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I. EXECUTIVE SUMMARY

Neutrino physics is entering a precision era in which measurements of neutrino oscilla-
tions, astrophysical neutrinos from supernovae and other sources, and coherent neutrino
scattering will provide insight on the nature of neutrino masses, the presence of CP viola-
tion, and perhaps more exotic new physics in the neutrino sector. Maximizing the discovery
potential of increasingly precise neutrino experiments will require an improved theoretical
understanding of neutrino-nucleus cross sections over a wide range of energies that uses a
combination of lattice QCD, nuclear effective theories, phenomenological models, and neu-
trino event generators to make reliable theory predictions for experimentally relevant nuclei.

At low energies, calculations of MeV-scale exclusive scattering involving nuclear ground
and excited states will be needed to reconstruct the energies of astrophysical neutrinos from
supernovae bursts, and more precise determinations of neutron nuclear structure factors
will be needed to search for new physics using increasingly precise measurement of coherent
elastic neutrino scattering. Such precision determinations of neutron distributions require
data input, and since, besides parity-violating electron scattering, coherent neutrino nu-
cleus scattering is the most promising source thereof, measurements at different momentum
transfers and off different nuclear targets are paramount to disentangle nuclear effects and
potential new-physics contributions. Current and future accelerator neutrino experiments
involve higher energies, and achieving predictions of GeV-scale neutrino-nucleus cross sec-
tions with few-percent uncertainties will be essential for DUNE in particular. Predictions
for experimentally observable hadronic final states are required to reconstruct the incident
neutrino energies used in oscillation analyses, but several different reaction channels in-
cluding quasi-elastic, multi-nucleon, resonant processes, and deep inelastic scattering can
contribute to particular final-state event rates. Cross section contributions from different
channels have different energy dependence, and theoretical input on this decomposition is
required to accurately extrapolate cross section results between different energies.

Quasi-elastic scattering can be accurately described in nuclear effective theories in which
the distributions of nucleons within a nucleus are calculated using quantum Monte Carlo
methods for light nuclei, up to carbon, and more approximate nuclear many-body methods
based in coupled-cluster theory or factorization of the hadronic final state for heavier nuclei.
Electron scattering experiments provide crucial data on aspects of nuclear structure and
vector-current form factors, while nucleon elastic axial form factors that also enter neutrino
scattering are known less precisely from experiment. Lattice QCD can be used to calculate
axial as well as vector nucleon form factors and is beginning to provide predictions with
complete error budgets and few-percent precision for these observables. Over the next five to
ten years, both lattice QCD determinations of nucleon elastic axial form factors and nuclear
many-body calculations of quasi-elastic scattering could achieve few-percent uncertainties
using existing theoretical methods and available computing resources.

A large fraction of the DUNE neutrino flux is above the pion-production threshold, and
both resonant and non-resonant pion production processes must be theoretically understood
at the ten-percent level in order to achieve few-percent overall cross-section uncertainties.
The dominant role of the A(1232) resonance makes accurately modeling in this energy
region a high priority for theory investigations. Although this energy region is relatively well-
studied, resonant axial current responses are poorly constrained from experiment. New data
for neutrino scattering on proton or deuteron targets would be very valuable for constraining
these responses. Lattice QCD can also provide valuable information about resonant and



non-resonant nucleon axial transition form factors; current studies are more exploratory
than elastic form factor calculations and further theoretical and computational efforts will
be required to deliver results with complete error budgets. Nuclear many-body theory
investigations of nuclear modifications to resonant and non-resonant pion production and
absorption processes will also be crucial. It will also be essential to consistently implement
reliable models of resonant scattering in neutrino event generators. Besides the A, higher-
energy nucleon resonances must also be included in cross section predictions, and theoretical
studies of the nuclear modifications to vector and axial current responses in the high-energy
part of the resonance region will also be indispensable.

An important challenge for achieving precise neutrino-nucleus cross-section predictions
for the energy range relevant for DUNE will be reliably bridging the transition regions
between low- and high-energy theories, which use different degrees of freedom to describe
neutrino-nucleus interactions. Extrapolations of vector-current structure functions from the
dynamical coupled-channel model of the resonance region to the DIS region approach the
corresponding structure function results obtained from partonic descriptions valid at high
energies, but analogous extrapolations of axial-current structure functions between resonance
and DIS regions do not agree. There is a strong need for new experimental data of neutrino
scattering on nucleons and nuclei as well as theoretical studies of how to consistently model
this transition region. New neutrino-hydrogen/deuterium DIS measurements would greatly
inform theoretical models and help more precisely determine the combinations of parton
distribution functions (PDFs) relevant to neutrino scattering as well as benchmarks for
validating phenomenological models of the transition region. Lattice QCD studies of PDF's
are rapidly maturing and can also provide insight on aspects of nucleon and nuclear structure
functions relevant to neutrino scattering. Detailed phenomenological studies of the shallow
inelastic scattering (SIS), DIS, and transition regions will be needed to obtain consistent
models of neutrino scattering, and dedicated efforts to consistently model the transition
region in neutrino event generators will be essential.

Simulations of neutrino scattering physics play a crucial role in experimental analyses.
Creating a stronger and more efficient pipeline for neutrino event generator development
will be necessary for the experimental community to fully benefit from these anticipated
theory improvements. Significant organizational barriers to that goal currently exist, but
they can be largely overcome through enhanced support for inter-disciplinary collaboration
(across theory, experiment, and computation, as well as high-energy and nuclear physics),
improved career incentives for physicists working on generators, and leadership to establish
and pursue community priorities. Support for theoretical efforts on neutrino scattering at
the interface of high-energy and nuclear physics will be critical for achieving reliable cross-
section predictions across the range of energies relevant to DUNE. Sustained support for
event generator development will further be essential in order to ensure that all relevant
theoretical models are combined consistently in experimental analyses.

This WP was informed by the many LOIs received in the first stage of the Snowmass
community planning exercise and by the participants to the Snowmass workshops Mini-
Workshop on Neutrino Theory (Sept 21-23, 2020), and Mini-workshop in preparation for
the white paper “Theoretical tools for neutrino scattering: the interplay between lattice
QCD, EFTs, nuclear physics, phenomenology, and neutrino event generators” (Aug 23-25,
2021). This is a cross-frontier white paper solicited by the following Snowmass topical
groups: TF05 (Lattice gauge theory); TF11/NFO08 (Neutrino theory); and NF06 (Neutrino
interaction cross sections).



II. THE NEEDS OF THE NEUTRINO EXPERIMENTAL PROGRAM

The planned neutrino experimental program probes a wide range of open physics ques-
tions. Broadly, there are three energy regimes of interest. At low energies are precision
measurements of coherent elastic neutrino scattering (CEvNS) and astrophysical sources
(supernova neutrino bursts, SNB). At energies around 1 GeV, measurements of neutrino
oscillation, searches for exotic physics (sterile neutrinos, light dark matter), and searches
for beyond-Standard-Model (BSM) processes, including proton decay, are made with at-
mospheric and accelerator based neutrino sources. At very high energies, are astrophysical
neutrino searches and precision tests of Standard Model processes; detector response, reso-
lution and statistical precision are the limiting factors in very high energy measurements so
we will not discuss them further here.

Low Energy Nuclear Processes: E, ~ 1-100 MeV: CEvNS is a neutral-current
process in which a neutrino elastically scatters off the whole nucleus. The first detection of
CEvNS was published by the COHERENT collaboration [1] in 2017, and opened an exciting
chapter of using CEvNS to test the Standard Model and search for new physics [2-17].
The interaction rates of CEvNS are sensitive to neutron distributions in the nuclear targets
(neutron nuclear structure factors), which dominate the theoretical uncertainties [18-20]. As
CEvNS experiments continue to improve their experimental precision [21-25], more precise
theory calculations of these structure factors are needed. In the same way as the proton
responses are derived from electron scattering data, such precision calculations require data
input, with CErNS the most promising source probing the neutron distribution besides
parity-violating electron scattering. To disentangle a potential new-physics contribution,
measurements for different momentum transfers and a variety of nuclear targets are thus
mandatory.

In the same energy window, neutrinos can also inelastically scatter off nuclei via charged-
current or neutral-current interactions [26-35]. This is a crucial detection channel for su-
pernova neutrino bursts [36-43]. In particular, DUNE will enable a high-statistics detection
of MeV electron neutrinos via v,+Ar— e~ 4+ 4“°K*. This channel is also important for solar-
neutrino studies, where impressive sensitivity is possible [44]. To reconstruct the energy
of the incoming neutrinos, we need to know the exclusive cross sections to each individual
excited state in 4°K. At slightly higher energies, e.g., E, > 50 MeV, there could be nucleon
knockout in the final state [45-47], which could significantly bias the energy reconstruction if
the outgoing nucleons are not detected, so the need for theoretical cross section predictions
with accurate final states is even more pressing.

Intermediate Energy Cross Sections: FE, ~ 0.1-20 GeV: In general, for oscillation
physics and rare or exotic searches, neutrino interaction cross sections are important [48,
49]. In this energy regime, charged current quasi-elastic, multi-nucleon, resonant processes,
deep-inelastic scattering, and the transition region play an increasingly important role for
future oscillation measurements. Between 100 GeV to 1 TeV, neutrino experiments use deep
inelastic scattering for Standard Model cross section physics and for searches for new physics
beyond the Standard Model. Accelerator-based (anti)neutrino sources and atmospheric
neutrinos have a broad energy spectrum, so multiple channels contribute to event rates;
the energy dependence of each process is important as oscillation depends on energy. Rare
charged or neutral current processes [50] may also be important as signal or background
as well, especially for exotics searches [51-61]. For each process, well-grounded theoretical
predictions are needed to assess event rates and uncertainties. This is complicated by the



nuclear dynamics of the target medium (commonly, carbon, oxygen or argon). Furthermore,
neutrino experiments also need predictions for all relevant flavors of neutrinos (v., v, v;)
and antineutrinos, to perform appearance searches (e.g., v, — v,) or measure CP violation
(Vy = Ve VvS. Uy — Te).

Furthermore, the signal selection may depend on the composition and kinematics of
exclusive final states. The unprecedented increases to beam exposure and detector size
also enable explorations of final states in increasing detail; DUNE for example will have a
highly capable near detector complex, which includes improved particle detection thresholds
and sensitivity to the energy evolution of the cross section [62]. Theory needs to provide
experimental programs with semi-inclusive or exclusive predictions as well as inclusive to
ensure a robust implementation of interaction models in experiments, which may need to
make approximations to be used.

In addition to model development and robust prediction, theory is needed on uncertainty
quantification [63]. A positive example of this is the assessment of uncertainties for mod-
els used in accelerator experiments [64-66]. Theory may be refined from existing or new
measurements from electron scattering [67], and the uncertainties on those measurements
also need to be quantified and propagated to experiments. Multiple theoretical efforts are
also critical to discuss different approximations or assumptions within models or within
experimental implementation of those models.

A critical need for the future will be close collaboration between theory and experimental
groups. Historically, the expertise needed to carry out theoretical work in neutrino scattering
may come from high energy physics (HEP) or nuclear physics (NP). Programs like the
Neutrino Theory Network supports work by theorists working on specific topics across NP
and HEP, but this does not address broader issues of problems beyond individual groups
nor prioritization of experimental needs. The (theory) needs of experiments evolve with
time, as the experiment data sample size increases and includes more complex techniques,
so dedicated iteration between theory and experiment is needed. Community wide efforts
were started with the ECT* and FNAL [68] workshops on creating a detailed discussion
between theorists and experimentalists.

Learning from the successes of the LHC can help to accelerate and strengthen the theory
improvements in neutrino physics in the next 5-10 years. The Les Houches studies have
been vital in developing precision theory calculations for the LHC [69, 70]. Workshops that
produce meaningful and controlled studies around open problems could be very helpful.
Experiments need to provide qualitative and quantitative information about which sources of
systematic uncertainty or types of effects are important for a given analysis. Theorists need
to provide what effects are not considered in a given model, or which important assumptions
should be revisited. Given the complexity and importance of near detector information,
experiments may need to carry out sensitivity estimates with coordinated input from theory
groups. The formation of a topical group around specific issues would accelerate and focus
effort across the theoretical and experimental communities.

In the last decade, there has been success incorporating theory into oscillation analyses.
For example, initial models of the dominant reaction channel, charged current quasi-elastic
scattering (CCQE), for the Tokai-to-Kamioka (T2K) experiment, were very crude [71, 72].
With the help of multiple theoretical efforts [73-75], T2K’s uncertainty treatment now in-
cludes multiple CCQE models and information from electron scattering data [76]. Further-
more, models also have been developed with both one body and two body currents and
incorporated into the analysis and/or uncertainty treatment [77-80]. This was an iterative



Process Neutrino Energy Range Example Final State
Coherent Elastic Scattering < 50 MeV v+ A
Inelastic Scattering < 100 MeV e+ MZ+ D (=MZ+1)+ny)
Quasi-FElastic Scattering 100 MeV-1 GeV l+p+ X
Two-Nucleon Emission 1 GeV l+2N+ X
Resonance Production 1-3 GeV I+ A(+ N+7m)+X
Shallow Inelastic Scattering 3-5 GeV l+nm+ X
Deep Inelastic Scattering 25 GeV l+nm+ X

TABLE I. Main neutrino interaction channels in different energy ranges.

process, where models were compared to external data, key features discussed, impact tested
within the T2K oscillation analysis, and finally incorporated in the systematic uncertainty
estimation and/or baseline model used; with the theory effort done with dedicated involve-
ment of individuals, guest lectures in T2K meetings and at conferences and workshops. While
this one example comes from T2K and a subset of theoretical efforts, it is worth noting that
there is a wide community of experimental and theoretical efforts focused on developing
models and uncertainties. The inclusion of theoretical models in experimental analyses also
requires essential work on dedicated event simulations to interface to experiments, called
generators; the role of generators is described in Section VII.

Current and future oscillation experiments are anticipated to need detailed predictions
of the reactions summarized in Table I, inclusive, semi-inclusive, or exclusive results for a
range of relevant targets materials (especially oxygen, carbon, and argon). Each of those
channels will need robust predictions, incorporating electron scattering, single nucleon neu-
trino scattering, or photoproduction data where appropriate. An experimental program is
underway to measure precise electron scattering data covering the broad kinematics of long
baseline experiments. Theory historically is necessary for a complete set of uncertainties to
be assessed. A critical part of appearance searches like DUNE will be predictions of differ-
ences between neutrinos and antineutrino cross sections (v, vs. 7.) and differences between
flavors (v, v, and v,). The transition region, described in detail in Section VI, is anticipated
to play a more important role in oscillation analyses than previously. The priority among
these important theoretical topics needs to be determined by experiments and shared with
the community.

III. COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING

Coherent elastic neutrino-nucleus scattering (CEvNS) is a neutral-current process that
arises when the momentum transfer in the neutrino-nucleus interaction is less than the
inverse of the size of the nucleus. For typical nuclei, this corresponds to neutrinos with
energies F, < 50 MeV. In the SM, the interaction is mediated by the Z-boson, with its

vector component leading to the coherent enhancement [81]. As reference point, we first



write the cross section in the form

do  GiM | MT
dT 4« 212

)Qa ()], 1)

where G is the Fermi constant, T'= Er = ¢°/(2M) = E, — E!, is the nuclear recoil energy
(taking values in [0,2E%/(M + 2E,)]), Fi(¢*) is the weak form factor, M is the mass of
the target nucleus, and E, (FE!) is the energy of the incoming (outgoing) neutrino. The
tree-level weak charge is defined by

Qw=Z(1—4sin’fy) — N, (2)

with proton number Z, neutron number N, and weak mixing angle sin? 8y. To first approx-
imation, the weak form factor Fy,(¢*) depends on the nuclear density distribution of protons
and neutrons. In the coherence limit ¢*> — 0 it is normalized to F,,(0) = 1, with the coher-
ent enhancement of the cross section reflected by the scaling with N? via the weak charge,
given the accidental suppression of the proton weak charge Q2 < 1 (see Eq. (6) below).
Consequently, this implies that CEvNS is mainly sensitive to the neutron distribution in the
nucleus.

In writing the cross section as in Eq. (1) a number of subtleties have been ignored: sub-
leading kinematic effects, axial-vector contributions, form-factor effects besides the density
distributions, and radiative corrections. In the subsequent sections, each of these effects is

addressed in more detail, providing an extended presentation of the related discussion in
Ref. [82].

A. Structure of the Standard-Model contribution

The quark-level interactions in the SM are

LM = /26 Z <C;/57“PLV qVuq + C’fﬂ”y“PLV CY%%Q) ; (3)

q:u7d78

with P, = (1 — 75)/2 and tree-level Wilson coefficients

1 8 . 1 4
CX:E(I_§SIHQHW)’ C;/:C;/:_§(1_§Sln20W)v
1
sz—cj:—of:—ﬁ. (4)

The vector operator gives rise to the coherent contribution quoted in Eq. (1), while the axial-
vector operator adds an additional contribution that is not coherently enhanced. Including
the dominant kinematic corrections, the cross section can be written in the form

de  GEM MT T 2
- _ 1 2 F 2
T i < > SF(@)] +

GIM (. MT T
1 — — | Fa(q?
2 (14 5 )P, O

with an axial-vector form factor F4(¢?) discussed in detail in Sec. IIIB. This contribution
vanishes for nuclei with even number of protons and neutrons, which have spin-zero ground
states.
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Moving from the quark-level interactions in Eq. (3) to the neutrino-nucleus cross section
in Eq. (5) involves a two-step process [20]. In the first step, hadronic matrix elements are
required to obtain the matching to single-nucleon operators, i.e., vector and axial-vector
form factors of the nucleon, respectively. For the vector operators, the normalization is
determined via the valence-quark content, leading to the relations

QP =212CY +CY)=1—4sin’ 0y, Q" =2(CY +20)) = -1, (6)

while the g-dependent corrections, expressed in terms of radii and magnetic moments, are
subsumed into the weak form factor F,(¢?). Similarly, F4(¢*) depends on the axial charges
and radii of the nucleon. In the second step, the nuclear responses need to be derived from
a multipole expansion [83-87], in which the leading contribution can be interpreted in terms
of the proton and neutron density distributions. The detailed breakdown of the form factors
Fy(q?) and Fa(q?) is provided in Sec. IIIB. In addition, the relations presented here hold at
tree level in the SM, with radiative corrections discussed in Sec. 111 C.

B. Nuclear and hadronic physics

Due to the suppression of the weak charge of the proton, the most important nuclear
response required for the interpretation of CEvNS experiments is related to the neutron
distribution. While the charge density of nuclei has been probed extensively in elastic elec-
tron scattering experiments [88-91], the neutron density distributions are hard to determine.
While precise experimental data exist for observables that are sensitive to the neutron den-
sity distribution or the neutron skin, such as the nuclear dipole polarizability [92-95], efforts
using hadronic probes require a careful analysis of model-dependent uncertainties (see, e.g.,
Ref. [96]). In contrast, electroweak processes such as parity-violating electron scattering
(PVES) [97] and CEvNS have long been considered as clean probes of the neutron den-
sities. Both of which, though long considered experimentally challenging, have become a
reality in recent years: CEvNS on Csl [1] and Ar [23] has been observed by the COHER-
ENT collaboration, and the PREX and PREX II experiments at Jefferson Lab (JLab) have
determined the weak form factor of 2°*Pb at two values of the momentum transfer [98-100],
with results from the CREX experiment on *Ca [101] are expected soon. In the future, the
MREX experiment at MESA aims at a yet higher precision in 2%Pb [102].

The observation of CEvNS can therefore further provide important nuclear structure
information through the the determination of the weak form factor, which constrains the
neutron density distribution and thus the neutron radius and the neutron skin, at least at
low momentum transfers where the process remains coherent [2, 5, 18-20, 103—109]. These
measurements complement PVES experiments not only due to additional data, but also due
to different energy ranges and nuclear targets, which could be used to calibrate nuclear-
structure calculations. Furthermore, improved measurements of the neutron skin would
have important consequences for the equation of state of neutron-rich matter, which plays
an essential role in understanding the structure and evolution of neutron stars [110-114].

However, arguably the most intricate aspect of nuclear-structure input concerns searches
for BSM physics. Without independent experimental information for the neutron responses,
which, potentially apart from PVES, is difficult to obtain, CEvNS cross sections provide con-
straints on the combination of nuclear responses and BSM effects. In fact, in order to derive
BSM constraints beyond the level at which current nuclear-structure calculations constrain
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the neutron distribution, a combined analysis of multiple targets and momentum transfers
is required to distinguish between nuclear structure and potential BSM contributions. To
do so, a detailed understanding of the nuclear responses is prerequisite, as we discuss in the
remainder of this section.

Traditionally, the weak form factor

1

Fu(q®) = o [ZQ% Fo(¢°) + NQy Fa(q?)] (7)
has been modeled in terms of proton and neutron densities
A sin(gqr) 4 sin(qr)
Ry = [ 0 0, B = [ e, @

where p,, () and p,(r) are neutron and proton density distributions normalized to the neu-
tron and proton numbers. Phenomenological form factors, such as Helm [115] and Klein-
Nystrand [116], are based on empirical fits to elastic electron scattering data, and similar
parameterizations are assumed for the neutron form factor. In the Helm approach [115], the
nucleon distribution is given by the convolution of a uniform density with radius Ry and a
Gaussian profile with width s, the surface thickness. The resulting form factor is

_ 3j1(qR0)e—q252/2 (9)

Fgem (¢°
Hl( ) qRy

where j;(x) is the spherical Bessel function of order one. The Klein-Nystrand approach [116]
relies on a surface-diffuse distribution that results from folding a short-range Yukawa poten-
tial with range a; over a hard sphere distribution with radius R 4. The resulting form factor

becomes .
_ 3j1(qRA) 1
qRA 1+ ¢?a}

In both cases, it should be stressed that these parameterizations need to assume a value
for the neutron radius—related to Ry or Rs—and only try to capture the leading nuclear
responses, with the neutron distribution largely unconstrained. Actual nuclear-structure
calculations of the nuclear responses are based on relativistic mean-field methods [103, 105],
nonrelativistic energy-density functionals [2, 107, 109], shell-model calculations [20, 117, 118],
and, for argon, a first-principles calculation using coupled-cluster theory [18].

Retaining all responses that at least display some degree of coherent enhancement, the
weak form factor can be expressed as [20]

Fol?) 1 KQQ(l B <r2E)pq2 1 2q2> o (rp)" + (r%,s>Nq2) FM(g)

FKN(QQ)

(10)

T Qu 6 Sm 6
. (rg)? + (g SN 1 rE)"
+ <QW(1 - = - = — SmNQqQ) - i’v< ? ¢ ) Fa(q?)
Q% (1 + 2r7) +2Q% (5" + KY) "
+ g ¢ Fy (%)
Qm(14 2kP + 2rY) + 2QP K" "
+ B2 L2 ) IR () (1)
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FIG. 1. Theoretical predictions for the weak form factor of “°Ar, from relativistic mean-field
methods [105], coupled-cluster [18], and shell-model [20] calculations. The curves/bands labeled
(EM)-(PWA), NNLOgat, and ANNLOGo(450) refer to the chiral interactions considered in Ref. [18].
Figure adapted from Ref. [20].

where my denotes the nucleon mass. The M responses Far, N = {p,n}, correspond to the
charge distribution and the ®” responses Fy to spin-orbit corrections, which add coherently
for nucleons with spin aligned with the orbital angular momentum. The coefficients are
determined by the weak charges QY but, in addition, involve the nucleon matrix elements
of the vector current, expressed here in terms of the charge radii (r%)", strangeness radii

(r)", and magnetic moments £, kY. In consequence, since F(¢?) originates from a

S
linear combination of weak charges, hadronic matrix elements, and nuclear responses, its
shape will change if BSM contributions modify the weak charges. Further corrections could
be expected from two-body currents, but for the relevant responses such contributions only
start at loop level in the chiral expansion [20]. Figure 1 compares several predictions for
argon’s Fy(q?). The theoretical spread indicates the accuracy with which nuclear responses
can currently be calculated.

The decomposition of the subleading axial-vector form factor reads [20]

B &1
27 +1

Falq®) ((gi{N)z%(f) — 493" ST (d*) + dAST (q2)> : (12)

where J > 0 is the nuclear spin, g4, gfq’N refer to the appropriate nucleon axial-vector matrix
elements, and S;Jr- (¢?) are the nuclear responses in isospin basis (with i,5 = 0/1 for the

isoscalar /isovector parts). The dominant contribution arises from the isovector component,

with normalization
4 9 J+1 9

Fa(0) = 503"~ ((8,) = (8.))". (13)

when strangeness and two-body corrections are neglected. (Sy) refers to the neutron and
proton spin expectation values in the nucleus. The calculation of Sg (¢?) requires a careful
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FIG. 2. Calculated tranverse spin-dependent structure factors for CEvNS, see Eq. (12), exemplarily
shown for cesium and iodine [20]. Figure taken from Ref. [20].

multipole decomposition, which shows that only the transverse part contributes to CEvNS,
with additional corrections from two-body currents and the axial radius, see Fig. 2 for recent
results [20].

C. Radiative corrections

The relation (6) for the weak charges holds true at tree-level, in which case Q%" are flavor
universal and apply both to neutrino and electron scattering. Once including radiative cor-
rections, process- and flavor-dependent contributions arise, in such a way that separate weak
charges need to be defined. For CEvNS, the corresponding radiative corrective have been
studied in Refs. [119-121], see also Ref. [122] for a comparison. Keeping the decomposition
Qw = ZQP + NQ&, one has from Ref. [120]

Qv? = 0.0766 QuP = 0.0601 , Qy" =0.0513,
QU = —1.0233, (14)
i.e., only Q%P becomes flavor dependent. These values are in agreement with Ref. [121]
QUeP = 0.0747(34) Qu? — Q" =0.01654, Q" —Qy*? =0.00876,
QU™ = —1.02352(25) . (15)

The main difference between Refs. [120, 121] concerns the treatment of the light-quark loops
in y—Z mixing diagrams, which lead to non-perturbative effects that have been absorbed
into Q¥4P.

The consequences of process-dependent corrections become apparent when comparing to
the SM values for the weak charges probed in electron scattering [120, 123]

Qi =0.0710, Q%" = —0.981, (16)
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which include further corrections (7Z box diagrams and axial-current renormalization) that
do not play a role in CEvNS.

D. Neutrino magnetic moment

Since oscillation experiments demonstrated that neutrinos have mass, they should at least
carry magnetic dipole moments. If the CP-invariance is violated, they can have electric
dipole moments as well. The value of the magnetic moment is very small in the SM, but
they may be larger than the SM prediction if new physics beyond SM contributes. The SM
value for a Dirac neutrino is as low as of the order of 107?35 for the inverted hierarchy and
lower for the normal hierarchy [124].

Best laboratory limits on the neutrino magnetic moment comes from neutrino-electron
scattering experiments using either reactor or solar neutrinos as neutrino source. Small-
est possible limits come from smallest electron recoil energy which can be measured since
electromagnetic contribution to the cross section would exceed the weak contribution at
lower electron recoil energies. Current experimental limits are of the order of 2.9 x 10~ up
[125, 126]. Mass eigenstates of neutrinos have well-defined magnetic moments. Hence the
measured value of the neutrino magnetic moment in a given experiment also depends on the
proportion of different mass eigenstates present in the signal. At CEvNS this proportion
is very different than that at solar or reactor neutrino experiments. Astrophysical limits
on neutrino magnetic moments are somewhat tighter than laboratory limits, but they are
subject to systematic errors. They typically explore the consequences of energy losses due
to the creation of neutrino-antineutrino pairs from stellar plasmas. Significant energy loss
would prevent Cepheid stars from being formed if p, > 4 x 107" g [127]. The presence of
stars at the tip of the red giant branch in globular clusters require p, < 1.5 x 107 2up [128].

A CEvNS experiment has a dominant contribution from Z-boson exchange, but also a
much smaller subdominant contribution coming from the presence of neutrino magnetic mo-
ment which exchanges a photon with the nucleus. Unlike the dominant contribution which
probes the neutron distribution in the target, the subdominant contribution is sensitive to
the proton distribution.

Majorana neutrinos cannot have diagonal magnetic moments. This makes theoretical
constraints on Majorana neutrino magnetic moments somewhat weaker [129, 130], suggesting
that if a magnetic moment with a value slightly below the above limits is experimentally
observed, neutrinos are likely to be Majorana particles.

IV. LATTICE QCD AND INPUTS FOR NEUTRINO SCATTERING

Neutrino-nucleus scattering is described in the SM by the exchange of a W= or Z° bo-
son between a neutrino and a quark that is bound in a nucleus. Low-energy scattering
can be accurately described using nuclear effective theories, while high-energy scattering
can be factorized into hard scattering amplitudes calculable in perturbative QCD and non-
perturbative PDFs. For intermediate neutrino energies around 1 GeV, nonperturbative
QCD processes such as pion and other resonance production make significant cross-section
contributions. Lattice QCD (LQCD) provides a first principal framework for numerically
calculating the QCD path integral with systematically improvable control over systematics.
It can be used to determine nonperturbative inputs to nuclear effective theories, nucleon
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and nuclear PDFs, and benchmark phenomenological models of resonant scattering in the
transition region between the low- and high-energy expansions provided by nuclear effective
theories and perturbative QCD.

The information provided by LQCD is often complementary to that provided by neutrino
and electron scattering experiments, in part because some systems that are relatively simple
to study in LQCD are challenging to study experimentally, such as free neutrons, while
other systems such as large nuclei are challenging to study directly with LQCD. Further, it
is straightforward to study both the axial and vector components of the electroweak currents
relevant for neutrino scattering using LQCD. For elastic form factors and other observables,
vector-current LQCD results can be compared with precise results from electron scattering
experiments, see Ref. [67], and used to validate LQCD methods, while precise axial-current
LQCD results will provide predictions that can be used to inform and validate nuclear
effective theories. Moreover, we note that, complementary to direct lattice calculations,
there is also an extensive literature [131-150] on determinations of the electromagnetic and
axial form factors of the nucleon based on various phenomenological fits and theoretical
models. In this whitepaper, we concentrate primarily on lattice-based approaches, which, as
discussed above, are capable of accessing kinematics and flavor currents that can otherwise
be challenging to constrain empirically in an ab initio fashion immediately related to the
QCD Lagrangian. Still, we stress that there are valuable synergies between the available
lattice and phenomenological /model-based methods that can help extend or benchmark one
approach off the other. This section discusses the status and outlook for LQCD calculations
relevant for neutrino scattering from low to high energies, see also Ref. [151]. The use of
LQCD results to constrain inputs to nuclear effective theories and validate phenomenological
models of the transition region is discussed further in the following sections.

A. Nucleon form factors

The scattering amplitude for elastic charged-current neutrino-nucleon scattering in the
isospin limit can be expressed as a linear combination of four form factors [152]: the Dirac

Fy, Pauli F;, axial G4, and induced pseudoscalar G p form factors defined by
(VG4 DIALDING) =1+ D (Ca( @+ G @) ) (). (1)

10"q,

(VG4 DIVE@ING) =+ ) (R0 + R@) 5" ) . (19

where the isovector axial current is Af, = gv,757%¢ with 7 a Pauli matrix in isospin space,
the isovector vector current is Vii(z) = v,7%, the uy(p) are Dirac spinors, and My is
the nucleon mass. Form factors with spacelike momentum transfers can be computed using
Euclidean matrix elements accessible to LQCD where ¢ = (Eprs — Ejp, ¢) and Q* = ¢* —
(Epry — E5)? and the form factors can then be used to compute scattering cross sections
where Q? = —(¢°)? + ¢* > 0.

The electric Gg = F} — %F& and magnetic Gy = F1 + F; form factors are often used
in place of Fy and F; to provide a complete set of isovector nucleon elastic form factors
{GE,Gun,Ga,Gp}. The same four nucleon form factors and their flavor-singlet analogs are
used to compute quasi-elastic charged- and neutral-current neutrino-nucleus scattering cross
sections in nuclear many-body models and neutrino event generators, as discussed below. Gg
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FIG. 3. The axial G4, induced pseudoscalar G p, and pseudoscalar G p nucleon form factors do not
accurately satisfy Eq. (20) using a standard method of determining the form factor in LQCD, left,
but do satisfy this relation at the expected accuracy when the lowest N7 excited state is explicitly
included in the analysis. Figure reproduced from Ref. [153].

and G, are precisely known from electron scattering experiments and provide validation
for LQCD methods and uncertainty quantification, while LQCD predictions of G4 and
G'p with robust control of systematic uncertainties will provide valuable input for nuclear
effective theory and neutrino event generator predictions of quasi-elastic scattering. The
current status of lattice QCD calculations of the electromagnetic form factors Gg and G,
is discussed in Ref. [153]. The lattice results are now in good agreement with the Kelly [147]
or the rational fraction [154] parameterization of the experimental data. Calculations of
the axial form factors G4 and Gp are still maturing. The current main uncertainty comes
from correctly identifying all the excited states that contribute to the 3-point correlation
functions and including them in the extraction of the ground-state matrix elements.

The pseudoscalar current P* = §v57%¢ and the associated nucleon form factor G'p defined
by

N+ QIP@IN®) =an(F+q) Gr(g®) rsun(p), (19)

enters the chiral Ward identity 0, A}, = 2mP? (also called the PCAC relation), which holds
in QCD for all quark mass values and is only violated in LQCD by discretization errors. The
chiral ward identity can be used to derive an important check on the systematic uncertainties
of LQCD form factor calculations, i.e., they satisfy the generalized Goldberger-Treiman
relation

@) (20
oMy TN
where m,q = (m, +mg)/2. This relation is valid under the assumption that the matrix ele-
ments on the left hand side of Eqs. (17)—(18) are determined within the nucleon ground-state.
Under the further assumption that Gp and Gp are dominated by pion pole contributions,
which is valid at leading order (LO) in chiral perturbation theory, the TN N form factor
g=nn can also be related to these form factors [155]. Contributions from excited states can
also arise because the interpolating operators used to create and annihilate nucleon states
in LQCD couple not only to the nucleon but to all excitations with the same quantum
numbers, including multihadron states such as Nw, N7w, .... The failure of many early
LQCD calculations to satisfy Eq. (20) within expected discretization errors (see Ref. [153]

2m,aGp(Q%) = 2MyG A(Q%) —
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FIG. 4.  Summary of current LQCD calculations of the nucleon axial form factor, compared to
the z expansion deuterium bubble chamber parameterization from Ref. [164] (red band). Lattice
results from two collaborations, RQCD [165] (green) and NME [153] (purple), are plotted as bands.
These account for systematics due to extrapolation in parameters such as the lattice spacing, finite
volume, and pion mass. The results of RQCD are obtained by enforcing the constraint that the
form factors satisfy Eq. 20. The NME result is taken from Eq.(55) of Ref. [153] with an inflation
of the uncertainty on g4 and by by a factor of 3 to account for neglected variations due to lattice
spacing and quark mass artifacts. Other LQCD results [166—171], shown as scatter points, are
each from a single ensemble and subject to similar level of unaccounted systematic effects since
simulations have been done away from the physical point. Figure reproduced from Ref. [172].

for a summary) can be regarded as an indication that excited-state contributions (ESC)
are present in these calculations and were not fully removed in the extraction of matrix
elements. In chiral perturbation theory, these contributions are expected to be large in the
axial and pseudoscalar channels [156, 157]. Note that for quantitative agreement sublead-
ing loop effects, see Ref. [158], are important due to enhancements of low-energy constants
that describe the effects of the A(1232) resonance. In LQCD, the importance of multi-
hadron excited-state contamination in axial form factor calculations was established clearly
in Ref. [159], where it was demonstrated that explicit inclusion of N7 excited-state effects
using information from a different correlation function where excited-state effects are more
pronounced reduced violations of Eq. (20) from tens of percent to a few percent as shown in
Fig. 3. This work also demonstrated that a relationship between G p and G4 arising from
the pion-pole dominance hypothesis [160], which is valid at LO in chiral perturbation theory,
is highly correlated with Eq. (20) and both relations are approximately satisfied if and only
if excited-state effects are adequately removed in the extraction of Gy, Gp and Gp. The
current status of results for G4 in calculations including extrapolations to the continuum
limit and physical quark masses, as well as demonstration that excited-state effects do not
spoil Eq. (20), is shown in Fig. 4. A rough estimate, based on these calculations, of the
time required to reduce all systematics other than excited state effects to < 2% and ESC to
< 5% is 5 million node hours on Summit supercomputer at ORNL and its follow on. This
size of resource should become available within the next five years.

A complete systematic uncertainty budget for LQCD calculations of form factors must
account for the size of multi-hadron excited-state effects, as well as other systematic uncer-
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tainties such as discretization and finite-volume effects. There has been recent progress to-
wards the application of variational methods to N7 scattering [161, 162] and pion-production
amplitudes [163] that will shed further light on the size of N7 and other excited-state effects
and enable future calculations to explicitly isolate and remove N7 and other excited-state
contributions to axial form factors that may be relevant for the goal of achieving form-factor
predictions with few-percent uncertainties. Such variational calculations would also simulta-
neously enable calculations of nucleon pion-production amplitudes and are discussed further
in Sec. IV C below.

B. Two-body currents

Effective theories with nucleon degrees of freedom describe electroweak interactions of
nuclei as a sum of electroweak current interactions with constituent nucleons, parameterized
by the nucleon form factors above, plus corrections dominantly arising from two-body current
interactions with correlated pairs of nucleons (sometimes called “meson-exchange currents”).
LQCD calculations of electroweak matrix elements of light nuclei include all multi-nucleon
correlations arising from strong interactions, and two-body currents can be determined by
matching the results of LQCD calculations of multi-nucleon electroweak matrix elements
to nuclear effective theory calculations of the same quantities. The computational costs of
LQCD calculations of nuclei grow exponentially as the nucleon number is increased and
as the quark masses are reduced, consequently LQCD calculations of electroweak nuclear
matrix elements have so far been limited to two- and three-nucleon systems with heavier-
than-physical quark masses, see Refs. [173-175] for reviews.

For energies much below the pion-production threshold, pionless EFT can be used to pa-
rameterize the neutrino-deuteron cross section and other electroweak observables in terms
of an isovector two-body axial current parameter L;4 and other comparatively well-known
quantities. The parameter L;, has been phenomenologically calculated using reactor neu-
trinos [176], SNO and SK data [177, 178], and helioseismology [179]. Calculations of the
axial-current matrix element <pp\A:[|d> relevant for the pp fusion process p+p — d+et +n,
have been performed in LQCD using a single unphysically-heavy value of the v and d quark
masses and matched to pionless EFT by calculating the same background-field correlation
functions in both theories in order to determine L4 [180]. Isoscalar and strange-quark
axial matrix elements relevant for neutral-current interactions have also been computed
with the same quark mass values [181]. LQCD calculations of the axial-current matrix el-
ement <3He|A;’]3H> relevant for triton (-decay have been performed at two unphysically
large quark mass values [180, 182] and used to constrain L4 using techniques for directly
matching finite-volume LQCD and pionless EFT observables [183-185]. Although systematic
uncertainties from quark-mass dependence, discretization effects, and excited-state effects
are not fully controlled in these exploratory LQCD calculations, there is good agreement
between these LQCD results for L;4 and results extracted directly from experimental data.

Excited-state effects arising from unbound multi-nucleon states can lead to significant
systematic uncertainties in LQCD calculations of multi-nucleon observables analogous to
the N7 excited-state effects in nucleons discussed above. Results for two-baryon energy
spectra obtained using variational methods [186-189] show tensions with non-variational
results obtained by multiple groups that used asymmetric correlation functions with similar
interpolating operators [190-197]. Direct comparisons of results using different interpolating
operators on the same gauge-field ensemble for 77 [198, 199], N7 [200, 201], and NN [189]
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systems highlight the importance of including operators that have significant overlap with
all low-energy states in order to obtain a complete description of the low-energy spectrum.
If such a sufficiently complete operator set can be identified, then variational methods can
be used to robustly remove excited-state effects from ground-state energy and matrix ele-
ment determinations. LQCD calculations of few-nucleon electroweak matrix elements using
variational methods to control excited states, as well as using approximately physical quark
masses and robust continuum extrapolations, could be achieved within the next five to
ten years given sufficient computing resources. In addition to determinations of L4, such
LQCD calculations of two-nucleon axial form factors could provide systematically controlled
predictions for the more poorly known momentum-dependence of two-body current effects.

C. The resonance region

Reaction channels involving pion and other resonance production provide the dominant
contributions to neutrino-nucleus scattering cross sections for few-GeV energies [202]. Ro-
bust theory predictions with quantified uncertainties for resonant scattering cross sections
will be particularly important for DUNE, where the neutrino flux will be peaked around
2 GeV energies [203]. Achieving systematic uncertainty targets [204] of 2 — 3% precision
on the total cross section in this energy region will require accurate predictions of A pro-
duction and other resonant scattering cross sections with few-percent precision. Electron
scattering experiments can be used to determine vector-current contributions to resonance
effects directly, but axial-current contributions from electron scattering are only measured
indirectly by applying low-energy theorems to decays of the produced resonances [146].
Determinations of axial N — A transition form factors often use leading-order chiral per-
turbation theory and phenomenological model results [205] in order to reduce the number
of transition form factors because there is not enough data to constrain the full form factor
parameterization [152, 206, 207]. It will be important to determine all of the independent
vector and axial N — A transition form factors, conventionally denoted Cy,...,CY and
C4, ..., C&, in order to make resonant cross-section predictions with few-percent accuracy
and in particular to determine the angular dependence of A resonance production and de-
cay. Accurate determinations of these transition form factors as well as non-resonant nucleon
pion production amplitudes are required to provide reliable predictions of neutrino-nucleus
cross sections in the resonance region.

LQCD can be used to calculate resonant and non-resonant nucleon pion-production am-
plitudes as well as the elastic form factors discussion above. In general, LQCD calculations
determine correlation functions that encode the spectrum and matrix elements of the energy
eigenstates of QCD. Variational methods can be applied to symmetric correlation-function
matrices built from a set of interpolating operators in order to construct approximate energy
eigenstates and obtain upper bounds on the true energy levels of QCD [208-210]. Future
calculations of nucleon form factors applying variational methods to a set of interpolating
operators including both local N operators and products of plane-wave N7 operators can be
used not only to obtain N — N elastic form factors with N7 excited-state effects explicitly
removed but also N — N transition form factors for resonances with the nucleon quantum
numbers within the same calculation. Calculations that further include interpolating oper-
ators with the A quantum numbers that strongly overlap with states in the vicinity of the
A(1232) resonance can be used to determine N — A transition form factors.

It is essential for variational methods to include operators overlapping with all low-energy
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states present in the spectrum in order to reliably control excited-state effects [189, 198
201]. This complicates the determination of resonant pion-production amplitudes, because
in large volumes there are multiple excited states associated with unbound N7 and Nnrw
systems that are below or comparable to the energy of the A(1232) resonance. Large sets
of interpolating operators are required in order to describe the low-energy states associated
with N7 and N7w systems with different relative momenta, and calculations will require
large computational resources and state-of-the-art algorithms for approximating “all-to-all”
quark propagators [211-214]. Further complications arise from the fact that the finite-volume
matrix elements determined by LQCD calculations are not simply related to infinite-volume
resonant form factors. It is possible to relate LQCD finite-volume matrix elements to infinite-
volume form factors either using generalizations of Liischer’s quantization condition [215—
223] or by directly matching between LQCD and effective theory results for finite-volume
energies and matrix elements and subsequently using the effective theory to predict infinite-
volume form factors and other physical observables. Further studies are needed to determine
the most efficient way to match effective theory descriptions of resonant form factors to
LQCD results for finite-volume matrix elements.

There is a long history of LQCD studies of the A resonance, including determinations
of vector- and axial-current N — A transition form factors using unphysically heavy quark
masses that result in a stable A baryon [224-226]. Although it is difficult to estimate the
systematic uncertainties associated with quark-mass effects for these form factors, LQCD cal-
culations of N — A form factors with stable A baryons still provide useful information about
experimentally poorly known observables such as the angular distributions of A production
and decay amplitudes. More recent calculations with pion masses below about 300 MeV
find the A to be an unstable N7 resonance [227, 228]. Recent calculations have applied
variational methods and included both A ~ qgq operators and products of plane-wave Nm
operators that overlap with states corresponding to N7 scattering states [161, 162]. These
calculations have enable determinations of N7 phase shifts that have been fit to a Breit-
Wigner form to predict the mass and width of the A resonance. Exploratory calculations of
N — N axial matrix-element including multi-hadron N7 operators have also recently been
performed [163]. For such transition form factors involving unstable resonances, amplitudes
are computed for real-valued invariant masses and must be analytically continued to the
resonance pole position. To get a complete error budget, both lattice spacing and finite vol-
ume uncertainties must be taken into account and control over the parameterization of the
scattering phase shift used to obtain the resonance properties is needed. This necessitates
the use of multiple lattice ensembles to perform the relevant extrapolations to the physical
point. Although challenging, a pilot study of the methodology exists in the meson sector
for the p — my* transition [229].

Besides the A(1232), the low-energy nucleon resonances that are the most accessible to
LQCD and among the most important for the neutrino oscillation program are the N*(1440)
(Roper) and the negative parity N*(1535) resonances [123]; see Sec. VIB for further details.
Several LQCD studies have investigated whether the Roper resonance more closely resembles
a 3-quark state or a bound state of two or more hadrons, including variational calculations
employing N7 as well as No interpolating operators [230]. Many calculations appear to
prefer larger masses for the Roper resonance [230-238|, while others prefer a mass that
extrapolates to the experimental Roper mass at the physical point [239, 240]. This was
attributed in Refs. [240, 241] to a sensitivity to the chiral properties of the action. The
negative-parity N*(1535) (or Si;) resonance is also relevant for neutrino scattering and
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shares the same quantum numbers as an S-wave N7 system. This resonance has been less
studied in LQCD than the A or Roper, but calculations have been performed using both
single-hadron ¢* [201, 238] and multi-hadron N7 [200, 242, 243] interpolating operators
with pion masses ranging down to 260 MeV. More precise determinations of Roper and other
N* resonance properties and transition form factors would both illuminate the structures
of these states and inform models of resonant neutrino scattering by providing exclusive
transition form factor results complementary to experimental pion-nucleon data. The same
LQCD methodology can be applied to higher-energy N* resonances, but it is presently
computationally unfeasible to include the multitude of Nw, Nnxw, Nnwnw, and other multi-
hadron scattering states with energies below larger resonance masses.

Over the next five to ten years, calculations of N — A and N — N* transition form
factors for the resonances discussed above provide suitable targets for LQCD calculations.
Achieving controlled systematic uncertainties in calculations involving excited-state matrix
elements is challenging, but encouraging steps towards this goal have been made in recent
years. Further, the same variational methods that enable controlled calculations of resonant
and non-resonant N — N transition form factors can help quantify and reduce systematic
uncertainties for the quasi-elastic region by providing determinations of nucleon elastic form
factors with N7 excited-state contamination explicitly removed.

D. The hadron tensor

For energies above two- and three-pion production thresholds, it is difficult to account
explicitly for all resonant and non-resonant scattering channels, and so it is simpler to
consider inclusive or semi-inclusive processes. Cross-sections for vA scattering processes
involving a final-state lepton and a fully inclusive sum over hadronic final-states X can be
written as linear combinations of the elements of the hadron tensor W#¥ of the nucleus A
with initial-state four-momentum p, defined as

v 1 1q-z
Wi .0 = o= [ '™ (At q| ) 0) ). 1)
For scattering events with |q| > 1/d, where d is the typical inter-nucleon separation in
a nucleus, the nuclear hadron tensor can be factorized into products of nuclear spectral
functions and nucleon hadron tensors using the impulse approximation [244]:

W (q,w) = /d3k dE (%) [Z S,(k, EYyWI +(A—Z) S, (k, E)W] . (22)

where ¢ = (w,q) and the nucleus is taken to be initially at rest. The nuclear spectral
functions Sy(k, E) (with N = n,p) describe the probability of finding a nucleon N with
energy E and momentum k inside the nucleus. Nuclear spectral functions can be computed
to high precision for nuclei as large as >C using non-relativistic nuclear many-body theory,
see Refs. [245, 246] for reviews and Sec. V below for further discussion. The nucleon hadron
tensors W&” (with N = p, n) encode the hadronic structure of individual nucleons interacting
with the external current J. They are defined by Eq. (21) with A replaced by N, which is
equivalent to [244]

WE'(k, E,qw) =Y (N.k|J"|X,k+q) (X.k+q| J*[N,k)§(w+ My — E — Ex). (23)
X
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Within the impulse approximation, it is therefore consistent to describe v A scattering using
the free nucleon spectral functions except that the nucleon energy is that of a bound nucleon,
My — E, rather than the nucleon mass. Corrections to the impulse approximation including
two-body currents [247-249] and pion production [250] can be included within an extended
factorization scheme that therefore connects determinations of the nucleon hadron tensor to
predictions for vA cross sections for experimentally relevant nuclei.

The nucleon hadron tensor is not directly accessible in the Euclidean spacetime. However,
its Laplace transform

Wy (k,E,q,7) = /dw e "W (k,E,q,w). (24)

can be formulated as a Euclidean path integral that can be calculated using LQCD [251—
255]. Inverting this relation to extract the nucleon hadron tensor from its Laplace transform
is a numerically delicate and challenging problem. Developing robust methods for solving
this inverse problem numerically is the subject of current research: the Maximum Entropy
Method (MEM) [256, 257], Bayesian Reconstruction (BR) [258], and the Backus-Gilbert
Method (BG) [259, 260] have all been investigated in connection with the nucleon hadron
tensor [261]. Another approach that exploits the analytic structure of Euclidean Green
functions was recently explored in the context of condensed matter physics [262]. Extensions
of these ideas may also prove useful for LQCD calculations of the hadron tensor. The
hadronic tensor in Eq. (24) may also be related to the total scattering cross section by using
its 7 dependence to perform an weighted integral over w [263].

LQCD calculations of the nucleon hadron tensor provide a valuable window on v A scat-
tering cross sections at energies where QCD is nonperturbative and decompositions into
exclusive channels are unfeasible. Hadron tensor calculations can be extended to large mo-
mentum transfers in order to study the transition to the DIS region, although very fine
lattice spacings are required to probe energies relevant to DIS [261]. For low energies be-
low inelastic thresholds, the nucleon hadron tensor can be written as a sum of products of
the elastic nucleon form factors discussed in Sec. IV A. Agreement between form factor and
hadron tensor results provides a non-trivial cross-check on the LQCD methodology of these
calculations, which has been satisfied by direct comparisons of hadron tensor and vector form
factor results in Ref. [261]. During the next five years, calculations of the nucleon hadron
tensor will continue to mature and begin to provide reliable nonperturbative predictions for
v A scattering cross sections at energies above inelastic thresholds.

E. DIS structure functions

In the high-energy DIS region, hadronic cross sections factorize into partonic cross sec-
tions calculable with perturbative QCD and light-cone structure functions such as PDFs
that must be determined through global fits to experimental data and/or nonperturbative
calculations. LQCD calculations are performed in Euclidean spacetime where path inte-
grals include positive-definite factors of oc e that can be used for importance sampling,
and light-cone structure functions cannot be directly calculated using LQCD. Despite this
obstruction, LQCD can provide useful nonperturbative input that can be used alongside
experimental data in global fits to determine PDF's and other structure functions. There is
a great deal of complementarity between LQCD and experimental results for PDFs, with for
example parton flavor separations of polarized PDFs relatively straightforward for LQCD
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but determinations of unpolarized nucleon and nuclear PDF's obtained more precisely from
high-energy scattering experiments.

By performing an operator product expansion, Mellin moments of PDFs and other struc-
ture functions can be related to matrix elements of local operators, which have been targets
of LQCD calculations for a long time [264-266]. The first Mellin moments with the insertion
of a vector current describe the momentum fractions carried by quarks and gluons within
an asymptotically high-energy hadron. The calculations of these quantities have been per-
formed using physical quark masses [267-269]. Other low-order Mellin moments (helicity,
transversity) have been calculated with LQCD. Although the lowest moments of unpolarized
PDFs are known more precisely from experiment than LQCD calculations, LQCD results
for moments of transversity PDFs have already been demonstrated to improve the preci-
sion of global PDF extractions [270-272]. LQCD calculations of higher moments of PDFs
are challenging because the relevant operators mix with lower-dimensional operators under
renormalization. Novel methods to circumvent this difficulty have been proposed [254, 273~
275] and are being actively explored, see Refs. [270, 272] for reviews.

A method for directly calculating the z-dependence of PDFs using LQCD is provided by
the quasi PDF approach [276] and related techniques [277-279]. See Refs. [270, 272, 280, 281]
for reviews. In this approach, nonlocal matrix elements describing Euclidean analogs of the
light-cone-separated operators defining PDFs are computed in boosted hadron states, for

example the unpolarized quark quasi PDF for a hadron h with momentum in z-direction P,
is defined by

a.P) = [ e P 04O (P) (25)
where W(z,0) is a Wilson line for the interval [0, z] and ' = 74. Quasi PDFs can be re-
lated to light-cone PDF's using perturbation theory up to power corrections that vanish for
P. — oo. The need to extrapolate LQCD results to P, — oo, truncation effects arising from
approximating the Fourier transform using finite Wilson displacement results, and nonlocal
operator renormalization lead to challenging systematic uncertainties, but there has been
significant recent progress in understanding these issues [282-286]. LQCD results are most
reliable for intermediate z away from the endpoints of the physical region = € [0,1]. Cur-
rent LQCD results are able to significantly improve the precision of global PDF analyses of
isovector polarized (with T' = 757, in Eq. 25 ) PDFs [287]. These PDFs are directly relevant
for neutrino-nucleon DIS, and over the next five years LQCD calculations of quasi PDFs
with full lattice systematic errors can improve predictions for neutrino DIS by providing reli-
able determinations of nucleon isovector unpolarized and polarized PDFs at intermediate z.
There has been a LQCD study investigating the s(z) — s(z) asymmetry [291], an important
step towards LQCD calculations of a complete flavor decomposition of nucleon PDFs that
can be used for neutrino DIS calculations. A joint LQCD and global PDF fitting community
whitepaper [270] estimates that LQCD determinations of strange PDFs with 10% precision
will significantly improve global fits. We note that developing and benchmarking the above-
mentioned relations between the lattice-calculable quasi PDFs and the exact light-cone PDF's
would be aided by precise data for the latter, which are determined phenomenologically; de-
tailed studies of the PDF sensitivity of high-energy data for quasi-PDF and lattice-calculable
Mellin moments are available, e.g., Ref. [288]. Additional light-cone structure functions such
as TMDPDFs may be relevant for precisely predicting neutrino semi-inclusive DIS (SIDIS)
processes such as high-energy pion production. LQCD can be used to constrain the non-
perturbative evolution of TMDPDFs [292-297] as well as quasi TMDPDFs that can be
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nonperturbatively related to light-cone TMDPDFs [295, 296, 298-300], including the spin
and flavor combinations of TMDPDFs relevant for neutrino scattering. More details on the
future prospects for lattice PDFs can be found in a parallel Snowmass whitepaper [301].
Differences between nuclear and nucleon PDFs; including effects connected through EFT
to the famous EMC effect, can be calculated directly using LQCD for light nuclei [302].
Phenomenological determinations of nuclear PDFs (nPDFs) [303-309] have long attempted
to constrain nuclear modifications to the free-nucleon PDF's, generally by fitting a smooth
parametrization of the A dependence in combined QCD analyses. While such analyses
have made steady progress in recent years, continuously extending A-dependent nPDFs to
describe light nuclei has been challenging, such that lattice QCD input on these systems —
in the form of moments and quasi PDFs — would be very informative. In addition, nuclear
data used to constrain nPDF's is frequently expressed in the form of ratios with respect
to deuterium; as such, lattice simulations of the deuteron would be very helpful for the
purpose of unraveling any potential systematic effects. Nuclear effects on isovector quark
PDF constraints, which can be obtained relatively simply and precisely using LQCD, are
relevant for charged-current processes in neutrino-nucleus scattering and, in particular, have
been suggested as one potential source of the NuTeV anomaly [310], in conjunction with
nucleon-level effects from the s—§ asymmetry [289, 290] and parton-level charge-symmetry
breaking. Exploratory calculations have been performed of isovector quark as well as gluon
momentum fractions of two- and three-nucleon systems using a single gauge-field ensemble
with unphysically heavy quark masses [311, 312]. Calculations of nuclear quasi PDFs are
also possible in principle but would require considerable computational resources because
increasing baryon number and including large Wilson lines both lead to exponential signal-
to-noise degradation. LQCD calculations of PDF moments of light nuclei including physical
quark masses, continuum extrapolations, and systematic control of unbound multi-nucleon
excited-state effects will be challenging but could be achieved within the next five years.

V. NUCLEAR MANY-BODY THEORY APPROACHES

A. Introduction

A detailed understanding of neutrino scattering from nuclei is required to extract in-
formation on neutrino properties from the accelerator-neutrino program. These properties
include the neutrino mass differences, mixing angles, and particularly the neutrino mass
hierarchy and the CP-violating mixing angle. In particular, in neutrino experiments, the
neutrino energy distribution, a critical ingredient in neutrino oscillation measurements, is
a-priori unknown and must be inferred from the final state charged leptons and the emitted
nucleons and pions.

This is a particularly challenging problem because of the wide range of energies and
momenta involved in these experiments, from quasielastic scattering dominated by single-
nucleon knockout process, to the pion production region eventually to the deep inelastic
region at high Q2. Each of these regimes requires knowledge of the nuclear ground state
and the electroweak coupling and propagation of the struck nucleons, hadrons, or partons.
The range of challenges is extreme; quasielastic scattering and deep inelastic scattering are
conceptually the easiest to understand, but ultimately we would like to be able to predict
both inclusive and exclusive cross sections across a wide range of kinematics. In particular,
the CP violating phase is expected to have a significant impact in the quasi-elastic regime
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and at much higher energies and momenta. A consistent extraction of the CP-violating
phase in different regimes is required to make a convincing high-precision measurement.

In this section, we summarize the current state of the art theory of electron- and neutrino-
scattering scattering from nuclei, a brief comparison to selected experimental results, and
prospects of dramatically improving the theory over the next 5-10 years and connecting to
experiment through improvements to the generators used in neutrino experiments. We also
describe connections to lattice QCD calculations of one- and potentially two-nucleon elec-
troweak couplings and other neutrino experiments including double-beta decay and coherent
neutrino scattering.

B. Theory

Microscopic nuclear many-body approaches aim at describing the structure and dynamics
of atomic nuclei in terms of the individual interactions among protons and neutrons, which
are treated as “fundamental” degrees of freedom. The nucleus is modeled as a collection of
A non-relativistic point-like nucleons whose dynamics is dictated by the Hamiltonian

H:ZKi+Zvij+ sz]k (26)

i<j i<j<k

In the above equation, K; is the non-relativistic single-nucleon kinetic energy, while v;;
and Vjj; are two-nucleon (NN) and three-nucleon (3N) potentials; four- and higher-body
potentials are assumed to be suppressed. The interactions of nuclei with external electroweak
probes is mediated by charge (p) and current (j) operators that are consistent with the
nuclear interactions. As such, they are also expanded in a series of many-body operators as

PZZPi(Q)+ZPw‘(Q)+--- ; (27)

i= ZJZ(Q> + ij‘j((I) -

1<j

where q is the momentum transferred to the nucleus. For example, in the Impulse Ap-
proximation (IA), that is retaining only leading one-body operators in the equations above,
nuclear electromagnetic charge and current distributions reduce to the sums of those asso-
ciated with individual protons and neutrons. The electromagnetic single-nucleon couplings
are given by the proton or neutron charge form factor, while the nucleon vector current
includes convection and magnetization terms. For neutrino scattering we also need to in-
clude the axial and pseudoscalar form factors. The electromagnetic form factors can be
measured with electron scattering and have been determined with significant precision over
the range of momenta relevant to neutrino experiments. The experimental determination of
the axial form factor require experiments on the lightest nuclei, such as the deuteron. All
the electroweak form factors can also be calculated from lattice QCD, and recently there
has been significant progress in this area. Comparison with the measured electromagnetic
form factors provide excellent tests lending confidence to the calculations of the remaining
axial and pseudoscalar form factors, as discussed at length in Sec. IV A.

The TA picture of the nucleus is, however, incomplete as it fails to explain, e.g., the
excess in the electromagnetic transverse nuclear response induced by electrons [244, 313].
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Corrections that account for processes in which external probes couple to pairs of interacting
nucleons need to be incorporated in the theoretical ab initio description.

Traditionally, phenomenological NN interactions have been constructed by including the
long-range one-pion exchange interaction, while different schemes are implemented to ac-
count for intermediate and short range effects, including multiple-pion-exchange, contact
terms, heavy-meson-exchange, or excitation of nucleons into virtual A-isobars. Highly-
realistic interactions [314-316] of this kind, such as the Argonne v;s (AV18) potential [314],
involve a number of parameters that are determined by fitting experimental data; the AV18
can fit to the Nijmegen NN scattering database with x? per datum of about 1. Phenomeno-
logical 3N interactions, consistent with the NN ones, have been developed. They are gener-
ally expressed as a sum of a two-pion-exchange P-wave term, a two-pion-exchange S-wave
contribution, a three-pion-exchange contribution, plus a contact interaction. Their inclusion
is essential for reproducing the energy spectrum of atomic nuclei. For instance, the Illinois-7
3N force [317], when used in conjunction with AV18, can reproduce the spectrum of nuclei
up to C' with percent-level accuracy. Meson-exchange currents [318-328] (MEC) follow
naturally once meson-exchange mechanism are invoked to describe interactions between in-
dividual nucleons. They account for processes in which the external probe couples with
mesons being exchanged between nucleons and are found to be essential to explain the data.

Recent years have witnessed the tremendous development and success of chiral Effective
Field Theory [329-341] (xEFTs) that grounds the achievements of more phenomenological
theoretical approaches into the broken symmetry pattern of QCD, the fundamental theory of
strong interactions. The relevant degrees of freedom of YEFTs are again are bounds states
of QCD, i.e., pions, nucleons, and A’s, .... On this basis, their dynamics is completely
determined by that associated with the underlying degrees of freedom of quarks and gluons,
that is QCD. However, at low energies, QCD does not have a simple solution because the
strong coupling constant becomes too large and perturbative techniques cannot be applied
to solve it. YEFT is a low-energy approximation of QCD valid in the energy regime where
the typical momenta involved, generically indicated by @, are such that @ < A, ~ 1
GeV, where A, is the chiral-symmetry breaking scale. xEFT provides us with effective
Lagrangians describing the interactions between pions, nucleons, and A’s—as well as the
interactions of these hadrons with electroweak field—that preserve all the symmetries, in
particular chiral symmetry, exhibited by the underlying theory of QCD at low-energy. These
effective interactions, and the transition amplitudes derived from them, can be expanded in
powers of the small expansion parameter ()/A, .

It is then possible in principle to evaluate nuclear observables to any degree v of desired
accuracy, with an associated theoretical error roughly given by (Q/A,)“*Y. This scheme
has been widely utilized to study both nuclear forces [332-341] and nuclear electroweak
currents [343-352]. The many-body operators emerging from direct evaluations of the tran-
sitions amplitudes with interactions provided by yEFT Lagrangians involve multiple-pion
exchange operators, as well as contact-like interaction terms. As an example, the consistent
two-, three- and many-nucleon chiral interactions up to next-to-next-to-next-to leading order
(N3LO) in the chiral expansion are represented in Fig. 5, where the empirical suppression of
three-nucleon interactions with respect to two-nucleon interactions, and so on is explained
by the adopted power counting scheme. Additionally, within the yEFT formulation, many-
body electroweak currents are by construction consistent with the associated nuclear forces.
In practice, chiral EFT introduces a set of low-energy constants (LECs) that, in principle,
can be calculated from QCD, but are in practice fit to experimental data. The LECs related
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FIG. 5. Figure [342] courtesy of H. Hergert. Chiral two-, three-, and four-nucleon forces through
next-to-next-to-next-to-leading order (N3LO) in the chiral expansion. Dashed lines represent pion
exchanged between nucleons. The large solid circles, boxes and diamonds represent vertices that
are proportional to LECs of the theory (see text).

to the short-range two-nucleon interactions are typically fit to the deuteron and nucleon-
nucleon scattering data, and the analog ones related to the three-nucleon interaction are fit
to properties of light nuclei. In both cases, the LECs describing the long-range interactions
can be determined independently from pion-nucleon scattering [353-355], and thus, as a
prediction of chiral EFT, do not lead to new parameters that would need to be determined
in nuclear systems.

Many-body nuclear interactions have been over the years developed up to N5LO in the chi-
ral expansion [356-358]. Most many-body calculations are still at much lower order, however,
and often at lower cutoff scales A. A variety of quantum many-body approaches [246, 359—
363] are used for these calculations, including coupled cluster (CC), the no-core shell model
(NCSM), and Variational and Green’s function Monte Carlo (VMC and GFMC) and Auxil-
iary Field Diffusion Monte Carlo (AFDMC). Each of these approaches has different strengths
and weaknesses depending upon the system size and the momentum cutoff of the interaction.

The community is vigorously exploring the importance of including A’s as explicit degrees
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of freedom to improve the convergence of the chiral expansion [364-368]. Ground-state
properties can be calculated within the typical convergence pattern of YEFTs, including
both bulk properties like charge and radii as well as intermediate quantities like momentum
distributions and spectral functions that are important ingredients in model calculations of
lepton-nucleon scattering. Accelerator neutrino experiments are likely to require high order
calculations as well as calculations with higher cutoffs due to the larger energy and momenta
involved.

Elementary amplitudes, including elastic and transition nucleonic form-factors, as well
as LECs entering the chiral many-body interactions and currents, are the main inputs to
the nuclear models. Nucleonic electromagnetic form factors are, in most cases, well-known
from electron scattering experiments. In neutrino scattering, in addition to probing vector
currents, one probes also axial couplings along with different quark flavor structures. The
data, in this case, are scarce or poorly known which makes theoretical LQCD calculations ex-
tremely valuable to constrain and ground both nuclear EFTs and phenomenological models,
as recently outlined in a whitepaper by the USQCD Collaboration [151]. Calculated elastic
form factors are already achieving a precision that is competing with that of experimental
data [159, 369-372], and with increased control of statistical and systematic uncertainties in
the future nucleonic form factor calculations will provide solid inputs to nuclear EFT studies
of electroweak interactions as discussed in Sec. IV A.

Inelastic electroweak transition amplitudes involving 7 or other meson production, or
hadronic resonances, such as the A, are also required as inputs to EFT descriptions of nu-
clei involving two-body currents and explicit 7 and A degrees of freedom relevant for multi-
hundred-GeV incident neutrinos and are less well-known experimentally than elastic nucleon
form factors [206, 368]. Although LQCD calculations are limited to finite-volume Euclidean
correlation functions—see Secs. [V B and IV C for a detailed discussion, there has been sig-
nificant progress in extracting resonance physics from finite-volume observables [373] and,
in particular, a formalism has been developed to relate multi-hadron finite-volume matrix
elements to infinite-volume resonant electroweak transition amplitudes [219, 222, 223, 374].
LQCD results for finite-volume energy levels and matrix elements can also be matched
directly to the corresponding EFT results with the goal of constraining the parameters
governing resonance production [184]. The derivation of the nucleon hadron tensor govern-
ing inclusive neutrino-nucleus scattering based spectral reconstruction techniques to relate
Euclidean and Minkowski correlation functions [261] is discussed in Sec. IVD. The latter
could be readily implemented in many-body approaches that rely on a factorization scheme,
see Sec. V D. Finally, Sec. IVE focuses on how LQCD can be used to constrain the re-
quired PDFs by computing PDF moments related to nucleon and nuclear matrix elements
of local operators. Using these LQCD constraints on PDFs in one- and few-nucleon sys-
tems, EFT can be used to extrapolate LQCD constraints to larger nuclei of experimental
relevance [375, 376].

C. Low-energy neutrino processes

At neutrino energies below a few tens of MeV, the dominant mode of neutrinos-nucleus
interactions is coherent elastic neutrino scattering (CEvNS) and its cross sections is directly
proportional to the weak form factor F,, of the nucleus.

On the one hand, because Fy, is primarily determined by the distribution of the neutrons
within the nucleus, CEvNS offers an opportunity to expand our understanding of nuclear
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FIG. 6. Coupled-cluster theory predictions for the weak form factor of “°Ar using different YEFT
interactions, labeled with NNLOg,t, NNLOGo(450) and (EM)-(PWA). The range in momentum
transfer ¢ is extended with respect to Fig. 1, where the coupled-cluster results are compared to
relativistic mean-field and shell-model calculations. Figure adapted from Ref. [18].

structure, given that from a precision measurement of the cross section one could extract
the neutron radius [5]. On the other hand, if the neutron-distribution and the weak form
factor are constrained either from another experiment of from accurate theory, one can use
CEvNS to search for signature of non-standard neutrino interactions with high sensitivity
(see Section III for more details).

Many-body theory plays an important role in supporting the experimental CEvNS pro-
gram. First of all, several targets are planned to be used in the CEvNS investigations that
span from medium to heavy nuclei. Nuclear theory can be used to bridge the various targets.
So far, the only nucleus for which CEvNS was investigated from the ab initio point of view
is 10Ar [18], see Figure 6. There, Hamiltonian inspired from yEFT were used together with
one-body currents to compute the weak form factor. Below momentum transfers of ¢ = 50
MeV /¢, results were found to be quite stable with respect to variations of the Hamiltonian
(namely the parameterization of the YEFT and corresponding low-energy constants), lead-
ing to a nominal 2% uncertainty. Meson exchange currents affect form factors only at higher
momenta. Other interesting CEvNS targets are ?Na to '2'I and '33Cs. In particular for the
heavy-mass nuclei, the challenge will be to extend the ab initio methods to that mass range
preserving both the connection to QCD and the accuracy.

The same chiral effective field theory that governs neutrino scattering from nuclei governs
nuclear beta decay and double beta decay. Beta decay processes serve as a valuable check
on the effective field theory at low energies and momenta [377, 378], and can be used for
studies of BSM physis. Neutrinoless double beta decay, if observed, indicates lepton number
violation and is often interpreted as evidence for Majorana neutrinos. From an observation
of neutrinoless double beta decay, calculated nuclear matrix elements allow extraction of the
absolute mass scale of neutrinos (see Snowmass WP [379].)

At low neutrino energies, neutrinos can also inelastically scatter from nuclei, exciting low-
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lying nuclear states and at a bit higher energies ejecting nucleons from the nucleus. Many
studies of these rates have been undertaken, [26-35] but modern calculations using many-
body advances and consistent interaction and currents across a range of kinematics would
be valuable. These inelastic processes play a key role in setting the nuclear environment in
core-collapse supernovae and neutron star mergers, for example. Measuring these processes
in terrestrial detectors enables one to obtain the flavor- and energy-dependent neutrino flux
from supernovae, which can inform us about the internal dynamics of the astrophysical
site [36-43].

DUNE will enable a high-statistics detection of MeV v, via v.+Ar— e~ + *°K*. This
channel is also important for solar-neutrino studies. [44]. For these reasons, new calculations
with reliable error bands are needed. To reconstruct the energy of the incoming neutrinos, we
need to know the exclusive cross sections to each individual excited state in ““K. At slightly
higher energies, e.g., 22 50 MeV, there could be nucleons knockout in the final state [45-47).

At higher excitation energies, also collective modes in the nucleus can be excited and
eventually the quasi-elastic regime is reached. Modeling these inelastic processes from the
theoretical point of view is more challenging than calculating ground state properties and
often more challenging than calculations of inclusive neutrino cross sections.
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FIG. 7. Adapted from Ref. [380]. MiniBooNE flux-folded double differential cross sections per
target neutron for v,-CCQE scattering on 12¢, displayed as a function of the muon kinetic energy
(T,) for different ranges of cos#,. The experimental data and their shape uncertainties are from
Ref. [46]. The additional 10.7% normalization uncertainty is not shown here. Calculated cross
sections are obtained with a dipole axial form factor with A4 = 1.0 GeV.

D. Quasi-elastic processes
The cross section of inclusive scattering of electrons or neutrinos by nuclei is given by a

sum over the individual response functions, that depend on energy and momentum transfer,
times kinematical factors as

dQ (qw ZK q, ) Ri(q, w) . (28)
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In particular for neutrino-nucleus scattering, five response functions R; are required. They
can be obtained through the calculation of the relevant two-point functions

Rifq,w) = / dte™ (05 (q) e §1()]0)

= (0 (@A) (Fi@I0)d(Es — By — w) (29)
f

where |0) is the nuclear ground state and |f) are all possible final states of the A-nucleon
system. The first expression in Eq. (29) is written in the time domain, while the second
is in the energy domain with the time integration yielding the energy conserving delta
function. While these two-point functions cannot be calculated exactly except for extremely
simple nuclei, they can be used to obtain very accurate calculations of the inclusive re-
sponses [328, 381]. In principle, the same quantum many-body methods that are used to
determine ground-state properties can be used to calculate inclusive response functions when
integral transforms are used. Below we discuss the various approaches to compute response
functions, which provide a wealth of information on the inclusive cross section including a
full treatment of initial-state two-nucleon correlations, two-nucleon currents consistent with
the nuclear potentials as discussed in Sec. V B, and final-state interactions.

Continuum quantum Monte Carlo approaches

Among microscopic methods, the variational Monte Carlo (VMC) and Green’s function
Monte Carlo (GFMC) approaches utilizes quantum Monte Carlo (QMC) techniques to fully
retain the complexity of many-body correlations and associated electroweak currents. QMC
methods have been extensively applied to study the structure and electroweak properties of
light nuclei, including electromagnetic moments and form factors, low-energy transitions and
beta decays [246, 377]. Exploiting the fact that quasielastic responses are smooth functions
of energy and momentum transfer, one can compute the imaginary-time response, where the
factor e~ in Eq. (29) is replaced by e 7. The corresponding Laplace transform, dubbed
as Euclidean response functions, can essentially be evaluated exactly. Bayesian techniques,
most notably Maximum Entropy [256, 257], are then used to retrieve the energy dependence
of the response functions from their Euclidean counterparts. Recently, algorithms based on
artificial neural networks have been developed to solve this problem. They have proven to
be more accurate than Maximum Entropy in the low-energy region, which is relevant for
detecting supernovae neutrinos, and more robust against high noise levels in the Euclidean
response functions [382].

The GFMC has been employed to perform wvirtually exact calculations of inclusive
electron- and neutrino-scattering [380, 385] on *He and '2C, which turned out to be in
excellent agreement with experiments in the quasielastic region, see Fig. 7. The GFMC
method retains all of the spin-isospin components of the nuclear wave function which causes
an exponential scaling with the number of nucleons. The computational cost currently limits
its applicability to light nuclei, up to *C. The AFDMC [386] reduces the computational cost
from exponential to polynomial in A by representing the spin-isospin degrees of freedom
in terms of products of single-particle states. A promising avenue to be pursued in the
future includes tackling the electroweak responses of medium mass nuclei, including ¢O
and *°Ar within AFDMC. In this regard, an importart role is expected to be played by arti-
ficial neural-network representations of the AFDMC wave function [387, 388]. Preliminary
AFDMC calculations of the density response functions of *He are in excellent agreement
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FIG. 8. Electromagnetic longitudinal response function for 4°Ca for ¢ = 300MeV/c calculated
with two YEFT forces in comparison to experimental data [383]. Figure adapted from Ref. [384].

with the GFMC ones. Both the GFMC and the AFDMC method, while being extremely
accurate, suffer some limitations that hamper their direct applicability to the forthcoming
DUNE data analysis. In particular, they can not address exclusive reactions and include
fully-realistic kinematics and currents. However, they will provide invaluable benchmarks
on inclusive observables up to the moderate momentum transfer regime, for the more ap-
proximate methods discussed below.

Coupled-cluster approach

Another many-body method that can be used to compute response functions and lepton-
nucleus cross sections is coupled-cluster theory. In this theory, one imprints correlations
onto a starting Slater determinant using an exponential ansatz [389]. Response functions
can be computed within the Lorentz integral transform method [390], leading to the solution
of a coupled-cluster equation of motion [391]|. Recently, the longitudinal response function
of ¥'Ca was investigated using YEFT potentials and one-body currents. As very good de-
scription of the electron scattering experimental data was obtained, as shown in Figure 8.
This approach can be extended to neutrino scattering in the quasi-elastic region. Nuclei
such as '°0O and *’Ar, which are typical targets in neutrino long-baseline experiments, are
within the reach of this many-body method. More effort will need to be devoted into the
inclusion of two-body currents, which have to be expanded into multipoles, and higher order
correlations, which might be important at intermediate momentum transfer.

Microscopic factorization approaches
Methods based on the factorization of the final hadronic state, such as those relying on
the spectral function (SF) of the nucleus [64, 250, 392] and the short-time approximation
(STA) [393] are suitable to study larger nuclear systems (A > 12) relevant to the experi-
mental program, while retaining most of the important effects coming from multi-nucleon
physics.

The STA [393] algorithm has been developed to calculate nuclear responses in nuclei
with A > 12 within a QMC framework. At present, is has been tested within the VMC
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FIG. 9. Alpha particle transverse response densities at ¢ =500 MeV /c. The surface plots show the
response densities as functions of relative energy e and center-of-mass energy F ..

method to study electron scattering from the alpha particle and the trinucleon systems [65].
It is, however, exportable to other QMC approaches [246] that are applicable to study
larger nuclear systems, e.g., the AFDMC. The computational algorithm exploits a factor-
ization scheme to consistently retain two-body physics, namely two-body correlations and
associated two-body currents. Despite limiting the description of the scattering process to
interactions of the probe with pairs of correlated nucleons, the STA is found to be in good
agreement with both GFMC predictions and experimental data for electron scattering from
the alpha particle and the trinucleon systems [65, 393, 394]. Importantly, the STA can
account for interference effects between one- and two-body current contributions that are
found to be essential to explain, e.g., the observed excess in the transverse electromagnetic
nuclear response [244, 313]. Moreover, due to the factorization scheme, the STA provides
us with additional information at the vertex where the probe interacts with the pair of
correlated nucleons via one- and two-body electroweak currents. This information is cast in
nuclear response densities, which are expressed in terms of the relative and center of mass
energies of the struck nucleon pair. Upon integration of the response densities, one recovers
the nuclear response functions. In Fig. 9, we show the electromagnetic transverse response
density of “He for external momentum transfer ¢ = 500 MeV /c. Response densities provide
with valuable information for the event generators, as discussed in more detail in Sec. VII.
The STA method can accommodate fully-relativistic kinematic and currents, as well as pion
production mechanisms (as already demonstrated within the spectral function formalism)
and provide detailed information on the kinematic variables associated with the hadronic
final states.

The framework based on the factorization of the hadronic final state and realistic SF's has
been extensively utilized to describe electron-nucleus scattering data in the limit of moderate
and high momentum transfer [63, 244]. Within this approach, the hadronic final state is
factorized in terms of a free nucleon state and A — 1 spectator nucleons — which can either
be in a bound or an unbound state — and all nuclear-structure information is encoded by the
SF. The SF of finite nuclei is written as a sum of two terms: the single-nucleon mean field and
the two-body correlation contribution. The first term is associated to the low momentum and
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removal-energy region. On the other hand, the correlation contribution includes unbound
states of the A — 1 spectator system in which at least one of the spectator nucleons is in the
continuum, and it provides strength in the high momentum and energy region. The nuclear
SF has been computed within different semi-phenomenological [74, 395] and ab-initio many-
body approaches [64, 396]. More recently, the SF of A = 3 and A = 4 nuclei has been
obtained from VMC and GFMC calculations [65]. This is particularly relevant for studying
the dependence of the different observables from the nuclear interactions adopted in the
calculation.

Comparing the results obtained within three approaches based on the same description
of nuclear dynamics of the initial target state—SF, Short Time Approximation and GFMC-
enables a precise quantification of the uncertainties inherent to factorization schemes, as
shown in the left panel of Fig. 10. The SF framework has been already extended and
generalized to include two-nucleon emission processes induced by relativistic meson-exchange
currents [248, 249] and applied to calculate the electroweak inclusive cross sections of
carbon and oxygen [249]. To tackle the resonance production region, the electroweak pion
production amplitudes generated within the dynamical coupled-channel (DCC) model [397—
399] have been included in the factorization scheme (see also Sec. V E). The results obtained
using the semi-phenomenological SF of Ref. [74] are displayed in the right panel of Fig. 10.

In the future, we plan on leveraging AFDMC techniques in the STA and SF approaches
to tackle larger nuclei, including 'O and “°Ar, that are relevant for the neutrino oscilla-
tion program. Finally, using different nuclear interactions and currents derived from EFTs
will enable us to provide an estimate of the theoretical uncertainty in the neutrino-nucleus
scattering cross sections. Inputs from LQCD calculations such as nucleon form factors, el-
ementary nucleon matrix elements, and inelastic transition amplitudes involving m mesons
and A resonances—see Secs. [V A, IV B, and IV C—will be readily implemented in the STA
and SF as they become available.

Factorization approaches appear quite accurate in describing inclusive scattering, but
they also provide important information on the state of the nucleus at the electroweak vertex.
This information includes one- and two-nucleons momenta and energies at the vertex. In
principle these states could be further time-evolved to explicit final states of the system.
At present this could only be done in very small systems, A = 3 and 4, because of the
huge dimensionality of the relevant Hilbert space. For larger systems this time evolution is
evaluated through the semi-classical approaches used in event generators. Explicit real-time
calculations in A = 3 and 4 could be used to test these semi-classical approximations and
perhaps improve them.

In the future, it may be possible to perform real-time evolution of the nuclear many-body
state through quantum computers [400-402]. These could in principle provide very accurate
inclusive cross sections through evaluation of the real-time two point functions. Even a short
time evolution would give valuable information on the response. More intriguing, though
more difficult, would be to follow the time evolution to larger times where one could isolate
the contributions to explicit final states. While this is well beyond the capabilities of current
hardware, the two-point functions are expected to be a relatively near term application of
quantum hardware. For quasi-elastic scattering the number of qubits required and the
evolution time, corresponding to the circuit depth, are modest compared to many other
quantum many-body properties at low energies.

Polarization propagator approach
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FIG. 10. Left Panel: from Ref. [65], inclusive double-differential cross sections for electron scat-
tering on *He at 469 MeV and 54° scattering angle. The blue points represent the experimental
data of Ref. [313]. The black and green curves correspond to the GFMC one- and one- plus two-
body current contributions. The yellow solid and dashed curves display the STA one- and one-
plus two-body current calculations and the red dashed line show the SF results, where only the
one-body current operator has been included. Right Panel: Inclusive 2C(e,e’) cross sections at
730 MeV and 37° scattering angle. The theoretical calculations have been obtained within the
SF approach using an extended factorization scheme. The short- dashed (blue) line and dashed
(red) line correspond to one- and two-body current contributions, respectively. The dash-dotted
(magenta) lines represent m-production contributions. The solid (black) line is the total result.
The figure is adapted from Ref. [250].

For leptons and, in particular, (anti)neutrinos scattering off an extended system such as a
nuclear target the inclusive cross section per unit volume in the Laboratory frame is given

by
d do C |k
s TN 1 N 11 - 5 = L(l (15 .
&r (dQ(k’)dk’O) 4m? R oW (30)

Constant C' is process specific. For example in the case of neutrino-induced charge current
interactions involving only light quarks (such as quasielastic scattering or pion production),
C = (GpV,q)? while the leptonic tensor is

Log = kokls + K\kg — gopk - k' £ i€agqsk’ K’ (31)

where k(k') are the initial (final) lepton momenta. The hadronic tensor W*# introduced in
Eq. 21 can be expressed in terms of the so-called polarization propagator [403]

1
W = = ImM*. (32)
m

Some examples of different pieces of the polarization propagator are diagrammatically rep-
resented in Fig 11. Internal lines denote in-medium propagators of particle and hole states.
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The imaginary parts of these diagrams that contribute to the hadronic tensor can be ob-
tained using Cutkosky rules. The blobs in diagram (a) denote selfenergy insertions that
account for nucleon-nucleon interactions, both mean-field and short-range correlations. In
fact, the contribution of diagram (a) to quasielastic scattering can be cast as

d4
Im 1% = —27° / #Hﬁaflp(p +¢) Au(p) (33)
where A, ;, are nothing but the particle and hole spectral functions discussed above. Tensor
HP* is the free nucleon counterpart of W<, Diagram (b) is an example of a MEC con-
tribution involving two nucleons, which cannot be reduced to (a). Diagram (c) is a pion
production contribution to the (semi)inclusive cross section.
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FIG. 11. Diagrammatic representation of many-body contributions to the polarization propa-
gator. Solid (dashed) lines correspond to free nucleon (pion) propagators; dotted lines stand for
effective nucleon-nucleon interactions. The solid lines with a blob represent full (dressed) nucleon
propagators. For nucleons, the lines pointing to the right (left) denote particle (hole) states.

The different terms of the polarization propagator can be calculated following various
strategies. A possibility is to compute them for infinite nuclear matter and adapted to finite
nuclei using the local density approximation. The fact that plain waves provide a convenient
basis in infinite nuclear matter considerably simplifies the calculations, making it easy to
account for relativistic effects and hadronic degrees of freedom beyond pions and nucleons.
It is also straightforward to predict the nuclear mass dependence of the observables. This
approximation is more realistic for heavy nuclei but has been used for carbon and oxygen
isotopes. This approach has been extensively applied to the study of a variety of particle-
nucleus interactions. It is however not valid at low momentum transfers as it cannot describe
discrete transitions or the excitation of collective states. In the case of neutrino scattering,
pioneering studies focused on quasielastic scattering [404, 405] where the RPA equations were
solved in the ring approximation, with the above mentioned assumptions. More recently,
explicit As, pion production and MEC have been incorporated [78, 406]. These studies
first showed the importance of two-nucleon mechanisms for few-GeV neutrino interactions
with nuclei. Comparisons of these models to MiniBooNE quasielastic-like (i.e. without
produced or absorbed pions) cross sections are shown in Fig. 12. A good agreement has also
been obtained with T2K data [407]. On the other hand discrepancies with these models
have been found at the higher energy and momentum transfers probed at MINERvA and
NOvVA as can be noticed in Refs. [411, 412]. These discrepancies have been attributed to
an underestimation of the MEC contribution, although it is unclear if the deficiency should
be actually ascribed to the theoretical model itself or to its implementation in the event
generator used to analyse and compare to data. Nevertheless, MEC at these kinematics and
the role of heavier mesonic and baryonic degrees of freedom should be further investigated.

While the described approach is in principle not suitable for exclusive final states, the
local density approximation allows to obtain a reaction probability at a given spacial coor-
dinate, making it possible to propagate the final state particles using semiclassical methods
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FIG. 12. Quasielastic-like v-12C double differential cross section averaged over the MiniBooNE flux
as a function of the muon kinetic energy and for the 0.80 < cosf,, < 0.90 angular bin calculated in
Ref. [408] (left) and [409] (right) compared to the MiniBooNE data [410]. In the right panel the
data has been rescaled by a factor 0.9 (compatible with flux uncertainties).

(cascade or transport). In this way single [413, 414] and multiple [415] nucleon knockout
but also pion production [414, 416] have been investigated. By using structure functions
integrated over space as input, event generators do not take into account correlations of
dynamical origin predicted by theory. Progress in this direction should be pursued.

Mean-field approaches

Mean-field or shell-model approaches are able to capture a good part of the nuclear dynamics
by describing the ground state nucleus as a set of independent-particle nucleon wave func-
tions that are solutions of the mean-field equations. The quasielastic cross section can be
efficiently modeled by describing the knocked-out nucleon as a scattering solution of the wave
equation. In the inclusive case, the flux has to be conserved, so one can use mean-field poten-
tials with only the real part [417-422] or full complex optical potentials, in which the flux lost
(transferred to inelastic channels) is recovered by a summation over those channels, as done
in the Relativistic Green Function model [418, 423, 424]. For exclusive scenarios, one needs
to account for the flux moved to the inelastic channels (absorption, multi-particle emission,
charge exchange, etc). This is done by using phenomenological complex optical potentials
[425, 426] which are usually fitted to elastic nucleon-nucleus scattering data [427, 428].

In neutrino experiments, fully exclusive conditions are never satisfied because the neutrino
energy is unknown and the limited acceptances of the detectors make it impossible to detect
the complete final state. Therefore, Monte Carlo (MC) neutrino event generators have to
deal with inclusive and semi-inclusive scenarios. In MC generators, due to the factorization
‘elementary vertex x hadron propagation’, the inclusive cross section will not be affected by
the cascade process. Therefore, the primary model (the one that describes the elementary
vertex) should be able to provide a good inclusive response. But, additionally, it is preferable
to use primary models that provide information on the hadrons, so that they could be used
as the ‘seed’ for the cascade in a more consistent way. The mean-field models discussed here
satisfy these requirement, i.e., full hadronic information and good inclusive results.

In the shell-model approaches, nuclear effects like Pauli blocking, binding energy and
distortion (or final-state interactions) are consistently incorporated. In Fig. 13, we show
the results of a plane-wave model (labeled as RPWIA) and the ’full’ model (labeled as ED-
RMF), that uses a distorted wave for the final nucleon. We compare both approaches with
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inclusive electron scattering data. A detail discussion can be found in [429, 430].
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FIG. 13. Inclusive 12C(e,e’) cross section data compared with different model predictions: RPWIA
(distortion and Pauli blocking are neglected) and ED-RMF (full model). E, ¢ and w represent the
electron incident energy, the scattering angle and the energy transfer, respectively. Figure adapted
from [429].

Of course, the complexity has a cost, both relativity and distorted waves break the
factorization scheme that appears in plane-wave based models, this means that these non-
factorized models demand important computational resources and, also, it is not easy to
incorporate them in the MC generators. Though, some work is currently being done in this
direction [431, 432].

The CRPA model [433] is based on a Hartree-Fock mean-field description supplemented
with a random phase approximation approach to include long-range correlations, important
for the description of processes at low energy transfers. The CRPA approach has been
successfully validated against available electron scattering data, and is especially suited to
describe the cross section at incoming energies below 100 MeV or for small lepton scat-
tering angles, where nuclear structure effects are known to be important, in an efficient
way. The RPA allows correlations to be present in the ground state of the nuclear system
and additionally allows the particles to interact by means of the residual two-body force.
The random phase approximation hence goes a step beyond the zeroth-order mean-field
approach and describes a nuclear state as the coherent superposition of particle-hole and
hole-particle contributions out of a correlated ground state. This approach some of the col-
lectivity present in the nucleus to be accounted for. The consistency of the implementation
of nuclear correlations can be guaranteed by using the same effective force to build the mean
field and residual interaction. Solving the equations for the RPA propagator in coordinate
space allows the continuum to be taken into account. The formalism has been extended to
higher energies, allowing for a uniform description from threshold up to the QE peak regime.
One of the advantages of this approach is that it allows for a straightforward extension to
the description of exclusive processes.

When the momentum transfer involved in the electroweak reaction is high, typically
g > 400 MeV, relativistic effects, not only on the kinematics but also on the dynamics,
are relevant. The relativistic mean-field model is a fully relativistic approach, and as so, it
can make predictions over the entire energy region of interest for neutrino experiments. It
has been used for years to describe inclusive and exclusive electron-nucleus scattering and
neutrino scattering; a recent review of the formalism and results can be found in [434].
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Semi-phenomenological factorization approaches

Over the years a considerable number of effective models has been developed to describe
neutrino-nucleus cross sections, in the quasi-elastic regime and beyond. Whereas these
models are based on approximate schemes and are as a matter of fact not as rigorous as
ab-initio approaches, they provide powerful and flexible tools to study various aspects of
neutrino-nucleus cross sections. They often originate from equivalent electron-scattering
efforts and have been benchmarked extensively against the plethora of high-quality data
that is available in the electromagnetic sector. In the axial weak sector, detailed comparisons
with ab-initio results can further corroborate the validity of these models.

Confronted with the rigorousness of ab-initio approaches, an important advantage of
these descriptions is their computational efficiency, and in a number of cases their ability
to be extended to the description of more exclusive processes in a straightforward way.
Other advantages are a full inclusion of relativistic nuclear dynamics, as well as to the treat-
ment of heavier nuclear targets without exaggerate numerical cost. Without aiming to be
exhaustive, often adopted approaches include Superscaling methods as SuSA(v2), exploit-
ing equivalences between electron- and neutrino scattering processes, based on the scaling
behaviour exhibited by electroweak scattering data and ported to relativistic mean-field
modeling [435] and extended to include meson-exchange contributions to the cross-section
[436]. See [437] for a recent review.

Fast emulators for complex theoretical models

An emulator [438] can be considered as an efficient and accurate tool to interpolate and
extrapolate the solutions of a complex theoretical model in the model parameter space. As
a piece of computer code, the emulator runs extremely fast and can be easily transported
between physicists. It can be readily incorporated into the experimental event generators as
well. Such emulators have been rapidly developed for both many-body calculations of nuclear
properties [439-444] and few-body scattering and reaction calculations [445-449]. It will be
valuable to generalize the former studies to emulate nuclear response function calculations.
The latter ones could also be expanded to emulate hadronic coupled-channel models [450]. In
addition, when the emulators for different theoretical models become available, it is natural
to explore the so-called model mixing method from Bayesian statistics [451]. The method
provides a systematic framework to combine these models (emulators) to form a mixture
model and estimate the theoretical uncertainty of the collective knowledge [451, 452]. The
mixture model can also be implemented in the event generators.

E. Pion production and DIS

Neutrino-induced inelastic scattering and, in particular, pion production can be inves-
tigated using effective field theory. For this purpose the chiral Lagrangian with mesons
and baryons is coupled to weak bosons as external fields. Close to threshold, systematic
treatment of quantum corrections is possible using chiral perturbation theory. Weak pion
production has been studied in Refs. [453, 454] up to next-to-next-to-leading order using
the covariant formulation of the theory and with explicit A(1232) degrees of freedom. For
charged-current interactions, amplitudes are expressed in terms of 22 LECs, most of which
have been determined in non-neutrino processes such as pion-nucleon scattering, pion photo
and electroproduction data [455]. The remaining LECs could be fixed using neutrino-nucleon
data with full kinematic reconstruction and high enough statistics in the kinematic region
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where a perturbative treatment is applicable. The total cross section calculated at different
chiral orders is shown in Fig. 14. The error bars come from the LEC uncertainties. LEC
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FIG. 14. Charged-current neutrino-induced pion production at different chiral orders. Plots taken
from Ref. [453].

determination is not only interesting but would open the possibility to use pion production
as a standard candle for neutrino-flux determination with controlled theoretical errors. One
should bear in mind that this approach is limited to low energy and momentum transfers,
nevertheless effective field theory calculations provide a well-founded low-energy benchmark
for phenomenological models aimed at the description of weak pion production processes in
the broad kinematic range of interest for current and future neutrino-oscillation experiments.

The production of real pions in the final state will be crucial for the correct understanding
of the DUNE results. This contribution has been recently included within the SF formalism
by generalizing the factorization of the hadronic final state to include pion state (see right
panel of Fig. 10). In analogy with the one-body case discussed in the previous Section,
the one-body one-pion (1blm) incoherent contribution to the hadron tensor is written in
terms of the one-nucleon SF and the elementary matrix elements has been obtained within
the sophisticated DCC model [397-399] able to describe the 7N — 7N, yN — «N, and
N(e, ') N reactions accounting for meson-baryon channels and nucleon resonances up to an
invariant of W = 2 GeV. When they become available, LQCD calculations of N — N7 and
N7 — N7 amplitudes will provide valuable constraints on the phenomenological models
currently employed to describe these processes. How to correctly describe the transition
between the pion production and the region dominated by the DIS is an open question that
will need to be carefully addressed in the future; for a more detailed discussion see Sec. VI
below.
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VI. NEUTRINO-INDUCED SHALLOW AND DEEP INELASTIC SCATTERING
A. Introduction

Neutrino and antineutrino scattering off nucleons exhibits a very rich phenomenology in
a broad kinematic range, which can be defined in terms of the invariant mass of the final
hadronic system, W and minus the four-momentum transferred to the nucleon squared, Q2.
As illustrated in Fig. 15 for two incident neutrino energies, different (W, Q?) regions show
the prevalence of distinct degrees of freedom and dynamics. Above the pion production
threshold W ~ 1080 MeV the excitation of the A(1232) dominates, but at higher W the
dynamics results from a non-trivial interplay of overlaping baryon resonances, non-resonant
amplitudes and their interference. It is this region of W above the A(1232) and at moderate
Q? < 1 GeV? that we refer to as Shallow Inelastic Scattering (SIS). Figure 15 shows its
prevalence at E, ~ 3 GeV. As Q? grows, one approaches the onset of Deep Inleastic Scat-
tering (DIS). The science of this complex region, poorly understood both theoretically and
experimentally [49, 456, 457], encompasses the transition from strong interactions described
in terms of hadronic degrees of freedom to those among quarks and gluons described by
perturbative QCD.

Neutrino-scattering simulations often describe this transition using parton distribution
functions empirically extrapolated from the DIS region to lower W and Q? by Bodek et.
al. [458-460]. Duality arguments constrain the inclusive cross section but do not predict
the specific particle content of the final state. Therefore, efforts to extend the description
in terms of quarks and gluons towards lower W and @Q? by including higher-twist correc-
tions [461] should be complemented with a realistic modeling of the SIS region using hadronic
degrees of freedom. Progress in this direction has been significant (see for instance Ref. [398])
but is hindered by the lack of experimental information about the axial current for inelastic
processes at non-zero Q2.

Modern experiments with (heavy) nuclear targets have provided and will keep providing
valuable information on these issues, but the presence of nuclear effects such as Fermi motion,
Pauli blocking, long- and short-range correlations, two- and three-body currents and, very
significantly, final-state interactions tends to blur the information required to refine the
hadronic description in the way outlined above. Since a large fraction of events in NOvA [462]
and DUNE [463], and in atmospheric neutrino measurements at IceCube-Upgrade [464],
KM3NeT [465], Super- and Hyper-Kamiokande [466, 467], are from the SIS and DIS regions,
there is a definite need to improve our knowledge of this physics.

B. Inelastic processes

As indicated in the introduction, the onset of the inelastic regime is marked by single
pion production. Neutrino-nucleon inelastic scattering predominantly leads to single pion
(7N) but also to YN, 7N, nN, pN, KN, 73, KN, KY, ... final states. At small en-
ergy and momentum transfers (or, equivalently, close to threshold in W and small @Q?),
the amplitudes for these processes are constrained by the approximate chiral symmetry of
QCD [206, 468-471]. In this regime, Chiral Perturbation Theory allows for a systematic
improvement by computing higher-order corrections, as done in Refs. [453, 454] for single-
pion production, but a theoretical description covering the whole kinematics available with
few-GeV neutrinos demands phenomenological modeling using external (non neutrino) in-
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FIG. 15. (W, Q?) landscape. for neutrino-nucleon scattering at two representative laboratory
neutrino energies.

formation. 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. The axial current contribution however
remains largely unconstrained, which calls for new measurements on elementary (hydrogen,
deuterium) targets.

Away from threshold, most of these reactions are dominated by baryon resonances, al-
beit with sizable contributions from non-resonant amplitudes and their interference with
the resonant counterpart [472, 473]. In the case of 7N, but also vN final states, A(1232)
excitation is dominant. Among heavier baryonic resonances, the N(1520) has been identi-
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fied as the most relevant one in Ref. [472] (left panel of Fig. 16), while the N(1440) has
the largest contribution in most 7N channels according to Ref. [473]. As it is well known
from 7N scattering, N(1535) prevails for the nN final state. Different models for neutrino-
nucleon inelastic scattering in the resonance region have been developed. The Rein-Sehgal
approach [474] relies on unrealistic transition form factors calculated with a constituent
quark model. It is, nonetheless, extensively adopted by neutrino event generators. Imple-
mentations therein have updates some resonance properties such as masses, decay widths
and branching ratios but interferences are neglected; the non-resonant background is treated
in an effective manner as a smooth Pj;-like term or as a downward extrapolation of DIS
contributions for the higher energy region. This model has been recently updated with a
more realistic (close to threshold) non-resonant part of the amplitude and empirical input
for the vector part of the transition [475, 476] current. The Giessen Boltzmann-Uehling-
Uhlenbeckmodel (GiBUU) model [477] relies on the Mainz Unitary Isobar Model (MAID)
analysis [478] of electron-nucleon pion production as input for the vector part of both res-
onant and non-resonant amplitudes. Owing to PCAC, Goldberger-Treiman relations are
derived to relate the leading axial nucleon-to-resonance couplings to the w/N partial de-
cay width of the resonances. The axial part of the non-resonant current is built from the
vector part in a purely phenomenological way. The dynamical coupled channel (DCC) ap-
proach [397-399] is consistently constrained using the eN and 7N vast amount of data to
predict not only weak single but also double pion production and other meson-baryon final
states up to W of about 2.2 GeV (see right panel of Fig. 16)
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FIG. 16. Charged-current v, — n inelastic cross section. Left panel: contribution from different
baryon resonances according to GiBUU (adapted from Ref. [472]). Right panel: cross section for
different final states as predicted by the DCC model [398].

As stated above, at low energy and momentum transfers, the non-resonant part of the
amplitude is constrained by QCD symmetries. It is common that model builders extend
the validity of chiral amplitudes towards high Q2 by introducing phenomenological form
factors [206, 468-471]. Unitarization, which becomes important as W increases, is absent in
tree-level amplitudes but can be partially restored by imposing Watson’s theorem in relevant
multipoles [479, 480]. For neutrino interactions, a complete unitarization in coupled channels
has only been implemented by the DCC model [397-399] and in the strangeness S = —1
sector within the chiral-unitary approach [481]. High invariant masses W 2 2 GeV, above
the resonance region and low @? is the realm of diffractive scattering where non-resonant
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amplitudes need to be improved within the Regge approach [482-484].

When neutrinos scatter off heavy nuclear targets, the presence of the nuclear medium
poses additional challenges for the reaction modeling. The initial nucleon is often assumed
to be free, with a Fermi momentum according to the global or local Fermi gas models, or
interacting with a nuclear mean field. The description of the initial state in terms of spectral
functions for interacting nucleons has also been applied to weak pion production [250]. Given
the prevalent role of the A(1232) excitation in pion production, it is not surprising that the
in-medium modification of the A propagator [485] is very important: the main effect is the
increase of the resonance width (broadening) by many-body processes. The role of two-
nucleon currents, partially considered for pion production [250, 486] and photon emission
[487] remains largely unexplored for inelastic processes. In their way out of the nucleus,
pions undergo final state interactions (FSI). They can be absorbed, change their energy,
angle and charge. FSI are often simulated using semiclassical methods in which particles
move freely between collisions (cascades) or follow classical trajectories in a mean field [477].

The next generation of experiments will hence require considerable efforts towards a
more precise modeling of neutrino interactions in the resonance regime and beyond. A
prerequisite for the understanding of nuclear cross sections as they appear in the detectors
is a thorough understanding of the elementary process on the nucleon, that necessarily has
to be appropriately constrained by data. Even for processes on the nucleon our knowledge
is limited in the axial sector, and the influence of the nuclear medium is largely unexplored
especially for more convoluted reaction mechanisms. The strong convolution of interaction
mechanisms in data brings along the need to address a considerable number of issues with
strong priority, as will be outlined in detail in section VIII.

C. Quark-Hadron duality

The transition from resonant/non-resonant production to DIS is marked by increasing
W, which in turn corresponds to growing Q?, and naturally evolves into scattering off the
quark in the nucleon that can be described by perturbative QCD. On the way to this QCD-
described scattering region there is a significant contribution from the non-perturbative
QCD regime. This is a very complex kinematic transition region, encompassing interactions
that can be described in terms of hadrons as well as quarks, that should be well-described
by the application of quark-hadron duality [488] where baryonic resonant and non-resonant
processes behave on average like DIS in similar Q% and W regions.

To further define the concept of duality, consider that perturbative QCD is well defined
and calculable in terms of asymptotically free quarks and gluons, yet the process of con-
finement ensures that it is hadrons, pions and protons, that are observed. One speaks the
language of quarks/gluons in the DIS region and, as W decreases, transitions to speak the
language of hadrons in the SIS region that includes both resonant and non-resonant pion
production. Duality can then be considered as a conceptual experimental bridge between
free and confined partons. The resonances can be considered as a continuing part of the
behavior observed in DIS, which would suggest there is a connection between the behavior
of resonances and QCD, perhaps even a common origin in terms of a point-like structure for
both resonance and DIS interactions.

More formally, in the 1970’s, Bloom and Gilman [488] defined duality by comparing the
structure functions obtained from inclusive electron-nucleon DIS scattering with resonance
production in similar experiments and the observation that the average over resonances is
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approximately equal to the leading twist contribution measured in the DIS region. That
is the DIS scaling curve extrapolated down into the resonance region passes through the
average of the "peaks and valleys” of the resonant structure. It is important to recall
that the understanding of this SIS region is critical for long-baseline oscillation experiments
where, for example, in the future DUNE experiment around 50% of the interactions will be
in these SIS and DIS regions with W above the mass of the A resonance.

This higher-W SIS region between the A resonance and DIS has been quite intensively
studied experimentally in electron/muon-nucleon (e/p-N) interactions and somewhat less
thoroughly in electron/muon-nucleus (e/u-A) scattering. The studies of e/u-N interactions
in this kinematic region have been used to test this hypothesis of quark-hadron duality. An
early Jefferson Lab measurement (E£94-110) showed that global duality was clearly observed
for Q% > 0.5 GeV?, as can be seen in Fig. 17, with resonances following the extrapolated
DIS curve.
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FIG. 17. Comparison of F} from the series of resonances measured by E94-110 vs the Nachtmann
variable ¢ at the indicated Q? compared to the extrapolated DIS measurement from the NMC
collaboration at 5 GeV?

A quantitative description of how well duality is satisfied can be accomplished by defining
the ratio of integrals of structure functions, over the same interval in the Nachtmann variable
£(2,Q?) = 2x/[1 + /1 + 422M3% /Q?], from the resonance (RES) region and DIS region. To
keep the same £ interval in the higher W DIS region compared to the lower W RES region
requires a different Q% for the RES and DIS regions, thus the indexing of Q? in the ratios.
This method tests local duality within the integrals limits and for perfect quark-hadron local
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duality the value of the ratio would be 1.0.
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Unfortunately, the experimental study of duality with neutrinos is very restricted since the
measurement of resonance production by v-N interactions is confined to rather low-statistics
data obtained in hydrogen and deuterium bubble chamber experiments from the 70’s and
80’s. Attempting to study duality with experimental v-A scattering is also restricted due to
very limited results above the A resonance in the SIS region. A recent NuSTEC workshop
(NuSTEC SIS/DIS Workshop) [457] concentrating on this SIS region with neutrino-nucleus
interactions emphasized the considerable problems facing the neutrino community in this
transition region. Since there are no high-statistics experimental data available across the
SIS region, v-N and r-A scattering duality studies are by necessity limited to theoretical
models. Yet even the theoretical study of v-N/A duality is sparse with only several full
studies in the literature [489, 490] and references therein.

For lepton-A interactions, the GiBUU and Ghent groups have used their respective res-
onance models to evaluate duality. The main difference in the models is that GiIBUU [491]
uses a resonance model that includes single- and multi-m decays plus heavier decay states
while the Ghent model [482] concentrates on 17 decays.

They observed as in Fig. 18 that the computed integrated resonance strength is about
half of the measured DIS one. Specifically, they found for nuclei such as Fe ratios of 0.6
for electro-production and 0.4 for neutrino production. This could point towards a scale
dependence in the role of the nuclear effects suggesting that nuclear effects act differently at
lower Q* (resonance regime) than at higher @* (DIS regime). This would not be surprising.
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FIG. 18. Figure from [490]: Ratio I for iron calculated within the Ghent [492] (left) and
Giessen [493] (right) models. For Fe the results are displayed for two choices of the lower limit of
the numerator in the integral /;: W = 1.1 GeV (solid line) and ”threshold” that takes into account
the Fermi motion within the Fe nucleus (dotted line). For each of these two choices they used
two sets of DIS data in determining the denominator of the integral I, one at Q%Is = 12.59 GeV?
and the other at 19.95 GeV2. The ratio IV for the free nucleon (dash-dotted line) is shown for
comparison

On the other hand, the contributions of the non-resonant background was ignored in these
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analyses. It was stressed that a theoretical or phenomenological model for the non-resonant
background across the entire resonance region will be required.

As more data with better precision become available on inclusive lepton scattering from
nucleons and nuclei a verification of quark-hadron duality with sufficient accuracy would
provide a way to describe lepton-nucleon and lepton-nucleus scattering over the entire SIS
region and give an indication of how well current event simulators are modeling the SIS
region. If the application of duality to our event generators can help us with this under-
standing, it should be explored.

D. Deep Inelastic Scattering

The shallow inelastic region covers resonance excitation on the nucleon that, together
with a non-resonant continuum and the interference between them yields the total inelastic
cross section. As Q? grows and surpasses ~ 1 GeV?, non-resonant interactions begin to
take place with quarks within the nucleon indicating the start of deep inelastic scattering
(DIS). In this kinematical region, the cross section may be written in terms of DIS structure
functions, which are described via QCD factorization theorems. These theorems permit an
explicit separation into short-distance kernels that are perturbatively calculable and long-
distance correlations quantified by the nonperturbative PDF's. Presently, there is no sharp
kinematic boundary on W and @Q? for the onset of deep inelastic scattering in literature.
Generally Q? > 1GeV? is chosen for the onset of DIS and a kinematic constraint of W > 2
GeV is also applied to describe the DIS region by minimizing contributions from resonant
states.

For DIS from nuclear targets, the cross sections are expressed in terms of nuclear struc-
ture functions. In the weak sector, theoretically these nuclear structure functions have been
studied by mainly two groups, one Kulagin and Petti [494, 495], and the Aligarh-Valencia
group [496-500] the other. Significantly, the nucleon structure functions are the basic in-
puts in the determination of nuclear structure functions and the scattering cross section.
Therefore, a proper understanding of the nucleon structure functions becomes quite impor-
tant [496, 501].

Especially in the low- and moderate-Q? region(s), there can be a nontrivial interply
between perturbative and nonperturbative QCD effects. In the case of the former, the
ultimate cross section can exhibit strong dependence on the chosen perturbative order, which
for contemporary DIS calculations, runs from leading-order accuracy to NLO, and, more
recently, up to NNLO; this theoretical accuracy applies at the level of the perturbatively-
calculable matrix elements as well as the computed PDFs and DGLAP evolution kernels.
At the same time, nonperturbative effects are also important in this region, including target
mass corrections (TMCs) [502-504], which arise due to the inherently nonperturbative nature
of the hadronic bound-state mass, and dynamical higher twist effects (HT's) [505], which stem
from multi-parton correlations within the target hadron. These nonperturbative effects
are particularly important at high z and low Q?. The HT effects have been constrained
phenomenologically through attempts to fit, e.g., twist-4 PDFs at fixed perturbative order,
as in Ref. [506]. As such, disentangling higher-order perturbative corrections from HT
corrections is a serious and nontrivial undertaking. We also stress that further development
of the perturbative QCD aspects of charged-current DIS is needed; these include studies
of the consistent implementation of heavy-quark effects into perturbative structure-function
calculation — a consideration which has been shown to enhance perturbative stability [507].
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FIG. 19. Differential cross section vs y for the different values of x for the incoming beam energy
of E,=35GeV for v—°%Fe DIS (Top panel) and 7—>%Fe DIS (Bottom panel) processes. Theoretical
results are shown with the spectral function only(dashed line) and with the full model by including
also mesonic effect and (anti)shadowing corrections (solid line) at NNLO. Solid circles with the
error bars are limited experimental data points of NuTeV.

In the end, it will be imperative to carry out further consistency studies relating the SIS-
region nonperturbative background to formulations of the charged-current DIS structure
functions based on rigorous (non)perturbative QCD. This activity is a priority for achieving
target precision(s) at DUNE/LBNF for E, ~few GeV.

The Aligarh-Valencia group has studied nuclear medium effects in the structure func-
tions in a microscopic model which uses relativistic nucleon spectral functions to describe
the target nucleon momentum distribution incorporating the effects of Fermi motion, binding
energy and nucleon correlations in a field theoretical model. In Fig.19, the theoretical results
of the Aligarh-Valencia group for the (anti)neutrino differential cross sections at F,=35 GeV
are presented. These results are shown with the spectral function only and with the full
model by including also meson-cloud corrections from a specific ansatz and (anti)shadowing
corrections at NNLO, where it can be observed that the mesonic contributions play impor-
tant role in the region of 0.2 < x < 0.5.

Neutrino scattering plays an important role in the phenomenological QCD analysis of
DIS since the weak current has the unique ability to probe specific quark currents within
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the target nucleon or nucleus, thus helping to resolve the flavor dependence of the nucleon’s
constituents. This significantly enhances the study of parton distribution functions and
complements studies with electromagnetic probes. However, as helpful as this ability of
the weak-interaction may be, it should be emphasized that all high-statistic neutrino ex-
periments have had to use heavier nuclear targets. This means the PDFs extracted from
these experiments are for nucleons in the nuclear environment and are thus nuclear parton
distribution functions (nPDF'). There is considerable difference between these A-dependent
nPDFs and the free nucleon PDFs. Furthermore, since the relevant nuclear effects could
involve multiple nucleon scattering as in shadowing or scattering from correlated nucleon
pairs as possibly in the EMC effect these nPDF's might better be considered effective nPDF's
and not necessarily the PDFs of single bound nucleons.

Although it has been emphasized that neutrino DIS scattering could be a particularly
rich source for flavor separation in determining free proton parton distribution functions, a
serious problem is the very poor state of knowledge of v-free nucleon interactions. There are
presently only low-statistics bubble chamber results from the 1970’s and 1980’s that have
relatively large statistical and systematic errors. This severely limits the impact of neutrino
scattering in free nucleon PDFs. That these rather imprecise results are then used as the
start of neutrino interaction simulations by the current community’s event generators is also
a matter of real concern.

The NuTeV, CCFR, CDHSW v/p-Fe and CHORUS v/v-Pb experiments are the most
recent high-statistics DIS experiments that have published double-differential v/v-A scat-
tering cross sections as well as very detailed studies of systematic errors. Using the results
from these experiments, nuclear effects of charged current deep inelastic v/v-A scattering
were studied by the nuclear CTEQ (nCTEQ) collaboration [508] in the framework of a x?
analysis and, in particular, a set of iron and lead nuclear correction factors for the structure
functions were extracted as in Fig.20. Comparing these results with structure function cor-
rection factors for ¢*-Fe scattering it was determined that the neutrino correction factors
differ in both shape and magnitude, particularly at small z, from the correction factors for
(*-Fe scattering.

This difference, although not unexpected theoretically especially in the shadowing and
antishadowing regions, is not universally seen by all groups examining nPDF's of neutrinos. It
is imperative that we carefully consider these contrasting results and gain an understanding
of the v-A nuclear correction factors.

However the results from a much wider variety of nuclear targets in a neutrino beam,
able to access DIS kinematics, will be needed to definitively answer this question. Steps in
this direction could be achieved at the upcoming neutrino experiments at the LHC, which
will utilize the intense and strongly collimated beam of TeV energy neutrinos of all three
flavors that are produced in LHC collisions to study neutrino interactions at even human-
made energies. With FASERr and SNDQLHC, two emulsion-based detectors with tungsten
targets will already start their operation in 2022 [509, 510]. A continuation of this program
during the HL-LHC era with significantly increased event rates has been proposed in the
context of the Forward Physics Facility [511, 512]. This proposal includes three dedicated
neutrino detectors: a liquid argon based detector, FLArE, an electronic neutrino detector,
AdvSND, and an emulsion based neutrino detector, FASER»2. While FLArE would be able
to test the structure functions for argon that are relevant for DUNE, both FASER»2 and
AdvSND would have the ability to change the target material and collect data for a variety
of nuclear targets. In addition, the emulsion based experiments will be sensitive to heavy
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FIG. 20. PRELIMINARY figure from an nCTEQ paper in preparation. The weighted average of
the cross section ratio for 4 < Q? < 30 GeV? and W? > 12.25 GeV? from NuTeV, CCFR, Chorus,
CDHSW, and NOMAD. The denominator (o) are computed using CTEQ6M nucleon PDFs.

quark flavors, providing the opportunity to study the strange quark content of the proton
via charm associated neutrino interactions.

E. Hadronization

Hadronization is not described by a fundamental theory such as perturbative QCD, but
it is based on phenomenological models [513, 514]. Usually in scattering experiments, the
energy and direction of the incoming probe particle are known. By measuring the outgo-
ing particle’s energy and scattering angle, the kinematics of interaction, namely energy and
three-momentum transfer |q| are then determined and the interaction kinematics is fixed.
Similarly, other kinematic variables, including @2, W, Bjorken variable z, and inelasticity
y are determined. This is however not the case for neutrino scattering experiments. The
incoming neutrino’s direction is known, but the neutrino beam is often wideband and the
energy is not precisely known. Thus, measuring the outgoing charged lepton’s energy and
scattering angle does not suffice to determine the neutrino’s energy and the energy transfer
unless all outgoing particles, including hadrons, are measured. For heavy nuclear target
experiments, which include all neutrino scattering experiments, FSI prevent direct connec-
tions between the observed hadrons and the hadrons produced by the primary neutrino



51

interaction. In this situation, experimentalists heavily rely on simulations to interpret the
available hadron information and reconstruct the vertex kinematics. Thus, hadronization
models constitute an essential input for current and future neutrino experiments in the SIS
and DIS regions, including DUNE and all other atmospheric and high-energy astrophysi-
cal neutrino experiments. A precise hadron measurement is the target of next generation
neutrino experiments [515-518].

The PYTHIA hadronization package [519, 520] is based on the Lund string model [514]
and is adopted by all neutrino oscillation experiments. Here, confinement of partons is
modeled by a relativistic one-dimensional string which represents a color flux between a
quark and an anti-quark. The hadronization process is described by breaking up these
strings to produce more quark-antiquark pairs. PYTHIA has many parameters to be tuned,
and the default scale for PYTHIAG6 is ~ 35 GeV, whereas the default scale of PYTHIAS is
even higher. In fact, basic assumptions in these hadronization models break down at low
energy, and neutrino experiments around 1-10 GeV must rely on other methods to produce
hadrons. In event generators, PYTHIA is used for W 2 2 GeV, but often extended to even
lower energies.

In the SIS region (W < 2 GeV) neutrino interaction generators have to use custom
hadronization models. A popular approach is to extract averaged charged hadron multiplic-
ities from external bubble chamber data [521-523]. Isospin symmetry is used to produce
the averaged neutral pion multiplicity. Then this model is smoothly connected to PYTHIA
at given W. The left panel of Fig. 21 shows an example of such an averaged multiplic-
ity prediction from GENIE [523]. The transition from the low-W to the high-W model is
governed by the AGKY model [521]. The problem is seen in the high-W region predicted
by PYTHIA6. First, PYTHIAG’s default prediction cannot describe the bubble chamber
data. Second, bubble chamber data often lack systematic uncertainties, leading to many
tensions [524, 525]. To accommodate this, the hadronization model needs to have a large
systematic error [523]. It is also important to simulate the dispersion of the hadron multi-
plicities. In the low-W region, the dispersion is extracted from bubble chamber data with
the empirical KNO scaling law [526]. This allows one to make accurate event-by-event
hadron multiplicity simulations. At high-W the dispersion is also simulated by PYTHIA.
However, as can be seen in the right panel of Fig. 21, topological cross sections are not
smoothly connected in the low-W and high-W transition region. This indicates that the
dispersion provided by the low-W and high-W hadronization models is different. Since the
low-W hadron multiplicity dispersion is extracted from bubble chamber data, this discon-
tinuity also means that the dispersion predicted by default PYTHIA6 around < 10 GeV is
incompatible with neutrino bubble chamber data. At this moment, event-by-event hadron
simulation is difficult in this energy region even at nucleon level.

VII. NEUTRINO EVENT GENERATORS

Across the broad range of energies of interest for current and future investigations of
neutrino physics, realistic simulations of neutrino interactions are a critical ingredient for
the design, execution, and interpretation of experimental analyses. These simulations are
generally carried out using Monte Carlo techniques implemented within computer programs
known as event generators. Advances in our collective theoretical understanding of neutrino
interactions, such as those described in the previous sections, will be essential to the progress
of the field. However, unless these advances are appropriately translated into improvements
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FIG. 21. GENIE hadron multiplicity simulation (v3.0.6, tune G18_02a_02_11a). The left figure
shows an averaged charged hadron multiplicity predicted by GENIE including systematic errors.
The right figure shows normalized topological cross sections. The GENIE predictions are compared
with data from the Fermilab 15’ deuteron bubble chamber with v, beam [527].

to neutrino event generators, the benefit of theory efforts on experimental precision will be
severely limited at best.

Current capabilities and technical needs for neutrino event generators, including physics
content and computational methods, are considered at length in a separate white paper [528|.
This section supplements that material with a discussion of (A) the need to better orga-
nize and strengthen support for generator development and related theoretical work, and
(B) experimental needs in light of how generator predictions enter into analyses.

A. Organizational needs

While the development of neutrino event generators is technically demanding, sociological
and organizational challenges are currently the greatest hindrances to progress. Participa-
tion in generator-related activities is poorly incentivized for both theorists and experimental-
ists, and opportunities to pursue neutrino generator development as one’s primary research
activity are rare. As a result, new work on neutrino event generators is largely driven by id-
iosyncratic short-term needs of individual experiments and interests of small theory groups.
A need for greater coordination and prioritization of such activities is widely recognized in
the neutrino scattering community. Despite promising initial discussions that have taken
place in a series of recent workshops [68, 529-531|; however, neither a clear leadership struc-
ture nor significant institutional support to carry out the related work have yet emerged.
The present reliance on piecemeal solutions emerging spontaneously from the community is
unsustainable in light of the accelerating demands of precision experiments.

A notable challenge for neutrino event generator development work is the wide range of
required expertise, which is cross-cutting along multiple dimensions. Open questions in the
field of high-energy physics, such as those related to neutrino mass, are a main motivation for
improving the quality of neutrino interaction simulations. Achieving those improvements,
however, requires a deep knowledge of nuclear physics. The cooperation needed for success
in neutrino generator development cannot occur to the extent that funding agencies impose
rigid boundaries between these two domains. Participation is needed from theorists, exper-
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imentalists, and computing experts to ensure that neutrino generators (1) reflect our best
understanding of the underlying scattering physics (and associated uncertainties), (2) are re-
sponsive to experimental needs and new data sets, and (3) adopt best practices for scientific
software development and user support. Experience and tools from other subfields, notably
simulation efforts for collider physics, are currently underused and should be explored more
thoroughly by the neutrino generator community.

While the big-picture need to improve neutrino event generators has been appreciated
for some time, there is not yet clear consensus on the specific theory improvements that
should be prioritized. This is in part due to the complexity of the theoretical problem that
must be solved: neutrino experiments are sensitive to many details of generator predictions,
but a unified, first-principles description of all relevant neutrino scattering phenomena is
unavailable. Competing theoretical approaches make different approximations and vary in
their domain of validity. Generator authors are thus obliged to stitch together multiple
models to achieve complete simulations. This is ideally done in collaboration with theorists
to minimize inconsistencies, but incentives for their direct involvement are currently poor.

It is also presently difficult to fully quantify the level of improvement needed in various
aspects of the theoretical models implemented in generators. In future accelerator-based
neutrino oscillation experiments, for example, percent-level control of all systematic uncer-
tainties (including those related to interaction modeling) will be needed to obtain definitive
measurements of neutrino properties [49]. Cross-section calculations for neutrino scattering
on complex nuclei typically have theoretical uncertainties of O(10%) or larger, but mod-
ern experiments routinely apply data-driven constraints to achieve higher precision. Novel,
highly sophisticated techniques for constraining neutrino cross-section uncertainties will be
enabled by the DUNE near detector complex, but deficiencies in the interaction model can-
not be completely removed [62]. On a practical level, there is also a need to further develop
global analyses of the relevant neutrino and charged-lepton scattering data, including with
more comprehensive model and parametric uncertainties. In this respect, expertise in the
larger HEP community related to QCD analyses will be instructive. Support for closer col-
laboration between theorists and experimentalists will allow the best return on investment
of effort in both spheres: experimental constraint strategies can be designed to be robust
against “known unknowns” in our understanding of the relevant nuclear physics, and the-
oretical investigations can become more targeted towards those modeling details which are
most poorly constrained.

While there is widespread agreement in the neutrino generator community on the need
for specific technical improvements (e.g., a standardized output format [68]) and on the
overall importance of achieving higher-quality simulations, many other issues remain con-
troversial. Some long-standing disagreements involve tradeoffs between competing models
and/or between theoretical rigor and computational simplicity (e.g., GiBUU transport ver-
sus intranuclear cascade treatments of hadronic final-state interactions [532, Sec. 4]). These
tradeoffs will continue to be explored in light of new neutrino cross-section measurements
and theoretical progress.

Differing perspectives also exist within the neutrino generator community on the best
strategies for organizing, pursuing, and supporting the needed development work. Gen-
erators created by theory groups emphasize consistency and the quality of the underlying
physics models. While the generator’s role as an aid to theoretical investigation can easily
motivate implementation of new models, there is little incentive to build interfaces with
beam and detector simulations and provide other essential infrastructure used in experi-
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mental workflows. Generators developed primarily by experimentalists provide such tools
out of necessity, but making them compatible with other codes is labor-intensive, requires
maintenance, and potentially dilutes already meager rewards. Generator development is
regarded as service work and must be balanced against pursuing a physics analysis in order
for junior experimentalists to have a good chance of career advancement. This motivates
underinvestment and pursuit of short-term solutions by experiments. If junior collaborators
contributing to essential generator work are unable to find long-term employment in the
field (or are dissuaded from doing so), then this situation also poses a significant risk to
continuity of expertise.

B. Experimental use cases

The neutrino interaction models provided by event generators are used in the context of
experimental analyses for a number of vital tasks. Chief among these for accelerator-based
oscillation measurements (but also important for other applications) is neutrino energy esti-
mation: since neutrino beams are not monoenergetic, extraction of oscillation probabilities
from experimental data requires the incident neutrino energy to be reconstructed on an
event-by-event basis. For the complex nuclear targets used in contemporary experiments,
the necessary corrections for missing energy are large and highly sensitive to many aspects
of the underlying theoretical calculations. A recent study [533] that benchmarked standard
neutrino energy reconstruction techniques against electron scattering measurements revealed
major discrepancies, even for a generator-based model that provided a good description of
inclusive electron-nucleus cross sections in the quasielastic region.

Another key experimental application of neutrino event generators is to calculate ex-
pected event rates which are used to interpret data. In searches for new physics processes,
the expected event rates serve as a reference prediction from the Standard Model (and effec-
tive nuclear theory based upon it). For measurements of oscillation parameters, the expected
event rates provide the unoscillated spectrum. In both cases, a priori generator predictions
are typically refined by experiments via empirical tuning of model parameters [76, 412, 534]
and data-driven constraints between separate parts of the apparatus (e.g., detectors at dif-
ferent distances from the neutrino source) or measurements performed using different event
selections (e.g., v, versus v, data). While such techniques represent a powerful means of
detecting and mitigating interaction mismodeling, the need to properly relate the reference
data (used for model constraints) to a distinct generator prediction (used to interpret the
ultimate result) leads to some degree of unavoidable model dependence even in ideal circum-
stances. There is also some risk of “tuning away” evidence of new physics processes that
would be noticed if a generator model that required less tuning were used. Deficiencies in
neutrino event generator models are already a leading source of systematic uncertainty in
current oscillation analyses [76, 535, 536], and the needed improvements will only become
more urgent as the size of experimental data sets continues to grow [49].

A third class of experimental tasks for which neutrino event generators are crucial involves
corrections for imperfect detector performance. While in situ measurements are routinely
used to characterize backgrounds due to cosmic rays and natural radioactivity, the contribu-
tion of neutrino-induced backgrounds (involving event topologies which are not of interest
for a particular analysis) must be estimated using an event generator prediction. While
simulations of the detector response are obviously crucial for applying corrections related to
inefficiency and finite resolution, these corrections can also be sensitive to details of the neu-
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trino interaction model. For instance, the efficiency of an inclusive charged-current event
selection (which attempts to identify all neutrino interactions that produce a particular
charged lepton) may depend to some extent on the expected multiplicity and kinematics of
the hadronic final-state particles. High-quality event generator predictions of complete final
states for all significant interaction modes (and all relevant target nuclei, including inactive
detector components) are thus essential for an accurate interpretation of neutrino data.

When considering the various experimental use cases for neutrino event generators, it
should be noted that a thorough assessment of theoretical uncertainties on all aspects of
a generator’s interaction model is an indispensable requirement. Neutrino generators de-
veloped primarily as an aid to theoretical studies (e.g., GiBUU) typically do not include
software tools to calculate these uncertainties. This is a major reason why such generators,
despite their strengths in other areas, have not seen widespread adoption in experimen-
tal simulation workflows. In the absence of theoretical guidance and/or built-in generator
support for uncertainty quantification, experimental collaborations must resort to ad hoc
approaches which may not be well-grounded in theory and which typically require significant
investment (and often duplication) of effort.

VIII. SUMMARY AND PATH FORWARD

Current and future oscillation experiments need a better understanding and realistic mod-
eling of neutrino-nucleus scattering. To meet these challenges, we need coordinated work
by both nuclear physics and particle physics communities; in theory, experiment, and sim-
ulation. Such a commitment is beneficial to both communities to achieve broader scientific
goals in multidisciplinary topics.

Efforts to improve theoretical modeling bring along a strongly growing demand for addi-
tional experimental constraints on inputs to theoretical calculations:

e Neutrino-hydrogen/deuteron scattering experiments — Even if photon- electron- and
meson-nucleon scattering data provide a priceless input to model neutrino interactions
on nucleons, the properties of the axial current at finite Q? remain largely unknown
and experimentally unconstrained. Lattice QCD may be able to partially fill this
gap, but there is also a strong need for new vHD experiments to remove systematic
uncertainties and a complete understanding of neutrino-nucleon interactions (see v-HD
Lol [537] and WP [538]).

e Electron-nucleus scattering experiments — Modern neutrino-nucleus models rely on
the experience gathered in the description of electron scattering data. Precision mea-
surements of inclusive electron-nucleus scattering at a wide variety of kinematics are
important for validating nuclear models [539]. Recent electron scattering measure-
ments [540-546] on various targets (including Ar) indicate sizable discrepancies in the
generator models beyond the quasielastic peak [539, 547]. The essential first step is
to incorporate the information on the nuclear ground state [540, 544, 545]. Coverage
must be extended into the SIS kinematic region and information on the final-state
mesons and nucleons should be added [548-550] so that FSI models can be tested.
This topic is discussed at length in the Snowmass WP [67].

e Neutrino-nucleus scattering experiments — Neutrino experiments such as MiniBooNE,
T2K, NOvA, and MINERvA have published cross-section data mainly for CH,, and
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HyO targets in QE region. Limited data on heavier targets (Ar, Fe, Pb) and higher
energy processes are also available [518, 551-558]. These data offer an opportunity to
test nuclear dependent DIS models in neutrinos. The SBN program (MicroBooNE,
SBND, ICARUS) [559] and ArgonCube [463] can provide Ar cross-section data relevant
for the SIS region. More extensive experimental studies focusing on meson final states
in a broad kinematic range can test our understanding of the neutrino SIS physics as
well as FSIs [560].

e Following the first observation of neutrinos at the LHC [561], a novel LHC neu-
trino program is being established with the construction the FASERv [509] and
SND@LHC [510] detectors and its continuation through a dedicated Forward Physics
Facility is being proposed [511]. These experiments will study neutrino-nucleus inter-
actions at TeV energies on different targets (including Ar and W) and provide input
in a novel kinematic regime. This will, for example, offer the opportunity to constrain
nuclear PDFs, to test the modeling of hadronization inside cold nuclear matter, to
probe heavy charm and bottom quark mass effects, and to study properties of tau
neutrino interactions with high statistics. This topic is discussed at length in the
Snowmass WP [512].

Many theoretical topics in neutrino scattering require further study in order to meet the
needs of neutrino experiment. We identify the following high-priority topics as essential for
study over the next 5-10 years, ordered roughly in the order that they are discussed above:

e For CEvNS, the cross section should be mapped as a function of the neutron num-
ber. The cross section is now measured by COHERENT using Csl and Ar targets,
these should be extended to both heavy and light nuclei, for example Ne, Ge, and Xe.
Understanding this behavior as a function of neutron number will be important in cal-
ibrating the prediction to the Standard Model and for measuring the neutron nuclear
structure factors. The experimental CEvNS program is described in more detail in
Ref. [82].

e [t will be additionally important to measure the CEvNS cross section as a function
of neutrino energy. This will require detection with neutrinos from nuclear reactors
as well as astrophysical sources. Measuring the cross section as a function of neu-
trino energy will test the (tree-level) Standard Model result that the cross section is
independent of neutrino flavor, and at the same time provide additional information
that, together with the dependence on the nuclear target, can be used to disentan-
gle a potential new-physics contribution from nuclear effects. Any differences in the
cross section between flavor components that go beyond the expected small radiative
corrections would represent a hint of physics beyond the Standard Model.

e Measurement of the angular distribution of the CEvNS cross section may also provide
information on physics beyond the Standard Model. For example, scalar and vector-
like interactions predict differences in the outgoing angular nuclear recoil distribution.

e Lattice QCD calculations of nucleon elastic axial form factors with few-percent preci-
sion are achievable with present techniques and computing resources and will provide
valuable input to nuclear many-body calculations. Providing results with complete
error budgets including physical quark mass, continuum, and infinite-volume extrap-
olations is a near-term priority.
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Extend lattice QCD calculations of few-nucleon electroweak matrix elements to control
the systematic uncertainties present in exploratory calculations and determine vector
and axial two-nucleon form factors that can be used to determine LECs for two-body
currents in nuclear effective theories.

Extend exploratory lattice QCD calculations of N7 scattering as well as resonant
and non-resonant N — Nm and N — A transition form factors. Vector-current
form factors can be used for validation while axial-current form factors would provide
valuable predictions.

Lattice QCD can predict aspects of nucleon and nuclear PDFs, the hadron tensor, and
other structure functions relevant to neutrino DIS. As calculations with controlled sys-
tematic uncertainties become available, they should be used to augment experimental
data in global fits.

Inclusive quasi-elastic scattering (along with the deep inelastic scattering) is com-
paratively simple. It can be well understood with realistic nuclear interactions and
currents. Though much progress has been made, significant further effort is needed to
take full advantage of the experimental regime and connect it to others at lower and
higher neutrino energies.

Extend quantum Monte Carlo calculations of inclusive electroweak response functions
to 150 and *°Ar nuclei, which are relevant to the accelerator-neutrino program. Lever-
aging machine-learning methods will be particularly useful in both representing the
wave function and in reconstructing the energy dependence of the response functions
from imaginary-time correlators.

Incorporate modern evaluations of nucleon form factors into nuclear many-body ap-
proaches, including both experimental and lattice QCD results where available. As
further calculations of inelastic processes and two-nucleon currents become available,
incorporate them into the chiral EFT.

Test many-body calculations across a wide range of energies and momenta including
both electron and neutrino data. The same interactions/currents should be able to
describe low-energy inclusive neutrino scattering, astrophysical inelastic processes on
nuclei, and quasi-elastic scattering.

Incorporate relativistic kinematics and currents directly into the many-body ap-
proaches. This may be easier in the factorization schemes since one only has to
treat a modest number of degrees of freedom, ideally one would also treat relativistic
corrections to the final state interactions.

Extend many-body factorized approaches to include effective field theory and related
models of pion production and A(1232) resonances, and their propagation in the nu-
clear medium.

Use factorization algorithms to gain information about exclusive final states. At
present the one- and two-nucleon vertex can be treated quantum mechanically, but
propagation through the medium is treated semiclassically in generators. Classical vs.
exact quantum evolution can be tested in the very simplest (A = 3,4) nuclei, and
advances can be incorporated into generators.
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e Although relatively well-studied, the dominant role of the A(1232) resonance region
in GeV neutrino reactions makes a precise description of this energy region a first
priority task. In particular the axial response of the nucleon at higher Q% needs to be
better constrained. LQCD calculations could provide important input here, and new
data on neutrino-proton and neutrino-deuteron pion production would prove extremely
valuable in this respect. Another possible source of information is provided by parity-
violating electron scattering [562] where backward electron scattering enhances the
effect of interference and provides information about axial form factors that can be
highlighted investigating parity-violating asymmetry data.

e As mentioned in Sec VI B, the reaction dynamics becomes more complicated beyond
the Delta region. It is of special interest to hadron physics to investigate higher nucleon
resonances and their structure. Neutrino models currently implemented in generators
require the non-resonant part of the amplitude to be included in a consistent way.
The axial vector current response of the nucleon and its @ and W running when
approaching the boundary of the resonance region, constitutes an interesting problem.
In a naive parton model, the inclusive strength of the vector and axial vector current is
the same, while in a hadron picture, vector and axial vector transition form factors are
expected to reflect the structure of baryon resonances. The electromagnetic structure
functions of the DCC model indeed approach the partonic picture for large Q2 and
W, while that the of axial vector current does not. Again, this is mainly due to our
poor knowledge of axial vector current.

e Whereas currently pion-nucleus interactions and medium modifications of the A in
the nucleus are taken into account in descriptions of inclusive cross sections, this work
needs to be extended towards the description of semi-inclusive reactions like (I, 1'w),
(I,I'N) or QE-like Delta production. Meson-exchange current contributions in the
pion-production region, only studied in the past for exclusive pion photoproduction
reactions, also need to be better explored. In the higher resonance region, there
are clear indications that the vacuum properties of N* and A states are unsuitable
for nuclear pion production processes, as supported by photo-nuclear reaction data
showing a disappearing N* signal. Theoretical work for neutrino reactions along the
lines of Ref. [563], taking into account a combination of nuclear effects in a consistent
way will be hence indispensable.

e With the lack of a coherent picture of the SIS region, the models presently used
in generators are either smoothed descriptions of inclusive data or often inconsistent
mixtures of models [532]. Recently, a fairly complete group of generator experts started
a new initiative to improve structural issues [68]. The present task to develop a
consistent and accurate SIS model is a very interesting and challenging physics problem
that requires proficiency in both nuclear physics and particle physics. One of the
sources of the present inconsistency is the different framing in different sub-fields. A
more complete picture is needed to achieve a coherent model.

e In the transition from SIS to DIS, differences between Monte Carlo generators often
yield inconsistent predictions, as shown graphically in, e.g., [456] and by Bronner in
[457]. The pioneering PDF-based approach of Bodek-Yang [458-460, 564] and more
phenomenological, theory-guided, structure function approaches that do not rely on a
parton decomposition (see, e.g., [565, 566]), merit study in view of the availability of
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more recent PDF's, studies of target mass and higher twist corrections, and next-to-
next-to-leader order [567-570] perturbative treatments of DIS [496].

For the study of quark-hadron duality with neutrinos there is a strong need for v/v
data on both nucleons and nuclei covering the transition region running in W from
1.5 to 2.0 GeV off nucleons and nuclei. Even without data and studying quark-
hadron duality using available models, the need of a much improved theoretical or
phenomenological model for the non-resonant background across the entire resonance
region will be required.

The study of deep-inelastic scattering with neutrinos would be significantly improved
with the neutrino-hydrogen/deuterium mentioned at the top of this section. In ad-
dition there is a lack of DIS off a range of nuclear targets, particularly the lower A
nuclei, that is limiting the extraction of nuclear parton distributions.

Hadronization model tuning suffers from tensions in old bubble chamber data [521-
525]. Currently, the tuning of the neutrino hadronization models is mainly relying on
v—H/D experimental data. A modern v—H/D experiment is necessary to remove sys-
tematic errors, and to confirm multiplicity predictions used in experimental analyses.
It may be possible to tune hadron multiplicities from heavy target neutrino data. In
this case, hadronization models and FSI models may be tuned together.

Event generators are critical in connecting theoretical calculations to neutrino data for
the determination of oscillation parameters and a variety of other analysis topics. To
achieve the required experimental precision going forward, these theory improvements
must be incorporated correctly and efficiently into simulations.

Experiments rely upon event generators to estimate signal and backgrounds, efficiency
corrections, and systematic uncertainties. Full final-state predictions must be provided
for all relevant neutrino energies, target nuclei, and scattering processes. Meeting these
needs requires theoretical models to be combined in an approximate but self-consistent
way with thorough uncertainty quantification. Greater theory guidance on the best
strategies for meeting these needs (and support for providing such guidance) can help
to improve upon the existing solutions.

An optimal development model for improving neutrino event generators will likely in-
volve both increased support and new technical strategies for implementing models.
An example of the latter has been the use of tables of pre-computed inclusive response
functions to evaluate neutrino cross sections [394, 571-573]. This strategy enables a
straightforward implementation of multiple models, including those which would be
computationally impractical otherwise. However, without further extensions (e.g., ad-
ditional tables to describe the hadronic final state), it leads to an incorrect treatment
of exclusive observables. Alternatively, developing interfaces able to directly incorpo-
rate part of a theory code into the event generator will be an alternative strategy to
be further explored in the future (see Snowmass WP [528].)

Neutrino event generator development currently focuses on the intermediate energy
regime of interest for accelerator-based oscillation experiments, although some tools
exist for both lower and higher energies. Increased support for generator work should
be coupled with a consideration of possible needs from the wider neutrino community.



60

A thorough understanding of neutrino scattering is still in need of extensive theoretical
and experimental efforts. Realistic theoretical modeling of scattering should provide accurate
predictions of neutrino-nucleus interactions, as well as meaningful theoretical uncertainties.
New neutrino cross-section measurements to guide and benchmark model improvements will
be essential, as will be sustained support for event generator development and theoretical
and computational efforts at the interface of HEP and NP. Achieving accurate and precise
theoretical descriptions of neutrino scattering anchored in the SM and consistently incorpo-
rated into event generators will maximize the potential for discovery as the field moves into
the precision era.
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