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Abstract

Neutrino-carbon scattering data at low three-momentum transfer from the MINERvVA neutrino
experiment are analyzed to isolate a sample of charged-current v, interactions. For the first time in
a neutrino experiment, the observed hadronic energy is combined with muon kinematics to permit
the separation of the quasielastic and A resonance processes and allow clear identification of multi-
nucleon effects. A major suppression of the cross section at very low energy transfer matches the
screening effect of long-range nucleon correlations, while an addition to the event rate in the dip
region between the peaks of the quasielastic and A resonance processes is needed to describe the
data. These additional events are found to have an enhanced population of multi-proton final states.
Predictions of a two-particle, two-hole contribution to the cross section have both properties. The
measured double-differential cross section d%0/d E,.i1dgs enables further investigation of details of

the cross section and nuclear models.

PACS numbers: 13.15.4-g,25.30.Pt
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The environment of the nucleus modifies neutrino scattering cross sections, compared
to free nucleons and deuterium. Fermi-gas models [I] are still widely used, but consider
only simple elements such as Fermi motion and Pauli-blocking. Such models are unable
to consistently describe high statistics data for neutrino scattering from oxygen [2], carbon
[3-8], and iron [9], especially for processes at the lowest three-momentum transfer such
as quasielastic (QE) and A resonance production. The prevailing interpretation for these
discrepancies is that more detailed nuclear models are required.

Missing nuclear effects in the QE and A region, or missing an entire process such as two-
particle, two-hole (2p2h) contributions, is a barrier [I0-15] to the precision measurement of
neutrino oscillation parameters by current and future accelerator-based experiments [16H20].
The effect is especially acute when the lepton kinematics or final state content affect neutrino
energy reconstruction or might affect neutrinos and anti-neutrinos differently. Uncertainties
in the nuclear modeling also prevent investigation into other fundamental quantities like the
nucleon axial form factor.

This letter presents the first analysis of neutrino scattering data to isolate the kinematics
of the dip region between the peaks of the QE and A resonance processes, and confirms
specific beyond-Fermi gas model effects and their energy dependence. This analysis, of
data from the MINERvVA experiment, clearly identifies a suppression of the cross section at
low energy transfer due to long range nucleon-nucleon correlations, such as those computed
[21],22] using the Random Phase Approximation (RPA) technique. The data also give strong
evidence of a process with multiple protons in the final state, such as from a predicted 2p2h
process [22 23] with energy transfer in the dip region.We present the data as a double
differential cross section for further comparisons to interaction models.

A typical approach in previous investigations of nuclear effects in neutrino scattering has
been to select a sample of QE events and measure the final-state charged lepton kinematics,
and use them to infer Q?, the square of the four-momentum transferred to the nucleus.
Predicted RPA and 2p2h effects overlap [24] in Q?, despite distinctly different kinemat-
ics. Without a mono-energetic neutrino beam or detailed convolution with the flux, model
elements are difficult to distinguish with muon kinematics only.

Reconstructing hadronic energy, in addition to muon kinematics, permits an electron
scattering (e, €’)-style analysis of the neutrino energy FE, plus a pair of variables which

separate QE and A events: either Q% and hadronic invariant mass W, or energy transfer gq
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and the magnitude of three-momentum transfer g3 = |g] to the nucleus. The latter basis is
used in this letter, to avoid the model dependence inherent in producing an unfolded W cross
section. To avoid model dependence in unfolding to true ¢y, we define a similar quantity, the
available hadronic energy F,..i: the energy from all charged and electromagnetic particles
in the hadronic system except neutrons. This minimizes the correction from the model for
the nucleon removal energy and unobserved neutrons, and allows the report of a double-
differential cross section d%c/dF,.ndgs. In detail, E,u.; is defined as the sum of proton
kinetic energy, charged pion kinetic energy, neutral pion total energy, electron and photon
energy. Because neutrons are excluded, the precision of this estimator has small dependence
on the particle content of the system (and therefore the interaction model) and depends
mostly on the well-simulated properties of such particles as they leave the interaction point
and travel through the detector.

These data are taken from the 2009 to 2012 MINERvVA exposure to the NuMI beam
[25] with 3.33 x 10?° protons on target. In the NuMI beam, 120 GeV protons interact
with a graphite target, producing charged mesons which are focused toward the MINERvA
detector by a pair of magnetic horns. These mesons decay to neutrinos in a decay pipe
filled with helium, leading to a neutrino spectrum which peaks at 3.5 GeV. Compared to
prior MINERvA publications, updates to the simulation of the neutrino beam and tuning
to available thin-target hadron production data [26-29] to produce the predicted neutrino
flux.

An inclusive sample of v, charged-current interactions is selected using events that origi-
nate in MINERvA’s 5.57 ton active-tracker fiducial volume [30], which consists of planes of
triangular scintillator strips with a 3.4 cm base and 1.7 cm height which are up to 2 m long.
Hydrogen, carbon, and oxygen account for 7.5%, 88%, and 3.2% of the target nucleons.
The planes are hexagonal and alternate between three orientations (0° and £60°) around
the beam direction. This enables an excellent reconstruction of the interaction point and
muon track angle in three dimensions, even when other activity overlaps the muon in one
view. The MINOS near detector [31], a magnetized iron spectrometer located downstream
of MINERVA, provides muon momentum measurement and sign selection.

Event kinematics are reconstructed using the measured energy and angle of the muon
and the measured energy deposited by hadrons in the detector. The selection requires that

muons originate in the fiducial region and are matched to reconstructed muons in the MINOS
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Near Detector. Their energy is measured from their range if the muon stops in MINOS,
or by curvature in the MINOS magnetic field otherwise. That energy in MINOS is added
to an estimate from the muon’s range in MINERVA to form £, and p,, the muon energy
and momentum. The muon angle 0, is measured by tracking the muon in MINERVA from
the interaction point. To produce a cross section based only on data in regions with good
muon acceptance, we require 6, < 20 degrees and £, < 1.5 GeV, though the restriction has
negligible effect on this analysis.

The hadronic energy is reconstructed from the summed energy in the detector not associ-
ated with the muon track. The Monte Carlo simulation (MC) is used to obtain a correction
as a function of this summed energy to the true energy transfer ¢o. The correction depends
significantly on the neutrino interaction model, especially the predicted neutron content of
the final state. The rest of the kinematics are neutrino energy E, = £, + g, square of
the four-momentum transfer Q? = 2E,(E, — p, cosf,) — Massi, and the three-momentum
transfer g3 = \/m. Model dependence from neutron content is a smaller part of g3
because the muon energy and angle are significant. The resolution of ¢z is still dominated
by the resolution of ¢g. The detector’s simulated response to protons and pions with the
sub-GeV energies of the low-¢3 sample agrees with data from a hadron test beam experiment
[32]. Constraints on calorimetry and Birks’ suppression for MINERvA scintillator are used
to tune the simulation and set the uncertainty scale on the single-particle response.

The event selection is completed by requiring 2 < E, < 6 GeV, an interval chosen to
span the peak of the neutrino flux. The average energy of the sample is 3.9 GeV. The
sample is further subdivided into six regions of g3 from 0 to 0.8 GeV. Another sample from
6 < E, < 20 GeV allows investigation of the energy dependence of the cross section.

We estimate F,..; using just the calorimetric sum of energy not associated with the
muon measured in the central tracker region and the electromagnetic calorimeter (ECAL)
region immediately downstream of the tracker. Other tracking and calorimetric regions of
the MINERVA detector contain activity from neutrons and photons, but also from unrelated
beam activity, a mix that degrades the resolution at such low momentum transfers.

The distribution of reconstructed F...; is shown in Fig. [I| and compared to the MC
simulation. The shapes for two regions of g3 show the same discrepancies: an overprediction
of QE events and underprediction of events in the dip between the QE and A processes.

The neutrino interaction model is from GENIE 2.8.4 [33]. Our inclusive charged current
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FIG. 1: Reconstructed E,y; compared to the default MC (with reduced pion production) for
two ranges of reconstructed ¢3: g3 < 0.4 GeV (left) and for 0.4 < g3 < 0.8 GeV (right). The
MC prediction for the QE process is shown by the dashed line, and for A resonance production
by the dotted line, illustrating the location of the dip region. Data are shown with statistical
uncertainty only, which is almost invisible. The absolutely normalized MC is shown with systematic

uncertainties.

selection includes events with a pion in the final state, which have been shown in previous
MINERvVA analyses to be overpredicted by GENIE [8],[34]. We use these MINERVA results to
further modify the MC prediction: The one-pion neutrino-neutron non-resonant component
is reduced by 75%, and the total rate of pion production with W < 1.8 GeV is further
reduced by 10%. Coherent pion production with E, < 450 MeV is also reduced by 50%.
This combination is the default model in this letter.

To study additional effects of the nucleus, we modify the quasielastic process with the
RPA effect from the calculation of Nieves et al. [2I]. A two-dimensional correction in (go, ¢3)
is formed from the ratio of cross sections between the model with RPA effects and the model
without RPA. That correction factor is then applied to the GENIE quasielastic cross section.
This technique does not include the small effect from using a local Fermi gas. It does include

a short range correlation effect, but we do not simulate the presence of the spectator nucleon
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[35] in the final state.

We also add a 2p2h process on carbon and oxygen to the simulation, using the model of
Nieves et al. [23, 24]. The cross section depends on qg, g3, and whether the initial nucleon
pair is proton-neutron or neutron-neutron. This calculation includes only the QE-like (no
pion in the final state) contributions, but does include interactions with A kinematics.

Explicit hadron kinematics are added to the 2p2h model using a strategy similar to that
of [36], documented in detail in [37]. The nucleon pair is drawn from the standard GENIE
Fermi gas distribution, given one unit charge and the momentum and energy transfer, less
two units of 25 MeV nucleon removal energy. It is “decayed” isotropically and back to back
in its center of momentum frame, then boosted back to the nucleus (lab) rest frame, which
is a good approximation [38] to a full calculation. The resulting nucleons are passed to the
GENIE intranuclear rescattering model where their number and energy may change.

An unfolding procedure [39] with four iterations is applied in two dimensions to translate
the data from reconstructed quantities to true (FEayil, g3). The unfolding matrix is diagonal
in each bin of ¢3, with the bin width chosen so 25% or more of the events are in the on-
diagonal entries in the matrix, and 60% when the adjacent two entries are included. The MC
is used to correct for the acceptance of the fiducial volume, the efficiency of the MINOS muon
match, and the subtraction of small (3%) neutral current and p* backgrounds. Dividing by
the flux and number of targets results in the double-differential cross section d2o /A Eayandgs,
shown in Fig. [2| for six regions of g3. The cross section and the flux used is available as
supplementary material.

Both the g3 and the F,..;; estimators have mild dependence on the interaction model. The
results in this paper, especially the migration matrix used for the unfolding, are produced
using the fully modified model rather than the default. In principle, starting with the best
model produces better unfolding results and systematic uncertainties overall. Since neither
model provides a complete description of the data, we also extract the cross section using
the default model, and take the difference between the two as a systematic uncertainty. This
is the largest contributor (10%) to the systematic uncertainty for ¢z below 0.4 GeV. The
flux uncertainty (6%) is the next largest, followed by hadronic and muon energy scales. The
total uncertainty ranges from 10% at high g3 and high E,..; through the dip region, growing
to 20% at the lowest F,.i and ¢s.

The discrepancy seen in the unfolded data in Fig. [2| is much smaller with these model
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FIG. 2: Double-differential cross section d20/ dFE,vaiidgs in six regions of g3. The cross section is
compared to the GENIE 2.8.4 model with reduced pion production (small dot line), the same with
RPA suppression (long-dashed), and then combined with a QE-like 2p2h component (solid). The
2p2h component is shown separately as a shaded region. GENIE predicts a delta-function at zero

available energy in each bin, which is not shown.

additions. The RPA suppression has a significant effect on the lowest E,..; bins, and pro-
duces very good agreement. The model that includes RPA is theoretically motivated and
the lowest Q? behavior of the QE process is almost completely tuned to data: neutron decay
for the axial form factor F4(Q* = 0), and muon capture on nuclei [21] for the long-range
correlation effect. The y? from comparing the reconstucted MC and the data, with the full
covariance matrix, decreases from 885 (for 61 degrees of freedom) for the default MC to
519 when the RPA effects are added. The simulated QE-like 2p2h contribution spans the
horizontal axis and mitigates some of the discrepancy in the dip region between the QE and
A, further improving the agreement in shape from the QE to the dip region. The resulting
x? is improved further to 489. The prediction still does not fully describe the data, especially
in the dip and A regions.

Another sample is created with the energy range 6 < E, < 20 GeV. The unmodeled

shape differences between the data and MC, for high and low energy, are consistent with
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no energy dependence within statistical uncertainties. The proposed model enhancements
also have negligible energy dependence. Differences in the normalization are consistent with
the energy dependence of the flux. An unmodeled energy dependence as large as zero 2p2h
component above 5 GeV is disfavored by more than three standard deviations, with the
muon energy scale being the largest contributing systematic uncertainty. This observation
is also an important confirmation that the low-v method [40H43] or the asymptotic behavior
of the QE process may be an effective method to constrain the relative E, dependence of
the neutrino flux.

The 2p2h process transfers energy and momentum to two nucleons. Those two nucleons,
possibly more with final state interactions (FSI), will be ejected from the nucleus. This is
in contrast to the QE, A, and coherent pion interactions which produce a single recoiling
nucleon, nucleon and pion, and only a pion, respectively (before FSI). Nieves model predicts
[24] that two proton final states outnumber proton plus neutron final states for neutrino
mode data. Even with FSI reinteractions, the 2p2h process should have one more nucleon,
on average, than the other processes. Such an observation was previously reported [6] by
MINERvVA, inferred from the energy spectrum of hadronic activity near the vertex.

It is possible to identify protons in MINERVA using the Bragg peak at the end of their
range in scintillator. Even if a proton has too little energy to be tracked, it is likely to deposit
20 MeV or more in a single scintillator strip. The 20 MeV deposit will not be far from the
event interaction point; for the lowest energy protons it may be the same scintillator strip
where the interaction occurred. Pions and neutrons are likely to leave the interaction region
(£170mm in the beam direction and within £83 mm transverse) and leave none or only
lower energy deposits. When fully simulated, QE and A production events with a pion from
the dip region of the 0.4 < ¢3 < 0.8 sample produce an average of 1.0 strips with activity
more than 20 MeV in the interaction region. Two-nucleon events from the 2p2h process or A
interactions that lose their pion to FSI produce 1.6 and 1.5 strips with 20 MeV, respectively.

The default MC does not have enough protons in the dip region, specifically the ranges
in Fig. [I] from 0.08 to 0.16 (0.14 to 0.26) GeV in the low (high) ¢ distributions. Table [[
shows that variations of the MC provide better description of the data with each model
modification. The simulation is hardly altered by the RPA suppression that dominates the
lowest energy transfer events, below the dip region. The addition of the 2p2h component

makes the most dramatic change. The reduction of pion production compared to the GENIE
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0< g3 <04 GeV 0 1 2 3+ x2

MC GENIE 2.8.4 38.045.015.9 1.1 174
MC-7 “default” 34.047.6 172 1.2 | 9.5
MC-m-RPA 34.4 472172 1.2]10.2

MC-m-RPA+2p2h 30.5 48.1 19.7 1.8 | 5.2

Data (3670 events) 29.6 46.8 20.8 2.9
Binomial stat error 0.8 0.8 0.7 0.3

Systematic uncertainty| 2.6 2.3 2.1 0.7 |3 dof

0.4 < g3 < 0.8 GeV

MC GENIE 2.8.4 37.236.119.0 7.8 | 7.6 185
MC-7 “default” 35.736.719.5 81| 5.8 13.7
MC-m-RPA 35.936.6 194 81| 59 14.0

MC-m-RPA+2p2h 33.936.220.7 93| 1.7 7.3

Data (17756 events) |31.5 35.6 22.1 10.8

Binomial stat error 0.3 04 0.3 0.2

Systematic uncertainty| 2.1 0.9 1.2 1.4 |3 dof 6 dof

TABLE I: Percent of events with zero, one, two, and three or more strips with at least 20 MeV
of activity near the interaction point for the dip region of two g3 subsamples. The rows show the
results for the GENIE 2.8.4 MC and the three modifications of the MC, followed by results for the
data with statistical and systematic uncertainties. The final two columns show the evolution of
the x? between the data and each model change; first for the subsamples separately, and the final

column is for the combination of the two subsamples.

default also increases the relative number of multi-proton events. The region above the dip
(dominated by resonances and unsimulated 2p2h7 interactions) show all the same trends.
Below the dip (dominated by QE) the agreement is most improved with the addition of the
RPA suppression; sensitivity to multiple protons is reduced due to the QE background and
the protons’ lower energy.

The most significant systematic uncertainty is from the value [32] for Birks’ parameter

used in the MC. Uncertainties from the GENIE final state interaction model, especially pion
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absorption, change the multi-nucleon content and are also significant, but the 1o uncertainty
produces effects that are a factor of three smaller than this model for 2p2h reactions. The
shape of the pion energy spectrum reported in [§] is especially sensitive to the FST model
and is adequately described with GENIE and its FSI uncertainties. The hadron energy
scale [32] can distort the MC to better describe one subsample or the other, but not both
simultaneously, reducing its significance. The uncertainties shown in Table || are from the
diagonal terms of the covariance matrix, but the x? between the data and each model is
computed using the full covariance.

The significantly improved agreement, even using a single 2p2h model with a simplified
hadronic system, is additional evidence that a multi-nucleon component is present in the
data. Refinements to this 2p2h model, or other models [22] 44] (not currently available for
full simulation) may predict more multi-proton events, or with different kinematics, which
may further improve the description of the data.

An alternate approach that uses the superscaling hypothesis [44, 45] to describe the 1plh
process in electron scattering data empirically picks up the short range correlation effects.
Relative to a Fermi gas model, and the model used in this letter, this approach produces
a migration of ~15% of the QE cross section from the QE peak toward the dip region.
Combined with a post-hoc final state that includes the spectator nucleon [46] and an explicit
2p2h process like the one simulated here, this could further improve the description of the
data in the dip region. The cross sections and indications of the proton final state content
presented here are uniquely equivalent to the electron scattering process that superscaling
and 2p2h models were originally built to describe, and will lead to implementations broadly
available with new accuracy for neutrino experiments.
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