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Toward virtual thin-beam v cross-section measurements: A feasibility study
of v-Ar interaction analysis with DUNE-PRISM
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(DUNE Collaboration)

® (Received 10 September 2025; accepted 15 May 2026; published 23 July 2026)

Neutrino-nucleus cross section measurements are critical for future neutrino oscillation analyses. However,
our models to describe them require further refinement, and a deeper understanding of the underlying physics
is essential for future neutrino oscillation experiments to realize their ambitious physics goals. Current
neutrino cross section measurements provide clear deficiencies in neutrino interaction modeling, but almost
all are reported averaged over broad neutrino fluxes, rendering their interpretation challenging. Using the
concept of deep underground neutrino experiment-precision reaction independent spectrum measurement
(DUNE-PRISM)—a movable near detector that samples multiple off axis positions—neutrino interaction
measurements can be used to construct narrow virtual fluxes (less than 100 MeV wide). These fluxes can be
used to extract charged-current neutrino-nucleus cross sections as functions of outgoing lepton kinematics
within specific neutrino energy ranges. Based on a dedicated simulation with realistic event statistics and flux-
related systematic uncertainties, but assuming an almost-perfect detector, we run a feasibility study
demonstrating how DUNE-PRISM data can be used to measure muon neutrino charged-current integrated
and differential cross sections over narrow fluxes. We find that this approach enables a largely model-
independent reconstruction of powerful observables, including energy transfer, typically accessible only in
electron scattering measurements, but that large exposures may be required for differential cross section

measurements with few-percentage statistical uncertainties.

DOI: 10.1103/y9tz-sgcs

I. INTRODUCTION

The next generation of accelerator-based neutrino oscil-
lation experiments, deep underground neutrino experiment
(DUNE) [1,2] and Hyper-Kamiokande (Hyper-K) [3], are
poised to dramatically improve the characterization of
neutrino oscillations. This will be achieved through mea-
surements of neutrino interaction event rates in intense
neutrino beams at near detectors located close to the beam
production point (before oscillations occur) and again at far
detectors, positioned many hundreds of kilometers away.
The DUNE experiment, which aims to independently
determine the leptonic CP-violating phase and the neutrino
mass ordering without relying on input from other oscil-
lation experiments, will use a broad neutrino flux with a
peak neutrino energy of ~3 GeV.

Both DUNE’s and Hyper-K’s abilities to achieve
their target sensitivities will depend on our understanding
of neutrino-nucleus interaction cross sections and the
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reconstruction of the incident neutrino energy from the
measured final state particles [4,5]. Experimentally,
the neutrino oscillation probability is determined from
the measured neutrino interaction rate with atomic nuclei
in detectors. This interaction rate arises from the product of
the neutrino cross section, the energy resolution (smearing
between true and reconstructed energy), and the incoming
neutrino flux. Current models of neutrino interactions are
constrained by experiments’ near detectors, but significant
systematic uncertainties remain [4,6,7]. Even with very
large exposure near detector data, neutrino interaction
modeling uncertainties on the extrapolation of constraints
from the near detector to the far detector can still play a very
important role, and are likely to dominate future error
budgets [4]. Specialized measurements of neutrino-nucleus
interaction cross sections from a wide variety of experi-
ments demonstrate clear deficiencies in the modeling used
for oscillation experiments (see, e.g., Ref. [8] for a review
of this topic). However, these measurements are almost
always reported as averaged over a broad neutrino energy
flux with widths from a few 100 MeV to a few GeV. This
is much wider than the width of features of interest in the
cross section (for example the width of the quasielastic or
resonant peaks that appear as a function of energy transfer
or the hadronic invariant mass), rendering the interpretation
of these measurements challenging.

Published by the American Physical Society
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FIG.1. A schematic of the DUNE near detector. The System for
on-Axis Neutrino Detection beam monitor is placed on axis,
whilst a liquid argon near detector (ND-LAr) and a muon
spectrometer (TMS) are able to move from an on axis position
up to 28.5m off axis. The beam axis and direction are indicated.

To constrain neutrino interactions and flux, DUNE
employs a near detector, shown in Fig. 1, consisting of three
subdetectors. Two of these subdetectors utilize the precision
reaction independent spectrum measurement (PRISM) con-
cept, first suggested by the NuPRISM Collaboration [9],
allowing them to move with respect to the neutrino beam
axis in a configuration called DUNE-PRISM [10]. At each
position, or off axis angle, a different flux distribution as a
function of energy is sampled. Linear combinations of
sampled fluxes at different off axis positions allow for the
creation of custom flux shapes. For instance, such a custom
flux can be constructed to match the expected oscillated
neutrino flux at the far detector.

Owing to the absence of monoenergetic high-energy
neutrino beams, a neutrino interaction model cannot typically
be tested at individual neutrino energies. Instead, experiments
tune the interaction models to reproduce their near-detector
data. While informative, these flux integrated constraints are
insufficient to ensure the models’ accuracy for each value of
energy or for the distribution of neutrino energies observed at
the far detector. For precision measurements using a broad-
energy neutrino beam, the extent to which near-detector data
alone can constrain models is challenging to project, since
the neutrino flux will differ significantly at the far detector
due to oscillations. Thus, it is crucial to utilize as many
neutrino interaction model constraints as possible using
globally available data.

As part of ongoing efforts to address this challenge,
various dedicated electron scattering experiments with
targets and energies of interest to neutrino experiments
are under operation, and more are being designed [11]. By
knowing the incoming electron energy, such experiments
allow a detailed and tailored exploration of the precise
nuclear physics responsible for neutrino interaction uncer-
tainties in the analysis of neutrino oscillations. For exam-
ple, electron scattering experiments have demonstrated the
capability to test the energy reconstruction methods for

various neutrino interaction final state topologies and com-
pare their results to the actual beam energy and to electron
interaction model predictions [12]. However, since electron-
nuclei scattering interactions are dominated by the vector
electromagnetic interaction, they cannot constrain the axial-
vector component of the weak interaction. As a result, whilst
measurements from electron scattering experiments provide
essential constraints, a complete understanding of neutrino
interactions requires further inputs from neutrino scattering
experiments.

In this work, we investigate the feasibility of using the
DUNE-PRISM concept to conduct neutrino measurements
analogous to those performed in electron scattering by
effectively constraining the energy of incoming neutrinos.
By leveraging linear combinations of off axis fluxes, we
demonstrate a potential capability to generate narrow,
custom flux spectra—referred to as virtual fluxes—and
investigate how they can be used to measure neutrino
interaction cross sections. Measurements made using this
approach alleviate the major source of ambiguity in assess-
ing the cause of current model-measurement disagreements,
permitting robust measurements of observables usually
reserved for electron scattering. This complements the
few past measurements of monoenergetic neutrino scatter-
ing using pion or kaon decay-at-rest sources [13,14], which
are limited to only very low neutrino energies (236 MeV for
kaon decay at rest), far outside of the DUNE region of
interest, and which have unknown flux normalizations
(permitting shape-only cross section measurements). The
nuSCOPE Collaboration proposes to make similar mea-
surements, but without using the PRISM concept, via a
tagged neutrino beam [15].

Within this work we consider muon-neutrino virtual-
flux-averaged cross section measurements of only lepton
kinematics using a simple simulation in which we assume
an almost perfect detector. We evaluate the broad expected
statistical power of these measurements, but we do not
thoroughly optimize the virtual flux construction, which
may allow improvements. The scope of this work is a
simple first feasibility study to evaluate whether effective
cross section measurements over narrow fluxes can be
made using DUNE-PRISM.

The simulation used for this analysis is described
in Sec. II, followed by the methods for constructing the
virtual flux datasets in Sec. III, and the results in Sec. IV.
These results are discussed in Sec. V before concluding
in Sec. VL

II. SIMULATION

For this work, charged-current muon neutrino inter-
actions on an argon nuclear target in the near detector
are simulated using the NuWro 19.02.1 event generator
[16,17]. NuWro generates quasielastic interactions using
the Benhar spectral function model [18], using an effective
implementation for argon [19], with optical potential
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corrections from Ref. [20] and a dipole axial form factor
with the nucleon axial mass set to 1.03 GeV/c? (the default
within NuWro). The 2p2h model is an implementation of
the model from the Valencia group [21,22]. Resonant pion
production uses the Adler model [23,24] considering only
the dominant A(1232) resonance. At higher momentum
transfer, an inelastic model is used based on the GRV98
parton distribution functions [25] and PYTHIA6 [26].
NuWro is chosen due to both its event generation speed,
as this work requires large simulations, and due to its use of
a spectral function nuclear ground state, which is more
realistic than the Fermi gas models prevalent in many other
generators. In the context of this predominantly qualitative
feasibility study, it is not expected that the fine details of the
neutrino interaction model will change the conclusions.

One simulation is run using the flux for each of 58
different off axis slices of 1 mrad, spanning angles between
0 and 3.32 degrees with respect to a position 574 m
downstream of the detector along the central axis of the
beamline’s magnetic focusing horn (corresponding to the
range of angles the near detector can span with the PRISM
concept). More details on the flux modeling can be found in
Refs. [1,10,27]. Note that in this work we only consider
flux predictions using DUNE’s nominal magnetic horn
current.' At each off axis position, 10 million interactions
are generated.

The event rates are weighted to match a run plan where
each off axis position is sampled for the same amount of
time (assuming 1.1 x 10%! protons on target per year as in
Ref. [10]), meaning events at large off axis angles (where
the flux is smaller; see Fig. 2) are weighted down more. The
resultant event rates are shown and discussed further in
Appendix A. Note that the run plan assumed in this work is
different from DUNE’s preliminary run plan, which allo-
cates a little over half of the beam time on axis [10].
Therefore, one year of events used in the run plan considered
in this study would be a subset of the events used in two
years of the DUNE preliminary run plan. It should be noted
that this chosen run plan is just an example modification to
the preliminary plan that places more statistics in the off axis
angle samples but is not necessarily optimal. Future work
may consider alternative run plans.

As stated in Sec. I, in this analysis we assume a perfect
detector. This is to say that we do not account for detector
smearing; efficiency effects; or backgrounds arising from
neutral current interactions, electron neutrino charged-
current interactions, pileup or cosmic rays. However, since
this study focuses solely on the outgoing muon (aside from
a very loose cut on neutrino energy discussed later), for the
selection of which the DUNE near detector expects more
than 80% acceptance and less than 2% backgrounds [10],

'"The simulation used for this study uses a horn current of
293 kA, but it should be noted that this has since been updated
to 300 kA.

these effects are unlikely to alter the qualitative conclusions
of interest within this feasibility study. This study addition-
ally assumes that the beam configuration is approximately
stable over time, such that off axis measurements can be
combined without introducing time-dependent distortions.
Under this assumption, flux uncertainties predominantly
contribute as an overall normalization uncertainty.

III. METHODS

A. Constructing virtual flux datasets

1. Gaussian flux matching

As stated in Sec. I, with DUNE-PRISM, measurements
are performed at different detector positions relative to the
neutrino beam. These measurements allow the construction
of virtual fluxes ®(E,), which are linear combinations of
the fluxes observed at different off axis positions. We define
E, as the neutrino energy at which the virtual flux ®(E,)
reaches its maximum. A virtual flux can be tailored to
approximate a desired flux shape, which we refer to as the
target flux ¢(E,). Specifically, we construct virtual fluxes
as follows:

S c®(E,) ~ $(E,). (1)

where @, (E,) is the flux at off axis position «, and ¢, are
the coefficients of the linear combination. For discrete
energy bins indexed by i, this system can be rewritten as

O ~ ¢, (2)

where @ is a matrix with elements ®;,, representing the

flux at energy bin i and off axis position a. The vector Js
represents the target flux at energy bin i, and ¢ is the
coefficient vector that determines the contribution of each
off axis position. Note that we are free to choose the
normalization of the target flux, since it cancels out when
calculating cross sections and estimating uncertainties.
Equation (2) is visualized in Fig. 2. Throughout this study
we used a flux matrix with 800 energy bins from 0 to 8 GeV
and 58 angle bins from 0 to 3.32 degrees.

Numerical methods can be used to find a ¢ which

approximates J) Using the obtained coefficients, the virtual
flux is defined as

&)(Ev) = anq)a(Ev>’ (3)

which serves as an approximation of ¢(E,). To generate
a corresponding dataset, events from different off axis
positions are reweighted according to c,, yielding a virtual
event rate:
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FIG. 2. This visualization demonstrates the process of flux matching, as described in Sec. IIT A 1. The flux matrix ® is combined with
a solution vector ¢ to approximate the target flux ¢(E, ). Left: a plot of the flux matrix ® used for this work, with 58 different bins of off
axis angle and 800 neutrino energy bins, each 10 MeV wide. Center: an ordinary least squares solution ¢ of Eq. (2) for a Gaussian target
flux ¢(E,) centered at 1 GeV and with a standard deviation of 70 MeV. Right: a plot of both the target flux ¢(E,) and the virtual flux

®(E,) constructed by the solution in the middle plot.

N=Y ¢, )

where N, represents the observed event rate at off axis
position a. Note that while N, are measured numbers of
events, and therefore are natural numbers, N is a real
number, calculated by reweighting the observed numbers of
events N, by real weights c,, and so N can even be
negative.

The statistical uncertainty on the virtual event rate N is

AN _ Za c(21!Na (5)
N Y acaNgl’

and it is dependent on both the coefficients and the event
rates at each off axis angle.

Solving Eq. (2) using an ordinary least squares approach
often results in high statistical uncertainties. Large positive
and negative coefficients may cancel when computing
the expected event rate but still contribute additively to
the variance, as can be deduced from Eq. (5). To mitigate
this issue, we apply Tikhonov regularization [28], adding a
penalty term proportional to the total L, norm ||¢||?. This
suppresses large overall coefficient values, reducing stat-
istical fluctuations at the cost of slightly broader virtual
fluxes. Although regularization reduces the magnitude of
the coefficients c,, its main effect is a reduction in the
numerator of the right-hand side of Eq. (5). The denom-
inator remains approximately fixed due to the flux-matching

constraint, while the numerator decreases as regularization
pulls positive and negative ¢, toward smaller absolute
values. These still cancel in the sum but contribute less
to the variance, leading to a monotonic decrease in statistical
uncertainty with increasing regularization strength.

In general, regularization parameters can be determined
using methods such as the L-curve method [29]. However,
in this analysis, they were chosen manually, based on the
known properties of the off axis flux distribution and the
target flux. An illustration of the application of regulari-
zation is shown in Fig. 3, demonstrating that, while the
obtained virtual flux is wider than the target flux, the
statistical uncertainties associated with the corresponding
event rates are significantly reduced.

2. Uncertainties

Uncertainties are considered by producing two separate
sets of ensembles (“toys”) of event rate histograms, based
on statistical and systematic uncertainties. Statistical uncer-
tainty toys were randomly drawn from Poisson distribu-
tions for each event rate bin.

To produce flux systematic uncertainty toys, we consider
the 13 beamline systematic uncertainty components, which
correspond to variations in the target density, water layer
thickness, magnetic focusing horn current, position (four
position components in total), decay pipe radius, proton
beam position, angle (two angular components in total),
and width, as used in Ref. [10], as well as proton-on-target
(POT) counting. Uncertainties in the flux due to unknown
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(a) Coefficients as a function of the off axis position index for the ordinary least squares (OLS) solution and the Tikhonov-

regularized solution, corresponding to the virtual flux construction based on a Gaussian target flux with y = 1 GeV and 6 = 70 MeV, as
defined in the linear combination described in Eq. (2). (b) Virtual event rates as a function of true neutrino energy using virtual fluxes
based on the same Gaussian target flux. The event rates constructed based on an ordinary least squares solution of Eq. (2) have
o =171 MeV (estimated from a Gaussian fit to the virtual event rate), and the event rates constructed based on a Tikhonov-regularized

solution have ¢ = 78 MeV.

cross sections for production of the parent hadrons of
neutrinos are also considered, following the same approach
described in Ref. [2]. Variations of the incoming neutrino
flux at each off axis position are considered under variations
of hadron-production cross sections to build a covariance
matrix correlating their impact across bins of neutrino energy
and off axis angle. The vast majority of the variance encoded
in the matrix can be extracted through a relatively small
number of independent principal components (PCs). This
analysis includes the 20 most significant independent hadron
production components, as adding more was found to have a
negligible impact on the uncertainty.

To generate the n-th toy dataset, events in off axis angle
bin a and energy bin i were reweighted according to

#PCs
Whai = 1+ Zangjah (6)
j=1

where X,,; is sampled from a Gaussian distribution with a
mean of zero and a standard deviation of 1 and o/, is the
relative variation of an event in off axis angle bin a and
neutrino energy bin i, when varying just the j-th uncer-
tainty PC.

Note that the input flux uncertainty estimates were
coarsely binned relative to our simulated data, both in
energy and off axis angle. Specifically, the input flux
covariance matrix spans 34 off axis positions, each with
between 14 and 32 discrete energy bins, whereas our
simulated events are distributed across 58 off axis angles
with practically continuous energy values (up to NuWro’s
numerical resolution). This mismatch required us to

redistribute the generated events into the coarser binning
used for the flux uncertainty evaluation. Since measure-
ments with different virtual fluxes use the same sets of data
(although weighted differently), it is important to consider
correlations between different virtual flux measurements
induced by both systematic and statistical uncertainties. By
using the same set of toys for different virtual fluxes such
correlations can be evaluated. For each of our main results
in Sec. IV we present statistical, systematic, and total
uncertainty correlations (for example, Fig. 5).

Owing to the large normalization uncertainty—shifting all
bins coherently—and small shape uncertainty implicit in
flux uncertainties (for example, see Ref. [30]), it is unsur-
prising that simulations show strong bin-to-bin correlations,
which lead to significant normalization uncertainties in event
rate distributions. To calculate the uncertainties regarding the
distribution’s shape and normalization uncertainties sepa-
rately, we used the norm-shape decomposition scheme from
Ref. [31]. We normalize each distribution in order to
calculate the shape-only uncertainty, and keep track of the
normalization uncertainty using the last bin. For each toy, the
full distribution of bins across all the plotted variable’s bins
and virtual flux centers E,, denoted by N,, with n total bins,
is transformed with the following bijective mapping:

N, . _
Fi= T bsisn-l (7)
Zka

i=n.

The covariance is then calculated for each pair of bins,
so the relative shape uncertainty is the standard deviation of
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f(N;) across toys for i < n. The relative normalization
uncertainty is the standard deviation of f(N,). The sys-
tematic uncertainty is decomposed into normalization and
shape components to enable separate inspection of their
contributions. However, these components are correlated,
and therefore their quadrature sum does not recover the full
systematic uncertainty. To provide a more complete repre-
sentation, both components are shown individually, along-
side the total uncertainty obtained by combining the full
systematic uncertainty (including correlations) with the
statistical uncertainty in quadrature.

B. Cross section measurements with
virtual flux datasets

With a virtual flux defined by the set of coefficients ¢ and
our event simulation, virtual measurements can be obtained.
This is done by adding each off axis measurement histogram
along with its corresponding coefficient as a weight. We
simulated a measurement of the integrated cross section
o(E,) by building six narrow Gaussian virtual fluxes ®(E,)
each centered around a E, (the mean energy of the target
flux) between 0.5 GeV and 1.75 GeV in steps of 0.25 GeV.
The standard deviation of the target fluxes is set to 70 MeV
(which is comparable with the expected width of features in
the cross sections we aim to extract). We limit the analysis to
1.75 GeV, as it becomes increasingly challenging to build
smooth, thin virtual fluxes centered at higher energies
without applying very large coefficients (which would
propagate to very large statistical uncertainties) due to
limited coverage of the PRISM off axis spectrum. While
this threshold was chosen conservatively, it could be further
optimized depending on the desired balance between flux
fidelity and energy reach.

It is important to note that this study does not rely on the
virtual fluxes being an exact representation of the target
fluxes. The goal is to produce effective fluxes that are thin
and well known. The utility of cross section measurements is
not affected by the virtual fluxes being shifted, skewed, or
having a slightly different standard deviation with respect to
the target flux. It is possible that a Gaussian choice of target
flux is suboptimal, and so future work could consider other
target flux shapes (or explore analysis methods in which a
specific target flux is not necessary).

Cross sections averaged over a virtual flux can be
calculated through the following relation:

N
B E-e- Ntargets f(i)(Ey)dEv ’

(@) (8)

where N is the expected event rate in a virtual flux as
defined in Eq. (4). £ represents the beam exposure (i.e., the
number of protons on target considered), and ¢ is the
selection efficiency (always 1 for this analysis). A deriva-
tion of this result is provided in Appendix D. The number

of target nuclei, Ny, 18 proportional to the mass of the
DUNE-PRISM detector’s fiducial volume. We assume a
fiducial volume of 2 x 3 x 0.574 m?, corresponding to a
total mass of 4.8 metric tons of liquid argon. Here it is
important to note that we apply the coefficients to the event
rate (i.e., by using V) rather than using a linear combination
of separate cross section measurements, as is discussed in
Appendix D. Note that the virtual flux scaling is determined
by the calculated coefficients [see Eq. (3)]. The normali-
zation of the virtual flux is arbitrary and carries no physical
meaning, but it must be included consistently so that it
cancels properly when converting event rates into cross
section measurements. In this work we consider measure-
ments of the muon neutrino charged-current inclusive cross
section.

1. Integrated cross section measurements

A challenge in extracting a virtual-flux-integrated cross
section arises from small, localized “bumps” that often
appear in the tails of the virtual fluxes. These are artifacts of
the limited span of the flux matrix: since it is constructed
from a finite set of off axis input fluxes, it cannot exactly
reproduce all possible smooth energy spectra. These bumps
are especially problematic because the neutrino interaction
cross section ¢(E,) generally increases with energy in the
relevant range, so even a small excess in the high-energy
tail of the flux can be amplified into a disproportionately
large contribution to the event rate, as seen near ~6.5 GeV
in Fig. 3(b). Consequently, integrating over such a flux can
yield a significantly biased cross section estimate—either
positively or negatively—relative to what would be
obtained using an idealized, smooth target flux such as a
Gaussian.

To suppress contributions from these unwanted features
of virtual fluxes, we opt to apply a loose cut of 4 GeV on the
sum of visible outgoing particle energies (i.e., using the
sum of £, the outgoing muon energy and E,,;, the sum of
proton and charged pion kinetic energy, plus neutral pion,
and photon total energy, introduced in Ref. [32] and further
explored in Ref. [33]). The sum E, + E,,; serves as a
proxy for neutrino energy with relatively small smearing.
The migration of events with true neutrino energy larger
than 4 GeV across the 4 GeV cut is small when the cut lies
well above the peak of the virtual flux; in our simulation,
the subsequent above-threshold contribution remains
between 1.6% and 5.0% of the proxy-selected virtual event
rate for all fluxes except one, where a prominent bump near
4 GeV inflates the ratio to 17.8%. However, this has no
effect on our results, as the background subtraction in our
simulation is exact. For such cases, in a more sophisticated
analysis, the threshold can easily be adjusted to a different
value (e.g., 3 GeV) while still remaining sufficiently
separated from the bulk of the virtual flux.

Such a cut must be accompanied by a redefinition of the
cross section we measure to be flux averaged only over the

012018-6



TOWARD VIRTUAL THIN-BEAM v CROSS-SECTION ...

PHYS. REV. D 114, 012018 (2026)

range of neutrino energy up to the cut value. In addition, a
small background subtraction is required for events that
pass the cut but in fact have true neutrino energies above
4 GeV. This can be written as

N-B
E-e- Ntargets f(f/ (i)(Eu)dEu ’

<6cut> = (9)

where B = > 4 CaB, and B, is the expected background
rate at an off axis position « for a threshold set to E’ (4 GeV
in our case), and & should incorporate the simulated
efficiency of the cut. Note that as reconstruction-induced
smearing is excluded, the efficiency of the cut is still 100%,
as kinematically the neutrino energy proxy is always less
than the true neutrino energy. Whilst the background
subtraction introduces a model dependence, the looseness
of our cut ensures that the background introduced by
smearing over the cut boundary was found to be on the
scale of no more than a few percentages. As discussed, the
exact threshold can be optimized to minimize the amount of
background, depending on the particular features of a virtual
flux, based on the expected background and at the cost of a
slightly increased interaction model dependence. We note
that since the background subtraction is taken directly from
the simulation and we do not consider any uncertainties in
neutrino interaction modeling, this procedure is equivalent
to simply cutting on true neutrino energy.

In a real detector, finite hadronic-energy resolution
would migrate events across the E, + E,.; <4 GeV
threshold and would therefore introduce some model
dependence through the subtraction of the above-threshold
contribution. As a simple estimate of the scale of this effect,
we performed a toy study in which E,.,; was smeared
event-by-event with Gaussian fractional resolutions of 20%
and 30% before applying the same cut. For most virtual
fluxes, this changed the signed above-threshold contribu-
tion, B/N, by less than about one percentage point. The
largest contribution occurs for the lowest-energy virtual
flux, where the fraction is already 17.8% without smearing
and increases to 18.8% under 30% smearing. This indicates
that the dominant sensitivity in this study is associated with
high-energy structure in the virtual flux rather than with
detector smearing alone; in a full detector-level analysis,
the threshold should therefore be optimized together with
the associated subtraction uncertainty.

2. Differential cross section measurements

We additionally extract the differential cross section as a

function of the reconstructed energy transfer -2~ where

dw,

Wreco = Eu - Eleptonv (10)

where E, is the aforementioned mean energy of the target
flux and Ejpe, is the energy of the outgoing lepton.

In the limit of a narrow virtual flux, E,, ~ E,, such that
Wreco X Dyye, With the true energy transfer defined as

Oye = E, — Elepton- (1 1)

Energy transfer is of particular interest because different
reaction channels and key nuclear effects, which are
relevant for DUNE oscillation analyses, are strongly energy
transfer dependent [4,11,34]. It is often measured as a key
observable for nuclear physics analyses in electron scatter-
ing experiments but usually remains inaccessible to neu-
trino experiments due to the broadband nature of neutrino
beams rendering @, very smeared with respect t0 @ye.
However, it should be noted that electron scattering mea-
surements usually measure energy transfers for an approx-
imately fixed scattering angle, resulting in a distribution of
energy transfer with distinct peaks for different interaction
channels. This corresponds to a narrow scan through the 2D
space of energy and three momentum transfer, which
reveals a multitude of features of inclusive cross sections.
Unfortunately, significant statistical uncertainties resulting
from the narrow Gaussian flux matching make tight angular
restrictions impractical in the current analysis. While energy
transfer remains an interesting observable and serves as a
proof of principle of the methods introduced, Appendix C
also considers the hadronic invariant mass, which can help
disentangle different interaction channels while reducing
reliance on a fixed scattering angle.

To produce this measurement, for each of the aforemen-
tioned six virtual fluxes, a histogram of event rates as a
function of w,., is generated. The event rate is then
transformed to a virtual flux-averaged differential cross
section measurement using Eq. (8), with an additional term
to account for the bin width in @,,-

Another advantage of w,., 1S in an opportunity to use
a minimally model dependent unfolding procedure to
Oye = E, — Eepion, Which is discussed in Appendix B.

IV. RESULTS

A. Integrated cross section measurements

In order to explore DUNE-PRISM’s potential ability to
produce thin neutrino fluxes, six values of incoming
neutrino energies below 2 GeV were chosen, as described
in Sec. III B. The desired virtual fluxes were then chosen as
Gaussian distributions centered around each of these values
with a standard deviation of 70 MeV. This value was
chosen to balance the need for a flux that is close to
monochromatic while keeping statistical uncertainties rea-
sonable (as discussed in Sec. III A). However, the exact
choice of target fluxes and the regularization used in the
computation of the virtual flux still allow room for addi-
tional optimization.

Figure 4 shows the six different virtual fluxes considered
and the flux-averaged integrated cross section measured for
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(a) Simulated virtual-flux-integrated charged-current muon neutrino inclusive cross section measurements from DUNE-PRISM.

The dotted line plots true ¢(E,). Dashed and hollow data points are flux integrated simulated measurements based on virtual fluxes
constructed with the target fluxes according to Eq. (8). Colored data points are the same measurements but applying Eq. (9), including a cut
to remove high-energy contributions to the virtual flux tails. The colors correspond to the virtual fluxes shown in the right figure. The
horizontal position of each point corresponds to the mean neutrino energy E, of the virtual flux; its width in E, is the standard deviation of
that flux. The vertical (y axis) uncertainty bars for each point (both colored and dashed data points) are composed of shape systematic
uncertainty (inner cap) and statistical uncertainty (middle cap), as well as the total uncertainty (systematic and statistical, outer cap, lighter
color), assuming ~2.5 years of DUNE running (in a non-nominal run plan; see Appendix A). The empty colored bar shows the separate
normalization systematic uncertainty. The bottom panel is a residuals plot, showing the relative difference between the simulated PRISM
cross section measurements (colored points) and the true cross section (dashed line). The error bars are displayed following the same rule as
the main panel, reflecting total uncertainty, including statistical and systematic components. (b) Virtual fluxes on which the simulated
measurements are based, with line colors matching data point colors on the left.

each of them (with and without a cut on neutrino energy)
with uncertainties assuming ~2.5 years of DUNE data
taking (in a non-nominal run plan; see Appendix A). These
results are compared to the true cross section, predicted by
the NuWro generator, as a function of neutrino energy and
the flux averaged cross section calculated using the perfect
Gaussian target fluxes. Non-Gaussian features in the virtual
fluxes move the projected cross sections from the ideal
Gaussian flux case. As discussed in Sec. III B, the most
impactful of these features are present at higher energies,
where small alterations to the flux are enhanced by the
larger cross section. Applying the neutrino energy cut
therefore brings the virtual flux-integrated cross sections
significantly closer to an ideal Gaussian shape, making
the results easier to interpret and allowing virtual flux-
integrated measurements to serve as reasonable estimates of
the true cross section. While the cut on neutrino energy
typically reduces the cross section across bins, it leads to a
modest increase in the 1.25 GeV case. This is because this
virtual flux has a small negative contribution at energies
above 4 GeV. The remaining differences from the ideal
Gaussian case stem from the features observable on the right
of Fig. 4 outside of the main peak. Features to the left of the
peaks are suppressed by their smaller cross section, features
to the right of the peak (but below the energy cut) are in
regions of larger cross section and so enhanced. However,
overall these non-Gaussian features do not prevent the

virtual flux-averaged cross section measurement from
corresponding to a narrow and well-understood virtual flux.

While the virtual fluxes visibly deviate more from their
Gaussian targets at higher energies, this is not inherently
problematic. As discussed in Sec. III B, the target fluxes are
not physical inputs we aim to match exactly, but rather
auxiliary tools used to construct virtual fluxes with desirable
properties. As long as the resulting virtual fluxes remain
sufficiently narrow and well characterized, the correspond-
ing cross section measurements remain useful.

The observed differences between the projected flux-
averaged measurements (with or without the energy cut)
and those obtained using idealized Gaussian target fluxes
do not indicate a flaw in the analysis. Rather, they illustrate
the limitations of representing a virtual flux using only a
single characteristic energy and associated uncertainty. A
complete quantitative model comparison to these virtual
flux integrated measurements can still be performed, but
the models would need to be folded through the virtual flux
the measurement was made with.

The correlations between bins in the projected measure-
ment of the integrated cross section can be seen in Fig. 5.
The very large correlations across all bins, clearly domi-
nated by the flux systematic uncertainties, indicate that the
measurement is dominated by an overall normalization
uncertainty. Considering only the uncertainty on the shape
of the measurement, the combined statistical and systematic
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uncertainty ranges between 3.8% and 7.2% with
~2.5 years of DUNE data (in a non-nominal run plan;
see Appendix A). The total uncertainty, including normali-
zation uncertainty ranges between 9.0% and 11.6%. While
utilizing the full 20-year dataset would further reduce
statistical uncertainties, meaningful results with less than
10% combined statistical and systematic shape uncertainties
will be available earlier. The statistical uncertainty induced
correlations between different flux-averaged cross section
measurements are also shown in Fig. 5, demonstrating
significant correlation strength. This is expected, since all of
the data points are based on the same set of events; for
example, giving weights with opposite signs to the same
events will increase the anticorrelation between data points.

DUNE Simulation
NuWro 19.02.1

Statistical correlation

0.5
0.7
;: 1.0
< 1.25

53]
1.5
1.75

((O Q

E, [Ge\/]
(@)

FIG. 5.

B. Differential cross section measurements

For three virtual fluxes, the differential cross sections are
obtained as a function of reconstructed energy transfer as

defined in Eq. (10). Figure 6 shows < )

true simulated distributions along w1th the different con-
tributions of each charged-current reaction channel: qua-
sielastic (CCQE), meson exchange (2p2h), resonances
(RES) and deep inelastic scattering (making up most of
the “other” component). More details on the modeling of
the different reaction channels can be found in Refs. [4,16].
The different CCQE and RES reaction channels make up
two distinct peaks with 2p2h filling in the gap between
them, as is observed in electron scattering data [11].

compared to the
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Correlations between the simulated flux-integrated cross section measurements plotted in Fig. 4. (a) Correlation between

integrated cross section measurements, calculated with toys generated based on statistical uncertainties. (b) Total uncertainty correlation,
calculated by combining the covariance of the systematic toy measurements, calculated based on toys generated based on systematic

uncertainties, and statistical toys measurements.
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FIG. 6. Simulated differential cross section measurements of inclusive charged-current muon neutrino interactions, shown as a
function of reconstructed energy transfer, for Gaussian virtual fluxes centered at different neutrino energies. The uncertainty is
composed of shape systematic uncertainty (inner cap) and statistical uncertainty (middle cap), as well as the total uncertainty (systematic
and statistical, outer cap, lighter color). The blue band shows the normalization systematic uncertainty separately. Colored interaction
mode histograms are based on the true MC interaction classification.
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FIG. 7. Correlations between the simulated differential cross section measurements plotted in Fig. 6. (a) Statistical uncertainty
correlations, assuming ~10 years of DUNE running (in a non-nominal run plan, see Appendix A); (b) Systematic uncertainty
correlations; (c) Total uncertainty correlation of both systematic and statistical uncertainty. In all of the plots, the (i, j) block corresponds
to the correlation between the i-th and j-th leftmost simulated measurement in Fig. 6.

The uncertainty of the results was estimated by assuming
~10 years of DUNE data taking (in a non-nominal run
plan; see Appendix A). They are dominated by a normali-
zation uncertainty, as seen by the blue filled area in Fig. 6,
which leads to highly correlated measurements, as seen in
Fig. 7. However, excluding normalization uncertainty, the
combined statistical and systematic shape uncertainty
remains below 9% in the region where the reconstructed
energy transfer @, is klnematlcally allowed for a neutrino
of energy E,, i.e., for w., < E, — m,,. This region corre-
sponds to the domain in which @, approx1mates the true
energy transfer w,,,., and the plotted values can therefore be
interpreted as physically meaningful differential cross
sections.

We assess that the few highly anticorrelated bins between
simulated measurements that are based on different virtual
fluxes are the result of the fluxes having coefficients with
opposite signs; thus, more events in one off axis position
increase the result for one flux and decrease it for the other.

V. DISCUSSION

The results in Sec. IV demonstrate how DUNE-PRISM
data, taken with a broad spectrum of neutrino energies,
could be utilized to estimate a neutrino-nucleus cross
section for specific incoming neutrino energies.

A simulated measurement of the integrated inclusive
cross section, shown in Fig. 4, resulting from six narrow
virtual-flux averaged measurements, is very close to the
cross section at the virtual flux mean neutrino energy, E,,
especially when applying a cut on reconstructed neutrino
energy (which can be approximated using a cut on visible
neutrino energy, as described in Sec. III B 1). This implies
that DUNE-PRISM is capable of measuring neutrino
interaction cross sections as a function of neutrino energy.
Such measurements have been attempted using broad-band

fluxes, for example [35—40], typically with ~10% uncer-
tainties. At slightly higher energies but still in the DUNE
neutrino energy range, ~5% precise measurements have
been presented by NOMAD, MINOS, and MINERvA
using the low-v method [41-43]. Whilst this precision is
comparable to or exceeds that shown in Fig. 4, these
measurements attempt to reconstruct the neutrino energy
from the kinematics of outgoing particles and so are
inherently reliant on a model to relate reconstructed and
true energies. Moreover, the use of the low-v method has
also been shown to exhibit considerable model dependence
at GeV-scale neutrino energies [33]. Conversely, a meas-
urement of the neutrino cross section as a function of
neutrino energy by DUNE-PRISM is expected to have
almost no interaction model dependence.

Concerning the differential cross sections, presented in

46) for
da)l’\)C() ’

Fig. 6, showing simulations of measurements of

increasing values of E, the distributions become double
peaked, as RES interactions are dominant when E,,
approaches 1 GeV. The experimentally observable distribu-
tion shows clear evidence of this underlying structure
through its broadening, allowing a meaningful separation
between the CCQE and RES dominant regions. This is
observable even without constraining the outgoing lepton
angle (as is done in electron scattering measurements). As in
the case of the integrated cross section, experimental
inferences of energy transfer in neutrino scattering have
been made (see, e.g., [32,44.,45]), but these are either model
dependent or measure variables that are smeared with respect
to true energy transfer in a complicated way (see Ref. [33]
for many details regarding the challenges of reconstructing
energy transfer). However, for a DUNE-PRISM measure-
ment the energy transfer is smeared only by the width of
the virtual flux and the detector muon energy resolution,
significantly reducing the dependence on the cross section
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model used to make the measurement (at the cost of
increasing the dependence on the better-controlled flux
model). In Appendix B, the possibility of unfolding the
relatively well-known smearing from the flux width is
explored. Overall, the results show an interesting potential
for DUNE-PRISM to access kinematic variables such as
energy transfer in differential cross section measurements.
An even better separation of interaction channels, using the
reconstructed hadronic invariant mass rather than energy
transfer, is demonstrated and discussed in Appendix C.

Unlike in electron scattering analyses, the results shown
in this paper are limited by the expected statistics, as they
require DUNE-PRISM to run at many off axis angles for
sufficient time and the construction of virtual event rates
involves subtractions of similarly sized large numbers. We
note that further optimization of the virtual flux construc-
tion algorithm described in Sec. IIl A 1 (for example, by
taking systematics into account when choosing the optimal
coefficients, by building fluxes with other shapes besides
Gaussians, or by optimizing the regularization used) as well
as run plan optimization, and a wise choice of the virtual
fluxes could significantly improve the results. In any case,
our results suggest that integrated cross section measure-
ments as a function of neutrino energy could be obtained
within the first few years of DUNE-PRISM running.

It is found that flux uncertainties contribute significantly
to these results. However, we observe that assuming a per-
fect stable detector, they primarily contribute to an overall
normalization uncertainty and so are less significant in a
shape-only analysis (e.g., when constraining the shape of
the cross section as a function of neutrino energy or of
energy transfer).

Overall, this analysis provides access to usually inacces-
sible kinematic variables that characterize neutrino inter-
actions in new ways, allowing future measurements to probe
neutrino scattering at a level of precision usually only
possible for electron scattering. These studies can also be ex-
panded. In particular, it would be interesting to extend the
currently simulated differential measurements, which provide
results analogous to those of inclusive electron scattering
experiments, to the exclusive case. In addition to updating the
studies presented here to include realistic detector effects,
future work could explore measurements of missing momen-
tum and energy, expanding on Refs. [46—48], as well as
exploring the possibility of measurements of the difference
between true and reconstructed neutrino energy, which is
a key ingredient for DUNE’s neutrino oscillation physics
program.

As mentioned in Sec. II, this study assumes an ideal
detector with perfect efficiency and reconstruction with no
backgrounds. In a full DUNE-PRISM analysis using real
data, position-dependent efficiency, detector smearing, and
background subtraction must be corrected for. In practice,
efficiency corrections would be derived separately for each
off axis position and applied to the event counts N, defined

in Eq. (4). The same framework can be generalized to
event-by-event reweighting based on off axis location,
vertex position within the detector, and relevant kinematic
variables, ensuring that the virtual flux combinations
remain valid after detector effects are accounted for.
Still, it should be stressed that consideration of a realistic
detector response would reduce statistics and add additional
sources of uncertainty. The quantitative uncertainties pre-
sented in this work should therefore be considered an
indicative lower bound on what DUNE could achieve if this
analysis was applied to real data. Consideration of detector
smearing is expected to have a small impact (see discussion
in Sec. Il B 1). Uncertainties on the detector efficiency are
expected to be highly correlated across off axis detector
positions, mitigating their potential impact on a real-data
measurement.

VI. CONCLUSIONS

This work represents a first feasibility study toward
demonstrating that DUNE-PRISM may be used to make
cross section measurements averaged over virtual fluxes
that are narrower than key features caused by nuclear
effects, such as the CCQE and RES peaks in energy
transfer or the hadronic invariant mass, such that they can
be resolved. An analysis of simulated measurements in a
perfect-detector case demonstrates how the PRISM tech-
nique can be leveraged to provide a priori knowledge of
the incoming neutrino energy such that, within some
resolution (~100 MeV), it can be well constrained without
using a neutrino scattering model. This allows measure-
ments of the cross section as a function of neutrino energy
as well as differential cross sections as a function of
observables usually reserved for electron scattering experi-
ments, such as energy transfer, with reduced model
dependence compared to usual wide-beam measurements.
The consideration of detector effects is left for future
studies and would be expected to degrade sensitivity with
respect to the results reported here. Whilst the current study
suggests statistical uncertainties will be significant, there
remains considerable scope for optimization in the analy-
sis, particularly with regards to the choice of run plan and
of the specific target fluxes and regularization used to build
the virtual fluxes.
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APPENDIX A: EVENT RATES

The simulation for the analysis within this paper assumes
equal exposure in each off axis position from on axis to
3.32 degrees off axis, in slices of 1 mrad (approximately
0.057 degrees; a 0.574 m wide slice). For comparison, a
preliminary DUNE yearly run plan in Ref. [10] assumes
12 days for seven different off axis positions, alongside a
14 week exposure on axis plus another week on axis with
an alternative horn current. Therefore, our exposure in the
nominal plan would correspond to 90 out of the 201 days of
data taking per year (the 7 times 12 day DUNE-PRISM off
axis positions plus six days of an on axis position, which
samples the off axis angles on either side of the beam).

The event rates in each off axis slice considered in the
paper per 90 days are shown in Table I. One year of DUNE
exposure in the DUNE preliminary run plan would provide
these event rates (alongside many more events on axis). In a
dedicated non-nominal plan, where each position was
sampled evenly, this would correspond to a little less than
half of a year of data taking. Throughout this paper we give
exposure times based on these event rates corresponding to
half a year of data.

APPENDIX B: UNFOLDING TO TRUE
ENERGY TRANSFER

Virtual flux based measurements of differential cross
sections as a function w,,, can in principle be unfolded into
differential cross sections as a function of the true energy
transfer, gy = E, — Ejepon- This can be done in a mini-
mally model-dependent way since the smearing is domi-
nated by the well-known width of the virtual flux used to
make the measurements. Since we are only considering flux
uncertainties, @, only differs from @, according to the
energy spread of the virtual flux, and therefore we model §
using a Gaussian smearing matrix constructed from the
spread in the virtual flux.

TABLE 1. The angular range and event rates considered for
each of the 58 off axis slices considered in our analyses. The
event rates correspond to a total of 90 days of DUNE-PRISM data
taking (just under half a DUNE beam year) in a non-nominal run
plan where each off axis position is sampled evenly. The same
events would be available as a subset of data taken in one year of
DUNE running under the preliminary run plan given in Ref. [10].

Off axis Lower edge Upper edge

index [deg.] [deg.] Events/90 days
1 0.00 0.06 299584.76
2 0.06 0.11 298570.86
3 0.11 0.17 295320.91
4 0.17 0.23 290926.46
5 0.23 0.29 283970.18
6 0.29 0.34 275706.26
7 0.34 0.40 264759.94
8 0.40 0.46 251676.87
9 0.46 0.52 237966.82
10 0.52 0.57 222610.65
11 0.57 0.63 206338.86
12 0.63 0.69 189282.06
13 0.69 0.74 172244.09
14 0.74 0.80 155980.15
15 0.80 0.86 140945.11
16 0.86 0.92 127201.72
17 0.92 0.97 114669.57
18 0.97 1.03 103686.96
19 1.03 1.09 93687.16
20 1.09 1.15 85014.86
21 1.15 1.20 77544.09
22 1.20 1.26 70862.19
23 1.26 1.32 64983.13
24 1.32 1.38 59823.02
25 1.38 1.43 55173.42
26 1.43 1.49 51090.73
27 1.49 1.55 47412.73
28 1.55 1.60 44035.92
29 1.60 1.66 41045.33
30 1.66 1.72 38331.74
31 1.72 1.78 35822.96
32 1.78 1.83 33523.61
33 1.83 1.89 31451.68
34 1.89 1.95 29516.61
35 1.95 2.01 27786.59
36 2.01 2.06 26156.78
37 2.06 2.12 24639.36
38 2.12 2.18 23189.62
39 2.18 2.23 21958.92
40 2.23 2.29 20703.17
41 2.29 2.35 19536.93
42 2.35 2.41 18526.06
43 2.41 2.46 17537.77
44 2.46 2.52 16565.03
45 2.52 2.58 15708.49
46 2.58 2.64 14906.22
47 2.64 2.69 14130.65
48 2.69 2.75 13418.87
49 2.75 2.81 12784.37

(Table continued)
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TABLE 1. (Continued)

Off axis Lower edge Upper edge

index [deg.] [deg.] Events/90 days
50 2.81 2.86 12136.05
51 2.86 2.92 11540.08
52 2.92 2.98 10997.79
53 2.98 3.04 10482.17
54 3.04 3.09 10007.06
55 3.09 3.15 9544.40
56 3.15 3.21 9107.26
57 3.21 3.27 8691.73
58 3.27 332 8313.94
Total 0.00 3.32 5.17M

Event rates in both variables are related by

dN dN
<d€0reco>i - ,Z;Sij (da)true>j’

where the smearing matrix component S;; is the probability
of an event in @, bin j to be reconstructed in w,.., bin i.
For a narrow enough flux ®(E,) centered at E,, where
®(E,)~d(E, - E,), o(E,) is approximately constant

around E,. Thus, j—g « ®(E,), which allows us to assume
a Gaussian smearing matrix or one that is directly con-
structed using ®(E, ). We explored both a Gaussian smear-
ing matrix and one constructed directly from ®(E,), and
found that the former performed better in our study.

To unfold the simulated measurements, we used a least
squares algorithm with Tikhonov regularization. The regu-
larization parameter for each distribution was selected
using an L-curve method. The algorithm we used finds
the point of maximal curvature with a trade-off between the
unfolded distribution’s L, norm, which regularizes the
distribution’s variance (to mitigate oscillations), and its
integrated value, which regularizes its total bias (to avoid
results that are too suppressed). This algorithm was applied

separately to each toy di—ﬂ'n distribution. Uncertainties were

evaluated by calculating the covariance of these toy
unfolded distributions, for the statistical and systematic
uncertainties separately (in the same way they were

calculated for -4,
da)rec()

For the Gaussian smearing matrices, the Gaussian
distribution was defined such that its width is equal to
the standard deviation of the virtual flux, rather than the
standard deviation of the perfect target flux, mainly because
virtual fluxes that are generated using Tikhonov regulari-
zation are broader than the initial target flux. The resulting
cross section, using a Gaussian smearing matrix based on
the flux width, is shown in Fig. 8. It captures the dominant
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FIG. 8. Unfolded simulated differential cross section measure-

ment as a function of the true energy transfer, wy,e = E, — E,,

for a Gaussian target flux with £, = 0.75 GeV and flux width of
78 MeV (with a 70 MeV target width). Violet data points are the
unfolded differential cross section simulated measurement, cal-

culated by unfolding d‘if”>.

statistical uncertainty (inner cap) and shape systematic uncer-
tainty (middle cap), as well as total uncertainty (systematic and
statistical, outer cap, lighter color). The blue band shows the
separate normalization systematic uncertainty. Statistical uncer-
tainties assume ~10 years of DUNE-PRISM data taking (in a
non-nominal run plan; see Appendix A). The black line is the
interpolated true differential cross section. Colored interaction
mode histograms are based on the true simulation interaction
classification. The bottom panel is a residuals plot, showing the
absolute difference between the simulated unfolded PRISM cross
section measurements (violet points) and the true cross differ-
ential cross section (vertical line).

The uncertainty is composed of

features of the true distribution, including visible CCQE
and RES peaks, demonstrating that the essential structure
of the interaction dynamics is retained. At the same time,
some points exhibit significant deviations from the true
curve, most notably at @ ~0.7 GeV and w ~ 0.9 GeV.
These discrepancies reflect bias introduced by the unfolding
procedure; in particular, regularization suppresses statistical
fluctuations to stabilize the integrated result, but this comes
at the cost of local accuracy. A more refined treatment of this
trade-off is left to future work.

In this unfolding procedure, the smearing matrix is built
from the flux width rather than the actual smearing between
true and reconstructed energy transfer. These are only
exactly equivalent when the cross section is constant across
the width of the flux, which is only approximately true (the
narrower the virtual flux, the better this holds). This results
in an extracted cross section that is slightly biased with
respect to the truth. A correction for this bias would be
model dependent, relying on the knowledge of the evolu-
tion of the cross section over the width of the flux, but it is
also small. Methods to further evaluate and correct for this
bias are left to future work.
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APPENDIX C: MEASUREMENTS AS
A FUNCTION OF HADRONIC
INVARIANT MASS

Analogously to the case of energy transfer detailed in
Sec. III B, we can additionally extract the differential cross
section as a function of the reconstructed hadronic invariant
mass where

do
dWreCo

Wieco = \/M?\l + 2]MN (Ez/ - Elepton) - Qrzecov <C1)

where M is a nucleon mass, E, [as in Eq. (10)] is a proxy
for true neutrino energy taken to be the mean of the target
flux considered, Ejeon is the energy of the outgoing lepton,

and Q2. is a reconstructed version of the four-momentum
transfer assuming (E, % E,):

r2e00 = + 2 (Elepton

lepton

Pilepton COs elepton) ’ (CZ)
where piepions Giepion> aNd Miepion are the momentum, angle
with respect to the incoming neutrino, and the mass of the
outgoing lepton (in this case a muon) respectively. As in the
case for energy transfer, for a narrow virtual flux, E, ~ E,,
the reconstructed hadronic invariant mass approaches its
true value. The interest of this variable lies in its ability to
isolate the rest mass of the baryon excited by the inter-
action, i.e., a nucleon for CCQE interactions or a resonance
(dominantly the A baryon with a mass of 1232 MeV) for
RES interactions.

Figure 9 shows the virtual event rate as a function of
W eco compared to the true simulated distributions, along
with the different contributions of each charged-current
reaction channel (analogously to Fig. 6). In this appendix,
only statistical uncertainties are considered, although it is
expected that the size of the flux uncertainty would be
similar to the case of energy transfer. The figure demon-
strates that a DUNE-PRISM measurement of W, clearly
isolates the different interaction channels, showing a
separation of the CCQE and RES peaks with 2p2h filling
in the dip region between them. The peaks are consistent
with their expected values (the nucleon and A masses).
Such a measurement of W, is complementary to that of
Wreco» Detter isolating the different interaction channels but
offering sensitivity to different physics.

APPENDIX D: VIRTUAL FLUX EQUATION

In this appendix, we prove Eq. (8), noting that the virtual
flux-averaged cross section should be built from a virtual
event rate rather than from a linear combination of cross
section measurements.

By definition, the flux-averaged cross section, o, is
given as

DUNE Simulation
g NuWro 19.02.1

[arb.units]

dN
reco

d

Wieeo [GeV /]

FIG. 9. Simulated virtual event rates as a function of hadronic
mass for a Gaussian target flux with £, = 0.75 GeV and flux
width of 78 MeV (with a 70 MeV target width). Black data points
are the total projected event rates showing also the statistical
uncertainty. Colored interaction mode histograms are based on the
true simulated interaction classification. The statistical uncertainty
is calculated assuming ~10 years of data (in a non-nominal run
plan; see Appendix A).

[®(E, dE
(o) = f<I>

(D1)
The flux-averaged cross section for a single off axis
position, 6, is

[ @4( dE
<O->a - f q)a

(D2)

To form the virtual cross section, (5), we can insert
the virtual flux from Eq. (3). If we change the order of
integration and summation,

() = fCD )dE Zafca(pa(Ey)G(Ey)dEb

fq) u 1/ fd)(Ey)dEv

(D3)

If we multiply each addend in the numerator by

S @u(E)aE

I get

AE, [ @, ( dE
=3l !
( )dE J®(E,)dE,
The first fraction in each addend is our definition of (c),,
in Eq. (D2), so that

(D4)

) = T gaE, L0 | PAENE.  (03)

and because the following equation holds for each off axis
position,
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N=¢&-e- Ntargets ’ <O-> : /(I)<Ev)dEw (D6)

we can substitute 71— = (c), [ @4(E,)dE, to get

a
N targets

! N
= N, e (D7
(%) T <1>(ED)dEyZ;C“f;-e-ngets (D7)

And finally, because & and N should be separately
constant for different off axis positions, by inserting our
definition of N in Eq. (4), we arrive at

N

<6> N E-e- Ntargets ' fd)(Eu)dEv

, (D8)

which is exactly Eq. (8).

If we plug in Eq. (D3) for the case of a virtual flux in
Eq. (8), we get

N=E-¢- Ntargets : /(i)(Ev>0(Eu)dEw (D9)

which is the standard relation between event rates and flux.
From this equation, we can deduce that in terms of event
rates, a linear combination of fluxes is completely equiv-
alent to a real physical flux with the same distribution.
It follows that by constructing a virtual flux such that
®(E,) - 8(E, — E,), we get

N

E)x
0( D) g'e'NLargets

(D10)
so that with a narrow enough virtual flux, we can measure
neutrino-nucleus interactions’ cross section at a specific
energy E,.
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