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The MINERνA experiment reports double-differential cross-section measurements for νµ-carbon
interactions with three-momentum transfer |~q| < 1.2 GeV obtained with medium energy exposures
in the NuMI beam. These measurements are performed as a function of the three-momentum
transfer and an energy transfer estimator called the available energy defined as the energy that
would be visible in the detector. The double differential cross sections are compared to the GENIE
and NuWro predictions along with the modified version of GENIE which incorporates new models
for better agreement with earlier measurements from MINERvA. In these measurements, the quasi-
elastic, resonance, and multi-nucleon knockout processes appear at different kinematics in this two-
dimensional space. The results can be used to improve models for neutrino interactions needed by
neutrino oscillation experiments.

I. INTRODUCTION

Neutrino oscillation physics is evolving to a precision
era. One of the field’s central goals is to measure the
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leptonic CP-phase, which, via leptogenesis, could help
explain the baryonic asymmetry in the universe. Among
other factors [1–4] the precision measurements of the CP-
phase and the neutrino oscillation parameters rely on
improvements to neutrino detection technology, enlarge-
ment of neutrino detector volumes and increases in beam
intensities.

Measuring the leptonic CP-phase will also demand im-
proved knowledge of the neutrino scattering cross sec-
tions involved. Such knowledge, indispensable for ex-
tracting the neutrino oscillation parameters, is needed in
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order to obtain the correct reconstructed energy of the
interacting neutrino from the observed final state infor-
mation, and to predict backgrounds.

The dependence on the nuclear environment of
neutrino-scattering cross sections, which is relevant for
scattering from targets heavier than hydrogen or deu-
terium, is challenging to model. This is especially true
for processes at low three-momentum transfer such as
quasielastic (QE) and ∆(1232) resonance production,
and any processes that fill in the kinematic “dip re-
gion” between the two. These are the most important
fraction of the events at the current accelerator-based
long-baseline neutrino oscillation experiments perform-
ing [3, 4] (or planning to perform) the measurements
above. Thus, there is an urgent need to compare new
developments in nuclear modeling with updated mea-
surements of the low three-momentum transfer charged-
current cross section.

This work reports a new measurement of the low three-
momentum transfer charged-current double-differential
cross-section made by the MINERνA experiment, using
data from the medium energy beam configuration. The
data used in this analysis correspond to an exposure of
10.61×1020 protons on target with a peak neutrino en-
ergy of approximately 6 GeV, which yielded a sample of
3,390,718 events with 98.64% purity. These results ex-
pand upon the original result with the low-energy data
[5], which demonstrated the need for multi-nucleon ef-
fects such as a two-particle two-hole (2p2h) process and
a cross-section suppression at the lowest energy trans-
fer like the one provided by a RPA screening effect.
This new result provides higher statistics at the original
three-momentum transfer, expands the range in three-
momentum transfer to 1.2 GeV, incorporates both em-
pirical and theoretical improvements to modeling since
the original publication, and incorporates improvements
to the neutrino flux prediction and detector simulation.

We compare newly available models of nuclear effects
through this new measurement. Some model alterna-
tives can be implemented within our full detector simu-
lation directly or via reweights. These include the Super-
scaling (SuSA) 2p2h model [6], two updates of the Rein
Sehgal resonance model [7, 8], a low-Q2 suppression of
resonances such as in [9, 10] or the application of a nu-
cleon removal energy cost to resonance events, and an
enhancement of QE events in the dip region motivated
by nucleon initial state treatments like a spectral func-
tion. As will be shown in Sec. IV, they can be switched on
individually or in small groups and compared directly to
reconstructed data distributions to gain physics insight
specific to a single process. This analysis also informs
choices for a better central value and uncertainties to use
for the unfolding procedure compared to the previous re-
sult.

In Sec. VII, the cross section is also compared to pre-
dictions from GENIE version 3 and NuWro. The un-
folded cross section allows for a wider range of compar-
isons and can be used by researchers without requiring

the full MINERνA experiment simulation. This comes
with a cost of modest model biases and increased uncer-
tainties after unfolding. The process of unfolding from
measured hadronic energy in the detector to true energy
available to make a signal excludes neutron and other
missing energy from unbinding nucleons. This observ-
able is easily predicted by neutrino event generators and
does not incur model uncertainties as would a traditional
quantity like energy transfer.

II. EXPERIMENT

The MINERνA detector was situated on axis in the
NuMI beamline at Fermilab. The active region con-
sists of 208 hexagonal planes made of triangular plastic
scintillator strips. The detector is segmented longitu-
dinally into several subdetectors: nuclear targets, active
scintillator tracker, and downstream electromagnetic and
hadronic calorimeters (ECAL and HCAL) [11]. There is
an HCAL-like outer subdetector that radially surrounds
all inner detector. The tracker is made solely of scintilla-
tor planes. Each hexagonal plane of the tracker is com-
posed of 127 nested polystyrene scintillator strips of vary-
ing length, with a triangular cross section of base 3.3 cm,
and height 1.7 cm. The target mass of the fiducial vol-
ume is a mix of carbon (88.51%), hydrogen (8.18%), oxy-
gen (2.5%), titanium (0.47%), chlorine (0.2%), aluminum
(0.07%), and silicon (0.07%). The planes alternate be-
tween three orientations, 0◦ and ±60◦ with respect to
the vertical, allowing an accurate three-dimensional re-
construction [11] of the interaction point and muon track
angle, even when hadronic activity overlaps with energy
deposited by the muon. Wavelength-shifting fibers em-
bedded in the strips of scintillator are read out by optical
cables that are connected to photomultiplier tubes. The
photomultiplier tubes read out the scintillation light and
achieve 3 ns timing resolution.

The MINOS Near Detector, situated two meters down-
stream of the MINERνA detector, served as a magne-
tized muon spectrometer [12]. Muons tracks which exit
the downstream end of MINERνA are matched to tracks
in the MINOS Near Detector, which provides a measure-
ment of the muon charge and momentum.

The neutrino flux for the data presented here peaks
at 6 GeV and contains 95% νµ, and contamination of
consisting ν̄µ, νe, and ν̄e [13]. The neutrino beam is sim-
ulated with GEANT4 9.2.p03 [14] and constrained with
thin-target hadron production measurements [15] and an
in-situ neutrino electron scattering constraint [13].

III. EVENT SELECTION

An inclusive charged-current νµ interaction sample is
selected from events in MINERνA’s 5.3-ton fiducial vol-
ume in the medium energy beam. Reconstructed muon
tracks beginning in the fiducial volume of MINERνA are
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matched to corresponding tracks in the MINOS [12].
The muon momentum is calculated by using the ioniza-
tion energy loss for a muon traversing the material in
the MINERνA detector in conjunction with the momen-
tum reconstructed from MINOS [12]. Muon charge is
reconstructed using track curvature in the magnetized
MINOS Near Detector. The energy estimated in MINOS
is added to MINERνA’s muon energy estimate to cal-
culate Eµ and pµ. The muon track in MINERνA from
the neutrino interaction point is used to determine the
muon angle θµ. The event selection requires θµ < 20◦ and
1.5 < pµ < 20.0 GeV to ensure good muon acceptance.

There are three main ingredients needed to recon-
struct the kinematics of every event in this analysis:
the hadronic energy deposition from all subdetectors in
MINERνA, the muon angle, and the muon energy. For
the hadronic energy, a calorimetric correction derived
from the simulation is applied following the same pro-
cedure used in the Low Energy (LE) beam measure-
ments [5, 16] to first obtain an estimator for the total
lab-frame energy transfer q0. This is the same as other
MINERνA publications of inclusive cross sections and is
described in [17]. The reconstructed calorimetric neu-
trino energy is Eν = Eµ + q0 which is used to determine
the four-momentum transfer Q2 = 2Eν(Eµ−pµ cos θµ)−
M2
µ and three-momentum transfer |~q| or q3 =

√
Q2 + q20 .

The measurement region is limited to q3 < 1.2 GeV,
which is a 0.4 GeV expansion from the LE measurement.

The available energy is defined as

Eavail =
∑

Tproton +
∑

Tπ± +
∑

Eparticle (1)

where Tproton is the proton kinetic energy, and Tπ is the
charged pion kinetic energy, and Eparticle is the total en-
ergy of any other final state particles except neutrons.
The definition excludes a nucleon mass from strange
baryons. The reconstructed quantity input for Eavail

comes only from hadronic system activity in the tracker
and ECAL regions of the MINERνA detector, which im-
proves the resolution at these lower hadronic energies.
For unfolding we want a truth-level quantity that is mea-
sured by this reconstructed quantity. The choice of Eavail

is not quite q0, to account for the dramatically different
detector response to neutrons and the small amount of
missing energy due to unbinding nucleons. The quan-
tity Eavail, defined like this, minimizes model dependence
while still being easy for neutrino event generators to pre-
dict.

Fig. 1 shows the fractional resolution for q3 and the
absolute resolution for Eavail. The fractional resolution
for q3 is similar for the three regions with RMS ranging
between 20% or 25%. The resolution is driven mostly by
the hadronic energy resolution, half as much by the muon
angle resolution, and half again as much by the muon en-
ergy resolution. The hadronic energy in q3 includes ac-
tivity in the outer detector and HCAL regions. It needs
to be an estimator for energy transfer as described above
and also cover a range of q3 beyond the analysis sample.
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FIG. 1. Fractional resolution for three-momentum transfer
(top), and absolute resolution for Eavail in three regions of q3
(bottom), for simulated events with reconstructed q3 < 1.2
GeV . The three different q3 range samples are normalized to
the same total area.

This produces additional fluctuations not present in the
Eavail tracker + ECAL estimator . The muon angular res-
olution is better for small angles and degrades at larger
angles. Eavail is presented as an absolute quantity be-
cause the fractional resolution includes some events with
a denominator close to zero. For higher values of q3, the
calorimetry of interacting hadrons is an important part
of the total resolution. In the range 0.3 GeV < q3 < 0.6
GeV, the resolution is expected to be that of the low-
est energy stopping protons from our detector beam test
[18]. The central peak width of the resolution at the low-
est momentum transfer is still proton-like, but there are
tails driven by at least two effects. The lowest kinetic en-
ergy protons from the interaction can have a Bragg-peak
energy deposit in a single scintillator element and the
surrounding passive material; and protons that GEANT4
turns into neutrons early in detector can feed down into
the lowest q3 and Eavail subsample.

IV. MODELS SIMULATED COMPARED TO
RECONSTRUCTED DATA

The neutrino event generator GENIE v.2.12.6 [19] is
used to simulate neutrino interactions. The QE scat-
tering model uses a relativistic Fermi gas model (RFG)
incorporating a high-momentum tail in the Fermi mo-



4

mentum distribution [20], and uses a dipole axial form

factor with MQE
A = 0.99 GeV [21]. Resonant production

is modeled using the Rein-Sehgal model [22], with M res
A

= 1.12 GeV. The deep inelastic scattering (DIS) process
is modeled using the 2003 Bodek-Yang model [23]. The
hadron final states from DIS interactions are produced by
the AGKY hadronization model [24], which is tuned to
reproduce hadron multiplicity data from ν and ν̄ bubble
chamber experiments. It uses Koba-Nielsen-Olsen scal-
ing [25] below invariant mass of W = 2.3 GeV and tran-
sitions to use only PYTHIA [26] for W > 3.0 GeV. Of
importance for the sample in this paper, the resulting
DIS model in the tuned, low-W regime provides the non-
resonant background in the resonance region.

We use a version of GENIE modified with MINERνA-
specific changes which we refer to as MnvTune-v1.2. We
use the Valencia RPA suppression [27, 28] applied as a
weight to QE events[28], a non-resonant pion weight [29,
30] based on reanalysis of bubble chamber data [31, 32],
and a suppression of coherent production of pions with
kinetic energy below 450 MeV based on MINERνA data
[33]. We simulate 2p2h events using the Valencia 2p2h
model [34–36]. These were already part of the model
used in [5]. To better describe the data in MINERνA’s
previous low recoil result, the 2p2h event rate is enhanced
in the kinematic region between QE and ∆ reactions, first
described in [16]. Finally, two more weights are added to
correct errors in the GENIE FSI elastic scattering and
pion absorption models [37].

In addition to GENIE changes, improvements to the
flux constraints, reconstruction, and detector modeling
also affect the comparison with data compared to the pre-
vious result. The ab-initio neutrino flux [15] is reduced
by 12% based on a measurement of neutrinos scattering
off atomic electrons [13]. The fully-simulated reduction
of the detector mass by 2% is based on the measure-
ment of two as-built scintillator planes. The muon en-
ergy from the MINOS Near Detector portion of muon
tracks in data is scaled by +3.6% following a study of
the dependence of the event rate as a function of Eν dis-
tribution [38]. The rest of the detector simulation uses
GEANT4 [14] version 9.4.p02 with uncertainties based on
MINERνA’s hadron test beam data [18] and external
data constraints [39–48]. The simulation of this medium-
energy beam configuration includes the changing beam
intensity throughout the era in both the beam structure
of the simulated events, and the simulation of accidental
beam-related activity that affects the reconstruction. A
small, data-driven correction to the muon matching ef-
ficiency between MINERνA and MINOS Near Detector
is applied as a function of instantaneous proton beam
intensity.

The resulting data and prediction in the two-
dimensional kinematic space of reconstructed three-
momentum transfer and available energy show areas of
disagreement. Shown in Fig. 2 as solid black line, the QE
(solid gray line), ∆ (dashed gray line), and 2p2h (dotted
gray line) subcomponents provide most of the event rate,

with another (gray grid-filled histogram) category that
is a mix of higher resonances, non-resonant pion produc-
tion in the resonance region and above, and coherent pion
production. The error band includes all the standard ex-
perimental and interaction model uncertainties used for
earlier MINERνA data, as discussed in detail in Section
VI.

A. Additional model variations

To better understand the model elements that could
describe these data, some of the latest models are incor-
porated into a further analysis of the reconstructed distri-
butions in Fig. 2. The tuned (MnvTune-v1.2) simulation
does not describe the data well, and it contains a 2p2h
model that was empirically tuned to prior MINERνA
data [5]. The prediction is improved with a low-Q2 res-
onance modification such as in [9], but that also is an
empirical modification based on MINERνA data, which
is similar to the one measured by MINOS using neutrino
scattering on iron [10]. By incorporating the latest the-
oretical work into the analysis of Fig. 2 (MnvTune-v3),
it is clear why such tuning is needed. The rest of the
section describes the effort, and one result is shown as
the dashed in Fig. 2.

Most data are within the full interaction model un-
certainties (diagonal elements of the covariance matrix)
for MnvTune-v1.2, and would be in better agreement if
a low-Q2 pion suppression were added. An oscillation
experiment using these tunes and uncertainties could ex-
pect good systematic uncertainty coverage. The absolute
discrepancy and the uncertain underlying physics mech-
anism would remain concerns. If the interaction model
uncertainties are not considered, the data are well out-
side the MINERνA experiment’s energy scale and flux
uncertainties, which combine to be 10% for most bins.
These data will serve as an important benchmark for fu-
ture models, whose ultimate validity can be confirmed at
this level of precision.

B. The 2p2h and QE region

The MnvTune-v1.2 is compared to a new prediction
(MnvTune-v3) based on the SuSA implementation of a
2p2h model [6, 49, 50] and an enhancement of the GENIE

QE high-momentum “Bodek-Ritchie” tail [51].
It was clear from the original analysis that its predic-

tion was missing strength in the region between the QE
and ∆ peaks in the event rate, hereafter called the “dip”
region. The original analysis with MINERνA’s low en-
ergy dataset [5] also used a screening effect known as
RPA [27] added to the generated QE events. Additional
events were simulated according to the Valencia 2p2h
model [34–36]. This remaining missing strength was both
absolute and relative to the QE and ∆. The dip region
is predicted to be similar amounts of QE, 2p2h, and ∆,
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FIG. 2. Event rate as a function of reconstructed three-
momentum transfer and available energy. The simulation
(MC) is the MnvTune-v1.2 (solid black) configuration and in-
cludes the breakdown into the predicted QE with RPA screen-
ing (solid gray), ∆ resonance (dashed gray) with no low-Q2

suppression, the tuned Valencia 2p2h contribution (dotted
gray), and an Other category that is the mix of resonances
and non-resonance background in the resonance region (gray
grid filled histogram). The uncertainty band includes all the
interaction model and experimental systematic uncertainties.
A MnvTune-v3 prediction (dashed black) is used as the cen-
tral value for unfolding and is described in the text. The ratio
plots correspond to data divided by MnvTune-v1.2 (circles)
and MnvTune-v3 simulation (triangles).

though the resulting tune scales up only the 2p2h compo-
nent. The tune is a two-dimensional Gaussian function
of true q3 and q0 with parameters that allow the fit to lo-
cate the enhancement, align to the dip region, and deter-
mine a strength that describes the data. First deployed
in [16, 52–54], the resulting tune improves the descrip-
tion of a number of MINERνA observables in both neu-
trino and anti-neutrino data, lepton and hadron quan-
tities. The tune comes with two alternate forms that
enhance only the proton-neutron (pn) and not-pn initial
states and are used for uncertainty studies. A third alter-
nate tune enhances only the QE process but does a poor
job of describing the data, suggesting a different strategy
to probe the QE content in the dip region is needed.

Since that effort, a new 2p2h model has become avail-
able for use by experiments. The SuSA collaboration
needed a 2p2h model [6, 49, 50] to accompany their
SuSA-motivated mean-field model for the QE [50, 55]
in order to describe neutrino interactions without pions.
Because the 2p2h implementation in GENIE 3.0 for car-
bon uses the same framework, the fully simulated Valen-
cia 2p2h events can be reweighted to represent the SuSA
2p2h prediction. The result reproduces the original GE-

NIE 3.0 based prediction nearly perfectly in energy and
momentum transfer and produces only a small shift of
about 10 MeV in the hadronic energy.

The SuSA 2p2h model inherently puts more events into
the dip region. In the Valencia model, there is a popu-
lation of events which explicitly have ∆ kinematics. In
the SuSA model, this population appears at lower invari-
ant mass, and therefore peaks at lower hadronic energy.
Thus, it is able to account for part of the missing strength
in the dip region that required the original 2p2h tune. It
also significantly reduces the prediction at high q3 but
low Q2, has more cross section strength averaged over all
kinematics, and has intrinsically more events with two
protons in the final state, before intranuclear rescatter-
ing.

In order to extend the SuSA 2p2h prediction to its full
q3 < 2.0 GeV range, the Valencia model was regenerated
in that same range. Because the Valencia model has a
non-relativistic component to the calculation, it produces
an unphysical prediction especially at high q3 but low
Q2. When not weighting to SuSA, an additional weight
reduces the prediction to zero in that region, keeping the
Valencia prediction at lower energy transfers. In addition
to enabling the full range of the SuSA prediction, this
analysis needs an estimate of migration effects around
the 1.2 GeV cutoff of the original model.

In a Fermi-gas model, the QE process is approximately
symmetric around its peak energy transfer at a given
q3, with a spread coming from the initial momentum of
the struck nucleon. There are a number of theoretical
approaches that describe a tail to this distribution at
higher energy transfer that will populate the dip region.
Some extract this feature from electron scattering data
[56]. For others it arises from a mean-field nucleus [50, 55,
57]. The SuSA QE prediction has been made available in
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GENIE 3.0.6 [6], but in a way that we can only use it for
muon kinematics measurements, hence we do not apply
it here.

Another way to enhance the QE events in the dip re-
gion is to explicitly enhance events where the struck nu-
cleon had unusually high momentum. The simulated GE-

NIE prediction has a tail from 221 MeV to 500 MeV of
initial nucleon momentum according to the prescription
of [20]. This tail is understood to come from the pres-
ence of short range correlated pairs of nucleons. How-
ever, the population simulated in GENIE is much lower
than is determined by [58, 59] for example. MINERνA’s
implementation weights up MnvTune-v1.2 QE events by
a factor of 6 at 221 MeV and reduces the weight to a
factor of 1 (i.e. no change) at 500 MeV, increasing the
QE rate by 24%. Because the event rate in Fig. 2 is un-
derpredicted, we do not weight down the rest of the QE
population to compensate, but we continue to apply the
RPA suppression. Overall the predicted QE rate is 7%
higher than having neither weight. A similar strategy is
independently introduced in a recent update to GENIE

[60]. As in GENIE, the implied spectator nucleon is not
simulated.

The comparison is shown in Fig. 3 with the original QE
and tuned 2p2h (solid black) to the new QE with an en-
hanced tail and the SuSA 2p2h prediction (dashed black).
Overall the theory-motivated configuration achieves a
similar prediction to the MnvTune-v1.2 and better de-
scribes the data for some but not all kinematics.

C. Resonance Model Studies

In this section, the reconstructed event distributions
are compared to empirical and theory-motivated predic-
tions for the resonance region, with the aim of identi-
fying models that improve the agreement between data
and prediction. A suppression of resonance production
at low Q2, based empirically on MINERνA data is con-
sidered, as well as two updates to the Rein-Sehgal model,
and a simulation of nucleon removal energy in resonance
events similar to the one used in the GENIE 2.12 QE pro-
cess. The results of applying these changes individually
are compared to data in Fig. 4.

Prior MINERνA results [61–63] have suggested the
need for a suppression of resonance production at low
Q2 relative to the GENIE 2.12 prediction. A non-linear
suppression function from [9] is used, and is 0.4 at Q2 = 0
GeV2 and vanishes by Q2 = 0.6 GeV2. A similar (but
weaker) suppression function has been reported by the
MINOS collaboration in interactions on iron at similar
energies [10], and another is implied by the MiniBooNE
result in liquid scintillator CH2 below 1 GeV [64]. In the
current sample, the low-Q2 resonance region is at the
highest Eavail in regions with q3 > 0.2 GeV. The effect of
applying this low-Q2 suppression on top of MnvTune-1.2
is shown in Fig. 4 as the low Q2π Supp line (dotted black
line); the suppression results in a significant underpredic-
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FIG. 3. Comparison of the MnvTune-v1.2 (solid black)
and SuSA-2p2h+QE-tail-enhancement (dashed black) and
the MINERνA reconstructed distributions (points with statis-
tical uncertainties only). The two models have similar ability
to describe the QE and into the region between the QE and
∆ resonance.

tion of the data.

One modification to the Rein-Sehgal model in GE-

NIE 2.12 combines weighting in Q2 to approximate the
Berger-Sehgal model in GENIE version 3 and a Pauli-
blocking effect. To produce the Q2 weighting, the ratio
of the Berger-Sehgal model in GENIE 3.0 to the Rein-
Sehgal model in the GENIE 2.12 simulation on which
MnvTune-1.2 is based is used. The Berger-Sehgal model
[8] accounts for the lepton mass [65] and a pion pole term
which reproduces the expected Adler-screening effect at
low Q2. The implementation [66] and default choice in
GENIE v3 includes different vector and axial form factor
expressions [67] and improved vector form factor param-
eters determined from the world’s (e,e’) data [68]; these
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FIG. 4. Comparison of MnvTune-v1.2 to MnvTune-v3 res-
onance models designed to reduce the high Eavail (low Q2)
resonance interactions. See text for descriptions of each con-
figuration.

combined are the more significant change and also re-
sult in a reduced cross section at low Q2. The weight
extracted as a function of Q2 from the comparisons of
the two versions of GENIE yields a maximum low-Q2

suppression of 20% at 5 GeV. Including Pauli-blocking
makes the suppression yet stronger. The overall effect
(dashed black line labeled as Pauli B. B-S in Fig. 4) is
less than half as strong as the empirical suppression (dot-
ted black line), due to both the depth and the width of
the suppression.

Another update of the Rein-Sehgal model has been
developed by M. Kabirnezhad [7, 69]. It includes non-
resonant contributions and the resulting interference
terms. The implementation in NEUT [70] was used to
make the ratio to the GENIE 2.12 Rein-Sehgal model
and to create weights in (Q2, W ) for three channels
νµCC1π+, νµCCNπ+, and νµCCNπ0. The first inter-
esting physics effect is that the total ∆ peak shifts about
20 MeV lower in W due to the interferences. Secondly,
the model’s prediction for the non-resonant background

rate results in an overall prediction 20% lower than GE-

NIE 2.12 for the higher resonance region. The net effect is
denoted as the M.K. model line (dash-dotted black line)
in Fig. 4.

Finally, the need for fewer events at high available en-
ergy and more events in the dip region could be explained
by a shift of the ∆ peak in energy transfer and/or Eavail

(solid gray line labeled as Removal Energy in Fig. 4). In
GENIE 2.12, 25 MeV are deducted from the outgoing nu-
cleon for QE interactions to account for its removal from
the nuclear potential. But no such procedure is applied
to resonances. This same shift is implemented for re-
constructed resonances: Any charged-current resonance
process that produces at least one proton has 25 MeV
deducted from Eavail. If the only baryons in the final
state are neutrons, their energy is not included in the
Eavail estimator and no subtraction is made. The shift is
made to both the true generator quantity and the recon-
structed quantity in the simulation. A study was made
with a range of corrections from 0 to 50 MeV in steps
of 5 MeV, and 25 MeV provided the best description of
this low-Q2 region. In Fig. 4, this special modification is
shown.

This implementation preserves the total resonance
event rate, but shifts it left in each panel, away from the
low-Q2 region and toward the dip region. At face value
it accounts only for an oversimulation of the hadronic
energy. Because modifications to the lepton kinematics
may be negligible at MINERvA energies, it could sim-
plistically account for a real shift in the resonance peak
energy transfer. There is one long observed in (e,e′) data
[71–78] that is stronger at low energy transfers and is also
stronger for ∆ than for QE. Even larger 60 MeV discrep-
ancies are also observed directly [79, 80] running the GE-

NIE generator in electron scattering mode. This intrin-
sic nuclear effect produces fundamentally different dis-
tortions than suppressions due to form factors or Pauli-
blocking. Reality may be a mix of these effects.

D. Model used to produce the cross section

A single configuration of models is chosen to proceed
with unfolding. We have used the theory-motivated mod-
els in place of the empirical ones: the enhancement of the
high momentum tail of the struck nucleon for the QE
process, the SuSA 2p2h, and the deduction of 25 MeV
removal energy from a subset of resonance reactions. We
retain the RPA effect for QE, and the others at the begin-
ning of this section. The MnvTune-v1.2 and new models
are retained for study of model systematic effects during
the unfolding procedure. The complete baseline model
configuration is different from the MnvTune-v1.2 and is
also shown in Fig. 2.
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V. CROSS SECTION EXTRACTION

The double differential cross-section d2σ/dEavaildq3 is
calculated, using the selected events and subtracting the
number of background events predicted by the simula-
tion. The background is 1.42% over the entire sample
and consists of neutral current neutrino interactions and
antineutrino CC events producing µ+. The background-
subtracted event sample is unfolded to remove detector
resolution effects, using two iterations of the D’Agostini
method [81] as implemented in RooUnfold. The unfolded
sample is divided by the efficiency, which varies from 21%
to 80% and is due to a combination of muon acceptance
and resolution migration across the q3 < 1.2 GeV anal-
ysis boundary. The low q3 region bins have, on average,
77% efficiency; medium q3 region bins, 72%; and high q3
region bins 53%, with higher Eavail regions having lower
efficiency. The normalization factors include 3.115×1030

nucleon targets and the neutrino flux integral from 0
to 100 GeV for an exposure of 1.061×1021 protons on
target. The measured double differential d2σ/dEavaildq3
cross section is shown in Fig. 5.

VI. SYSTEMATIC UNCERTAINTIES

Uncertainties in the measured cross section arise from
imperfect knowledge of the flux and detector energy re-
sponse, uncertainties on the interaction model such as
the Final State Interactions (FSI), the QE, 2p2h, and
pion event rates, and including uncertainties MINERνA
assigns as part of modifying the interaction model. The
breakdown of the fractional systematic uncertainty on
d2σ/dEavaildq3 is shown in Fig. 6. To evaluate any uncer-
tainty, this analysis modifies the simulation by reweight-
ing or regenerating the cross section for each systematic
variation. This creates an alternate systematic “uni-
verse” whose change in the cross section can be calcu-
lated. The results are then formed into a covariance ma-
trix of which the error bars on the points and in Fig. 6
represent the diagonal elements.

The flux uncertainty (long dashed gray line in Fig. 6)
is practically constant with Eavail and q3, around 4.7%.
It is obtained from comparisons of the hadron pro-
duction model with data from hadron production ex-
periment NA49 [82], focusing effects, and an in-situ
neutrino-electron scattering constraint in the medium en-
ergy beam [13].

The uncertainty in the detector energy response is di-
vided into two uncertainties, hadronic energy and muon
reconstruction uncertainty (dash-dotted gray and thin
dotted black lines respectively in Fig. 6). The hadronic
energy is significant throughout the distribution and rises
to 40% at high q3. The input uncertainty is determined
from hadron calorimetry data taken with a test beam
detector [18]. The smaller detector response uncertainty
is associated with the muon energy measurement, after a
muon scale correction described in [38, 83], and the muon
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FIG. 5. Measured double differential d2σ/dEavaildq3 cross
section in available energy and six bins of three momentum
transfer is compared to the MnvTune-v3(black dashed line),
MvnTune v1.2 (black solid line), NuWro Structure Function
(gray solid line), NuWro Local Fermi Gas (dotted gray line),
and GENIE-v3 (gray grid filled histogram). The first q3 panel
is scaled by a factor of 2.

angle.
Uncertainties coming from GENIE event generator are

divided into two main groups, FSI and interaction model
uncertainties, shown in Fig. 6. The FSI uncertainty
has sub-component contributions, where the nucleon and
pion mean free paths dominate in the q3 < 0.4 GeV re-
gion at around 9%. The higher q3 region has contribu-
tions mainly from pion elastic scattering and pion inelas-
tic scattering with a 6% uncertainty. Thus, the total
FSI uncertainty contribution in the cross-section mea-
surement in many bins is around 10%. The GENIE in-
teraction uncertainties that govern pion production rate
in the resonance region are about 4% on the extracted
cross section. As expected, these are much lower than
their effect in the error band in Fig. 2 where they are
among the most important.

The model used to extract the cross-section involves
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numerous modifications to GENIE. We have built addi-
tional uncertainties around these modifications and apply
them using the universe method described above. The

MQE
A uncertainty is smaller than and replaces the offi-

cial GENIE uncertainty within the “Interaction model”
category. The new uncertainty is from the analysis in
[84] and its effect on the QE region is 3%. An uncer-
tainty on the RPA effect is documented in [28]. Because
of its importance to this sample it is shown separately,
but its effect is also small on the unfolded cross section.

Finally, an uncertainty is assigned based on the differ-
ence between using the MnvTune-v1.2 model and using
the new model MnvTune-v3 (Signal model, gray solid
line in Fig. 6) to extract the cross section. We take the
difference between these two methods, and apply that
amount symmetrically around the MnvTune-v3 to create
two more universes. This captures the most significant
signal model uncertainty implied by the different 2p2h
models and the lowest-Q2 resonance model variations.
The 2p2h and QE components contributions are similar
to the axial mass effects noted above. The choice of low-
Q2 resonance modification has the largest effect in the
low-Q2 bins.

VII. CROSS SECTION COMPARED TO
GENERATOR PREDICTIONS

The resulting double differential cross-section shown in
Fig. 5 is compared to several neutrino event generator
predictions: MnvTune-v3, MnvTune-v1.2, two configura-
tions of NuWro [85], and the GENIE v3.0.6 configuration
G18 10a 02 11a. Because the MnvTune-v3 had model el-
ements chosen to describe the reconstructed data better,
the overall agreement with the extracted cross section is
also good. The NuWro and GENIE v3 models describe
the data in some parts of the kinematic space but deviate
systematically in the QE and 2p2h rich regions. Because
this separation is not complete, we need to use the variety
of models available to try to disentangle which processes
or combinations of processes need additional work.

A. The QE process

The largest variations among the models are in the
QE region, roughly the lower half of reported data in
each panel of q3. In fact, the differences between the
two versions of NuWro are only in the QE process, and
can be used to illustrate what impacts this part of the
distribution.

The spectral function model (NuWro SF, green) is very
different largely due to the lack of an RPA screening
(or empirically equivalent [86, 87]) effect, and not due
to the spectral function. It produces higher predictions
than the data and all other models in the first one or
two bins in panels with q3 < 0.4 GeV. In the NuWro
spectral function, the cross section is integrated using a
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FIG. 6. Fractional systematic uncertainty breakdown on the
double-differential cross-section measurement in slices of q3.

two-dimensional distribution of initial state off-shell nu-
cleon momentum and removal energy. Its implementa-
tion is fundamentally different from the modified Bodek-
Ritchie tail in the MnvTune-v3 (solid red), though they
share theoretical motivation. The effect of this on its own
would be a fraction of what is shown in the reconstructed
distribution in Fig. 3.

The local Fermi gas version (NuWro LFG) under-
predicts the data in the lowest bin in all panels then be-
comes similar to the other NuWro model. It does have an
RPA screening effect at low Q2. Its implementation is in-
dependent from the Valencia model [27] but is intended to
produce a similar prediction. It is also different than the
Valencia model RPA weight applied to the two GENIE
v2 models, and it underpredicts the data in the first bin
of all panels. But in other bins at the QE peak and be-
yond, this model is higher than the NuWro SF model and
much higher than the GENIE models, even the similar
MnvTune-v1.2 and GENIE v3, and is a poor description
of the data overall. The eponymous LFG initial nucleon
momentum distribution does not include high momen-
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tum nucleons and has lower momenta on average than a
regular Fermi gas. This would produce a narrower QE
peak, however its effects are difficult to discern.

A second trend is evident by comparing NuWro and
GENIE MINERνA tunes relative to the data: in the next
three to five bins, NuWro goes from overestimating the
data to systematically underestimating it. In contrast,
the two modified GENIE models are close to the data
and each other (by construction), with some data points
favoring one or the other. These bins are a mix of the QE
peak, 2p2h, and a little ∆ resonance. Mismodeling the
relative strength of these three processes would account
for the NuWro behavior. Even just a form factor effect
(such as MA) for QE could account for some of these
differences in the generators.

B. The lowest available energy bins

The predictions roughly agree with each other and the
data but diverge in the lowest available energy bins in
each panel. In addition to the RPA effect within the
QE model described in the previous subsection, three
other generator design choices have a large impact on the
prediction for these bins. Two come from the strength of
the FSI processes that produce neutrons and low energy
nucleons in the final state. One is from the way the
nucleon removal energy cost is applied to the resulting
hadron system for QE.

Events where the QE proton turns into a neutron be-
fore exiting the nucleus is a special component of these
bins. In the first Eavail bin of the lowest q3 < 0.6 GeV
panels, 20% of the events are QE events with energy
transfers above 100 MeV and feed down via a FSI process,
10% are 2p2h events and 2% are resonance events with
the same kinematics. In the extreme case, 10% of the
events have only neutrons in the final state and therefore
exactly zero Eavail. These happen when the generator’s
FSI model produces either the p→ pn knockout process,
the p → n charge exchange process or pion absorption
followed by ejection of two or more nucleons. The empir-
ical tuned hA FSI model is nearly the same for all three
GENIE versions [37] but different from the Oset model
[88] used by NuWro. A study of the hA vs. hN models
in GENIE 3 (not shown) suggests 10% differences in these
bins from this choice alone.

A related generator choice is that FSI can be sup-
pressed, either for convenience (low energy nucleons are
not observed in Cherenkov detectors) or via applications
of Pauli blocking of the rescattered state. For example,
a 24 MeV proton might never be transformed into a 4
MeV proton and a 20 MeV neutron. A recent discus-
sion of these effects is presented in [89]; Fig. 5 of that
paper shows dramatic differences below 50 MeV proton
kinetic energy in generators (along with proton carbon
scattering data) from the FSI model configuration alone.

The GENIE v3 generator dramatically underpredicts
the first bin of the data. This comes from a change in how

nucleon removal energy is treated. In GENIE v2 (includ-
ing the two MnvTunes), 25 MeV is explicitly subtracted
from the proton for QE reactions. This 25 MeV is also
subtracted from the hadron state in our special resonance
modification. In GENIE v3, this subtraction is not made,
and the resulting distribution of Eavail is systematically
shifted higher. In the classic (e,e′) nuclear effect paper
[90], the QE peak is higher by 25 MeV. In GENIE this
is accomplished by using the deForest prescription [91].
With Pauli-blocking and the final 25 MeV subtraction,
the resulting protons in GENIE v2 are produced down to
zero kinetic energy. The strategy is the same in GENIE

v3, but by not following the Pauli-blocking step with a
25 MeV subtraction, very few protons are produced be-
low 20 MeV. Discussion of additional ways to treat these
effects were described in Sec. IV for resonances and can
be found in [71, 72] and has been implemented for QE in
[92].

Collectively these model choices create ±20% differ-
ences in the QE-rich first bin in each panel. In our ex-
traction of the cross section, we have applied an uncer-
tainty to the RPA effect [28] that produces a magnitude
on the model prediction about half the size of these differ-
ences, though it has little impact on the extracted cross
section. Recently experiments have used a combination
of RPA, FSI, and removal energy uncertainties. These
uncertainties are justified or would be more than needed
if their base model was already close to the MINERvA
data points.

C. The low Q2 resonances

All generator configurations describe the low-Q2 reso-
nances better than MnvTune-v1.2 and the Rein Sehgal
model. The MnvTune-v3 uses a new prescription to ap-
ply a removal energy to resonances similar to what GE-

NIE v2 does for the QE process. It preserves the event
rate but shifts it to lower Eavail. Its effects compared to
the GENIE v3 model are already described in Sec. IV and
Fig. 4 which are a reduction in the event rate compared
to MnvTune-v1.2. The result in the GENIE v3 curve in
Fig. 5 is consistent with the isolated study. Ours is the
first exploration of such a removal energy effect serving
analysis of resonance data, but a suppression effect may
also be needed to describe these data.

The pion production models in NuWro are within a
few percent of the MnvTune-v3 in the bins where this
effect is significant. The ∆ model is from Lalakulich and
Paschos [93] with deuterium-data based axial and vector
form factors [68] and Pauli blocking. It would be similar
to the dashed black line in Fig. 4. The higher resonances
are treated very differently in NuWro, preventing firm
conclusions. Instead of simulated the non-∆ resonances
and their decay like other generators, the NuWro event
rate is entirely provided by the DIS model using only
the quark-hadron duality principle to reproduce the res-
onance interaction rate on average.
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D. Comparison to previous measurement

This result has several major improvements com-
pared to the original measurement with the Low Energy
dataset [5]. These changes cause the reconstructed dis-
tributions to differ even with a consistent MC configura-
tion like MnvTune-v1.2. The magnitude of these effects
is 10% to 20% in some regions of the sample. The most
significant contribution is from the estimated flux; the
ME result uses the 12% ν+ e scattering adjustment [13].
In contrast, the 8% LE adjustment [94] was not yet avail-
able for the first analysis. The +3.6% muon energy scale
correction that is applied to the ME data [38] has com-
plex effects on this sample and is also significant. There
are numerous improvements of 2% or less including the
detector mass model and efficiency corrections. And the
sophistication of the uncertainty budget is improved.

Due to a collection of additional effects, the unfolded
data are the same in parts of the sample and different in
others. The unfolded distributions use different central
value MC. The most prominent change is that the orig-
inal analysis did not have any addition to the 2p2h or
QE rate in the dip region, that aspect of MnvTune-v1.2
was added afterward. Of equal significance, the origi-
nal analysis used neither a low-Q2 resonance suppression
nor a ∆ hadronic energy shift to account for that poorly
predicted region of the sample.

A third effect comes from the unfolding technique,
which introduces shifts in the data/MC ratio in Fig. 5
compared to the ratio in the reconstructed distributions
in Fig. 2. Some of these shifts are from features encoded
in the migration matrix, such as how many events mi-
grate into the lowest Eavail bins. Other shifts arise from
the iterative unfolding method. When the input model is
far from the data, iterations can lessen the gap, remov-
ing some of the bias from an imperfect starting model.
In this analysis, these reduce the discrepancy by 8% es-
pecially the QE region, compared to the reconstructed
distributions. This is one-third of the discrepancy for
MnvTune-v1.2 and half the discrepancy for MnvTune-
v3. In the QE region of the previous measurement, the
reconstructed distribution was already well described.

The new results in this paper are the best starting
point for interpreting the cross section in the QE, 2p2h,
and ∆ regions. Because of these changes, combining the
published unfolded LE result with the new ME result is
not a viable analysis, and we consider the previous results
superseded by the new results. The changes individually
and collectively are more significant than the expected
theoretical cross section effects for the two flux-averaged
cross sections. Future analysis to bring the LE cross sec-
tions on the same footing or a joint analysis with the
reconstructed data using the data preservation packages
[95] may shed more light on the neutrino energy depen-
dence of the conclusions reached by this data set alone.

VIII. CONCLUSIONS

This paper presents an analysis of inclusive charged-
current neutrino interactions on a hydrocarbon
(polystyrene) target at low three-momentum trans-
fer along with several model variations for these
interactions. The measured double-differential cross
section, as a function of three-momentum transfer and
available energy, are shown with comparisons to three
variations of GENIE and two configurations of NuWro
event generators. The QE, 2p2h, and resonance pro-
cesses are not well described by these generators, though
the latest model elements are significant progress.

An analysis of reconstructed data distributions with
several model elements is used to produce a new cen-
tral value (MnvTune-v3) for unfolding and evaluation of
systematic uncertainties, compared to prior MINERvA
measurements. The SuSA prediction for the 2p2h model,
an enhancement of the high momentum tail of the struck
nucleon momentum for QE, and a deduction of 25 MeV
removal energy from the resonance final state replace em-
pirical tunes to MINERvA data. Model choices with sim-
ilar effects are available in GENIE v3 and NuWro.

Even with the improved agreement from the MnvTune-
v3, discrepancies remain: in the reconstructed distribu-
tions much of the QE region is underpredicted by 5%
to 20%. As suggested by the reconstructed distribution
uncertainty and how the generator predictions differ in
Fig. 5, there may be enough model freedom that there
are multiple ways to describe the data. There are sev-
eral theory-motivated modifications to the QE that can
be studied in the future. The axial form factor and the
RPA screening effect are uncertain and the QE rate can
be reduced. More subtle implementations of the removal
energy would change the prediction, as would the many
beyond-Fermi gas nuclear models. Plus this region has
feed-in via final state hadron rescattering with uncertain
strength. The measurement in this paper is a benchmark
for future improvements in the modeling needed for pre-
cision neutrino oscillation experiments.
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[26] T. Sjöstrand, S. Mrenna, and P. Skands, PYTHIA 6.4
physics and manual, Journal of High Energy Physics
2006, 026 (2006).

[27] J. Nieves, J. E. Amaro, and M. Valverde, Inclu-
sive quasi-elastic neutrino reactions, Phys. Rev. C 70,
055503 (2004), [Erratum: Phys.Rev.C 72, 019902 (2005)],
arXiv:nucl-th/0408005.

[28] R. Gran, Model Uncertainties for Valencia RPA Effect
for MINERvA, - (2017), arXiv:1705.02932 [hep-ex].

[29] P. Rodrigues, C. Wilkinson, and K. McFarland, Con-
straining the GENIE model of neutrino-induced single
pion production using reanalyzed bubble chamber data,
Eur. Phys. J. C 76, 474 (2016), arXiv:1601.01888 [hep-
ex].

[30] C. Wilkinson, P. Rodrigues, S. Cartwright, L. Thompson,
and K. McFarland, Reanalysis of bubble chamber mea-
surements of muon-neutrino induced single pion produc-
tion, Phys. Rev. D 90, 112017 (2014), arXiv:1411.4482
[hep-ex].

[31] G. M. Radecky et al., Study of Single Pion Production
by Weak Charged Currents in Low-energy Neutrino d
Interactions, Phys. Rev. D 25, 1161 (1982), [Erratum:
Phys.Rev.D 26, 3297 (1982)].

[32] T. Kitagaki et al., Charged Current Exclusive Pion Pro-
duction in Neutrino Deuterium Interactions, Phys. Rev.
D 34, 2554 (1986).

[33] A. Mislivec, A. Higuera, et al. (MINERvA Collabora-
tion), Measurement of total and differential cross sec-
tions of neutrino and antineutrino coherent π± pro-
duction on carbon, Phys. Rev. D 97, 032014 (2018),
arXiv:1711.01178 [hep-ex].

[34] J. Nieves, I. Ruiz Simo, and M. J. Vicente Vacas, In-
clusive Charged–Current Neutrino–Nucleus Reactions,
Phys. Rev. C 83, 045501 (2011), arXiv:1102.2777 [hep-
ph].

[35] R. Gran, J. Nieves, F. Sanchez, and M. J. Vicente Va-
cas, Neutrino-nucleus quasi-elastic and 2p2h interac-
tions up to 10 GeV, Phys. Rev. D 88, 113007 (2013),
arXiv:1307.8105 [hep-ph].

[36] J. Schwehr, D. Cherdack, and R. Gran, GENIE
implementation of IFIC Valencia model for QE-
like 2p2h neutrino-nucleus cross section, - (2016),
arXiv:1601.02038 [hep-ph].

[37] L. A. Harewood and R. Gran, Elastic hadron-nucleus
scattering in neutrino-nucleus reactions and transverse
kinematics measurements, - (2019), arXiv:1906.10576
[hep-ex].

[38] A. Bashyal, D. Rimal, B. Messerly, et al. (MINERvA
Collaboration), Use of neutrino scattering events with
low hadronic recoil to inform neutrino flux and detector
energy scale, Journal of Instrumentation 16 (08), P08068.

[39] D. Ashery, I. Navon, G. Azuelos, H. Walter, H. Pfeif-
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