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Abstract: Our knowledge of neutrino cross sections at the GeV scale, instrumental to test CP sym-
metry violation in the leptonic sector, has grown substantially in the last two decades. Still, their
precision and understanding are far from the standard needed in contemporary neutrino physics.
Nowadays, the knowledge of the neutrino cross section at O(10%) causes the main systematic un-
certainty in oscillation experiments and jeopardizes their physics reach. In this paper, we envision
the opportunities for a new generation of cross section experiments to be run in parallel with DUNE
and HyperKamiokande. We identify the most prominent physics goals by looking at the theory and
experimental limitations of the previous generation of experiments. We highlight the priorities in
the theoretical understanding of GeV cross sections and the experimental challenges of this new
generation of facilities.

Keywords: neutrino; neutrino cross sections; neutrino interactions; accelerator neutrino experiments

1. Introduction

The physics of neutrino oscillations at accelerators [1] has entered a new phase after
the approval of DUNE [2] and HyperKamiokande (HK) [3]. These facilities have an
unprecedented level of complexity, cost, and timescale, which is comparable to the most
ambitious collider experiments performed in recent decades as the B-factories or the LHC
experiments. Similar to collider experiments, the progress in the experimental sensitivity
must be matched by the progress in theory predictions to fully reap the physics potential
of the new facilities. This ideal scenario is yet to come in neutrino physics [4].

The measurement of the size of the 013 mixing angle [5-8] not only opened up this
era but also pinned down the weakest point of the strategy to measure neutrino mixing
and test the minimally extended Standard Model (vSM), i.e., the SM minimally modified to
accommodate three generations of massive neutrinos. The optimal measurement strategy
is based on high-intensity neutrino beams, whose energy is between a few hundreds
of MeV up to some GeV. This is one of the most critical regions for SM calculations of
neutrino interactions with matter and, in particular, neutrino cross sections on moderate-Z
nuclei. Furthermore, the targets of DUNE and HK are, respectively, Argon (Z = 18) and
water (Z = 1,8) and lay in the critical region because the mean energy of the DUNE and
HK beam is 3 and 0.8 GeV, respectively. As a consequence, the standard interactions of
neutrinos with matter in the most ambitious oscillation experiments under construction
nowadays are known with a precision (10-30%) that is generally inappropriate for the aim
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of these facilities: a 1-4% systematic uncertainty on the measurement of the v, — v, and
Vy — Ve oscillation probability [9].

DUNE and HK mitigate this risk with a very careful design of the near [10,11] and
far [3,12] detectors, comparing the observed neutrino interactions rates in the two locations.
Still, the time-honored near-far cancellation technique is reaching its intrinsic limitations
and the systematic uncertainty currently dominates the physics reach.

This paper addresses this issue in the most direct manner and is mirrored by the
outcome of the European Strategy for Particle Physics [13], which has pointed out such
weakness in the global effort to measure the neutrino properties. Instead of refining
the near-far cancellation technique, we discuss the opportunities and challenges of a
new generation of short-baseline cross section experiments, optimized to reach percent
level precision in the inclusive, differential, and doubly-differential cross sections. These
experiments must address the region of interest for DUNE and HK but should not be
considered only ancillary facilities of long-baseline experiments. Neutrino interactions at
the GeV scale [14] provide a wealth of information on the nuclear structure at moderate
Z and can be extended to cover the simplest nuclear system (e.g., hydrogen or deuteron)
and explore the high-Z region of relevance for high-density detectors. They are the main
driver in gaining a deeper understanding of weak interactions in nuclear physics and
provide important data for the study of nuclear structure, which can be tested against
nuclear effective theories and, in the long term, lattice QCD. We call this type of facility
a new generation of cross section experiments because major advances in this field have
been achieved by the previous generation based on dedicated experiments (SciBooNE [15],
MINERvVA [16,17], WAGASCI [18], ArgoNeuT [19], etc.), the near detectors of long-baseline
(K2K [20], MINOS [21], T2K-ND280 [22], NOvA [23]) and short-baseline experiments
(MiniBooNE [24,25], MicroBooNE [26,27]). We expect the next generation of dedicated
experiments—running on a timescale comparable with the data-taking of DUNE and
HK—to achieve major improvements on v, , v, and v, cross sections but also contribute to
the short-baseline program for the search of physics beyond the vSM.

Section 2 reviews the state of the art: the main achievements on cross sections in the crit-
ical few-GeV region, the precision reached so far and prominent open issues. In Section 3,
we anticipate the improvements that can be gained by the Near Detectors of DUNE, HK
and, possibly, ESSvSB [28,29] exploiting the high-intensity, moderate precision, beams used
in future long-baseline experiments: LBNF for DUNE, JPARC for HK, and the European
Spallation Source for ESSvSB. High-precision beams of moderate-intensity are discussed
in Section 4 with special emphasis on monitored neutrino beams (NP06/ENUBET [30])
and muon beams (nuSTORM [31]). A review of optimized detectors for high-precision
cross section measurements and their physics reach is presented in Section 5. Finally,
we summarize the perspectives for this new generation of experiments to be run in the
DUNE/HK era in Section 6.

2. The Current Generation of Cross Section Experiments and Their Impact on
Neutrino Oscillations

In contemporary particle physics, neutrino cross sections play two major roles. They
provide ancillary information to extract the oscillation probabilities and, at the same time,
probe the nuclear media employing pure weak processes: v, vy, V71 and—if neutrinos
are Dirac particles—their right-handed (RH) antiparticles. Here, L indicates the left-handed
(LH) chirality component of the neutrino fields in the vSM. For the class of experiments
considered here, the cross sections are the same even if neutrinos are Majorana particles,
where the 7 states can be replaced by the RH Majorana state vy for each flavor (vegr, vyr,
vrr). For the sake of definiteness, we will assume Dirac neutrinos in the rest of the paper.

The ancillary role of neutrino cross section is particularly evident in oscillation experi-
ments aimed at measuring the oscillation probability of Py, y, (E, L) as a function of the
neutrino energy E and source-to-detector distance, the baseline L. For the case of DUNE
(L ~ 1300 km) and HK (L ~ 295 km), v;, — veand v;, — v, are of paramount importance
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to establish CP violation in the neutrino sector and the number of v, charged-current (CC)
interactions observed far from the source is

Nip = M [ dE[95P(E) ec(E) v (E)P(y = ve) + @0 (B)eumeon, (B)] (1)

where M’ is the number of scattering centers (proportional to the mass and material of
the detector), 475;? (E) is the total flux integrated during the data taking at L by the Far
Detector (FD), and €.(E)oy, (E) is the visible cross section, i.e., the cross section corrected
by the efficiency of the detector. €, is the misidentification probability of tagging a
vy as a v, e.g., due to neutral-currents (NC) events or non-reconstructed muons. For low
precision experiments (>5% systematic uncertainty), the uncertainties on the flux and the
cross section times detector efficiency can be removed by an identical detector located at
short L, where oscillation effects are negligible, the Near Detector (ND). For the ND, the
v, CC events provide an estimate of the initial flux

Nip = My / dE ¢)P(E)e,(E)ay, (E) )
and the v, CC events measure the v, contamination at source:
Nip = Ny [ dE[9P (E) €e(E) 0. (E) + 9)P (E)eye(E)ey, (). )

In this way, the main contribution to the systematic uncertainty should come only

from the

€e(E)oe(E)

€u(E)oy(E)
ratio [32] and is strongly mitigated by the lepton universality, i.e., the statement that
0e(E) = 0, (E) except for calculable kinematic corrections. Unfortunately, such an elegant
solution does not work at < 5% level. The ND and FD are not perfectly identical. Their
efficiencies are different (eNP # €''P) both for v, CC and vy, CC. Furthermore, P, (E) and
¢v, (E) are different at the near and far location beyond the expected geometrical reduction
(¢ ~ L=2) because the ND integrates the flux in a much larger neutrino phase-space. The
solid angle seen by the ND is much bigger than the FD and this phase mismatch requires
corrections both on flux normalization and energy spectrum, which, in turn, increase the
systematic uncertainty.

It is worth noting that flux, efficiencies, oscillation probabilities, and cross sections
are all functions of the neutrino energy E. The neutrino energy is not known a priori
and must be reconstructed event-by-event by the final-state particles of the neutrino
interaction in the detector. This reconstruction is not possible in NC events because of
the outgoing neutrino and troublesome in CC events every time a final-state particle is
missed or misreconstructed. Again, this procedure generates a bias affecting the measured
oscillation probability. As a consequence, assuming priors on the neutrino beam (Monte
Carlo simulation of the beamline), cross sections (neutrino-nucleus models), and detector
response are mandatory even after the near-far comparison. These priors, clearly, are not
free of systematic uncertainties.

Along the same line, there is little hope to predict the vSM interactions with matter
starting from theory, and all advances in this field require a sophisticated interplay between
model-building and high-precision cross section measurements.

4)

2.1. Standard Candles

vSM provides firm predictions only for elementary fermions. For any realistic experi-
ment at accelerators, this limitation impedes any ab initio calculation of scatterings except
for purely leptonic processes.
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The v, e~ — p~ v, scattering is a purely leptonic v, CC process with an outgoing v,.

The process is called inverse muon decay. The differential cross section in vSM is:
do _ Gt Ey
daQ  n2m, Ey,

|Ev, By — By, K| cos 0 + meEy — m?]. 5)

In Equation (5), Gr is the Fermi constant, k' is the three-momentum of the final-state
muon measured in the laboratory frame (LAB) and 6 is the corresponding scattering
angle with respect to the direction of the incoming neutrino. Unfortunately, the kinematic
threshold for the inverse muon decay is very large:

2 2
miy, —m
thr _ M e
E, = “om © 11 GeV 6)
and this process is not particularly interesting in the DUNE/HK region. ¢, .- -, /E
was measured at CERN and Fermilab with a precision of about 6% up to 600 GeV [33].
vy e~ — vy e is the threshold-less neutrino-electron scattering corresponding to an
elastic scattering of neutrinos mediated by a ZY, i.e., a neutral current. The tree-level cross
section is:

dr _ G (B
dQ  4n2m, E,
+(8% — 84)*(Ev + me — E;)(E, — [p'| cos )

—me|(89)2 + (85)?] (me — Eé + |p'| cos )] )

(8% + &%) (EuEL — Ey[p'| cos 0 + meEf — m?)

Again, Gr is the Fermi constant, p’ is the three-momentum of the final-state electron
in LAB and 6 is the corresponding scattering angle with respect to the direction of the
incoming neutrino. gf, = —% +2-5in%0, and g4 = —% are the Z0 couplings to the electron,
where 6, is the Weinberg angle. This process was tested by several experiments at CERN,
BNL, and Fermilab and the cross section turned out to be in good agreement with the vSM
expectations. In particular, the CHARM experiment provides a total cross section of [34]:

o(vye ) =22+£04+04x1042E am’
pe ) mesmRa Y Gev
2

Ve ) =16+03+03x 1072 E, T
o(ve™) 6+03£0.3x10 Y GV

where E, is the neutrino energy in GeV. Note that, in the DUNE/HK region, this cross
section is ~1000 times smaller than the v;,-nucleon cross section. Since this process is
elastic, all kinematic variables are accessible to the experimentalist if the detector can
identify electrons, measure their energy E, = \/|p’|?> + m2, and the 6 angle. The incoming
neutrino direction can be considered constant (6 ~ 0) if L is sufficiently large. Applying
four-momentum conservation for a neutrino with four-momentum p, = (E,,0,0,p) ~
(p,0,0,p), an electron at rest in LAB (p, = (m,,0,0,0)), and neglecting the electron mass,
we get:

me(1 —T./E,)

E.

where T, is the electron kinetic energy. As a consequence, the energy and direction of
the electron provide the value of E,. The v, may contribute with an elastic v, e~ — ve e™
scattering that includes both the exchange of a W* and a Z°, that is both the CC and
NC contributions mentioned above. However, v, are always much less than v;, (<5%) in
conventional accelerator neutrino beams and the CC contribution is negligible.

The v, e elastic scattering is the most prominent example of standard candle, a process
that is predicted with outstanding precision by the vSM and can be used to constrain ¢y, (E).

1—cosf =

®)
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A precision test of this channel to a level comparable with the theoretical predictions is out
of reach at the GeV scale and is generally used at other energies to test the vSM and perform
independent measurements of the Weinberg angle. On the other hand, it is an important
tool to measure the flux in very high-intensity beams [35]. In the current generation of
experiments, this technique has been employed by MINERVA to constrain the neutrino
flux from 2 to 20 GeV accumulating 810 events. The theory uncertainty on the expected
vy flux normalization was reduced from 7.6 to 3.9% [36].

2.2. Neutrino-Nucleus Scattering

Going from elementary particle scattering to neutrino-nucleon or neutrino-nucleus
scattering represents a major theory challenge. The scattering of the elementary fermions
(neutrino-quark) described by the vSM must be corrected by the presence of the spectator
quarks, sea quarks and gluons, which impact both the formation of the final state hadrons
and their reinteraction in the nuclear medium. In this section, we summarize the main
achievements reached by current experiments: they allowed us to correct for the sizable
tensions between model predictions and experimental data and shed new light on the
complexity of the process. A complete ab initio calculation would require a lattice QCD
treatment that is still far-fetched, even if lattice QCD already provides interesting informa-
tion on specific topics [37]. On the other hand, effective models have reached a high level
of sophistication boosted by a large amount of data currently available, cross-fertilization
between the experimental program and model refinement, and the pressing needs of
oscillation experiments at accelerators.

The double-differential cross section describing a neutrino-nucleus scattering is [4]:

d’c G2 cos®Oc |K/|
— Ty wmy
dQyde eV @) ©)

where Gr is the Fermi constant. The variables describing the
v+A—=>1"+X (10)

process are the solid angle of the final state lepton (), its three-momentum k’ and the
energy w transferred by the neutrino to the nucleus. In Equation (10), / is a charged lepton
(e, 4, T) and v; the corresponding neutrino, A is the target nucleus and X is a generic set of
outgoing particles. w = E, — EJ is the difference between the initial-state neutrino and final-
state lepton energies. We can then write the initial neutrino four-momentum as k = (E,, k),
the final-state lepton four-momentum as k' = (E;, k'), and define the four-momentum
transferas g =k — k' = (w, q).

The vSM provides an exact expression for the leptonic tensor L, because leptons are
elementary fermions. For an incoming neutrino:

Ly = 8(kukl, + kuki, — guuk - K — i€ yapk®k'P) (11)
while for an incoming antineutrino is
L’w = S(kyk:/ + kvk;l - gyvk k' + ieyvaﬁk“klﬁ) (12)

i.e., the neutrino leptonic tensor has a minus sign in front of the Levi-Civita tensor. On
the one hand that is great news because the main cause of the neutrino-antineutrino
asymmetries is located in the analytical part L, of the cross section. This sign difference
implies that the various components of the hadronic tensor weigh differently in the neutrino
and antineutrino cross sections. The name of the game is the evaluation of the hadronic
tensor, which mixes up the hard weak-scattering with non-perturbative QCD and nuclear
dynamics effects. The simplest process (one particle-one hole, “1p-1h”) is the excitation
that brings one nucleon of the nucleus to a higher nuclear level leaving a hole in the
nucleus ground state configuration. If the energy and momentum transfer are smaller than
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the production threshold of the lightest hadron (the pion), this process corresponds to a
quasielastic (QE) scattering where X is the final state nucleus. Otherwise, X is a generic set
of hadrons, which generally include the final state nucleus and a few light hadrons or a
real hadron cascade, the deep-inelastic scattering (DIS). The hadronic tensor can hence be
expressed as:

W (q,w) = Wi, (q,w) + W (q,@)apn + Wi, (@) + .. (13)

accounting for quasielastic (“1p-1h”) multiple nucleon excitations (two-particles two-holes,
“2p-2h”), pion production and higher inelastic channels. According to Equation (9) the
above decomposition holds for the cross section.

The current generation of experiments has shown that the challenge of describing
WH and the cross sections has been overly underestimated. A large part of the difficulties
is related to the fact that the neutrino beams are not monochromatic but wide-band.
Hence, the full reconstruction of kinematics of the neutrino-nucleus reaction is impossible
without assumptions. The cross sections in terms of traditional kinematic variables, like
the transferred energy w or the square of the 4-momentum transfer Q%> = —g? in the case
of electron scattering, are replaced for neutrinos by the neutrino flux-integrated differential
cross sections on direct observables, such as:

o 1 [ a o
A0y dE] — [®(E,) dE, A0 dw ] g, g

®(E,). (14)

In this type of cross section, for fixed values of the measured variables E; and Oy,
one explores the whole (w,|q|) plane where the different terms of the hadronic tensor
live, hence all values of the energy transfer w contribute to the cross sections. In other
words, since E, = E| + w, for a given set of values of Ej and Oy one explores the full energy
spectrum of neutrinos above the charged lepton energy. A crucial aspect related to this point
is that all the reaction channels (quasielastic, 2p-2h, pion production,...) are entangled
and isolating a primary vertex process from the measurement of neutrino flux-integrated
differential cross section is much more difficult than in the cases of monochromatic (such as
electron) beams, where the quasielastic and the A-resonance bumps as well as the so-called
“dip”-region, populated by 2p-2h contributions, can be easily distinguished.

In the following, we describe three prominent cases, where the amount and quality of
new cross section data allowed us to grasp the complexity of nuclear media and inspired
new interpretations, although a complete understanding is yet left to the next generation
of experiments.

2.3. Quasielastic Region and the Axial Mass

Elastic neutral currents (v; + A — v; + A) and quasielastic charged currents (v; + A —
I~ + A’), where the final state is a lepton of flavor I = ¢, j1, T, are virtually the simplest
neutrino-nucleus scattering. An even simpler interaction mode would be the elastic
and quasielastic neutrino-nucleon scattering. Even today, however, our experimental
knowledge of these basic nucleon processes is limited to a set of experiments carried out
with deuterium from 1981 to 1983 [38—40] and early results on liquid hydrogen, plus the
ancillary data from electron-nucleon scattering. The quasielastic cross section on nuclei
plays a leading role in many neutrino oscillation experiments, especially in T2K/HK that
employ water both as a target and a Cherenkov radiator and use quasielastic kinematics-
based method to reconstruct the neutrino energy. QE are the main process of interest in
ESSvSB [28,29,41] where the mean energy is just 0.2 GeV.

The different components of the hadronic tensor W*'(q, w) contain the vector and
axial form factors (related to the nucleon properties) and the response functions, or structure
functions (related to the nuclear dynamics). Concerning the form factors, the conserved
vector current hypothesis allows us to apply the vector (electric and magnetic) form factors
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measured in electron scattering to neutrino scattering. The axial form factor instead is
usually described by a dipole parameterization

@\~
Ga(Q%) = Ga(0) (”w) , (15)

A

where G4 (0) = GA(Q? — 0) = g4 = 1.2756 4= 0.0013 is extracted from neutron B-decay [42].
The form factor thus runs toward the energies of interest for neutrino oscillations at
accelerators (0.1-10 GeV) through an empirical constant called the axial mass M,. Before
precision neutrino data on nuclei were available, this value was considered quite stable
around [43]

M, = 1.026 £0.021 GeV, (16)

a value extracted from charged current quasielastic experiments on deuterium bubble
chambers [39,40,44,45] and confirmed by the few-GeV data from NOMAD [46] on car-
bon. However, modern neutrino scattering data on carbon at lower energies coming from
K2K [20], SciBooNE [47], and MiniBooNE [25] seemed to suggest larger values of the
axial mass in contradiction with the previous one. In particular, the MiniBooNE data,
the first-ever neutrino flux-integrated double differential cross sections in terms of the
measured muon variables, could be reproduced by calculating the nuclear response func-
tions using the relativistic Fermi Gas model and increasing the axial mass to the value
My = 1.35(£0.17) GeV, revealing a substantial discrepancy. The introduction of more
realistic theoretical models for the nuclear response functions assuming the validity of
the hypothesis that the neutrino interacts with a single nucleon in the nucleus did not
change this conclusion [48]. This contradiction brought to a reconsideration of the physical
meaning of My, its interplay with the nuclear models employed to describe the nucleus,
and, even more, the experimental biases. In particular, it was suggested [49] that the
glaring inconsistencies between models and data recorded by MiniBooNE were due to
a missing component in the modeling of the cross sections: the reaction mechanism of
multinucleon (2p-2h) excitations due to short-range nuclear correlations, meson exchange
currents and their interference (also called one nucleon-two nucleon interference). Thus,
what MiniBooNE published was not genuine quasielastic data. To avoid further ambigui-
ties on signal definition, starting from the T2K measurement of Ref. [50] (see Figure 1) data
are no more classified in terms of the initial vertex of the reaction, which would require
largely model-dependent background subtraction in the data analysis since the various
reaction mechanisms are entangled in the neutrino cross sections. Data are now classified
in terms of final state particles, such as “1 muon 0 pion and any number of protons”, the
so-called zero-pion CC (077-CC) events which include also the 177-CC vertex contribution
if the final pion is not detected. Examples of cross sections measurements with the same
signal definition are the ones of Ref. [51] for MINERVA and of Ref. [52] for MicroBooNE.
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Figure 1. The T2K 071-CC v;, double-differential cross sections measured in 2016. The flux uncertainty
is shown in the gray area and the distributions are compared with the models of Martini et al. [49,53]
(red solid line) and Nieves et al. [54,55] (red dotted line). Reproduced under CC-BY-3.0 licence
from [50]. Copyright 2016 American Physical Society.

The MiniBooNE experience also boosted the development of neutrino scattering gener-
ators that embed several (switchable) models plus the features needed by the experiments
to provide mock data samples. These generators and the associated community effort [56]
are one of the most valuable outcomes of dedicated cross section experiments.

2.4. Pion Production and the Resonance Region

The region of interest for long-baseline neutrino oscillation experiments is one of the
toughest from the point of view of cross section calculations. A 4-momentum transfer
greater than the pion production threshold creates light mesons that may re-interact in the
nuclear medium being re-absorbed or producing new particles. This region is called the
resonance (RES) region because pions are generally produced by the strong decay of nuclear
resonances toward the nucleus ground state [14]. The same experimental data that became
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available in the last two decades and challenged the evaluation of M 4 have unveiled the
obsolescence of the semi-empirical models used by early generators in the RES region. This
is particularly true for the time-honored Rein-Seghal model used as the standard reference
up to ~2010 [57]. The new approaches and models that address these items cannot be
properly disentangled without high-precision flux-integrated differential cross sections.
Here, the large statistics needed for single or doubly differential cross section measurements
must be deconvoluted by detector biases (unobserved pions) and uncertainties in the flux
shape. These procedures can be carried on only to a limited extent. Ideally, they would
require dedicated facilities where the flux is known with unprecedented precision and
the detector migration matrix is extracted independently. Decoupling o€, from ¢, can
be achieved by, e.g., using complementary detection techniques on the same beam and,
possibly, the same target as, for instance, liquid argon versus gas argon detectors [10]. Again,
this is a goal that has inspired a new generation of experiments in the DUNE/HK era.

2.5. Biases in the Determination of Oscillation Parameters

It is unfortunate that intense accelerator-based neutrino sources are indeed sources
of v, only, plus a percent contamination of v, and that the “antineutrino” runs are heavily
polluted by v,,. In turn, neutrino oscillations measurements mostly rely on v;, — v, and
Vy — V. transitions. The v, total cross section is measured at >20% level [58-62] and no
measurements are available on v, . As a consequence, the measurement of the oscillation
probabilities only relies on lepton universality and takes ¢y, (E) = 0y, (E) and 03,(E) =
0y, (E) for granted except for radiative corrections arising from the electron and muon mass
difference. Other phase-space effects propagate in the second-class vector current and are
non-negligible in the systematic uncertainty of long-baseline experiments [63]. This bias
is amplified by detector effects, where the reconstruction of the neutrino energy in v. CC
events and the purity of the selected sample differ from the ideal case of lepton universality.
These effects include differences in the neutrino spectrum, the detector response between
ND and FD, the reconstruction of the neutrino energy, and the large energy spread of the
neutrino beam. A quantitative study of the corresponding systematic uncertainty based on
data from current facilities is detailed in [4,56,64]. Once more, designing high-precision
facilities [65] to decouple 0y, (E) from €y, (E)oy,(E) or, at least, perform a high precision
measurement of €,, (E)oy, (E) using the same target as the long-baseline experiments (water
or liquid argon) would be a remarkable asset.

2.6. Open Issues in the Theoretical Understanding of Cross Sections

As already mentioned, the MiniBooNE experience led the community to focus on
neutrino flux-integrated differential cross sections in terms of the final state topology of
the reactions. Furthermore, after the suggestion [49] of the inclusion of 2p-2h excitations
mechanism as the likely explanation of the MiniBooNE anomaly, the interest of the neutrino
scattering and oscillation communities on the multinucleon emission channel rapidly
increased. This channel was not included in the generators used for the analyses of
the neutrino cross sections and oscillations experiments but turned to be crucial in the
reconstruction of neutrino energy via QE-based method [55,66-69]. The effort of the
theoretical community particularly focused on this channels. Many theoretical calculations
of CCQE+2p-2h and CCOr flux integrated differential cross sections have been performed
by different groups [54,70-87]. Nowadays several calculations agree on the crucial role
of the multinucleon emission in order to explain the MiniBooNE [24,25], T2K [50,88-91],
MINERVA [51,92] and MicroBooNE [52] cross sections. Nevertheless there are some
differences on the results obtained by the different theoretical approaches. An illustration
of the amount of the differences between the results obtained by different theoretical
approaches for the CCQE and the CCQE+2p-2h is given in Figure 2 where the T2K flux-
integrated double-differential cross section on carbon is shown as a function of the muon
momentum for 0.85 < cos 6, < 0.90 and it is compared to the experimental CCOrr T2K
results, already introduced in Figure 1.
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Figure 2. Comparison between different theoretical predictions of the CCQE and CCQE+2p-2h T2K
flux-integrated muon neutrino double-differential cross section on carbon as a function of the muon
momentum for 0.85 < cos ), < 0.90. The experimental CCO7 results of T2K [50] are also shown.The
results of Lovato et al. are taken from Ref. [87]. The results of of Martini et al. [49] and Nieves et al. [93]
appear in Ref. [50]. The Megias et al. results are taken from Ref. [76]. The Mosel et al. results are taken
from Ref. [83] where the pion absorption contribution (not shown in this figure and in any case relatively
small for the angle bin considered here) is also separately plotted. The Van Cuyck et al. results are taken
from Ref. [86].

At the present level of experimental accuracy quantifying the agreement between
the T2K data and the different models is not evident; the uncertainties are too large
for any conclusive statement. However, even if a one-to-one correspondence between
the different exclusive channel contributions of different theoretical calculations is not
always possible (for example short-range correlations are considered as part of genuine
QE in the approaches of Refs. [76,87], while they are separately calculated as part of
the 2p-2h excitations in the case of Refs. [49,83,86,93]), we can consider Figure 2 as an
illustration of the fact that also T2K data seems to prefer CCQE+2p-2h with respect to pure
CCQE calculations.

A more complete comparison between different theoretical predictions, Monte
Carlo [94-96], and the data is published in Ref. [90]. In this work, the T2K flux-integrated
double differential CCO7r cross sections, for muon neutrino and antineutrino are given,
as well as their combinations important for CP-violation investigations. From Figure 2
and Ref. [90] it turns out that although the trends of the theoretical calculations are similar,
some significant differences remain, including even differences between calculations of the
same category, such as the ones of Martini et al. [49], Nieves et al. [93]. These differences
are illustrated for instance in Ref. [4], where a comparison is shown between data and
predictions of models which calculate several neutrino and antineutrino MiniBooNE, T2K,
and MINERVA flux-integrated differential cross sections. Moreover, the approximations
made by the different groups in the treatment of 2p-2h excitations are also discussed in
this work.

A particularly important region is the one of very forward muon scattering angle.
Here not only the different theoretical models and Monte Carlo show differences among
them but also they globally overestimate the data. This is the case of the CCOmr T2K
cross sections [50,90] (as it appears for example in the 0.98 < cosf, < 1.00 panel of
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Figure 1), of the T2K CC inclusive cross sections of Ref. [97], characterized by an increased
angular acceptance and higher statistics with respect to the ones of Ref. [98], and of the
MicroBooNE CC1p07r [26] and CCO7r [52] cross sections on argon. A deeper understanding
of the very forward region is important for CP-violation experiments and should be
further investigated. For example, by analyzing neutrino scattering in the giant-resonances
and quasielastic region for fixed values of neutrino energy, it has been raised [73] and
investigated [99-101] the surprisingly dominance of the v;, cross sections over the v, ones
for small scattering angles.

Several reasons contribute to the difficulty of a precise modeling of the flux integrated
differential cross sections in the very forward region:

¢ The Pauli blocking effects play a significant role [77,79,101];

¢ The giant resonances, neglected by many theoretical models, contribute to the cross
Section [102];

*  The neutrino cross sections, in general dominated by the spin-transverse response,
becomes sensitive to the spin-longitudinal one which is characterized not only by
low-energy giant resonances but also by high-energy collective states such as coherent
mixture of A-hole states and pions [72,103];

. Even in neutrino beams, such as T2K/HK and MiniBooNE/MicroBooNE, which
induce nuclear excitations dominated by quasielatic, 2p-2h and 17t production, higher
energy excitations up to the DIS contribute, as illustrated for example in Refs. [75,82].

The ultimate goal should be the development of a theoretical unified approach for the
treatment of all nuclear excitations, from low-energy giant resonances to DIS. For the
moment flux-integrated differential cross sections calculations are available from QE to DIS
in the case of the GiBUU [104] implementation of the transport theory [81-83] and from
and from QE to 1 pion production induced by A-resonance excitations in the approaches
of Martini et al. [49,70,72], Nieves et al. [54,75,93] and SuSA/SuSAv2 [76,80,105-107].
Promising approaches exploiting the factorisation of the nuclear cross section, based
on spectral functions [108-111] and superscaling [80,107] have already been extended
to inelastic region beyond A-resonance and employed to investigate electron scattering
and neutrino cross sections for fixed kinematics and as a function of the neutrino energy.
Neutrino flux-integrated differential cross sections represent the next step.

The developed theoretical nuclear models should not only cover different reaction
channels and kinematics but also be applicable to various nuclear targets. If many calcu-
lations exist for the doubly magic N = Z nuclei '2C and 'O, the effort to investigate the
40 Ar started only recently [80,82,112-120] and often it requires formal generalization of the
existing approaches, being the 4 Ar an open-shell nucleus with N # Z.

Precise predictions and measurements of hadronic final states represent another very
important next step. The community is moving toward to this path. Beyond the inclusive
cross section, largely discussed above, where only the outgoing lepton is detected, there
is a rapidly increasing interest on the semi-inclusive cross section, which corresponds
to detecting in coincidence the outgoing lepton and an hadron (or a system of hadrons),
and on the exclusive cross section, corresponding to the simultaneous detection of all
the final scattering products. The last two processes are more challenging from both
experimental and theoretical points of view. In recent years, the community has focused
in particular on semi-inclusive reactions where a muon and one proton are detected in
the final state since they can be used to identify relevant nuclear effects related to both
the initial state dynamics and to final state interactions, as well as to 2p-2h excitations.
Special attention has been paid to the study of kinematical variables obtained by projecting
the final lepton and the ejected nucleon momenta on the plane transverse to the neutrino
beam. The cross sections in terms of these observables, called Single-Transverse (Kinematic)
Variables (STVs) or transverse kinematic imbalances (TKI) [121], are useful to enhance
some nuclear effects, and therefore discriminate between different models. T2K [122]
and MINERVA [123,124] measurements have been published in terms of these variables.
Semi-inclusive CC1p07t cross sections function of muon and proton kinematics have been
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published also by MicroBooNE [26,52]. The theoretical investigation on semi-inclusive
cross sections [85,86,125-129] and on transverse kinematic imbalances [75,120,130] are only
at the beginning, as well as the studies related to the emission of nucleon pairs induced by
meson exchange currents and short range correlations [85,86,131,132].

Semi-inclusive processes characterized by the detection of one muon and one pion in
the final state deserve also further deep investigations. In this case data-theory agree-
ment remains very unsatisfactory. Nowadays there is no model which can describe
MiniBooNE [133,134], MINERVA [135,136] and T2K [137] data simultaneously. For ex-
ample, the model of Refs. [138,139] allows to get a reasonable description of MiniBooNE
data but over-predicts the MINERVA ones and lacks forward pions in the case of T2K. On
the contrary, the models of Refs. [140-142] and Refs. [143,144] reproduce well the shape
and strength of the MINERvA and T2K data but underpredict the MiniBooNE ones. This is
the so called “pion puzzle”. The complications of pion data analyses lay not only on their
primary production models, but also on the pion final state interactions and on the fact that
all hadronic processes related to shallow inelastic scattering (SIS) and DIS regions have to
be modeled correctly, another major challenge [4,56,145,146].

3. Learning from the Next Generation of Near Detectors

The near detectors of long-baseline experiments like NOvA and T2K have been instru-
mental to improve our knowledge of cross sections and unveiled a complexity that was not
suspected at the time of the discovery of neutrino oscillations. The new generation of near
detectors for DUNE and HK will exploit mega-watt class beams even if the level of control
of these beams (diagnostic, flux, flavor at source, v, and wrong-sign contamination, etc.)
will be comparable to their predecessors. Since systematics is the main limiting factor to
CP sensitivity both in DUNE and HK, the corresponding collaborations are devising a near
detector complex much more complete than what has been done in the past. It is worth
stressing, however, that the main aim of these detectors is to minimize the uncertainty on
the measurement of unoscillated v;, and v, interactions, that is the difference in the number
of expected events if no oscillation occurs. If the near and far unoscillated rates were identi-
cal, the near-far difference as a function of the energy would provide a measurement of the
oscillation probability free of systematic uncertainties. This goal is not equivalent to cross
section measurements even if cross sections play a major role. Cross section measurements
are thus a byproduct of the DUNE/HK systematic mitigation strategy and reap the lessons
learned by NOvA and T2K.

For the sake of illustration, we detail what the DUNE near detector (ND) complex [10]
can offer to the physics of neutrino cross section, identify its strength and point out to
possible limitations. Similar considerations hold in a narrower energy range for Hyper-
Kamiokande.

The DUNE ND complex is shown in Figure 3 and it is made up of three subsystems:

®  SAND: an on-axis detector based on the KLOE magnet and calorimeter complemented
by a low-density tracker;

¢ ND-LAr: a non-magnetized liquid argon TPC capable to stand the high neutrino rate
of the DUNE beam;

¢ TMS: a muon catcher that closes the kinematics of v, CC events in the liquid argon.
In a second stage, this muon catcher will be replaced by a magnetized high-pressure
argon TPC (ND-GAr) inside a superconducting solenoid.
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ND-LAr Detector
ND-GAr Detector

Figure 3. Left: Overview of the DUNE near detector complex with the gas argon TPC replacing the
TMS. Right: the HyperKamiokande Intermediate Water Cherenkov Detector.

The expected rates at ND-LAr is 10° v, CC and about 2 x 10 v, CC per year. Similarly,
the expected rate in SAND is 10” v, CC and =~ 2 x 10° v, CC per year. The liquid argon
TPC and the muon catcher (or the gas argon TPC) are movable detectors that run in the
horizontal plane perpendicular to the beam. In this way, DUNE can monitor its beam
both on-axis and off-axis. Unlike current systems like the on-axis INGRID detector and
the off-axis ND280 detector at T2K, the off-axis detectors can span from 0 m (on-axis) to
30 m far from the beam axis. They can thus implement the PRISM technique [10,147] to
sample the neutrino flux at several angles and, hence, at several energies. The combination
of these data provides a faithful representation of the unoscillated ¢y, (E)ov, (E)ey, (E) and
¢v, (E)oy, (E)ey, (E) at the far detector in South Dakota. This strategy is also envisaged in
HK with a water Cherenkov detector located at about 1 km from the source and moving in
the vertical plane perpendicular to the beam axis (1-4°) [147] as shown in Figure 3, right.

The triple product flux x cross section x efficiency in multiple energy bins is the main
observable to cope with the DUNE and HK systematics due to the near-versus-far difference.
The triple product can be partially deconvolved to attain information on the cross sections.
The main tool for deconvolution is an independent measurement of the neutrino flux.
DUNE and HK are planning to exploit the aforementioned standard candles: the neutrino-
electron scattering and the low-v events [148]. In the most aggressive scenario, standard
candles combined with the classical techniques to reduce the v, flux systematics (beam
simulation and hadroproduction) might achieve a precision of 2-3%, especially in the
low-density detectors: SAND and the gas argon TPC in DUNE, and the upgraded ND280
in HK. The v, flux systematics cannot be estimated with standard candles due to the low
flux of v, with respect to v;. Its estimated uncertainty ranges from 7% to 10%, depending
on whether DUNE runs in neutrino or antineutrino mode. Unfortunately, the PRISM
technique is not enough to cancel the near-versus-far systematics even if it is an important
mitigation tool. The main obstruction is the neutrino energy reconstruction that is still
obtained by the reconstructed final state particles in the neutrino detector. Citing Ref. [10],
PRISM “will minimize uncertainties in the extracted oscillation parameters arising from
the spectral differences as implemented in the imperfect interaction (cross section) model.
... DUNE will need a vibrant program of cross section measurements as input to that work”.
The near detectors themselves can perform some of these measurements comparing the
double-differential cross sections measured in the liquid argon with theory expectations
and tuning the corresponding Monte Carlo codes. Figure 4 shows the impact on the CP
sensitivity assuming modest (1 bias) and conservative (5 bias) biases in the interaction
models [10].
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Figure 4. Impact on the DUNE CP sensitivity from uncertainties in the neutrino interaction models.

Decoupling the detector efficiency €y, (E) and ey, (E) from the corresponding cross
section in the triple product is a major challenge. The most direct approach is measuring the
same cross section with a high-density and low-density detector simultaneously. Ideally,
the medium should be the same to avoid additional biases due to the Z dependence of
nuclear reinteraction effects. In DUNE, this is the rationale of using simultaneously a
liquid argon and gas argon TPC, provided that the flux decoupling is performed at the
percent level. A compromise is to use detectors with the same target nuclei interspersed
by high-precision trackers. This is done in HK combining the measurement on carbon
and oxygen (ND280 and WAGASCI) with the measurement in water (IWCD, NINJIA,
ND280-FGD2 water layers). In DUNE, besides the gas/liquid argon TPC, the SAND and
liquid argon TPC data can be combined, as well. At present, however, none of these studies
have been performed at percent level precision.

Tuning the neutrino interaction models with data is not equivalent to building reliable
models, which should be based on low Z (hydrogen or deuteron) targets and scaled
up to argon and oxygen. No near detector is equipped with these devices but SAND
could perform some of these studies looking at the transverse momentum imbalance and
exclusive state reconstruction, already introduced in Section 2.6, to isolate samples of
events enriched in interactions on hydrogen within a hydrocarbon target. This technique
has been proposed by several authors [121,149-151] and recently used with the T2K near
detector data in [152]. The systematic uncertainties associated with the subtraction of the
non-hydrogen components of the target (mostly carbon) are under evaluation.

4. A New Generation of Neutrino Beams

As discussed in Section 3, the disentangling of the flux, cross section, and efficiency
triple product is not fully accomplished either by current experiments or by the forthcoming
near detectors and deserves a dedicated facility. This facility will be the core of a new
generation of cross section experiments capable to provide firm guidance to model builders
instead of tuning approximate models with data.

The first hindrance toward high-precision cross section measurements is the uncer-
tainty on flux. This is a prominent motivation for a new generation of short-baseline beams,
which can provide controlled fluxes at a level unattainable in the near detectors of Section 3.
The MINERvVA experiment performed the best measurement of the flux in the 1-10 GeV
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range on the NuMI beam [153] and showed that classical tools like GEANT4/FLUKA
simulations combined with beam and muon monitors can achieve a precision of 10-25%
depending on the energy. By including hadro-production data the uncertainty can be
reduced to 5.4%. By using an independent measurement as the v, e™ scattering for the
integrated flux the precision of cross section measurements in MINERVA can be further
improved: the experiment was able to reduce such uncertainty from 7.5% to 3.9% by using
the v, + e~ — v, + e~ scattering which is characterized by a purely leptonic cross section
known with great precision [36]. This technique can be used in DUNE and HK as well.
However, it will reach its intrinsic limitation (detector systematics on vy e scattering and
hadroproduction data) most likely at 3% level and will not provide information on the v,
flux since their high-intensity neutrino beams are almost completely made of v;,.

4.1. Momnitored Neutrino Beams

A facility like the one envisaged by the NPO6/ENUBET project addresses directly this
problem. It aims to monitor a neutrino beam by measuring associated charged leptons
produced in a narrow-band meson beam. Large-angle leptons from kaon decays are
recorded in an instrumented decay tunnel while the neutrino travels toward the neutrino
detector. Since we produce a neutrino for each lepton in the tunnel, lepton counting allows
for a direct flux prediction that bypasses the uncertainties coming from hadro-production
yields in the targets, beamline simulation, and proton-on-target (POT) counting. These
facilities are called monitored neutrino beams and can reduce the uncertainty on the flux of v,
and vy, below 1%.

ENUBET is the most advanced monitored neutrino beam and all technical challenges
have been considered in the design of the ENUBET beamline. It is a conventional beam
where protons from the accelerator are sent to a fixed target producing secondary mesons
that decay into neutrinos. Two different focusing options are being studied: a purely static
focusing system as well as a horn-based transfer line. Several existing accelerator complexes
can feed the ENUBET beamline at different proton energies: the 400 GeV (CERN-SPS), the
120 GeV (Fermilab Main Ring), and the 30 GeV (JPARC) protons have all been simulated to
estimate the secondary yield with several targets.

To cover the region of interest of DUNE, the hadron transfer line design is optimized
for the transport of 8.5 GeV/c kaons. The electrons produced in the three-body K.3 decays
together with the v, (K* — e* 71%0,) are measured in a 40 meters long instrumented decay
tunnel. Similarly, ENUBET measures the large-angle muons from the K* — p*v, decay
with a signal to noise ratio larger than 6 and can monitor at single-particle level the muons
from pion decays by replacing the hadron dump with a range-meter. A neutrino detector
is placed 50 m from the end of the decay tunnel. The guiding principles for the beamline
design are the kaon flux maximization at the tunnel entrance, the reduction of beam size
and divergence to contain the hadron beam in the decay volume, and the total length of
the transfer line to minimize early kaon decays. Figure 5 shows the survival probability of
pions and kaons produced in neutrino beams below 10 GeV/c as a function of the length
of the beamline.

The static transfer line design makes use of normal-conducting quadrupoles and
dipoles: as they run at constant current and do not need to be pulsed, they can be used
with second-long proton extractions (slow-extraction). For example, the current slow
extraction operation mode at the CERN SPS produces a few second long proton spill for
fixed target experiments like ProtoDUNE and it is characterized by low particle rates.
This offers several advantages for monitored beams since pile-up at the instrumented
decay volume poses stringent limits on the instantaneous particle rate. Besides, standard
focusing magnets are simpler, more robust, and less expensive than horns. This comes at
the expense of the flux at the decay tunnel and the lower neutrino yield at the neutrino
detector because quadrupole multiplets have smaller acceptance at the ENUBET hadron
energies with respect to horns.
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Figure 5. Survival probabilities for low momentum pions and kaons, as a function of the beam-
line length.

For this reason, the ENUBET collaboration is also pursuing a horn-based beamline.
To cope with pile-up requirements in the decay region, studies have been carried out at
the CERN SPS to combine the need of pulsing the horn with a proton slow extraction
scheme. A new pulsed slow extraction scheme (burst-mode slow extraction) was successfully
developed and tested: 2-to-10 ms proton pulses were repeated at 10 Hz for the full duration
of the extraction [154,155]. An example of this burst-mode slow extraction is presented in
Figure 6 and compared with a nominal slowly extracted spill. Note that the same number
of protons are extracted in both cases. The horn design optimization to maximize the
flux of focused secondaries in the sought-for momentum range is carried out with a full
GEANT4 simulation considering various horn geometries (single and double parabolic,
and MiniBooNE-like geometries). It was implemented with a Genetic Algorithm (GA) in
a standalone way using a beamline-independent figure-of-merit. Further studies on the
dedicated beamline configuration for the horn-focused beam are underway to determine
the flux increase with respect to the static option.
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Figure 6. Comparison between a nominal slow extracted spill and a “burst-mode slow extraction”
one. The spill profiles have been measured with a secondary emission monitor at the SPS, during
dedicated machine tests. The same intensity is extracted in the two cases.

In Figure 7, we show the most recent static beamline configuration of the ENUBET
project: a quadrupole triplet (aperture radius of 15 cm) is placed after the proton target
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and two identical normal-conducting bending dipoles with a 1.8 T field provide a total
bending of the beam with respect to the primary proton line of 14.8°. Such a large bending
angle suppresses background neutrinos produced by the early decay of neutral kaons in
the proximity of the target. The hadron dump is placed at the tunnel exit. Optics was
optimized using the TRANSPORT code while particle transport and interactions are fully
simulated with G4Beamline considering 400 GeV/c protons interactions on a graphite
target. Proton-graphite interactions were simulated with FLUKA. Doses accumulated in
the transfer line are estimated using FLUKA, too.

quadrupoles

hadron
dump

Figure 7. Schematic of the ENUBET static transfer line. Bending elements: dipoles are shown in red
while quadrupoles are shown in grey. The hadron dump is placed downstream the tagger exit.

The beamline produces the v, CC spectrum shown in Figure 8 when considering
a neutrino detector located 50 m downstream the tunnel exit with a 6 x 6 m? size in
the plane perpendicular to the beam axis. Classifying the different components of the
spectrum based on the neutrino creation point along the transfer line, it is clear that a loose
energy cut would already be good enough to separate the monitored component coming
from the decay tunnel from other neutrinos. 73.5% of the total v, CC flux is generated
inside the tunnel (it exceeds 80% considering only energies above 1 GeV). By assuming
4.5 x 10 POT/ year at the SPS, 10* v, CC are collected in a 500-ton neutrino detector
(e.g., ProtoDUNE [156] or ICARUS [157,158]) in about 2 years. Below 1 GeV, the main
component is produced in the proton-dump region, which can be further suppressed by
optimizing the proton dump design and position. The remaining 12% of the flux is given
by the straight section in front of the tagger plus the decays or interactions occurring after
the tunnel and in the hadron dump. Its contribution to the flux is corrected relying on
simulation and particle monitoring along the beamline. A static line design for a monitored
neutrino beam would also pave the way to the so-called tagged neutrino beams [159-161]
that will be briefly discussed later.

Detailed studies were performed by ENUBET also on the target, hadron, and pro-
ton dumps. The most common materials chosen for targets at proton accelerators are
low-Z, radiation hard materials. ENUBET performed optimization studies on graphite
(p=22 g/cm3), beryllium (p = 1.81 g/cm3) and Inconel (p = 8.2 g/cm3). Inconel—an
austenitic nickel-chromium-based superalloy—is a novel target choice currently consid-
ered also by the nuSTORM collaboration (see below). Each target was modeled as a cylinder
with a variable radius between 10 and 30 mm and with a different length from 5 to 140 cm.
Figure 9 shows the kaon yields obtained for graphite targets. The figure-of-merit employed
for the optimization is the number of kaons with a Ap/p = +10% that enter an angular
acceptance of £20 mrad. The most promising materials turned out to be graphite and
Inconel-718. 400 GeV/c protons impinging on a graphite target 70 cm long and with a
radius of 3 cm were thus used for the static beamline simulation, while the Inconel option
is considered quite promising for the horn beamline: the small loss of kaon flux is compen-
sated by the larger acceptance of the horn. Moreover, Inconel produces fewer positrons
reducing the expected background in the decay tunnel.
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The positron flux coming directly from the target region that hits the instrumented
decay tunnel walls represents the most critical background since it cannot be rejected by
particle identification. A tungsten thin foil placed directly downstream the target reduces
this background by orders of magnitude and was optimized comparing the amount of
background expected with respect to the kaon flux for different thicknesses of the foil. The
proton dump is made by a 3 m long graphite core, surrounded by aluminum and covered
by iron. This design is inherited by several dumps of high-intensity proton beams operated
at CERN. Its final design and position will be further studied to reduce the proton dump
contribution to the neutrinos recorded in the neutrino detector. The structure of the hadron
dump is similar. Its optimization, however, is aimed at reducing the back-scattering. Back-
scattering results in particles hitting the tunnel walls increasing the background and in the
growth of neutron fluence that contributes to the total dose received by the instrumentation.
The hadron dump cannot be placed too far away from the tunnel exit to minimize kaon
decays in a region where the leptons cannot be monitored. A design that mitigates back-
scattering events consists of a hadron dump placed two meters after the decay tunnel with
a graphite core (50 cm diameter), inside a layer of iron (1 m diameter), covered by borated
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concrete (4 m diameter). In addition, 1 m of borated concrete is placed in front of the
hadron dump leaving an opening for the beam. This has provided a significant reduction
of the flux coming from the dump all along the tagger, in particular in the last few meters
where the neutron fluence is particularly relevant.

The impact of the ENUBET data on the v, cross section measurement assuming 1%
flux precision is shown in Figure 10 and compared with current data.
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Figure 10. Impact of the ENUBET data on existing v, cross section measurements assuming 1%
flux precision.

The results obtained by ENUBET fostered the possibility to constrain the low-energy
vy flux from pion decays by monitoring associated muons emitted at low angles by in-
strumenting the hadron dump. Muons that exit the decay tunnel and go through the
hadron dump can be measured by detectors placed between absorber layers. With a
static focusing beamline and fast muon detectors, it is possible to reconstruct muons on
an event-by-event basis and measure their momentum from their range in the detector
stations. The instrumented hadron dump allows to separate the three different components
of the muon spectrum: as shown in Figure 11, the measured momentum can be exploited
to separate muons from pions, and beam-halo muons from muons of K, (K* — u*v,)
and K3 decays that, in turn, can be used to determine the v, flux. The energy of v
can be studied in bins corresponding to muon momenta reconstructed by range as they
show a clear anti-correlation due to the 2-body decay kinematics, allowing to constrain
the v, shape and normalization. The ENUBET collaboration is studying a system of 8
muon stations to be placed right after the hadron dump with iron absorbers from 2 m
(upstream) to 0.5 m (downstream) depth (see Figure 11). Muon and neutron fluences have
already been estimated: the most upstream detector needs to cope with a muon rate of
2 MHz/cm? and the total neutron fluence integrated over the experiment lifetime is 102
1-MeV-eq/cm?. The radiation damage expected in a monitored beam is much smaller
compared to beams where the dump is used to stop non-interacting primary protons. This
is the reason while instrumented dumps are not an option in conventional beams like the
ones used for long-baseline experiments.
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It is worth mentioning that ENUBET also works on a site-dependent multi-momentum
beamline to cover the lower energy region, which is of interest for HK: the current design
of the multi-momentum beamline uses existing CERN magnets. The beamline optics is
flexible enough to select hadron momenta down to 4 GeV or less. The design consists
of quadrupoles for focusing and two dipoles for momentum selection and a large total
bending to ensure the separation of the different v, components at the neutrino detector.

The possibility of measuring the flux of v, with a precision comparable with v is a
significant asset for ENUBET. Since ENUBET is a narrow band beam and the pions produce
muon-neutrinos in a two-body decay, there is a strong correlation between the neutrino
angle and its energy. As a consequence, the measurement of the interaction vertex of the
neutrino in the detector (and, hence, its angle) provides a measurement of the energy with
an average precision of 10%. It is worth stressing that this indirect energy measurement
(narrow-band off-axis technique) can be performed at the level of a single neutrino without
resorting to the energy reconstruction at the detector. This is the main tool to remove all
reconstruction biases mentioned in Section 3 and suppress the systematics on neutrino
interaction modeling that plague the ND measurements without any tuning with data.

4.2. Tagged Neutrino Beams

As anticipated, a monitored neutrino beam with a slow proton extraction scheme
would open the possibility for a time-tagged neutrino beam where the neutrino recorded
in the detector is associated in time with the observation of the lepton from the parent
hadron in the decay tunnel. Tagged beams require a detector system with a time resolution
of O( 100 ps). Reaching this level of accuracy in the decay volume would represent another
prominent asset. A precise time coincidence between the reconstructed lepton and the
neutrino interaction provides the neutrino flavor without looking at the lepton in the
neutrino detector produced by CC interactions. Besides, if the other products of the decays
(of 7T or K) are measured, the energy of the neutrino can be constrained with even higher
precision than a monitored beam. The neutrino sample selected with a time-tagged beam
would have an unprecedented purity. For every neutrino interaction in the detector, one has
to select the lepton candidates in the decay volume compatible in time with the neutrino
within the detector resolution. If the neutrino interaction time is f, and the lepton is time-
tagged at t;, considering the distances from the decay point of the two interactions (d, is
the decay-neutrino interaction distance and d; is the decay-lepton interaction distance), we
can write:

n—q:m—mé (17)
pi

The neutrino production point is unknown so d, — d l% has to be approximated by
z, — z;, the distance of the neutrino interaction vertex from the lepton impact point in the
decay volume projected along the axis of the decay volume. This approximation introduces
a time spread due to the fact that the neutrino and the lepton are not exactly collinear. This
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irreducible spread (d;,,) is about 100 ps and sets the bar of the timing precision needed in a
tagged beam. The time match requires:

At = |tv —t - (ZV - ZI/C)| < \/(5vtagger)2 + (51/Det)2 + (51'1’7)2 (18)

where the time resolution of the lepton tagger in the decay tunnel and the neutrino detector
are dgger and 6y pet, respectively. The main background for a tagged beam is given by
accidental coincidences. They are proportional to the combined time resolution § =

\/ (Otagger)? + (6ypet)?, and the time match 6 must be smaller than §;,, to achieve a high

purity sample. The number of true time-coincidences can also be improved by increasing
the geometrical acceptance of the detectors in the decay volume, which implies that
the technology used for these detectors must provide excellent timing over large areas.
A dedicated project, NUTECH [162], is exploring different technologies for fast timing
in large areas like Cherenkov Micromegas (PICOSEC [163]), Large Areas Picosecond
PhotoDetectors (LAPPD [164]) or LYSO(Ce) crystals. In fact, even the current photon
veto of ENUBET, which is based on standard plastic scintillators, has achieved a 200 ps
resolution and further improvements are envisaged to reach the 100 ps level. The same
precision can be achieved by the neutrino detectors thanks to the Cherenkov signal of
water-based detectors and the 128 nm scintillation light of argon.

4.3. Muon Beams

Moving away from conventional neutrino beams, a precise flux measurement can
be performed through the muon decays y* — e* + v, (v, ) + Vyu(vy ) by storing and
accelerating muons in a ring. This is the idea behind the Neutrino Factories [165-167]
where the beam composition is precisely known: 50% v, (v, ) and 50% v, (v, ). There are
three main advantages in this approach: first, the number of muons in the storage ring can
be easily measured providing an excellent estimate of the flux. Then, as neutrino flavors
are determined purely by the muon decay, the beam is not contaminated by neutrinos
originating from other particles. Finally, a Neutrino Factory offers a powerful source of
Ve (Ve ) unlike conventional beam (including ENUBET) where they never exceed 10% of the
total flux. In building this kind of facility presents, however, major technical challenges that
have not been superseded despite decades of R&D. Muons must be accelerated fast with a
reduced transverse momentum pr before injecting them in the storage ring. A muon-based
neutrino beam (and, even more, a muon collider) thus requires a strong muon cooling.
Some encouraging results were recently achieved by the analysis of the MICE data [168].
Still, the first full-fledged muon storage ring has not been built, yet. It has been designed
by the nuSTORM collaboration [31] as a powerful facility for neutrino cross sections.

Even if nuSTORM is significantly more complex than a monitored neutrino beam, it
offers much larger statistics of v, and can feed an ambitious cross section measurement
program. Figure 12 shows a schematics of the nuSTORM facility. nuSTORM makes use
of a horn to focus pions that are then transported by a series of quadrupoles and dipoles
to the injection point of the storage ring. The ring is composed of several FODO cells: a
large acceptance focusing and defocusing quadrupole lattice. The circular ring has two
long straight sections where muons of E, ~ 5 GeV from pion decays produce neutrinos of
both electron and muon flavors.
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Figure 12. Overview of the implementation of nuSTORM at CERN. The nuSTORM ring and associ-
ated infrastructure is shown in the right panel. The possible location for a far detector is shown in the
left panel.

The three-body kinematics of muon decay does not allow for the measurement of the
neutrino energy at the single-particle level that can be employed by ENUBET through the
narrow-band off-axis technique. Still, nuSTORM can achieve excellent precision on the
fluxes operating an FBCT (Fast Beam Current Transformers) in the decay ring to measure
the muon intensity. These devices are based on toroids and developed at CERN, and are
needed for fast extractions where muons are bunched in tens of us up to a few ms.

A feasibility study for nuSTORM at CERN [169] reports that the experiment would use
protons extracted from the SPS at 100 GeV and direct them on a low-Z target placed inside
a focusing horn. After the horn, particles are collected by a pair of quadrupoles. Then the
beam goes through a short transfer line composed of dipoles, collimators, and quadrupoles.
The detailed design of the target and capture system has to cope with radiation safety and
full containment in the transport of a beam with a momentum spread of £10%. To fulfill
these requirements the experiment is considering the scheme that has been successfully
used in the CERN PS complex at the Antiproton Decelerator as well as the work done for
the CENF and LAGUNA-LBNO projects for the target-horn system.

For the pion transfer, modular construction with simple quadrupole FODO cells and
achromatic dipoles was chosen to ensure more flexibility in the current design phase. The
design of the proton absorber will be based on already existing SPS internal dumps. The
first achromatic bending section bends particles in the momentum bite of the beamline
towards the ring and far from the proton absorber. A quadrupole FODO lattice is used
to transport the beam to the second achromatic bending section which is followed by a
beta-function matching before injecting the beam into the ring. The length of this section is
short enough to transport also low momentum pions.

The nuSTORM decay ring is a storage ring with a circumference of ~616 m made by
large apertures magnets (see Figure 13). In addition, strong bending magnets are used
in the arcs to minimize the arc length and maximize the number of useful muon decays.
The nuSTORM beamline was recently redesigned to serve the neutrino-scattering program
and store muons in the 1-6 GeV momentum range with an acceptance of £16% to increase
the neutrino flux. A hybrid concept was then adopted in order to simultaneously have
large momentum acceptance and high muon accumulation efficiency: the conventional
FODO optics of the production straight section are combined with Fixed-Field Alternating
gradient cells (FFA) with zero chromaticity in the arcs and the return straight.
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Figure 13. Schematic drawing of the hybrid concept adopted for the nuSTORM muon storage ring.
The beam circulates in an anticlockwise direction. The production straight (at z ~ 30 m) is composed
of large aperture quadrupoles that produce the large values of the betatron function required to
minimize the divergence of the neutrino beam produced in muon decay. The lattices of the arcs and
return straight are based on the FFA concept and allow a large dynamic aperture to be maintained.

The magnets employed in different sections are: superconducting combined-function
magnets with fields up to ~2.6 T in the arcs, combined-function room temperature magnets
in the return straight and large aperture room temperature quadrupoles in the production
straight. In both the production and return straight the mean betatron function contribution
to the angular spread of the neutrino beam is minimized so that both can be used to serve
a neutrino physics program. Finally, the arcs are connected with the injection and return
straights using specific matching sections. At the end of the production straight undecayed
pions and muons outside the selected momentum will be directed to a dump. The Near
Detector is located 50 m downstream of the dump in a shallow experimental hall. In the
CERN implementation of nuSTORM, the neutrino beam is directed to LHC Point 2 where
it is possible to install an additional neutrino detector at a larger distance (see Figure 12).

To evaluate the performance of the hybrid design for the storage ring the nuSTORM
collaboration performed tracking studies that showed that the dynamical acceptance of
the machine is about 1 77 mm rad in both transverse planes matching the requirements of
the experimental program. If implemented at CERN, an upgrade of the present extraction
kickers is needed to work with two 10.5 pus proton pulses, and approximately 165 kW
of beam power will be delivered in a cycle of 3.6 s corresponding to a total intensity of
4 x 10" per cycle.

The feasibility of executing nuSTORM at CERN is carried out in the framework of
Physics Beyond Colliders, which has highlighted interesting synergies with the ENUBET
project. In particular, three main common areas have been identified: the target facility,
the first stage of the meson focusing, and the proton dump. The two collaborations are
currently evaluating this possible synergy at the facility level.

5. A New Generation of Neutrino-Beam Detectors

High-precision neutrino beams, as the NP06/ENUBET and nuSTORM facilities de-
scribed in the previous section, allow to disentangle the flux term and to reduce the
corresponding systematics in Equation (2). In order to retrieve precise information on the
other two terms, the detector efficiency and the neutrino cross section, a facility based on
different neutrino detection techniques is highly desirable. In particular a program able
to boost the physics reach of DUNE and HK by studying neutrino interactions in Argon
and water, but at the same time capable of providing high precision data on neutrino
interactions with low-Z targets should be envisaged.

Liquid argon TPC prototypes of moderate mass (protoDUNE-SP and protoDUNE-
DP [170]) have been installed and operated with charged particle beams in EHN1 at CERN,
with the main goal of demonstrating the detector technology of the DUNE far detector.
If protoDUNE-DP is based on a more innovative concept, with a gaseous argon layer
above the liquid phase used to amplify drifting charges for a better signal-to-noise ratio,
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protoDUNE-SP stands on the single-phase liquid argon technology, successfully operated
by ICARUS [158] and MicroBooNE [27] and used by the upcoming SBND detector [171],
in the Fermilab Short-Baseline Neutrino program, and it has already achieved excellent
performance [156].

The active volume of protoDUNE-SP extends for 7 m along the beam direction, 7.2 m
in the drift direction and 6.1 m in height, for a total mass of about 400 tons (Figure 14). The
detector is divided into two drift regions by a cathode plane in the middle and the readout
is performed on each side by sense wires placed on anode planes. The anode planes
embed photon detectors to collect scintillation light from ionized LAr used to provide
the absolute timing of the neutrino interaction and an independent measurement of the
deposited energy.

Figure 14. Left: Overview of the protoDUNE-SP detector. Right: a photo of one of the two drift
volumes with the anode plane embedding sense wires and photodetection systems on the left and
the cathode plane on the right.

Unlike the liquid argon detector of the DUNE ND complex (ND-LAr [10], see Section 3),
that is composed by 35 small optically separated TPC modules to withstand the large neu-
trino interaction rate at the near location, the large size of the protoDUNE TPC allows for
an almost full containment of the neutrino interaction. Moreover, it is based on the same
components and has the same maximum drift length as the first DUNE far detector module.
These features make protoDUNE-SP an ideal detector for the precise determination of the
o(E) x €(E) product for DUNE, provided that the neutrino flux is known at the percent
level, like in ENUBET and nuSTORM.

To decouple the neutrino cross section in argon from the detector efficiency, the
simultaneous use of a liquid and gas phase TPC would be an ideal solution. Atmospheric
pressure argon TPCs have been used in neutrino experiments, like the ND280 near detector
of T2K and its upcoming upgrade [11]. A large volume TPC [172] is used in the ALICE
experiment at LHC. The TPC employed in the ND-GAr detector [10] of the ND complex
of DUNE will be based on the same design of ALICE, but will be operated at a ten times
bigger pressure to enhance the amount of target nuclei in the volume and, hence, the
neutrino event rate. The active volume is divided into two parts by a central cathode and
has a radius of 2.6 m and a length of 5 m, for a total mass of 1 ton. The endplates are
instrumented with chambers equipped with MWPCs and pad planes.

The main advantages of a high pressure gaseous TPC with respect to a liquid argon
TPC are the superior momentum resolution given by track bending in the TPC magnetic
field, a better particle ID, particularly for proton-pion separation, and a significant lower
threshold that allows the reconstruction of low-kinetic-energy protons and pions. The full
reconstruction of the hadronic system is of paramount importance for the evaluation of final
state interactions and for neutrino-nucleus interaction modeling. As an example, ND-GAr
will be able to reconstruct protons with a kinetic energy above 20 MeV with an efficiency
exceeding 90% and preliminary studies of a machine learning based reconstruction show
that the threshold could be pushed further down to 5 MeV [10].
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Concerning the cross section measurement in water, an interesting opportunity is
represented by the proposed Water Cherenkov Test Beam Experiment (WCTE) [173] that
will be exposed to charged particle beams at CERN in 2022 or 2023. The setup is based
on a Water Cherenkov tank of 4 m height and 4.1 m radius, for a total mass of ~50 tons
and the light will be collected by 19 small (8 cm diamter) photomultipliers arranged in
128 multi-PMT optical modules (Figure 15). The photosensor size is driven by the much
smaller dimensions of the detector: Cherenkov rings will cover a reduced area and the
event reconstruction would be deteriorated by using the same 50 cm diameter PMTs as
SK and HK. The same arrangement will be used in the Intermediate Water Cherenkov
Detector (IWCD) of HK.

Figure 15. Left: Cross section drawing of WCTE water tank with the multi-PMT layout inside the
detector. Right: Top view of a multi-PMT prototype.

Like protoDUNE, a neutrino exposure of the WCTE tank would profit of the charac-
terization of the detector response by charged particles to be performed at the CERN East
Area in 2022-2023. Moreover, the detector technology and the event reconstruction are
very similar to those of the HK far detector and allow for a reduction in the systematic
uncertainties budget in cross section and oscillation analyses. Given the small fiducial mass
of the detector we do not expect to perform a statistically significant measurement with
v, in a moderate intensity beam like ENUBET, but VEC interactions will provide a large
sample for the disentanglement of detector effects and double-differential cross section
measurements. The detector size also limits the muon containment and a downstream
spectrometer must be envisaged for momentum measurements.

Disentangling the neutrino cross section in water from the detector efficiency can
be accomplished by using fine-grained detectors with water targets. The WAGASCI
experiment [18] exploits a 0.6 ton water target encompassed by a 3D grid-like structure of
plastic scintillator strips enclosing cells of O(cm) linear size. The setup is complemented by
two side modules with steel plates interleaved with scintillator slabs and a downstream
magnetised detector equipped with plastic scinitillators (BabyMIND) for muon momentum
measurement. An alternative option has been developed by the NINJA collaboration [174]:
nuclear emulsion films and iron plates (500 pum thick) are interleaved in a sandwich like
structure with 2 mm thick water layers and a downstream scintillating fiber tracker is used
to timestamp and match tracks in the emulsions. With this setup the momentum threshold
of hadrons generated in the neutrino interaction can be pushed down to 200 MeV/c and
50 MeV /c for protons and pions, respectively.

The precision measurement of neutrino scattering off hydrogen and deuterium (the
lowest Z isoscalar nucleus) is pivotal to build reliable cross section models not affected
by nuclear effects, that can be extrapolated to higher Z materials, and to perform detailed
studies on the nucleon structure exploiting a bare weak probe. Indirect approaches to
measure the v-H cross sections in hydrocarbon targets exploiting the transverse momentum
imbalance or subtracting measurements on thin dedicated graphite targets have been
already discussed in Section 3. A straightforward way to perform the measurement is
the direct use of a liquid hydrogen/deuterium target. In the past, bubble chambers were
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extensively used in this way: the Argonne 12" bubble chamber with few GeV neutrinos on
H and D [175], the series of experiments performed at higher energies at the Big European
Bubble Chamber (e.g., [176]), and the Fermilab 15" bubble chamber [40]. The proponents
of [177] suggest to re-use the Fermilab chamber for an upgraded experiment with liquid
hydrogen that could profit of modern digital camera technology and machine-assisted
reconstruction techniques to improve precision and data analysis speed. On the other
hand, the statistics are limited by the slow operation cycle of the chamber, and auxiliary
detectors are needed for event containment due to the long radiation and interaction length
of hydrogen.

6. A Graded Strategy toward High-Precision Neutrino Physics

At the conclusion of this paper, we recap the main motivations and advances toward
a new generation of cross section experiments. The results shown in Section 2 testify for
the need of high-precision experiments:

¢  Even in the most precise measurements (see for instance Figure 1) the flux uncertainty
contribute to a large fraction of the systematic uncertainty. Double-differential cross
section measurements are not yet systematically limited but the DUNE and HK near
detectors of Section 3 will soon reach this limit. A percent knowledge of the flux
is, then, mandatory to reduce the systematic uncertainty once statistical errors will
be lower than 10%. The use of standard candles mitigates this issue but the most
desirable solution is a flux measurement independent of the neutrino detector.

®  The use of non-monochromatic beams is the root of the model dependence of cross
section results. Major advances have been achieved once experimenters became aware
of the theory priors implicit in the definition of QE, RES, and DIS events (see for
instance Section 2.3). Still, the use of a narrow band beam is mandatory to decouple
interaction modeling from experimental data and reduce the systematic budget due
to the energy-integrated flux and the bias coming from energy reconstruction. The
PRISM technique is an important mitigation tool. Once more, the ideal solution is
a narrow band beam where the neutrino energy is measured with ~ 10% precision
independently from the detector reconstruction.

e  The decoupling of cross section and detector efficiency is a major experimental chal-
lenge. It is not strictly necessary for long-baseline experiments but it plagues the
interpretation of experimental data for model building. Decoupling can be achieved
by combining high- and low-density detectors using the same nuclei. On the other
hand, the construction of realistic models of neutrino interactions requires a deeper
understanding of low-Z nuclear effects. The use of hydrogen or deuterated materials
would be a major asset for electroweak nuclear physics and the study of nuclear media
and, in turn, would impact the precision of oscillation measurements.

¢ The construction of an intense v, beam is extremely valuable to test lepton universality
and ground the v;, — v, and v, — V, oscillation measurements. Beams like ENUBET
can provide v, measurements at the percent level, which fulfill the needs of DUNE
and HK, but double-differential v, CC measurements require novel muon beams like
nuSTORM.

The technology for high-precision facilities is well-grounded for conventional beams
like ENUBET, while requires a significant R&D for muon beams. Similarly, neutrino
detectors in liquid and gas phase are available for argon and can be envisaged for water.
On the other hand, low-Z measurements are the most direct path toward the understanding
of nuclear effects, and low-Z detectors should be reconsidered in a modern perspective.

While the R&D for high-precision facilities has achieved remarkable results, a com-
plete site-dependent study is still lacking. It is fortunate that the beam power needed for
these facilities is well within the reach of existing proton synchrotrons at CERN, FNAL,
and JPARC. A site-dependent study should include a careful evaluation of the impact of a
high-precision neutrino beam in the laboratories hosting the proton driver, the correspond-
ing infrastructures, and the engineering assessment, which are mandatory for a reliable
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estimate of costs. At the time of writing, the most advanced site-dependent study is the one
being pursued at CERN for ENUBET and nuSTORM. The CERN infrastructure, accelera-
tors, and experimental halls, like EHN1 serving ProtoDUNE-SP and ProtoDUNE-DP, are
ideal to host such a facility and, in a timescale comparable with DUNE and HK, CERN has
the opportunity to be the main hub for precision neutrino physics. The laboratories hosting
LBNF for DUNE (FNAL) and the HK neutrino beam (JPARC) are natural candidates too. A
site-dependent study for FNAL and JPARC is highly desirable since precision experiments
do not interfere with the running of long baseline experiments given the limited power
needed for short baseline neutrino detectors. The ideas and proposals discussed in this
paper are currently under investigation at CERN in the framework of Physics Beyond
collider and in the US within the Snowmass community planning exercise [178].
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