos [61]. It has also evaluated PMNS matrix unitarity by measuring ντ appearance [62], and
its broad energy coverage supports diverse tests of non-standard neutrino interactions and phenomena beyond the
Standard Model [63]. IceCube further probes neutrino interactions directly by analyzing the inelasticity distribution
in the 50GeV < Eν < 560GeV range [64] and at TeV energies [65], and by determining cross sections through the
absorption of atmospheric neutrinos traversing Earth [66]. The identification of flavor from interactions of astrophysical
neutrinos benefits from future improvements in modeling accuracy of neutrino interactions at TeV and PeV, as
exemplified by the detection of a Glashow Resonance event near 6.3 PeV [67] — a direct probe of astrophysical
neutrino flavor composition — and by tests of quantum gravity [68]. These results complement efforts by FASER at
the LHC and will benefit from the planned Forward Physics Facility.
Scheduled to begin data taking in 2026, the IceCube Upgrade is the first step toward the larger IceCube-Gen2

project. This phase will add seven densely instrumented strings within DeepCore, lowering the detection threshold
into the GeV range and reducing systematic uncertainties across all energies through dedicated calibration hardware
[69]. The upgrade aims to produce leading measurements of atmospheric neutrino oscillation parameters, achieve
world-leading precision in ντ appearance measurements, and significantly advance our understanding of the neutrino
mass ordering. Because uncertainties in cross sections, detector response, and atmospheric fluxes all equally limit
precision, reducing them simultaneously is essential. Hence, advancing our understanding of neutrino interaction
physics is crucial to fully harnessing IceCube’s contributions to fundamental physics.

NuSTORM: Muon decay is one of the very few sources of electron neutrinos in the energy range, 0.1-10GeV,
relevant for oscillation and long-baseline experiments. Muons have a sufficient lifetime to allow effective formation
of pure beams. Therefore, the concept of storing muon beams for neutrino production has been explored in many
different contexts [70–72]. Using these beams for long-baseline experiments would require very high luminosity; this,
in turn, makes the muon production system complex and expensive. On the other hand, for measuring cross sections
(or in general fixed-target experiments), relatively simply muon production methods can be used based on existing
proton beam facilities existent at many accelerator laboratories like FNAL and CERN. The storage rings for energies
in the GeV range are compact as well. Beam instrumentation allows to know the neutrino flux at the percent-level
and potentially much better than that.

The opportunity to implement nuSTORM at CERN has been studied in detail [73]. The proposed facility is capable
of storing µ± beams with momentum of between 1GeV/c and 6GeV/c and a momentum spread of ±16%. This will
allow neutrino-scattering measurements to be made over the kinematic range of interest to the DUNE and Hyper-K
collaborations. Synthetic neutrino beams can be created by combining neutrinos from muon beams stored at a variety
of different energies [74].

A detector placed on the axis of the nuSTORM production straight will receive a bright flash of muon neutrinos
from pion decay followed by a series of pulses of muon and electron neutrinos from subsequent turns of the muon
beam. Appropriate instrumentation in the decay ring and production straight will be capable of determining the
integrated neutrino flux with a precision of ≲ 1%. The flavour composition of the neutrino beam from muon decay
is known and the neutrino-energy spectrum can be calculated precisely using the Michel parameters and the optics
of the muon decay ring. The pion and muon momenta (pπ and pµ) can be optimised to measure (ν )

e − A and (ν )
µ − A

interactions with percent-level precision over the neutrino-energy range 0.3 ≲ Eν ≲ 5.5GeV and to search for light
sterile neutrinos with excellent sensitivity.

Once the neutrino source is known at this level, the challenge for cross section measurements then becomes to have
detector systems that can match that precision, covering a large phase space efficiently and reconstructing particle
properties precisely. This is a common challenge for all neutrino sources.

A relatively less explored idea, but considered in nuSTORM feasibility studies at CERN, is to use these neutrino
precision beam facilites as laboratories for new physics searches, especially for light dark sectors [75].

Electron scattering: An effective way to enhance our understanding of neutrino-nucleus interactions is through
electron-nucleus scattering experiments [76, 77]. Electrons share with neutrinos the vector component of the interac-
tion with nuclei, providing a clean and well-controlled probe of complex nuclear dynamics. Electron beams can be
precisely tuned to a well-defined energy, allowing for the separation of different final states and enabling high-statistics
experiments. Electron-nucleus scattering can provide valuable insights into nuclear effects that also influence neutrino
interactions. These include the nuclear structure and responses, since electron scattering experiments allow precise
mapping of nucleon momentum distributions and nuclear densities and this information helps refine nuclear models
used in neutrino interaction simulations. Furthermore, FSI after a neutrino interacts with a nucleus lead to particles
that propagate through the nuclear medium and experience rescattering, absorption, or emission. With electron
scattering, FSI can be studied selecting precise final states. Additionally, different effects corresponding to different
energy ranges (quasielastic, resonance production, and deep-inelastic scattering) contribute to the total cross section
in neutrino experiments. Data provided by electron scattering serve as benchmarks for validating models across these
regimes. Furthermore, one of the key challenges in neutrino experiments is reconstructing the incoming neutrino
energy from the observation of particles in the final state. Electron scattering experiments provide a test for energy
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reconstruction methods by comparing the known beam energy with the one reconstructed in the way it is done in
neutrino experiments.

Present electron scattering facilities pursuing an electron-nucleus scattering program aimed at neutrino physics are
the Thomas Jefferson National Accelerator Facility in the USA [78–81] (up to 12 GeV beam energy) and the MAMI
facility in Germany [82–84] (up to 1.6 GeV beam energy). In the near future, more experimental efforts from other
experiments are planned (LDMX [85] experiment, eALBA at the ALBA synchrotron in Barcelona, Spain) or under
construction (MESA, 155 MeV energy-recovery accelerator [86] in Mainz, Germany).

III. Theory of ν-nucleus scattering

Current and next-generation experiments studying and/or relying on neutrino scattering processes for their physics
programs span a vast energy range, from keV to TeV. Depending on the energy and momentum transfers, the scattered
lepton (either a neutrino or a charged lepton) can excite various nuclear or hadronic final states. A schematic
representation of the relevant interaction mechanisms is shown in Fig. 1.

FIG. 1. Schematic view of ν-nucleus scattering mechanisms.

Accurate cross-section calculations are essential in the era of precision neutrino physics, particularly when aiming
at discovering new physics. However, these calculations are subject to theoretical uncertainties driven by nuclear and
hadronic physics. A major challenge lies in the transition regions between different energy scales, where different
degrees of freedom come into play. Close collaboration among nuclear, hadron, and particle physicists is required to
treat these transitions reliably. Furthermore, in neutrino interactions, both vector and axial currents come into play,
but the latter remains poorly constrained.

In this section, we provide a concise overview of the current status, challenges, and opportunities in the theory of
neutrino cross sections across different energy scales.

Coherent elastic neutrino-nucleus scattering: CEνNS is a low-energy neutrino interaction process in which
a neutrino scatters off coherently with an entire atomic nucleus, leaving it in its ground state [87]. One of the key
advantages of CEνNS is its large cross section compared to other neutrino interactions at low energies since, in the
SM, it approximately scales quadratically with the number of neutrons. One of the key ingredients of the CEνNS cross
section is the nuclear form factor, which accounts for the finite size and internal structure of the nucleus, reflecting that
the scattering process takes place on a many-body system. Its dependence on the momentum transfer is particularly
relevant for experiments using neutrinos with relatively high energies, such as those using spallation sources. Detailed
calculations are needed in order to model such a dependence, which may also be affected by new physics [88]. In the
upcoming years, new data is expected from a plethora of CEνNS experiments using more powerful neutrino sources,
different nuclear targets, and improved detectors, aiming at more precise measurements and a significant reduction of
systematic uncertainties. Thus, improving current theoretical models of nuclear form factors is crucial to boost the
potential of CEνNS experiments to search for BSM signals.

Inelastic scattering up to and including the quasi-elastic peak: At low and intermediate energy transfers
of O(10) − O(100) MeV, neutrino can excite low-lying nuclear resonances, up to the so-called quasi-elastic region
in which the electroweak probe resolves individual nucleons. While the quasi-elastic peak at the few-hundreds MeV
momentum transfer has been extensively studied in electron-scattering experiments (theoretical uncertainties and
covariance matrices [89] for inclusive cross-sections are at the order of 10%), the details of nuclear structure, upon
which the description of specific exclusive channels depend, are far less constrained, especially in nuclei of relevance
for future experiments such as argon and oxygen. Moreover, the axial current contribution depends on nucleon
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form-factors which have to be either measured or calculated [90] from first principles. The interplay between one-
nucleon and multi-nucleon knock-out processes, as well as the role of ∆(1232) excitation, are relevant topics of current
research. In this region the ab initio nuclear calculations of several nuclei of interest have been recently performed [91],
delivering the state-of-the-art predictions together with the estimation of nuclear uncertainties. Other approximated
approaches have also been proposed, employing the Hartree-Fock method, relativistic mean field, spectral functions or
the short-time approximation. The region of O(10) MeV is also challenging. The available calculations, based on the
shell-model, or involving random-phase approximation, still deliver predictions with unquantified uncertainties. This
region is of relevance, in particular, for the correct interpretation of the signal from supernovae neutrinos, expected
to be observed by the HK and DUNE detectors. Quasi-elastic scattering is the dominant mechanism for the T2K
experiment (and future HK) and contributes to ∼ 30% of the event rates for DUNE. A failure to describe precisely
the quasi-elastic signal can lead to a biased extraction of the neutrino oscillation parameters.

Resonance region: At higher energy transfers, electroweak interactions read to final states with one or more
mesons in the final state, e.g., πN , ππN , ηN , KN . Associated strangeness production, leading to KY states with
Y = Λ,Σ, . . . , also takes place. Among these processes, single pion production stands out for its crucial role in the
energy range relevant to accelerator and atmospheric neutrino experiments, acting as either a key signal component
or as a critical background that requires precise constraints. In spite of the significant recent progress, uncertainties
of persist in modeling pion production.

The description of meson production in the resonance region is performed in terms of the effective hadronic degrees
of freedom of QCD in the non-perturbative regime. Close to threshold, Chiral Perturbation Theory allows for a
systematic improvement by computing higher-order corrections, but a theoretical description covering the whole
kinematics available with few-GeV neutrinos demands phenomenological modeling using external non-neutrino data.
Indeed, thanks to approximate flavor symmetries and the partial conservation of the axial current (PCAC), electron-
and meson-nucleon scattering provide very valuable input for the description of weak inelastic processes. In particular,
electron scattering data on hydrogen and deuterium allow the isovector and isoscalar contributions to the vector current
to be disentangled. On the other hand, PCAC relates the axial current at zero four-momentum transferred squared
(Q2 = 0) to the pion-nucleon elastic scattering amplitude (Goldberger-Treiman relations). However, the axial current
remains largely unconstrained at Q2 ̸= 0. For the most straightforward validation of the axial current, one currently
has to rely on flux-averaged cross sections obtained in bubble chambers close to half a century ago [92–94]. The bubble
chamber data are limited by statistics, and significant uncertainties due to deuteron final-state interactions [95] and
the knowledge of the absolute flux are not fully under control [96]. Modern measurements of neutrino-induced meson
production on hydrogen or deuterium would be priceless to set stronger constraints [97, 98].

The description of pion production on nuclei is further complicated by many-body physics. Significant theoretical
efforts towards the description of neutrino-induced pion production on nuclei have been reported. Some effects
that should be taken into account include nuclear momentum distributions, final-state interactions, and possible
modification of resonance properties due to in-medium effects. The latter are intimately connected to meson-exchange
currents in the nuclear medium, where the ∆ resonance plays a crucial role.

Shallow and deep inelastic scattering (SIS-DIS): In the few GeV energy region, it is important to understand
the transition region from the regime in which hadrons are the effective degrees of freedom, to the one of deep inelastic
scattering (DIS), where the dynamics of quarks and gluons is described by perturbative QCD [99]. This transition
region is commonly known as the shallow inelastic scattering (SIS) region. However, defining the exact kinematic
boundaries between SIS and DIS is challenging because it is poorly understood both theoretically and experimentally.

Extensive experimental studies in electron/muon-nucleon (e/µ-N) scattering have been conducted in the SIS region,
serving as a test bed for quark-hadron duality. In contrast, experimental measurements of electron/muon-nucleus
scattering are scarce. Due to the lack of high-statistics data across the SIS region, studies of neutrino-nucleon and
neutrino-nucleus scattering duality have relied primarily on theoretical models. Even these theoretical investigations
are limited, with only a few comprehensive studies available in the literature[100, 101]. As more precise inclusive
lepton scattering data from nucleons and nuclei become available, a rigorous verification of quark-hadron duality
across the SIS region could offer a unified description of lepton-nucleon and lepton-nucleus interactions.

In the kinematical regime of DIS, the scattering cross section can be expressed in terms of nuclear structure functions,
which are derived using QCD factorization theorems. In the weak sector, these structure functions have been primarily
investigated by two groups [102–108]. Nucleon structure functions serve as the essential inputs for determining both
the nuclear structure functions and the scattering cross section. Thus, a comprehensive understanding of nucleon
structure functions is also crucial [104, 109]. Nuclear effects of charged current deep inelastic ν/ν-A scattering are also
studied by the nuclear CTEQ (nCTEQ) collaboration by using data from the NuTeV, CCFR, CDHSW experiments
on ν/ν-Fe and CHORUS on ν/ν-Pb. The data that will be collected at the upcoming neutrino experiments at the
LHC will be fundamental in shedding light on the discrepancy between the correction factors to the nuclear structure
functions extracted in the neutrino and charged lepton scattering case.

Lattice Quantum Chromodynamics: LQCD offers an alternative strategy, complementary to existing exper-
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imental measurements, that leverages high performance supercomputing resources to provide insight about weak
interactions with nuclear matter [91, 110]. Results from LQCD have already made an impact on our understanding
of neutrino-nucleon scattering matrix elements. Computations of quasielastic (QE) scattering with complete error
budgets predicted that the QE cross section should be enhanced by as much as 30% [111–118]. Calculations of nucleon
transition amplitudes in the first resonance region are already underway and limited first results should appear some-
time within the next few years [119–124]. These calculations rely on interpolating nucleon-pion states with explicit
3-momentum. The theoretical and computational complexity of performing these calculations above the Nππ thresh-
old is likely to be prohibitively challenging [125, 126], so first results will likely be obtained from computations with
unphysically heavy pion masses. Alternative methods employing an optical theorem-like approach can provide esti-
mates of hadronic matrix elements in the shallow inelastic scattering (SIS) region of phase space [127–129]. The use of
LQCD for SIS is limited by working in Euclidean space to avoid a sign problem, since converting the Euclidean space
response to one in Minkowski space is an ill-posed problem [130–133] (but with bounded uncertainty [134]). LQCD
computations can also be carried out to indirectly extract parton distribution functions, generalized distribution
functions, and transverse momentum dependent distributions including those with axial matrix elements [135–144].

LQCD computations of hadron scattering also tell us about nuclear interactions responsible for binding into nuclei.
Calculations of pion-nucleon [145–148] and nucleon-nucleon [149–156] spectra can be mapped onto hadronic scattering
phase shifts. Fitting these phase shifts in an effective theory provides constraints on low energy constants, which can
be used as inputs to nuclear ab initio and many body calculations. From these, information about intermediate
nuclear states can be extracted for use in Monte Carlo generators.

Interplay between cross-section determination and BSM searches: Accurate predictions of neutrino–nucleus
interactions across different energy scales are essential for both uncovering and potentially obscuring signals of BSM
physics. Inaccurate modeling of reaction mechanisms may hinder our ability to effectively probe BSM phenomena.
In what follows, we discuss several BSM searches where a precise determination of neutrino cross sections plays a
critical role.

Low energy regime: CEνNS has emerged as a powerful tool for probing the existence of physics beyond the SM. The
data collected using neutrinos from spallation sources and reactors has been vastly used to search for new physics,
including non-standard neutrino interactions, sterile neutrinos, light dark matter, and new force carriers such as Z ′

bosons among others [157, 158]. The observation of CEνNS has been crucial to reject degeneracies present in oscillation
data when new neutrino interactions are considered in the form of effective operators [159, 160]. Additionally, the low-
momentum transfer involved in CEνNS makes it a key process to search for new neutrino interactions involving very
light and feebly-interacting mediators, which are otherwise difficult to probe in neutrino scattering experiments [161].
CEνNS data has also been used to set new limits on neutrino magnetic moments, charge radii, neutrino millicharges,
and to experimentally determine the weak mixing angle at very low momentum transfer [162]. Very recently, the
observation of CEνNS for solar neutrinos has also been reported by dark matter direct detection experiments, and
has already been used to search for new physics in the neutrino sector [163–165]. Additionally, CEνNS is highly
relevant in astrophysics, as it plays a crucial role in supernovae dynamics and neutron star cooling processes.

Moderate energy regime: The broad energy and baseline coverage of atmospheric neutrinos makes them ideal
for exploring various physics scenarios. In the three-neutrino (3ν) mixing framework, sub-GeV neutrinos help probe
the CP-violation phase [166], making the study of neutrino quasi-elastic interactions essential [167]. Around the
GeV scale, with neutrino scattering dominated by baryon resonance production, the matter effects in the neutrino
propagation enable to resolve the mass ordering [168–170]. At higher energies, interactions are dominated by deep
inelastic scattering, while flavor oscillations are controlled by ∆m2

31 and sin2 θ23.
A challenging but promising approach would constrain BSM non-standard or generalized interactions by combining

measurements of the neutrino cross sections on hydrogen and deuterium for specific processes with precise and reliable
predictions from LQCD used as model independent and BSM-free input for the hadronic tensor. Such a strategy,
currently applied in new-physics searches from hadronic decays and flavor anomalies, has been explored for quasielastic
and elastic neutrino-nucleon interactions in recent studies [171, 172].

Beyond the 3ν scenario, atmospheric neutrinos offer a way to explore other BSM physics. For instance, Heavy
Neutral Leptons (HNLs), that could explain the smallness of neutrino masses, couple to active states via the lepton

mixing matrix (ναL =
∑3

i=0 UαiνiL+Uα4N
c
4R). HNLs can be produced in neutral current interactions and be detected

through their decay into charged particles due to their coupling to active neutrinos [173–175]. The analysis of 10 years
of data by IceCube [176], has reached a sensitivity of U2

τ4 ∼ 0.1. HNLs might also couple to active neutrinos through
higher-dimensional operators such as the transition dipole moment, described at low energies by the effective operator
L ⊃ µtrναLσρσN4RF

ρσ, where, F ρσ is the electromagnetic tensor. The neutrino-nucleon scattering is then mediated
via photon exchange. For HNL masses around the GeV scale [173–175], it is possible to reach µtr ∼ 10−10µB .

High energy regime: FASERν’s exploration of high-energy neutrino interactions not only tests the SM predictions
but also serves as a powerful tool to uncover potential new physics. The detector’s unique position and capabilities
make it a pivotal experiment in advancing our understanding of fundamental particles and their interactions.



11

Neutrinos detected by FASERν are primarily produced from the decays of hadrons such as pions, kaons, and
charmed mesons. Studying these neutrinos enhances our understanding of forward particle production in high-energy
collisions in the laboratory, as well as of high-energy cosmic ray interactions in the atmosphere. On top of that, by
comparing interaction rates among different neutrino flavors, FASERν can assess whether the fundamental interactions
are consistent across lepton flavors, as predicted by the SM. Deviations from expected ratios could indicate new physics
phenomena. Finally, recent studies have highlighted the capabilities of FASERν in probing physics beyond the SM in
neutrino interactions. In the framework of the Standard Model Effective Field Theory (SMEFT) and its low-energy
counterpart, the Weak Effective Field Theory (WEFT), it has been shown that FASERν will constrain interactions
that are two to three orders of magnitude weaker than the SM weak interactions, effectively probing new physics
at the multi-TeV scale. In certain scenarios, the constraints provided by FASERν could be comparable to, or even
surpass, existing limits from rare meson decays and other low-energy probes.

IV. Event Generators

European institutes and laboratories play a critical role in developing, supporting, and running all of the neutrino
event generators in use today (GENIE [177], GiBUU [178], NuWro [179, 180], NEUT [181], ACHILLES [182],
FLUKA/NUNDIS [183]). With the advent of precision long-baseline experiments (DUNE, HK), large-scale atmo-
spheric neutrino experiments and neutrino telescopes (KM3NeT, IceCube, HK), short-baseline experiments (SBND,
ICARUS), collider-based neutrino experiments (FASERnu, SND@LHC), and sophisticated multi-experiment analyses
(SK+T2K, T2K+NOvA), the scope of physics which the generators have to support is significantly expanding, as has
their user base.

The range of neutrino energies needing modeling spans from 0.1 GeV to 1 TeV, while the nuclear targets vary
from hydrogen and simple hydrocarbons to argon and even heavier materials like iron. Most existing neutrino event
generators focus on the GeV energy scale—critical for accelerator-based oscillation experiments—but experimental
needs extend beyond this range. Each energy regime comes with its own unique modeling challenges that must be
addressed. For example, MARLEY is a dedicated neutrino event generator for the MeV scale and has been adopted
for all official DUNE studies on supernova and solar neutrinos. The energy transfers of interest for such studies lie
substantially below the quasielastic region, necessitating a distinct nuclear physics treatment from what is typical
in neutrino event generators designed for higher energies. However, there is presently no dedicated support for
development of MARLEY or a similar tool, and many features needed to execute real-world analyses with uncertainty
quantification are currently missing. Fully exploiting the physics potential of the future neutrino program, including
neutrino astrophysics and exotic physics searches at the MeV scale, will require additional investment in neutrino
event generator development at “nontraditional” energies.

Existing data and generator analyses have demonstrated that no generator or theory is able to explain all current
neutrino scattering data. This has necessitated experiment-specific tuning, which often spoils the ability to reliably
extrapolate in neutrino energy and target material. The challenge of reliably modeling a large range of neutrino
energy and interactions on a wide array of targets is particularly important for future joint oscillation analyses
between experiments, which will provide the strongest constraints on the charge-parity (CP) violation and neutrino
mass ordering with DUNE and HK. It is also central to experiments conducting analyses with neutrinos from different
sources (e.g. HK’s beam neutrinos combined with atmospheric neutrinos), and experiments with different nuclear
targets (e.g. components of the SAND near detector in DUNE, or the upgraded ND280 near detector in Hyper-
Kamiokande).

For the GeV-scale experiments to continue their success in the realm of high statistics, significant efforts are
dedicated to reducing the systematic uncertainties from neutrino-nucleus interactions, which is often a dominant
uncertainty. Oscillation analyses in T2K and NOvA see an impact of cross-section uncertainties on O(3− 10%), with
statistical uncertainties of O(5− 10%). For the forthcoming experiments, the statistical uncertainties will drastically
decrease to O(1− 2%), and the systematic uncertainties need to scale accordingly. Furthermore, neutrino interaction
modelling may also bias the oscillation parameters, via interaction effects masquerading as oscillation effects.

Profound collaboration with the neutrino interaction community is necessary to continue addressing these issues.
Furthermore, implementation of sophisticated neutrino interaction models also requires improvements in numerical
methods, for instance sampling high dimensional phase spaces, and utilising and developing new machine learning
techniques. Efforts have also focused on providing a common event-generator format, NuHepMC [184], which al-
lows straightforward adoption of different neutrino interaction generators into production pipelines. The format has
seen adoption by multiple generators and is being studied for deployment in experiments, such as HK. Integration
between the data and generator comparison and tuning framework NUISANCE [185] and the collider-driven Hep-
Data [186] initiative is also underway, to facilitate assessing shortcomings in generator modeling. Cross-collaboration
with collider-based efforts with the HEP software foundation (HSF) have also begun in earnest [187].



12

[1] I. Gil-Botella, S. Gollapinni, C. Marshall, S. Soldner-Rembold, and M. Sore. The DUNE Science Program. -
submission to the ESPP 2026 update, March 2025.

[2] I. Gil-Botella, S. Gollapinni, C. Marshall, S. Soldner-Rembold, and M. Sore. The DUNE Phase II Detectors. -
submission to the ESPP 2026 update, March 2025.

[3] G. Barker. European Contributions to Fermilab Accelerator Upgrades and Facilities for the DUNE Exper-
iment. - submission to the ESPP 2026 update, March 2025.

[4] J. Bian, M. Kirby, A. McNab, and L. Whitehead. DUNE Software and Computing Research and Development.
- submission to the ESPP 2026 update, March 2025.

[5] F. Di Lodovico et al. The Hyper-Kamiokande experiment: input to the update of the European Strategy
for Particle Physics. - submission to the ESPP 2026 update, March 2025.
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[157] C. A. Argüelles et al. Snowmass white paper: beyond the standard model effects on neutrino flavor: Submitted to the
proceedings of the US community study on the future of particle physics (Snowmass 2021). Eur. Phys. J. C, 83(1):15,
2023.

[158] D. K. Papoulias and T. S. Kosmas. COHERENT constraints to conventional and exotic neutrino physics. Phys. Rev. D,
97(3):033003, 2018.

[159] Pilar Coloma, M. C. Gonzalez-Garcia, Michele Maltoni, and Thomas Schwetz. COHERENT Enlightenment of the
Neutrino Dark Side. Phys. Rev. D, 96(11):115007, 2017.



17

[160] Pilar Coloma, M. C. Gonzalez-Garcia, Michele Maltoni, João Paulo Pinheiro, and Salvador Urrea. Global constraints on
non-standard neutrino interactions with quarks and electrons. JHEP, 08:032, 2023.

[161] Yasaman Farzan. A model for large non-standard interactions of neutrinos leading to the LMA-Dark solution. Phys.
Lett. B, 748:311–315, 2015.

[162] M. Abdullah et al. Coherent elastic neutrino-nucleus scattering: Terrestrial and astrophysical applications. arXiv, 3 2022.
[163] D. Aristizabal Sierra, N. Mishra, and L. Strigari. Implications of first neutrino-induced nuclear recoil measurements in

direct detection experiments. arXiv, 9 2024.
[164] Valentina De Romeri, Dimitrios K. Papoulias, and Christoph A. Ternes. Bounds on new neutrino interactions from the

first CEνNS data at direct detection experiments. arXiv, 11 2024.
[165] Pablo Blanco-Mas, Pilar Coloma, Gonzalo Herrera, Patrick Huber, Joachim Kopp, Ian M. Shoemaker, and Zahra Tabrizi.

Clarity through the Neutrino Fog: Constraining New Forces in Dark Matter Detectors. arXiv, 11 2024.
[166] Evgeny Kh. Akhmedov, Michele Maltoni, and Alexei Yu. Smirnov. Neutrino oscillograms of the Earth: Effects of 1-2

mixing and CP-violation. JHEP, 06:072, 2008.
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