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This MINERvA analysis is the first neutrino and antineutrino study of a shallow inelastic scatter-
ing region, which is the transition region between resonant production and deep inelastic scattering
processes. This transition is explicitly included in this study by expanding the scope of shallow
inelastic scattering to include not only the mainly lower-Q2 nonresonant pion production but also
the kinematic region where pion production off quarks within the nucleon becomes significant with
Q2 below the onset of the deep-inelastic scattering region defined in this analysis. To reduce the
resonance background the kinematic region 1.5 < W < 2 GeV/c2 was chosen. In addition to the
inclusive differential cross section measurements, to emphasize SIS interactions off quarks within the
nucleon a sample with Q2 ≥ 1 GeV/c2 was also analyzed. The measurements of one-dimensional
cross sections at ⟨Eν⟩ ∼ 6 GeV on hydrocarbon of Q2, Bjorken x and muon momentum variables
are compared with modified predictions from the GENIE 2 neutrino generator as well as predictions
of other neutrino simulators GiBUU, NEUT, NuWro and an alternative GENIE 3 version. Signif-
icant discrepancies both in shape and magnitude between measurements and neutrino simulator
predictions of all variables have been observed.
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I. INTRODUCTION

In accelerator-based experimental studies of neutrino
scattering, the interactions have been broadly classi-
fied with increasing hadronic mass (W ) such as the
quasielastic (QE) interactions [1] and initial lower-W
resonance production dominated by the ∆ (1232) res-
onance [2]. Although there has been rather extensive
detailed experimental and theoretical [3] analyses of QE
and ∆(1232) production, the contribution of nonreso-
nant meson (mainly pion) production and higher W res-
onances have received minimal attention [4].

With W increasing beyond the ∆(1232), the impor-
tance of including Q2, the square of the four-momentum
transferred from the (anti)neutrino to the nucleon, in
the classification of interactions becomes important. Al-
though resonance production across Q2 remains impor-
tant as a possible background, the present study empha-
sizes meson production in the kinematic region with suf-
ficient Q2 where interactions on quarks within the nu-
cleon become significant. Consideration of the types of
Q2–dependent quark interactions is essential to carefully
define Deep-Inelastic Scattering (DIS) as well as to then
introduce the expanded definition of Shallow Inelastic
Scattering (SIS) quark interactions.

The accurate understanding and subsequent modeling
of this expanded SIS production is also important in or-
der to reduce systematic uncertainties in the determi-
nation of oscillation probabilities for experiments such
as the Deep Underground Neutrino Experiment (DUNE)
[5] that will have around 50% of events with W greater
than the ∆(1232) resonance. The MINERvA experiment
is the only neutrino experiment that has concentrated on
this SIS kinematic region, presenting here the experimen-
tal analyses of neutrino and antineutrino interactions in
a shallow inelastic scattering region on a hydrocarbon
target.

A. Main SIS kinematic variables

The fundamental variables measured by the MIN-
ERvA experiment are the energy and angle of the outgo-
ing (anti)muon relative to the (anti)neutrino direction,
Eµ and θµ as well as Evis, the available (detectable)
energy of the final state hadrons. The initial hadronic
energy, Ehad, is determined from Evis by correcting for
missing energy. Using these fundamental variables the re-
constructed energy of the incoming neutrino, Eν ≡ (Ehad

+ Eµ) and the momentum of the outgoing muon, pµ, are
obtained. These variables along with the nucleon mass,
MN , and the muon mass, Mµ yield the main measured
variables of this study:

(i) Q2 - the square of the four-momentum transferred
from the (anti)neutrino to the nucleon,

Q2 =
2Eν

c

(
Eµ

c
− pµ cos θµ

)
−M2

µc
2 , (1)

(ii) W - the experimental invariant mass of the hadronic
system assuming the target nucleon is at rest in the
lab frame,

W =
1

c

√
M2

Nc2 + 2EhadMN −Q2 , (2)

(iii) x - the Bjorken scaling variable representing the dis-
tribution of quarks within the nucleon. Although x
is normally a higher Q2 variable, the predicted x
distributions in this analysis already contain con-
sideration of low Q2 effects (see section I B),

xBj =
Q2

2MNEhad
≡ x, (3)

(iv) p||µ and pTµ - the parallel and transverse compo-

nents of the outgoing (anti)muon momentum with
respect to the (anti)neutrino direction,

p||µ = pµ cos θµ , (4)

pTµ = pµ sin θµ . (5)

In addition, the analysis requires two versions of the
kinematic variables 1-5: the reconstructed and the true
versions extracted from event generator simulations. The
reconstructed version uses the measured values of these
fundamental variables. The true version, on the other
hand, is computed using simulated values of the funda-
mental variables without considering detector and mea-
surement effects.

B. The Shallow Inelastic Scattering Region

The definition of Shallow Inelastic Scattering depends
primarily on Q2 with SIS interactions occurring across a
wide range of W . In addition to nonresonant pion pro-
duction, the mainly lower Q2 component of SIS, there
is a higher Q2 component of SIS involving interactions
off quarks within the nucleon. This higher Q2 SIS re-
gion begins with sufficient Q2 for initial interactions off
quarks within the nucleon consisting of, for example,
multi-quark or multidimensional (i.e. including trans-
verse component) non-perturbative Quantum Chromo-
dynamic (QCD) quark interactions. This SIS region pro-
ceeds with increasing Q2 until it reaches the rigorous DIS
requirement roughly defined by the global QCD parton
distribution fitting community as sufficient Q2 for per-
turbative QCD interaction within the nucleon, which is,
for example, Q2 ≥ 4 GeV2/c2 according to the CTEQ
global QCD fitting group [6].

Mostly due to the challenge of accumulating statistics,
the neutrino experimental community has often defined
“DIS” as the point where interactions could begin to oc-
cur within the nucleon at roughly Q2 ≥ 1 GeV2/c2. This
is well below the perturbative QCD defined DIS inter-
action region. It is rather the start of the expanded SIS
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multi-quark region. Analysis of this SIS non-perturbative
QCD region, that has received minimal detailed experi-
mental and theoretical study, includes effects such as Tar-
get Mass Corrections (TMC) [7] and higher twist (HT)
[8] and will be referred to as the “multi-quark” SIS re-
gion in this study. That this lower restriction on Q2 to be
greater than 1 GeV2/c2 necessitates the inclusion of such
multi-quark SIS effects in global analyses is demonstrated
by the nCTEQ global analysis [9] to lower Q2/lower W
data.

With SIS interactions being primarily a function of
Q2, the inclusion of W dependence in the study of SIS
enters mainly to minimize resonance contribution to the
studied region. Although resonance production decreases
with increasing Q2 and W , there is still a background of
nucleon resonances above the ∆(1232) and their observed
decay chains in the W region (1.5 < W < 2.0 GeV/c2)
selected for this higher Q2 SIS multi-quark study.

Since there are no experimental measurements of res-
onance production on hydrocarbon in the W - Q2 region
of this study, neutrino event simulator predictions that
give model-dependent approximations of the resonance
background in the chosen kinematic region will be sum-
marized.

Experimentally, it has not been possible to distinguish
individual resonant from either nonresonant or SIS multi-
quark pion production events. Consequently, the SIS re-
gion and transition to DIS can best be experimentally
studied in terms of inclusive production within kinematic
cuts that emphasize SIS and minimize the resonance and
DIS backgrounds. Considering the kinematics of SIS
events, to better define the contribution of the SIS signal,
we restrict W to 1.5 < W < 2 GeV/c2. The W greater
than 1.5 GeV/c2 was chosen to decrease the probability
that the major contributor to resonance pions, ∆(1232)
[10] is included, while the W less than 2 GeV/c2 helps
isolate this study from ongoing MINERvA and commu-
nity studies in the W > 2 GeV/c2 region. It should be
emphasized that SIS events can and do occur across the
W spectrum and not only in the W range chosen for this
study. We further divide this W restricted region into:

(i) SIS definition I - events with Q2 ≥ 0 GeV2/c2 that
include all nonresonant and multi-quark SIS pro-
duction as well as resonant background.

(ii) SIS definition II - events with Q2 ≥ 1 GeV2/c2 that
eliminate the low Q2 resonant meson background
while emphasizing the multi-quark SIS contribu-
tion.

Figure 1 plots the numerator and denominator of
Bjorken x (Eq. 3) on separate axes and illustrates how
these SIS regions relate with other kinematic regions de-
fined by the neutrino-scattering community. The neu-
trino flux and accumulated statistics of this restricted W
study limit the Q2 values of events to mainly below 4
GeV2/c2.

The SIS definition I and II measured experimental re-
sults are compared with the neutrino event simulators
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FIG. 1. SIS experimental regions I (light plus dark green) and
II (dark green only) defined for this study and their relation
with other community kinematic regions. The dominant types
of interaction for different ranges ofQ2 are also indicated. The
Q2 values of events in this study are mainly below 4 GeV2/c2.

the community employs. Currently, several MC genera-
tors have been developed within the experimental com-
munity, such as GENIE [11], NEUT [12], NuWro [13],
and the GiBUU nuclear transport model [14]. These
simulation programs each have variations of a nuclear
interaction model that contains the initial state nuclear
medium effects, the knowledge of the initial νl/ν̄l - nu-
cleon cross sections, and the final state interactions of
the produced hadrons within the nucleus. Although they
have mostly different kinematic ranges and methods to
define the components of the interaction, one common
method for the considered MC generators, such as GE-
NIE, is the use of the Bodek-Yang (B-Y) [15] model to
extend the predicted total cross sections to low Q2 and
low W . For comparisons with measured data it is im-
portant to note that this B-Y extension already includes
corrections for low-Q2 target mass and higher-twist ef-
fects in predicted kinematic variables.

In this analysis, the SIS signal is considered as
(anti)neutrino charged-current interactions on a hydro-
carbon target, satisfying the SIS definitions I or II, and
having θµ ≤ 20◦ and 2 < Eµ < 20 GeV. The (anti)muon
kinematic requirements included in the definition are due
to detector and flux restrictions as described in section
IV B.

II. THE MINERVA EXPERIMENT

MINERvA is a dedicated (anti)neutrino scattering ex-
periment whose main goal is to understand the nature
of (anti)neutrino-nucleus interactions. To this end, it
studies the nuclear effects and tests the models involved
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in the simulation of exclusive and inclusive final states.
The MINERvA detector sat on the axis of the main in-
jector neutrino beam (NuMI) produced at Fermilab, just
upstream of the MINOS (Main Injector Neutrino Oscilla-
tion Search) [16] near detector, which was used as muon
spectrometer for particles leaving the MINERvA detec-
tor that enter MINOS.

The MINERvA experiment used a fine-grained track-
ing detector to record interactions of neutrinos coming
from the high intensity NuMI beamline at Fermilab [17].
The neutrino beam results from the decays of pions and
kaons produced by collisions of 120 GeV/c protons from
the Main Injector onto a graphite target. Two magnetic
“horns” focus the positive (negative) mesons that pro-
duce a νµ (ν̄µ) beam [18, 19] upon decay. This analysis
uses data from the Medium Energy (ME) NuMI beam,
which has a νµ or νµ flux peaked near 6 GeV as can be
seen in Figure 2. The protons on target (POT) used for
this analysis add up to a total of 1.06×1021 with the po-
larity of the NuMI horns set to produce a beam almost
exclusively of muon neutrinos, and exposure of 1.12×1021

POT to produce a beam of mostly muon antineutrinos.

FIG. 2. Medium Energy fluxes in the neutrino (left) and
antineutrino (right) focused mode at MINERvA.

The MINERvA detector consisted of an upstream re-
gion of nuclear targets intermixed with scintillator planes
followed by a region of purely polystyrene scintillator
planes called the active tracker region, surrounded by
calorimeters. This analysis includes only those interac-
tions in this active tracking region with a fiducial mass
of 5.48 tons, consisting of 62 tracking modules with two
scintillator planes per module and each scintillator plane
is comprised of 127 scintillating plane strips. The scin-
tillator plane strips are oriented in three different direc-
tions, 0◦ and ±60◦ relative to the vertical axis of the
detector to provide a three-dimensional reconstruction.
Wavelength-shifting fibers embedded in the scintillator
strips are read out by optical cables that are connected
to photomultiplier tubes. The photomultiplier tubes read
out the scintillation light and the associated electron-
ics achieve 3 ns timing resolution per hit. The down-
stream electromagnetic calorimeter is made up of layers
of 2 mm thick lead planes with scintillator planes. The
downstream and side hadronic calorimeter is made up
of alternating 2.54 cm thick steel planes and scintillator
planes.

The MINOS near detector, situated two meters down-
stream of the MINERvA detector, served as a magne-
tized muon spectrometer. It was essential for the detec-
tion and reconstruction of charged-current interactions
in the MINERvA experiment. Muon tracks which exit
the downstream end of MINERvA are matched to tracks
in the MINOS near detector. The events used in this
analysis are required to be within the MINOS accep-
tance, a condition that restricts the sample to events with
θµ ≤ 20◦.

III. EVENT SIMULATION

The simulation of events in the MINERvA experiment
is divided into three stages: neutrino flux, neutrino in-
teractions with the nucleon in the nuclear environment
plus final state interactions (FSI), and interactions with
the components of the MINERvA detector.

A. Neutrino Flux Simulation

The neutrino flux entering the MINERvA detector is
predicted by a simulation of the NuMI beamline based on
GEANT4 [20]. In the interest of improving the GEANT4
prediction, the hadron production model is constrained
[21, 22] using external data from relevant hadron pro-
duction measurements such as the NA49 experiment [23]
at CERN that uses a thin carbon target with an inci-
dent proton momentum of 158 GeV/c. In addition to
these hadron model corrections, the neutrino flux predic-
tion has been constrained by measuring processes with
precisely known cross sections such as neutrino-electron
elastic scattering [24] and inverse muon decay reactions
[25]. The combined constraints reduce the uncertainty of
the flux for neutrinos of energy between 2 and 20 GeV
from 7.62% (7.76%) to 3.27% (4.66%) during the νµ (ν̄µ)
mode operation [26].

B. Neutrino Interaction Simulation and MINERvA
Tunes

Neutrino interactions are simulated using the GENIE
neutrino event generator [27] version 2.12.6 with addi-
tions and tunes. The physics models used in the sim-
ulation can be broadly categorized into nuclear physics
models, cross section models, and hadronization models.
As a nuclear physics model, GENIE uses the Bodek and
Ritchie version of the relativistic Fermi gas (RFG) nu-
clear model [28], which incorporates a high momentum
tail to the initial nucleon momentum distribution to rep-
resent short-range nucleon-nucleon correlations (SRC)
[29]. Nuclear reinteractions, or final state interactions,
of the hadrons produced within the nucleus are modeled
using the INTRANUKE-hA package [30]. This option se-
lects a single kinetic-energy dependent rescattering fate
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(including no rescattering) for each nucleon and pion as
an approximation of a full cascade simulation.

The cross section model provides the calculation of
the differential and total cross sections of (anti)neutrino-
nucleon interactions. Quasielastic (1 particle 1 hole -
1p1h) interactions are modeled using an implementation
of the Llewellyn-Smith model [31] with the vector form
factors modeled using the BBBA05 model parameters
[32]. The dipole form is assumed for the axial vector form
factor with an axial mass of MA = 0.99 GeV/c2. Meson
exchange current (MEC) reactions (2 particles 2 holes -
2p2h) are implemented using the Valencia model with a
kinematic cutoff at 1.2 GeV/c of momentum transfer [33].
The model version ported to GENIE v2 is equivalent to
the one used in the latest version of GENIE.

Baryon resonance production in neutral and charged
current channels is simulated using the Rein-Sehgal (R-
S) model [34]. This version uses the original dipole form
factors and an axial mass MRES

A of 1.12 GeV/c2 tuned
to bubble chamber data. A total of 16 baryon resonances
that mainly decay to a single pion are included in the R-
S model. However, resonance and nonresonance produc-
tion above W = 1.7 GeV/c2 and most resonance multi-
pion decays as well as the interference between neighbor-
ing resonances are not considered by the R-S simulation
in this version of GENIE.

Nonresonance production, multi-pion resonance de-
cays, interference between resonances, shallow and deep
inelastic scattering are simulated using an effective lead-
ing order model based on a modified B-Y prescription
[35], where HT and TMC are accounted for through the
use of a new scaling variable and modifications are made
to the low Q2 parton distributions. This B-Y based
model is referred to by GENIE as “DIS”. This “GE-
NIE DIS” definition is not the experimental community
definition of DIS that depends on higher Q2 and W but
rather uses the same abbreviation “DIS” to refer to the
inclusive production across all Q2 and W > MN + mπ,
with mπ being the pion mass. Which “DIS” is being
considered in this study will be clearly designated.

Within the GENIE simulation, the charged current
neutrino nucleon inelastic differential cross section of the
resonance and GENIE DIS region can be expressed as:

d2σinel

dQ2dW
=

∑
k

(
d2σR−S

dQ2dW

)
k

+
d2σDIS

dQ2dW
. (6)

The first term represents the contribution of the in-
elastic channels that proceed via resonance production.
They are mainly single-pion decays, but higher mass res-
onances have multi-pion and kaons, etas, and hyperons
in their decay chain following estimates from the particle
data group. Some resonances decay to a photon and a
nucleon. The k index in the resonance term runs over all
16 baryon resonances up to 1.7 GeV/c2 in GENIE. The
second term represents the contribution from the GENIE
DIS interactions, in which the part of the total differen-
tial cross section with W < 1.7 GeV/c2 is modulated to

agree with inclusive, 1-pion, and 2-pion cross section data
to avoid double counting the resonances.

The GENIE 2.12.6 cross section models are “tuned”
by the MINERvA collaboration incorporating new deu-
terium analyses and the results from their measurements
using a lower energy neutrino beam. The simulation of
QE events was improved by including the random phase
approximation (RPA) effect described by the Valencia
model [36, 37] for a Fermi gas [38, 39], while the simula-
tion of 2p2h events is improved by fitting the simulation
with the data in the low three-momentum transfer analy-
ses [40, 41]. This enhances the rate in the region between
the QE and ∆(1232) peaks. The nonresonant pion pro-
duction simulated by the GENIE DIS component with
W less than 2 GeV/c2 was reduced by 43% based on
the fits made in [42]. However, the fit was made to neu-
trino data with lower W and Q2 and extrapolated to SIS
kinematics. To reduce the tensions between the simula-
tion of baryon resonance production and data found in
MINERvA and other experiments at low Q2, an analy-
sis was performed to tune the GENIE pion production
model with data using an empirical function to describe
the shape of this low Q2 resonant suppression [43]. The
version of the simulation including all modifications ex-
cept the low Q2 resonant suppression is referred to as
MINERvA Tune v1. The version including the low Q2

resonant suppression is referred to as MINERvA Tune
v2. The resulting distributions of events in true W af-
ter applying MINERvA Tune v2 are shown in Figure 3.
The main physical categories of events are explicitly de-
picted in these distributions based on simulation. This
information is important for the background estimate de-
scribed in section V. Recall that the true W is computed
using the true values of the fundamental variables of sim-
ulated events without considering the detector and mea-
surement resolution effects. The lower-W spike in the
definition II antineutrino distribution of Figure 3 is due
to the QE interaction of antineutrinos with the H com-
ponent of hydrocarbon (CH).

The AGKY model [44] is the default hadronization
model in GENIE. At high hadronic invariant masses, it
consists of the PYTHIA/JETSET [45] model, which is
based on the Lund string fragmentation framework [46],
to simulate the neutrino-induced hadronic showers. Since
it is known that the validity of the PYTHIA/JETSET
model decreases as W decreases to the experimental
DIS threshold, the low W invariant mass hadroniza-
tion is carried out by a phenomenological description
based on Koba-Nielsen-Olesen (KNO) scaling [47]. The
AGKY effort then further tunes the pion multiplicity to
bubble chamber data. The transition from the KNO-
based model to the PYTHIA/JETSET model is done
gradually by using an invariant mass transition win-
dow [Wmin,Wmax] over which the fraction of neutrino
events for which the hadronization is performed by the
PYTHIA/JETSET model increase linearly from 0% at
Wmin to 100% at Wmax. In this way, the continuity of all
simulated observables is ensured, before additional tun-
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FIG. 3. The true W distribution for the inclusive sample,
divided into GENIE components. The region between the ar-
rows corresponds to SIS signal events. Top: SIS definition I.
Bottom: SIS definition II. Left: Neutrino. Right: Antineu-
trino.

ings are performed. The default values used in the AGKY
model are Wmin = 2.3 GeV/c2 and Wmax = 3.0 GeV/c2.

C. Detector Simulation

The last step consists of simulating the interaction of
the particles with the detector. These were produced
with the neutrino interacting with a nucleon in the nu-
clear environment and following the interaction products
passing through the various materials of the detector us-
ing GEANT4 [20] version 4.9.3p6 with the QGSP BERT
physics list, where the Bertini cascade is the most rele-
vant for MINERvA hadron systems. The simulation ac-
counts for the detector’s optical and electronic response.
The absolute energy scale of minimum ionizing energy
depositions was set using through-going muons, the pro-
cedure used to match the simulation to the data can be
found in Reference [48]. The absolute energy response of
the detector to charged hadrons was estimated by mea-
surements using a charged particle test beam [49] with a
scaled-down version of the MINERvA detector. With the
higher energy neutrino beam of this analysis, the prob-
ability of multiple interactions in a single gate increased
and this pile-up effect was added to the simulation by
adding simulated events to the 16 µs windows of activity
taken from actual data.

IV. EVENT RECONSTRUCTION AND
SELECTION

A general reconstruction algorithm is run on all MIN-
ERvA’s data and simulation to classify events and quan-
tify the kinematics of the interactions. The reconstructed

information is then used to select the events of interest
for analysis.

A. Reconstruction in MINERvA

The NuMI beam is delivered to the MINERvA detec-
tor in 10 µs bursts every 1.3 s. The MINERvA detector
records data over a 16 µs gate. Multiple neutrino inter-
actions can occur in one spill, but the timing resolution
of the electronics means that individual neutrino interac-
tions can be isolated in time. The energy deposits in the
scintillator within one gate are grouped into time win-
dows called time slicing. After grouping the hits in time
slices, it is necessary to group together contiguous hits
within a plane. A set of hits in a plane is called a cluster,
even if only one hit is registered in the plane.

The next step in the reconstruction is to group the clus-
ters and build tracks. The longest track in the detector
usually belongs to a muon and its starting point is used as
an anchor. Then, the other track candidates are merged
and attached to the vertex of the muon candidate. The
muon tracks leaving the MINERvA detector must match
tracks in the MINOS detector. The track matching is
done when the two tracks are within a 200 ns time win-
dow. The MINERvA tracks must also end within the last
five modules of MINERvA, and the MINOS track must
start within the first four modules of MINOS. Finally, a
track is considered matched to MINOS if the projected
distance at the front face of MINOS between the two
tracks is less than 40 cm. If the previous method does
not find any matches, the MINOS track is projected to-
ward MINERvA, and the MINERvA track is projected
toward MINOS, and the point of closest approach of the
two tracks is found. The magnetic field in the MINOS
detector can be used to measure the muon momentum
and its charge. The muon momentum is measured by
range for the lower energy subset of these data, and by
curvature for high energy muons.

The final hadronic energy (Ehad) is reconstructed
calorimetrically and includes corrections to compensate
for the loss of detectable energy due to final state in-
teractions, neutral particles, and the binding energy of
the ejected nucleons. In this way, the calorimetry algo-
rithm produces an estimator for the energy transfer. Vis-
ible energy, defined as available energy from the hadronic
shower of the neutrino interaction (Evis) is reconstructed
from the visible energy of all clusters involved in each
event that are not part of the muon track within a time
window of [-25, +35] ns around the interaction vertex
time. Two corrections to Evis are applied at a hit-by-hit
level to all calorimetric clusters to account for the energy
loss due to the passive materials of the medium. The first
is for the passive components of the scintillator planes,
like the epoxy glue and translucent coating. The second
correction, of a few percent, is for the light attenuation of
the optical fibers that connect the strips with the PMTs.
The light attenuation was measured using a radioactive
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source after the scintillator planes were constructed. Test
beam data at the Fermilab Test Beam Facility was used
to validate the MINERvA detector simulation and eval-
uate systematic uncertainties [49].

B. Signal Region Definition and Event Selection

The signal region (SR) definition consists of require-
ments using reconstructed information to define a region
with high purity and efficiency of SIS events. The SR is
characterized by charged-current νµ (ν̄µ) events in the
reconstructed sample with a µ− (µ+) and a hadronic
shower with an invariant mass 1.5 < Wreco < 2 GeV/c2.
For the SIS definition II, the Q2

reco ≥ 1 GeV2/c2 cut is
added to the SR definition.

The tags “reco” in the variables used for the signal re-
gion definition explicitly indicate that they were obtained
by reconstructed information of observed quantities com-
puted from the particles emerging from the nucleus after
the final state interactions. When necessary, the “reco”
and “true” tags will be used to distinguish reconstructed
from true GENIE or GEANT4 information present in the
simulated samples.

To further define the signal region sample that will be
used in the estimation of a cross section, the cuts are
made using reconstructed information as follows:

(i) The interaction vertex must be in the active
tracker region within a hexagonal fiducial area with
apothem 850 mm in the xy plane between the 27
and 80 modules of the z-axis.

(ii) To ensure a good acceptance in the MINOS detec-
tor, two cuts are applied. The muon (antimuon) en-
ergy is required to be greater than 2 GeV and the
muon (antimuon) angle less than 20◦ with respect
to the neutrino beamline direction.

(iii) The muon (antimuon) energy has to be less than 20
GeV to ensure an accurate flux prediction.

(iv) A muon (antimuon) whose track matches in both
MINERvA and MINOS detectors must be a neg-
ative (positive) curvature in the MINOS magnetic
field, which ensures that the event is produced by a
muon neutrino (antineutrino).

(v) The muon (antimuon) reconstructed by curvature
in the MINOS detector must have a curvature with
a significance level of at least five times the rela-
tive error on charge over momentum for the MINOS
track.

(vi) The endpoints of muon (antimuon) tracks in the
MINOS detector must be at a distance R from the
MINOS magnetic coil between 210 < R < 2500 mm.

The analysis samples after applying all the selec-
tion cuts and the restricted W region contain 617, 953

(364, 082) events in data for the νµ (ν̄µ) samples that cor-
respond to the SIS definition I, while there are 174, 089
(74, 380) events for the SIS definition II. The sample pu-
rity, defined as the fraction of selected events that are sig-
nal events and estimated using the simulation, is 65.8%
(68.9%) for SIS definition I and 52.9% (55.3%) for SIS
definition II.

V. BACKGROUND

The SIS signal events are defined in Sec. I B using true
information from the MC events. On the other hand, the
experimental signal region, used in calculating the differ-
ential cross sections, is defined in Sec. IV B using recon-
structed (measured) information. There are two signal
region definitions, with and without the Q2 cut, depend-
ing on the SIS definition being considered, as can be seen
in Figure 4.

For each SIS definition, the background events are the
ones that are not SIS events but are reconstructed inside
the signal region. For SIS definition I, the background
events have similar contributions from GENIE DIS and
resonances representing about 30-35% of the events in
the SR. In turn, for SIS definition II, the background
represents about 50-55% of the events in the SR being
dominated by GENIE DIS, as expected due to the Q2

≥ 1 GeV2/c2 cut. To subtract the correct amount of
background events from the initial total data distribu-
tion, the simulated background sample within the signal
region is corrected by data-driven factors estimated us-
ing the measured data in regions called sidebands that
are kinematically adjacent to the signal region.

A. Templates and Sidebands Definition

For the SIS definition I, without the Q2 cut, the back-
ground events are divided into three categories called
templates. Templates 0, 1, and 2 (or T0, T1, and T2)
are CC νµ (ν̄µ) events mostly populated by QE, resonant,
and higher W DIS events, respectively, and their defini-
tion can be seen in the upper plots of Figure 4. The
non-CC νµ (ν̄µ) events yield a minimal contribution in
the inclusive sample (0.1% and 0.3% respectively) and
are estimated directly from the simulation. The side-
bands 0, 1, and 2 (SB0, SB1, and SB2), where each of
the CC νµ (ν̄µ) templates T0, T1, and T2 are respectively
corrected to the data, are defined with selection cuts in
reconstructed information resulting in regions dominated
by the associated template and small signal contamina-
tion. The sideband definitions are shown as well in the
upper plots of Figure 4.

For the SIS definition II, the background events are
divided into four categories. The templates T0, T1, T2,
and T3 are CC νµ (ν̄µ) events and their definitions are
shown in the lower plots of Figure 4. The additional
CC νµ (ν̄µ) template, T3, is the source of background
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events with low Q2. The non-CC νµ (ν̄µ) events, since
minimal, are estimated directly from the simulation. The
sidebands SB0, SB1, SB2, and SB3, where the CC νµ (ν̄µ)
templates T0, T1, T2, and T3 are respectively corrected
to the data, are shown as well in the lower plots of Figure
4.

T0 T1 Sgn T2

T0 T1 Sgn T2

SB0 SB1 SR SB2

SB0 SB1 SR SB2

SB3T3

0 1.15 1.3 1.5 2.0 2.3 3.00 1.15 1.5 2.0

0 1.15 1.3 1.5 2.0 2.3 3.00 1.15 1.5 2.0
0 0

0 0

1.0 1.0
0.9

0.5

FIG. 4. Charged-current νµ (ν̄µ) event categories (left) and
sideband and signal region definitions (right). Top: Setup for
the SIS definition I. Bottom: Setup for SIS definition II.

B. Tuning Procedure and Background Subtraction

To estimate the background of non-SIS events in the
designated SIS signal region, the magnitude and shape
of the total background simulation are compared to the
measured data magnitude and shape in each sideband.
For this inclusive analysis, these backgrounds primarily
appear in the signal region because of W resolution ef-
fects. By tuning the contribution of each background
channel, the total background is tuned to the measured
data. This sideband tuning is then applied to the simu-
lated background in the signal region to get a final esti-
mate of the background to be subtracted from the data
distributions in the signal region.

The tuning of the sidebands that corrects the simulated
prediction to better describe the data, is done using a χ2

minimization technique, with χ2 defined as:

χ2 =
∑
s

∑
i

(
NMC

s,i −Ndata
s,i

)2

Ndata
s,i

, NMC
s,i =

∑
c

fc,iNc,s,i, (7)

where NMC
s,i and Ndata

s,i are, respectively, the number of
simulated and data events in the bin i of the distribution
of a selected variable inside the sideband s, Nc,s,i is the
number of simulated events of the event category c in
the bin i of the distribution inside the sideband s, and
fc,i is the factor correcting the contribution of the event
category c in the bin i of the distribution. The event
categories comprise events from all templates plus the
non-CC and minimal signal events. In the SIS definition

I, the templates T0, T1, and T2 are corrected by factors
optimized in the fit. In turn, the templates T0, T1, T2,
and T3 are the event categories corrected in the fit for
the SIS definition II. The background events after this
correction are referred to as “tuned”.

For the SIS definition I, the selected variable used in
the fit was Q2

reco because it was observed that correcting
the Q2

reco distribution resulted in the correction of all the
main variables of interest for the analysis. The template
T0 was corrected by a scale factor, f0,i = c0, the template
T1 was corrected by a combination of a linear and con-
stant function of Q2

true, f1,i = f1(Q2
true; a1, b1), and the

template T2 was corrected by an exponential function of
Q2

true, f2,i = f2(Q2
true; a2, b2, c2), where

f1(Q
2
true; a1, b1) ≡

{
a1·(0.3−Q2

true) + b1 if Q2
true < 0.3

b1 if Q2
true ≥ 0.3

(8)

f2(Q
2
true; a2, b2, c2) ≡ a2·e−b2·Q2

true + c2. (9)

The functions were chosen through observation of the
data to MC ratio of the Q2

reco distribution in the side-
bands, and the use of Q2

true in the functions is allowed
since Q2 is closely related to the transverse muon mo-
mentum and the muon momentum and direction are well-
measured at MINERvA with a nearly diagonal migration
matrix between true and reconstruction values.

For the SIS definition II with the Q2 cut, Q2 was not
the appropriate variable to use in the tuning. Rather
θµreco was used in the fit since it is little affected by the

kinematic cuts in Q2 and W . A different tuning approach
was used since no obvious functional behavior of data
to MC ratio of the θµreco distribution in the sidebands
was observed. A bin-by-bin scale factor approach was
used and the correction of the θµreco distribution also
corrected the differences in the other kinetic variables.

An example of the definition I Q2 and definition II x
data and MC distributions in SB2 before and after the
tuning procedure is shown in Figure 5.

FIG. 5. Antineutrino event distribution and data MC ratio in
the SB2 as a function of Q2 for the SIS definition I (top) and
x for the SIS definition II (bottom). Left: Before the tuning
procedure. Right: After the tuning procedure.
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The tuning determined in the sidebands is applied to
the simulated background contribution inside the signal
region to yield the corrected (tuned) background. As an
example, Figure 6 displays the distributions in the signal
region with the tuned background contribution that will
be subtracted from the data distribution for Q2 in SIS
definition I and x in SIS definition II. In this figure, the
simulation prediction is reported with statistical uncer-
tainty while the uncertainties associated with the data
and background predictions are omitted. Following the
trend of observed data exceeding the MC predictions in
the sidebands, exposed in the examples of Figure 5, there
is an excess of tuned background over MC prediction in
the SR for neutrino and antineutrino, all variables, and
both SIS definitions as illustrated in the examples of Fig-
ure 6.

The tuned background is subtracted bin-by-bin from
the data signal distributions. As a result, the SIS
background-subtracted distribution for each variable is
obtained. The systematic uncertainties are propagated
to the data. The background-subtracted data samples
contain 383, 494 (235, 017) events for the SIS definition
I and 93, 410 (40, 048) events for the SIS definition II
suggesting that 75% of events have Q2 < 1 GeV2/c2.

FIG. 6. Data and MC distributions in the signal region as
a function of Q2 for the SIS definition I (top) and x for the
SIS definition II (bottom) showing explicitly the tuned back-
ground contamination that is used in the background subtrac-
tion. Left: Neutrino. Right: Antineutrino.

VI. CROSS SECTION EXTRACTION

A. Unfolding

The reconstructed kinematic distributions differ from
the true kinematic distribution due to detector resolution
and reconstruction imperfections. This smearing effect
is characterized by the migration matrix, also known as
the smearing matrix or the response matrix. Simulation

is used for the construction of the matrix, which corrects
distortions and recovers the true kinematic distribution.
For this purpose, it is necessary to find the inverse of the
migration matrix. In many cases, it is not invertible us-
ing traditional algebra and other methods should be em-
ployed. The MINERvA collaboration uses the iterative
D’Agostini method [50] based on Bayes’ theorem, which
reduces the variance at the price of increasing the bias,
is regularized by the number of iterations, and is imple-
mented in the RooUnfold framework [51]. The RooUn-
fold framework needs the reconstructed distribution, the
migration matrix, and the number of unfolding iterations
as input. The first two are known, and the number of it-
erations must be determined from an additional study
called the warping study. This study allows us to test
the unfolding procedure and see how well it does with
the distributions of interest.

In order to determine the number of iterations that
recover the original distribution, fake data were used.
These fake data were based on model predictions and
functions that mimic the data / MC ratio in each bin
and re-reweight the MC. To understand the bias in this
procedure and eliminate the effect of statistical fluctu-
ations, 500 variations of the fake data are made using
Poisson throws. The variations or universes, as it is also
known, are unfolded over a range of iterations using the
migration matrix. The statistical uncertainty of the un-
folded distribution and the unfolding covariance matrix
are modified with a factor that accounts for the finite
Monte Carlo statistics in the migration matrix. Finally,
the unfolded fake data were compared to their true dis-
tributions via a χ2 test taking full consideration of corre-
lations. The optimal number of iterations with the mini-
mum modeling bias is determined when the χ2 per degree
of freedom approaches a stable value that is often around
one.

These studies indicated that the Q2, pTµ, and p∥µ
background subtracted data distributions could be un-
folded using three iterations for neutrinos and antineu-
trinos in the SIS definition I analysis. For the definition
II analysis with the Q2 ≥ 1 GeV2/c2 cut that emphasizes
the multi-quark contribution to SIS, x was unfolded as
well as Q2, pTµ, and p∥µ. Unfolding x required 6 iter-
ations for the neutrino analysis and 4 iterations for the
antineutrino analysis.

B. Efficiency and Normalization

An efficiency correction is applied to recover missing
events in the final sample due to limitations of the de-
tector, the reconstruction algorithm, and the selection
cuts. The average selection efficiency is 29.8% (34.7%)
for neutrinos (antineutrinos) for the analysis without the
Q2 cut and 16.6% (18.7%) for neutrinos (antineutrinos)
for the analysis with the Q2 cut. The signal definition
that restricts the sample to θµ < 20◦ avoids a region
of unreliable efficiency. In general, the θµ requirement
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drives the loss of efficiency with the efficiency decreasing
with increasing θµ due to MINOS acceptance. The un-
folded background subtracted distribution is divided by
the efficiency bin by bin in each variable for the particular
cross section reported.

The last step to obtain the cross section is to take the
efficiency corrected, unfolded and background subtracted
distribution and normalize by the integrated flux, the
number of targets, and the bin widths. The flux distri-
bution is integrated over 0 ≤ Eν ≤ 120 GeV and scaled
to the data exposure, which is given as the number of
protons on target. The integrated flux is 6.24 × 10−8

νµ/cm2/POT for neutrino and 4.77×10−8 ν̄µ/cm2/POT
for antineutrino. The number of targets in the fiducial
volume is expressed as the number of nucleons, resulting
in 3.23 × 1030.

C. Systematic Uncertainties

The simulation models and event reconstruction insert
systematic uncertainties in the cross section measure-
ment. They arise during the background subtraction,
efficiency correction, flux, and unfolding steps. Each sys-
tematic uncertainty is evaluated by creating a systematic
“universe” at the beginning of the analysis process and
evaluating the shifted result at the end.

The sources of systematic uncertainties are the detec-
tor resolution, the flux and the detector mass, the general
interaction models, the final state interactions within the
nucleus models, the MINOS µ matching efficiency, and
MC statistics. Each source is briefly described in this
section and their fractional contribution to the total sys-
tematic uncertainty for all variables can be seen in Fig-
ures 7 for SIS definition I and 8 for SIS definition II.
The figures show that for neutrino and antineutrino, and
both SIS definitions, the total fractional uncertainty is
usually dominated by interaction models, flux + mass,
and detector resolution uncertainties.

Detector resolution uncertainties or experimental bi-
ases are associated with quantities measured in the MIN-
ERvA and MINOS detectors, such as the tracking and
energy estimation for muon energy, muon angle, and
hadronic energy. This uncertainty introduces smearing
in the measured Eµ, θµ and Ehad that moves events in
and out of the selected SIS region.

The flux uncertainty is derived from hadron production
and beam focusing parameters. The hadron production
uncertainties are related to the uncertainty introduced by
the collision of the proton beam with the graphite tar-
get to produce hadrons that decay to neutrinos such as
pions and kaons. The hadron production cross sections
are constrained with proton-carbon scattering data from
CERN’s NA49 experiment and data from other hadron
production experiments [17, 21] extrapolated to the MIN-
ERvA’s range of energy. Beam-focusing parameter un-
certainties come from the position and magnetic fields of
the magnetic horns that comprise the NuMI beamline.

(a) (b)

(c) (d)

(e) (f)

FIG. 7. Definition I component and total fractional uncer-
tainties on the measured cross sections as a function of Q2

(a-b), pTµ (c-d), and p∥µ (e-f). Left: Neutrino. Right: An-
tineutrino.

In addition, the flux uncertainty is reduced by applying
the neutrino scattering from atomic electrons and the in-
verse muon decay constraints to their universes, which
reduces the uncertainty on the νµ (ν̄µ) flux from 7.62%
(7.76%) to 3.27% (4.66%) at the focusing peak [26]. The
target mass uncertainty corresponds to the uncertainty
in the measurement of the number of nucleons, which is
1.4% for the scintillator target.

The final state interactions models uncertainties cor-
respond to the uncertainties in the intranuclear hadron
model that GENIE employs to simulate the final state
interactions within the nucleus. The uncertainties of the
weights applied to GENIE are also included in this group,
for instance, the 2p2h model, RPA model, and low Q2

resonance suppression. The contribution of this group to
the cross section is less than 1%.

The interaction model uncertainties are characterized
by the uncertainties in the cross section models that GE-
NIE uses to simulate the neutrino interactions. GE-
NIE includes several parameters that the experiments
can measure and constrain. The uncertainties have been
studied extensively by MINOS and T2K collaborations.
MRES

A and MRES
V in the R-S dipole form factors are the

default GENIE uncertainties 1.12 ± 0.20 GeV and 0.84
± 0.10 GeV (uncorrelated) and are especially significant.

The MCCQE
A form factor uncertainty is important at low

Q2, as is the GENIE parameter Rvn2pi which scales two-
pion production from GENIE DIS events on a quark in
a neutron for W < 2 GeV/c2. For this analysis, both are
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 8. Definition II component and total fractional uncer-
tainties on the measured cross sections as a function of Q2 (a-
b), pTµ (c-d), p∥µ (e-f), and x (g-h). Left: Neutrino. Right:
Antineutrino.

effectively scale factors on the QE and GENIE DIS cross
sections. The particular shape at Q2 ≈ 0.15 GeV2/c2 is
mainly determined by MRES

A .
The MINOS µ matching efficiency uncertainty is asso-

ciated with the correction applied to account for the dif-
ference in the data and MC efficiency of the muon tracks
reconstructed in the MINOS detector. The uncertainty
of the efficiency correction for neutrinos depends on the
muon angle. In the case of antineutrino, it is flat and set
at 1%.

There is also a systematic uncertainty due to the finite-
sized MC samples used in the analysis. The MC samples
are four times the size of the data samples.

VII. RESULTS

The measured differential cross sections of the vari-
ables Q2, p||µ, pTµ and x test a wide range of predictions

and also provide connections to other on-going MIN-
ERvA and community analyses. The muon variables p||µ

and pTµ connect these SIS measurement with inclusive
(all W ) and lower W resonance results while the variables
Q2 and x connect these SIS measurements to higher W
MINERvA and community experimental results that can
be useful in testing quark–hadron duality in neutrino in-
teractions.

The initial set of predictions for comparison is a series
of tuned modifications of the GENIE 2.12.6 production
models that were produced by modifying, among other
things, the resonant and nonresonant pion production
within the default GENIE 2.12.6 generator. The tunes
are described as follows:

(i) MINERvA Tune v2, which is our central value,
includes a large reduction of nonresonant single
pion production applied to GENIE DIS for W ≤ 2
GeV/c2 and an additional low Q2 (≤ 0.7 GeV2/c2)
suppression of pion production applied to the R-S
model. The large reduction in nonresonant single
pion production was based on fits to bubble cham-
ber data with W < 1.4 GeV and Q2 < 1 GeV2/c2

and was simply applied to the higher W and Q2 of
this SIS analysis (see section III for details).

(ii) MINERvA Tune v1, which is MINERvA Tune v2
without the reduction in pion production at low Q2.

(iii) v2 - Nonres Pion, which is the central value without
the reduction in the nonresonant single pion produc-
tion.

(iv) GENIE 2.12.6, which is the version without applied
tunes.

To better appreciate how best to model these SIS mea-
surements, it is informative to also determine if other
neutrino event simulators with alternative models are
consistent with these MINERvA SIS measurements. It is
important to emphasize that each considered alternative
neutrino/antineutrino simulator employs different treat-
ments of nuclear effects as well as different resonance
models. The generators have similar, but not identical,
DIS models that depend on the total inelastic cross sec-
tion based on the B-Y low Q2, low W modifications to
the GRV parton distributions [15].

A brief summary of the considered simulation pro-
grams includes the following:

(i) GENIE 3.0.6: ([11]) This uses the upgraded GE-
NIE generator (G18-02a-02-11a and G18-10a-02-
11a)) with modified form factors. These configu-
rations also include a tuning fitting scale factors for
resonances, and 1 and 2-π nonresonant pion produc-
tion process. It also includes resonances up to W
of 1.93 GeV/c2 mixed with DIS model interactions,
after which all events are from the DIS model.

(ii) NEUT 5.4.1: ([12]) Updated R-S single pion pro-
duction model, a custom ≥ 2 pion model and the
B-Y modified GRV DIS model that includes nonres-
onant pion production. A mix of resonance and DIS
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in W from 1.3 to 2 GeV/c2 with significant impor-
tance of the multiplicity model employed. Above
W = 2 GeV/c2 the simulation is pure DIS.

(iii) NuWro 19.02: ([13] for neutrino only) Their own,
not R-S, ∆(1232) resonance model and B-Y mod-
ified GRV DIS model including nonresonant pion
production. There is a transition mix of resonance
and DIS for W between 1.3 and 1.6 GeV/c2, DIS
controls predictions above W = 1.6 GeV/c2, which
leads to a lower fraction of events from the reso-
nance model.

(iv) GiBUU 2021: ([14]) This is a quite different sim-
ulation of neutrino interactions compared to the
previous generators. The resonance model and the
form factors are from Lalakulich [52] rather than
Rein-Sehgal. In addition, it incorporates nuclear
transport theory and mean-field dynamics concepts
to describe the evolution of hadronic systems in
a nuclear potential by considering their interac-
tions through scattering, decay, and production pro-
cesses.

Particular versions of the generators were used to pre-
dict cross sections. While the version that contains RFG
employs the Relativistic Fermi Gas model, the LFG ver-
sions employ the Local Fermi Gas model as the nuclear
ground state. To describe the final-state interactions, hA
is an effective intranuclear transport model that approx-
imates the full shower with a single interaction.

While the figures displaying the measured data points
and simulator predictions give a first impression of the
comparison, for a more quantitative estimate of the
agreement of the SIS measurements with both MINERvA
tunes and alternative generators we use the standard χ2.
This is calculated using Eq. 10, which takes into account
correlations between bins from the measured covariance
matrix V :

χ2 =
∑
i,j

(xi,measured − xi,model)×

V −1
ij × (xj,measured − xj,model) , (10)

where xmeasured is the measured cross section and xmodel

is the predicted cross section. The results for both SIS
definition I in table I and SIS definition II in table II
contain the comparison of measured data to predictions
of tunes of GENIE 2.12.6 as well as the other presented
community simulation generator tunes.

A. SIS Measurements compared to MINERvA
Tunes

The SIS measured and the MINERvA Tunes predicted
differential cross sections of the variables Q2, pTµ, p||µ
are shown in Figures 9 and 10 for SIS definition I and
with Figures 11 and 12 that also include the variable

Process Variant
Q2 pTµ p∥µ

νµ ν̄µ νµ ν̄µ νµ ν̄µ
MINERvA Tune v2 4.8 4.9 4.0 4.2 14.1 5.7
MINERvA Tune v1 19.2 23.6 15.2 17.9 17.1 8.1
v2 - Non-Res Pion 4.7 5.1 4.3 4.7 14.3 5.5
GENIE 2.12.6 18.7 19.2 14.7 14.6 18.2 8.4
GENIE 3.0.6 RFG hA 6.7 5.9 6.0 5.9 14.0 5.5
GENIE 3.0.6 LFG hA 9.8 8.3 8.3 7.2 15.0 6.3
NEUT 5.4.1 LFG 18.4 13.1 14.9 8.8 16.9 4.3
NuWro 19.02 LFG 4.4 — 4.7 — 7.0 —
GiBUU 2021 18.1 14.4 16.5 11.8 17.7 7.4

TABLE I. χ2/ndf of various model variants compared to data
for the SIS definition I. The number of degrees of freedom for
Q2, pTµ, and p∥µ is 10, 13, and 12, respectively.

Process Variant
Q2 pTµ p∥ x

νµ ν̄µ νµ ν̄µ νµ ν̄µ νµ ν̄µ
MINERvA Tune v2 4.8 3.7 4.5 3.5 7.3 3.0 3.6 2.0
MINERvA Tune v1 4.8 3.7 4.5 3.5 7.3 3.0 3.6 2.0
v2 - Non-Res Pion 1.9 2.1 2.5 2.3 7.3 2.0 0.5 0.8
GENIE 2.12.6 1.9 2.1 2.5 2.3 7.3 2.0 0.5 0.8
GENIE 3.0.6 RFG hA 1.1 1.2 1.2 1.1 8.0 1.9 1.7 1.1
GENIE 3.0.6 LFG hA 1.5 1.4 1.5 1.2 8.5 1.9 2.3 1.2
NEUT 5.4.1 LFG 0.2 0.2 0.3 0.7 7.3 2.1 0.2 0.3
NuWro 19.02 LFG 2.4 — 6.3 — 8.9 — 1.2 —
GiBUU 2021 6.3 4.3 6.5 4.2 7.5 2.9 6.1 4.3

TABLE II. χ2/ndf of various model variants compared to
data for the SIS definition II. The number of degrees of free-
dom for Q2, pTµ, p∥µ, and x is 5, 5, 10, and 4 respectively.

x for the SIS definition II with neutrino results in the
left column and antineutrino in the right column. The
data points contain statistical and systematic uncertain-
ties. The clearest representation of the proximity of SIS
measurements to tuned model predictions is provided by
the ratios of these measurements to predictions. Using
our central value MINERvA Tune v2 as the consequent,
the presented figures for each definition also display the
ratio of SIS measurements and predictions of alternative
MINERvA tunes to MINERvA Tune v2.

1. SIS definition I

Concentrating on the ratios from Figures 9 and 10 it is
obvious that MINERvA Tune v2 does not correctly sim-
ulate the SIS measured data throughout the full kine-
matic range of the variables. This observation is sup-
ported by the top four rows of Table I that display the
χ2/ndf for the SIS definition I measured data relative to
the predictions of the GENIE 2.12.6 - based MINERvA
tunes. Although the χ2/ndf of MINERvA Tune v2 to the
measured data cannot be considered good, it is clearly a
better description of the measured data than MINERvA
Tune v1 that supports the introduction of the low Q2

suppression of pion production of MINERvA Tune v2.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 9. Definition I measured differential SIS cross sections (data) compared to MINERvA tunes and ratios of data and
alternative MINERvA tunes to MINERvA tune v2 as a function of Q2 (a-d) and pTµ (e-h). Left: Neutrino. Right: Antineutrino.
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(a) (b)

(c) (d)

FIG. 10. Definition I measured differential SIS cross sections (data) compared to MINERvA tunes and ratios of data and
alternative MINERvA tunes to MINERvA tune v2 as a function of p∥µ. Left: Neutrino. Right: Antineutrino.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 11. Definition II measured differential SIS cross sections (data) compared to MINERvA tunes and ratios of data and
alternative MINERvA tunes to MINERvA tune v2 as a function of Q2 (a-d) and pTµ (e-h). Left: Neutrino. Right: Antineutrino.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 12. Definition II measured differential SIS cross sections (data) compared to MINERvA tunes and ratios of data and
alternative MINERvA tunes to MINERvA tune v2 as a function of p∥µ (a-d) and x (e-h). Left: Neutrino. Right: Antineutrino.
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Although the difference in χ2/ndf of MINERvA Tune
v2 with and without the nonresonant pion reduction
is minimal when determined over the entire Q2 ≥ 0
GeV2/c2 region, the ratios suggest that this reduction
is important for neutrino Q2 < 1 GeV2/c2 and pTµ <
0.7 GeV/c. It is somewhat less helpful for antineutrino
in these kinematic regions and contributes to the under-
prediction of MINERvA Tune v2 for higher values of Q2

in the SIS multi-quark region for both neutrino and an-
tineutrino. MINERvA tune v2 also underpredicts most
p||µ measurements for neutrino and antineutrino, partic-

ularly at higher neutrino p||µ values. It is significant to

note that for p∥µ all antineutrino tunes predict the data
better than the neutrino tunes. These p∥µ measurements
are sensitive to differences between the constrained sim-
ulation and the actual neutrino flux.

Noting that the higher Q2 region will be discussed in
the SIS Definition II analysis, we specifically examine the
lower Q2 and the kinematically related lower pTµ ratios.

With the low Q2 suppression of pion production, MIN-
ERvA Tune v2 neutrino correctly simulates low Q2 and
low pTµ at and before the cross section peaks while the
MINERvA Tune v2 antineutrino results show consider-
able underprediction of these measured low Q2 and low
pTµ data before these peaks. This might suggest that

the ad hoc low Q2 suppression of pion production, still
without a sound theoretical basis, is too strong when ap-
plied to very low Q2 antineutrino. It is also significant to
recall that a 2021/2022 modification of the axial-vector
contribution of the B-Y [53] model was not included in
GENIE 2.12.6 or resulting tunes. The modification cor-
rectly includes the non-zero contribution of the axial vec-
tor current at Q2 = 0 GeV2/c2 thus mainly affecting the
low Q2 simulations and resulting predictions.

2. SIS definition II

The ratio plots from Figures 11 and 12 as well as the
top four rows of Table II summarize the results for the
SIS definition II multi-quark region. The reduction in
the nonresonant single pion production is the only MIN-
ERvA tune affecting events in this region. For this rea-
son, Tune v1 predictions become the same as the ones
from Tune v2, and Tune v2 - Nonres Pion predictions
become the same as the ones from GENIE 2.12.6. With
increasing values of Q2 and pTµ for both neutrino and
antineutrino the underpredictions of Tune v2 compared
to data are significant and growing. For the measured
x and p||µ data in this SIS multi-quark region there is

also significant underprediction of MINERvA Tune v2
for both neutrino and antineutrino results throughout
the full range of the variables. Note that in this higher
Q2 range the measured data of all variables, including x,
seem to be considerably better simulated by MINERvA
Tune v2 without the nonresonant pion reduction. Re-
ferring to Table II, indeed χ2/ndf decreases rather sig-

nificantly for Q2, pTµ and x when the nonresonant pion
reduction is removed. Since the modifications contained
in both MINERvA Tunes v2 and v1 are based on fits and
observations from MINERvA and bubble chamber data
primarily outside the W - Q2 kinematic region of this
analysis, this comparison of data to predictions reveals
mixed results when these modifications are extrapolated
into the examined SIS kinematic region, suggesting that
a W dependence to the nonresonant reduction should be
considered.

B. Comparison of SIS Measurements to other
simulation programs

It is informative to determine if the predictions of
other neutrino event simulators with alternative models
are more consistent with these MINERvA SIS measure-
ments, particularly in the higher Q2 SIS multi-quark re-
gion. Selected versions of the alternative generators GE-
NIE 3.0.6, GiBUU 2021, NEUT 5.4.1 and NuWro 19.02,
have been compared with the SIS measured cross sec-
tions. The exact versions of these generators are indi-
cated in the legends of Figure 13 and Figure 14 as well
as Table I and Table II.

1. SIS definition I

The many differences between generators are a chal-
lenge to isolate, however, a few features stand out. From
Table I and Figure 13, upon comparing simulation ef-
forts to SIS definition I measurements throughout the
full Q2 ≥ 0 GeV2/c2 range for all variables, none of the
simulation programs yielded acceptable χ2/ndf . With
this stipulation, the best simulation of the SIS measured
variables Q2, pTµ and p∥µ was NuWro 19.02 for neutrino
SIS measurements, while for antineutrino GENIE 3.0.6
RFG hA best models Q2 and pTµ while NEUT 5.4.1 best
simulates p∥µ. However, it is the large χ2/ndf of NEUT

5.4.1 as Q2 approaches 0 that eliminates this choice as
the best simulation for antineutrino Q2 and pTµ since it
is the best for Q2 > 0.8 GeV2/c2 and pTµ > 0.6 GeV/c.

Referring to Figure 13 for the lower range of values
of the SIS definition I variables, the overprediction of
GiBUU 2021 and NEUT 5.4.1 of Q2 and pTµ is most
extreme for neutrino and is a major contribution to the
large χ2/ndf found in Table I for these simulation pro-
grams. NuWro 19.02 provides a somewhat better match
to the Q2 and pTµ as well as p∥µ shapes, while mildly un-

derpredicting the low-Q2 and pTµ MINERvA SIS data.
For this lower antineutrino kinematic range, Figure 13
shows that GiBUU 2021, despite continued overpredic-
tion as Q2 approaches 0, best simulates the Q2 shape
while none of the alternative generators simulates well
the low values of pTµ and p∥µ. For the lower range of
p∥µ NuWro 19.02 is best for neutrino, while NEUT 5.4.1
appears better for antineutrino.
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(a) (b)

(c) (d)

(e) (f)

FIG. 13. Definition I measured differential SIS cross section ratios compared to predictions of community neutrino generators
normalized to MINERvA tune v2 as a function of Q2 (a-b), pTµ (c-d), and p∥µ (e-f). Left: Neutrino. Right: Antineutrino.

2. SIS definition II

Once the considered kinematic region excludes the ob-
viously challenging low-Q2 region Table II indicates that
the χ2/ndf for all SIS variables improve significantly. For
the Q2 ≥ 1 GeV2/c2 SIS multi-quark kinematic region
Figure 14 as well as the χ2/ndf of the Table indicate
that GiBUU 2021 is inconsistent with both the magni-
tude and shape of the MINERvA data. NEUT 5.4.1 is

more consistent with the shape of these higher Q2 SIS
measurements with Table II illustrating that NEUT 5.4.1
is the best match to MINERvA neutrino and antineu-
trino data and yields an acceptable χ2/ndf in the pro-
cess. Note also that in this high Q2 region GENIE 3.0.6
RFG is only a somewhat less favorable alternative. The
better agreement of GENIE 3.0.6 with the SIS definition
II measurements comes mainly [11] from the new vector
and axial form factors in the GENIE 3 resonance model,
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

FIG. 14. Definition II measured differential SIS cross section ratios compared to predictions of community neutrino generators
normalized to MINERvA tune v2 as a function of Q2 (a-b), pTµ (c-d), p∥µ (e-f), and x (g-h). Left: Neutrino. Right:
Antineutrino.
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which yields a Q2 dependence in this high W region more
similar to the GENIE DIS model.

Since NEUT 5.4.1 so successfully predicts the MIN-
ERvA SIS cross section data in the SIS multi-quark re-
gion for both neutrino and antineutrino, a brief summary
of the general differences between the cross section mod-
els of NEUT 5.4.1 and the MINERvA v2 tune of GENIE
2.12.6 could be informative. For resonance production
NEUT 5.4.1 is based on the R-S model restricted to the
production of a single pion with W ≤ 2 GeV/c2. MIN-
ERvA Tune v2 uses the R-S model for W ≤ 1.7 GeV/c2,
dominated by one-pion production, with all resonance
production for W > 1.7 GeV/c2 included in DIS. For
the DIS cross section NEUT 5.4.1 uses the B-Y model
with one-pion production removed below W = 2 GeV/c2.
MINERvA Tune v2 uses the B-Y model modulated to
avoid duplication of resonances below W = 1.7 GeV/c2

and the complete B-Y model for W > 1.7 GeV/c2. For
the multiplicity of DIS events NEUT 5.4.1 uses several
specifically developed models for pion multiplicities ≥ 2,
one being similar but not identical to the AGKY model
used by MINERvA Tune v2. Further details such as the
form factors used and the method of event generation can
be found in the presentations of the NuSTEC Workshop
on Pion Production [54].

C. Generator Predicted SIS Cross Section Channel
Components in the SIS Multi-quark Region

To perhaps better understand the source of MINERvA
v2 predictions consistently underpredicting the SIS mea-
surements of all variables for both neutrino and antineu-
trino in the SIS multi-quark region, we examine the indi-
vidual channel components that make up the Q2 distri-
bution of MINERvA Tune v2 predictions and compare
them with the components of other generators Q2 dis-
tributions included in this analysis. For the comparison,
MINERvA Tune v2 uses GENIE classifications while for
all other generators the NUISANCE [55] classification
scheme is used. Q2 is the chosen variable since it defines
the SIS multi-quark region and provides the clearest com-
parison.

Figure 15 shows the ratios of the data measured Q2 and
predicted individual channel components normalized to
total predicted Q2 of MINERvA Tune v2, GENIE 3.0.6
LFG, NEUT 5.4.1 and NuWro 19.02 neutrino simula-
tions, as well as MINERvA Tune v2, GENIE 3.0.6 LFG
and NEUT 5.4.1 antineutrino simulations. A breakdown
of GiBUU 2021 predictions into channel components was
also attempted, however, no combination of output re-
sulted in similar channels as other displayed generators.

The major contribution comes from the respective DIS
models, with a smaller contribution from the resonance
models, which decrease as Q2 increases. Each of the gen-
erators has their own resonance and nonesonance model
and their own transition mix of resonance and DIS before
reaching a region of pure DIS the start of which is also

model-dependent. The actual magnitude of the DIS con-
tribution most often then reflects the difference between
the B-Y predicted total inelastic cross section and the
generator’s modeled resonance production. In the SIS
multi-quark region it is obvious that GENIE 3.0.6 has a
much larger resonance contribution to the cross section
(about 30%) than either NEUT 5.4.1 or NuWro 19.02,
which have around 10% contribution. This larger reso-
nance contribution of GENIE 3.0.6 most likely reflects
the inclusion of multipion decays, compared to NEUT
5.4.1 that includes only one π production, and the much
higher Wcut value of 1.93 GeV/c2. This higher value
Wcut includes a larger fraction of resonance production
than NuWro 19.02, which is purely DIS after W = 1.6
GeV/c2 or MINERvA Tune v2 with a Wcut value of 1.7
GeV/c2.

For MINERvA Tune v2, the dominance of GENIE DIS
is 75% of the predicted total Q2 cross section with reso-
nance contributing the remaining 25%. Since in general
the resonance contribution decreases with growing Q2,
this suggests that even with the nonresonant subtraction
removed in this high W and high Q2 region the growing
underprediction of MINERvA Tune v2 with Q2 is proba-
bly due to the current Q2 dependence of the GENIE DIS
contribution that needs consideration.

The comparison of generators components suggests a
general trend that the larger the contribution of DIS to
the prediction, the better the fit to SIS measured cross
sections. It is noteworthy that even though GENIE 3.0.6
has included a much broader range of W and multi-pion
decays in its resonances classification, and with new res-
onance form factors with a Q2 shape more like the DIS
Q2 shape, resonances still only account for about 30% of
the total cross section in this higher Q2 region.

VIII. CONCLUSIONS

The results presented here represent the first analysis
of neutrino and antineutrino cross sections of Q2, pTµ,
p∥µ, and x in the 1.5 ≤ W ≤ 2 GeV/c2 region. Since the
nonresonant meson and multi-quark scattering compo-
nents of SIS are dependent on Q2 within any W region,
two Q2 regions have been defined. In addition to the in-
clusive differential cross sections, to better enhance any
multi-quark component of SIS a subsample with Q2 ≥ 1
GeV2/c2 has been studied.

This has provided an opportunity to test various sim-
ulations of neutrino and antineutrino scattering in these
kinematic regions. The measured data were compared
primarily with the predictions of tuned variations from
the GENIE 2.12.6 neutrino generator. To test how other
simulation models predict these measured results, GE-
NIE 3.0.6, NEUT 5.4.1, NuWro 19.02 neutrino simula-
tion generators, and GiBUU 2021 nuclear transport code
were employed. Comparisons were made through χ2/ndf
with covariance matrix considerations included.

In general, the main MINERvA tune of the GENIE
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(a) (b)

(c) (d)

(e) (f)

(g)

FIG. 15. Definition II ratio of data and MC components of MINERvA Tune v2 (a-b), GENIE 3.0.6 (c-d), NEUT 5.4.1 (e-f),
and NuWro 19.02 (g) as a function of Q2. Left: Neutrino. Right: Antineutrino. These plots consider the QE and 2p2h events
part of the Other CC category.
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2.12.6 simulation considered here, labeled MINERvA
Tune v2, does not describe the data across the full kine-
matic region for all variables considered. However, in
distinct regions that led to a specific tune, such as low
Q2 (and consequently ≈ low pTµ) for neutrinos, it is an
accurate prediction. The same tune was found to be a
much less accurate prediction for antineutrino scattering,
and we suggest a less strong suppression of pion produc-
tion at low Q2 values for antineutrinos. For the higher Q2

SIS multi-quark region the tune of GENIE 2.12.6 with-
out the large reduction in nonresonant pion production
was considerably superior for all measured variables. It
is recommended that the large reduction in nonresonant
pion production in MINERvA tunes be modified with a
W and perhaps Q2 dependence that better reflects the
kinematic region in which the reduction was measured.

The measured data was compared with the predictions
of other simulation programs used in the community;
GENIE 3.0.6, NEUT 5.4.1, NuWro 19.02 and GiBUU
2021 that employed different nuclear effects as well as dif-
ferent resonance and DIS models. In the Q2 ≥ 0 range,
heavily weighted by Q2 < 1 GeV2/c2 data, it was found
that NuWro 19.02 is the best simulation of our data for
neutrinos while MINERvA Tune v2 is best for antineu-
trinos. In the higher Q2 ≥ 1 GeV2/c2 SIS multi-quark
range, NEUT 5.4.1 is the best overall simulation of the
higher value regions for all considered SIS variables in
both neutrino and antineutrino.

Finally, consider that in the SIS multi-quark region
Figure 15 shows that for all generators considered, the
resonance contribution is a relatively reduced fraction
of the total cross section. In particular for GENIE
3.0.6, with its expanded multi-π resonance model cover-
ing nearly the full W region of this study, resonances still
only contribute less than 1/3 of the total inelastic cross
section. This could suggest that in what is designated as
the DIS region of all considered generators, besides any
still unmodeled associated resonance production, there
could be and most likely is a significant contribution of
SIS multi-quark interactions. As noted, the best over-
all simulation of this possibly significant SIS multi-quark
region is NEUT 5.4.1. with its specific multipion model.

These first measured total inelastic cross sections for
neutrino and antineutrino in Shallow Inelastic Scatting
regions clearly indicate that the generators need improve-

ment for specific ranges of all measured variables. The
many differences between the predictions of neutrino gen-
erators as well as the observation that there could be a
significant contribution of SIS multi-quark interactions
emphasize that there is an extreme lack of both the nec-
essary detailed experimental investigations and the the-
oretical studies of interactions in this region that could
enable a better understanding of the SIS contributions.
This would lead to better modeling of neutrino-nucleus
scattering physics in this SIS region, which would help to
further reduce the systematic uncertainties for neutrino
oscillation experiments.
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