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We have isolated ν̄µ charged-current quasi-elastic interactions occurring in the segmented scintillator tracking region of the MINERvA detector running in the NuMI neutrino beam at Fermilab.
We measure the flux-averaged differential cross-section, dσ/dQ2 , and compare to several theoretical
models of quasi-elastic scattering. Good agreement is obtained with a model where the nucleon
axial mass, MA , is set to 0.99 GeV/c2 but the nucleon vector form factors are modified to account
for the observed enhancement, relative to the free nucleon case, of the cross-section for the exchange
of transversely polarized photons in electron-nucleus scattering. Our data at higher Q2 favor this
interpretation over an alternative in which the axial mass is increased.
PACS numbers: 13.15.+g,25.30.Pt,21.10.-k

The recent discovery that the neutrino mixing angle
θ13 ≈ 9◦ [1–5] makes measuring the hierarchy of neu-

trino masses and CP violation possible in precision neutrino oscillation experiments. Quasi-elastic interactions,

2
νp → `+ n and νn → `− p, have simple kinematics and
serve as reference processes in those experiments [1, 6, 7]
at GeV energies. These processes are typically modeled
as scattering on free nucleons in a relativistic Fermi gas
(RFG), with a nucleon axial form factor measured in
neutrino-deuterium quasi-elastic scattering [8, 9]. In the
RFG model [10] the initial state nucleons are independent in the mean field of the nucleus, and therefore the
neutrino energy and momentum transfer Q2 can be estimated from the polar angle θ` and momentum p` of
the final state lepton. However, correlations and motion
of the initial state nucleons, as well as interactions of the
final state particles within the nucleus, significantly modify the Fermi gas picture and affect the neutrino energy
reconstruction in oscillation experiments [11–13].
Few measurements of antineutrino quasi-elastic scattering exist [14–16]. The most recent, from the MiniBooNE experiment on a hydrocarbon target at energies
near 1 GeV [16], does not agree with expectations based
on the RFG model described above. A MiniBooNE analysis of νµ quasi-elastic scattering suggests an increased
axial form factor at high Q2 [17]. However, results at
higher energy from the NOMAD experiment [18] are consistent with the Fermi gas model and the form factor from
deuterium.
In this Letter we report the first study of antineutrino quasi-elastic interactions from the MINERvA experiment, which uses a finely segmented scintillator detector at Fermilab to measure muon antineutrino and
neutrino charged current interactions at energies between
1.5 and 10 GeV on nuclear targets. The signal reaction
has a µ+ in the final state along with one or more nucleons (typically with a leading neutron), and no mesons 1 .
The µ+ is identified by a minimum ionizing track that
traverses MINERvA [19] and travels downstream to the
MINOS magnetized spectrometer [20] where its momentum and charge are measured. The leading neutron, if
it interacts, leaves only a fraction of its energy in the
detector in the form of scattered low energy protons.
To isolate quasi-elastic events from those where mesons
are produced, we require the hadronic system recoiling
against the muon to have a low energy. That energy
is measured in two spatial regions. The vertex energy
region corresponds to a sphere around the vertex with
a radius sufficient to contain a proton (pion) with 120
(65) MeV kinetic energy. This region is sensitive to low
energy protons which could arise from correlations among
nucleons in the initial state or interactions of the outgoing hadrons inside the target nucleus. We do not use the
vertex energy in the event selection. The recoil energy
region includes energy depositions outside of the vertex

region and is sensitive to pions and higher energy nucleons. We use the recoil energy to estimate and remove
inelastic backgrounds.
The MINERvA experiment studies neutrinos produced
in the NuMI beamline [21] from 120 GeV protons which
strike a graphite target. The mesons produced in p + C
interactions are focused by two magnetic horns into a
675 m long helium-filled decay pipe. The horns were set
to focus negative mesons, resulting in a muon antineutrino enriched beam with a peak energy of 3 GeV. Muons
produced in meson decays are absorbed in 240 m of rock
downstream of the decay pipe. This analysis uses data
taken between November 2010 and February 2011 with
1.014 × 1020 protons on target.
A Geant4-based [22, 23] beamline simulation is used
to predict the antineutrino flux. Hadron production in
the simulation was tuned to agree with the NA49 measurements of pion production from 158 GeV protons on
a thin carbon target [24]. FLUKA is used to translate
NA49 measurements to proton energies between 12 and
120 GeV [25, 26]. Interactions not constrained by the
NA49 data are predicted using the FTFP hadron shower
model 2 .
The MINERvA detector consists of a core of scintillator strips surrounded by electromagnetic and hadronic
calorimeters on the sides and downstream end of the detector [19]3 . The strips are perpendicular to the z-axis
(which is very nearly the beam axis) and are arranged in
planes with a 1.7 cm strip-to-strip pitch 4 . Three plane
orientations (0◦ , ±60◦ rotations around the z-axis) enable reconstruction of the neutrino interaction point, the
tracks of outgoing charged particles, and calorimetric reconstruction of other particles in the interaction. The
3.0 ns timing resolution is adequate for separating multiple interactions within a single beam spill.
MINERvA is located 2 m upstream of the MINOS
near detector, a magnetized iron spectrometer [20]. The
MINERvA detector’s response is simulated by a tuned
Geant4-based [22, 23] program. The energy scale of the
detector is set by ensuring that both the photostatistics
and the reconstructed energy deposited by momentumanalyzed through-going muons agree in data and simulation. Calorimetric constants used to reconstruct the
energy of hadronic showers are determined from the simulation. The uncertainty in the response to single hadrons
is constrained by the measurements made with a scaled
down version of the MINERvA detector in a low energy
hadron test beam [19].
The MINERvA detector records the energy and time
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In this analysis quasi-elastic scattering occurs on both free protons and inside carbon nuclei.

4

FTFP shower model in Geant 4 version 92 patch 03.
The MINERvA scintillator tracking region is 95% CH and 5%
other materials by weight.
The y-axis points along the zenith and the beam is directed
downward by 58 mrad in the y-z plane.
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EνQE =

m2n − (mp − Eb )2 − m2µ + 2(mp − Eb )Eµ
(1)
2(mp − Eb − Eµ + pµ cos θµ )

Q2QE

2EνQE (Eµ

=

− pµ cos θµ ) −

m2µ ,

(2)

where Eµ and pµ are the muon energy and momentum,
θµ is the muon angle with respect to the beam and mn ,
mp and mµ are the masses of the neutron, proton and
muon, respectively.
Figure 1 shows the reconstructed data compared to
neutrino interactions simulated using the GENIE 2.6.2
neutrino event generator [29]. For quasi-elastic interactions, the cross-section is given by the Llewellyn Smith
formalism [30]. Vector form factors come from fits to
electron scattering data [31]; the axial form factor used
is a dipole with an axial mass (MA ) of 0.99 GeV/c2 ,
consistent with deuterium measurements [8, 9]; and subleading form factors are assumed from PCAC or exact
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FIG. 1: The measured recoil energy distribution (solid circles) and the predicted composition of signal and background.
Backgrounds from baryon resonance production (light grey),
continuum/deep-inelastic scattering (dark grey), and other
sources (black),such as coherent pion production, are shown.
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of energy depositions (hits) in each scintillator strip. Hits
are first grouped in time and then clusters of energy are
formed by spatially grouping the hits in each scintillator
plane. Clusters with energy > 1 MeV are then matched
among the three views to create a track. The most upstream cluster on the muon track establishes the event
vertex. We identify a µ+ by matching a track that exits
the back of MINERvA with a positively charged track
entering the front of MINOS. The per plane track resolution is 2.7 mm and the angular resolution of the muon
track is better than 10 mrad [19]. The event vertex is
restricted to be within the central 110 planes of the scintillator tracking region and no closer than 22 cm to any
edge of the planes. These requirements define a region
with a mass of 5.57 metric tons.
The times of the tracked hits are used to determine the
interaction time. Other untracked clusters up to 20 ns
before and 35 ns after that time are associated with the
event. The energy of the recoil system is calculated from
all clusters not associated with the muon track or located
within the vertex region. Events with two or more spatially contiguous and isolated groups of recoil clusters are
rejected as likely being due to inelastic backgrounds.
Event pile-up causes a decrease in the muon track reconstruction efficiency. We studied this in both MINERvA and MINOS by projecting tracks found in one of
the detectors to the other and measuring the misreconstruction rate. This resulted in a -7.8% (-4.6%) correction to the simulated efficiency for muons below (above)
3 GeV/c.
Estimation of the initial neutrino energy (Eν ) and fourmomentum transfer squared (Q2 ) of the interaction assumes an initial state nucleon at rest with a constant
binding energy, Eb , which we set to +30 MeV based
on electron scattering data [27] and estimates of isospin
breaking and Coulomb effects from the semi-empirical
mass formula for nuclei [28]. Under this quasi-elastic hypothesis, denoted by QE,
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FIG. 2: The measured Q2QE distribution before background
subtraction and corrections for detector resolutions and acceptance.

G-parity symmetry [32]. The nuclear model is the relativistic Fermi gas (RFG) [33] with a Fermi momentum of
221 MeV/c and an extension to higher nucleon momenta
to account for short-range correlations [34, 35]. Inelastic
reactions with a low invariant mass hadronic final state
are based on a tuned model of discrete baryon resonance
production [36], and the transition to deep inelastic scattering is simulated using the Bodek-Yang model [37].
Final state interactions, where hadrons interact within
the target nucleus, are modeled using the INTRANUKE
package [29].
Figure 1 shows evidence of quasi-elastic interactions
in the peak of events at low recoil energy. A significant
background of inelastic events still exists, primarily from
baryon resonance production where the final state pion
is not identified. To reduce this background we make
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Q2QE (GeV2 )
0.0 − 0.025

I

II

III

IV

V

VI Total

0.05 0.04 0.00 0.02 0.11 0.02 0.13

0.025 − 0.05 0.05 0.04 0.01 0.01 0.11 0.02 0.13
0.05 − 0.1

0.05 0.04 0.01 0.01 0.11 0.01 0.13

0.1 − 0.2

0.04 0.04 0.01 0.01 0.11 0.01 0.12

0.2 − 0.4

0.03 0.06 0.01 0.02 0.11 0.01 0.13

0.4 − 0.8

0.05 0.07 0.02 0.03 0.11 0.01 0.15

0.8 − 1.2

0.11 0.11 0.02 0.02 0.11 0.02 0.20

1.2 − 2.0

0.13 0.15 0.04 0.04 0.12 0.02 0.23

TABLE I: Fractional systematic uncertainties on dσ/dQ2QE
associated with muon reconstruction (I), recoil reconstruction
(II), neutrino interaction models (III), final state interactions
(IV), flux (V) and other sources (VI). The final column shows
the total fractional systematic uncertainty due to all sources.

a Q2QE dependent selection of low recoil-energy events 5 .
We also require EνQE < 10 GeV to limit uncertainties due
to the neutrino flux. Figure 2 shows the Q2QE distribution
of the remaining 16,467 events in the data compared with
the simulation.
The background in each Q2QE bin is estimated from
the data by fitting the relative normalizations of signal and background recoil energy distributions whose
shapes are taken from the simulation. The fit results
in a 10% reduction in the relative background estimate
for Q2QE > 0.8 GeV2 and no change to Q2QE < 0.8 GeV2 .
We then correct for energy resolution using a Bayesian
unfolding method [38] with four iterations to produce the
event yield as a function of Q2QE , determined via Eq. 2
with pµ and θµ taken from the GENIE event generator. After unfolding, we use the simulation to correct
the yield for efficiency and acceptance, and then divide
by the neutrino flux and the number of target nucleons
to calculate the bin-averaged cross-section. We estimate
the neutrino flux in the range 1.5 ≤ Eν ≤ 10.0 GeV to
be 2.43 × 10−8 cm−2 per proton on target6 and there are
1.91 ± 0.03 × 1030 protons in the fiducial volume.
The main sources of systematic uncertainty in the differential cross-section measurement are due to: the reconstruction of the muon; the reconstruction and detector response for hadrons; the neutrino interaction model;
final state interactions; and the neutrino flux. These uncertainties are evaluated by repeating the cross-section
analysis with systematic shifts applied to the simulation
and their effect is shown in Tab. I.
Uncertainties in the muon energy scale have a direct
impact on Q2QE and result in a bin migration of events.
The bulk of the uncertainty comes from MINOS, which

5

6

The precise selection is Erecoil < 0.03 + 0.3 × Q2QE (GeV2 /c2 ).
The Q2QE dependence improves the signal efficiency for higher
Q2QE .
See Supplemental Material in the Appendix for the flux as a
function of energy

reconstructs muon energy by range (for stopping tracks)
and curvature (exiting). There is a 2.0% uncertainty
in the range measurement, due to the material assay
and imperfect knowledge of muon energy loss[20]. Using muon tracks which stop in the detector, we compare the momentum measured by range and curvature
to establish an additional uncertainty of 0.6% (2.6%)
on curvature measurements above (below) 1 GeV/c. We
also account for subdominant uncertainties on the energy
loss in MINERvA, systematic offsets in the beam angle,
mis-modeling of the angular and position resolution, and
tracking efficiencies.
The systematic error on the recoil energy measurement
is due to the uncertainty in the MINERvA detector energy scale set by muons and differences between the simulated calorimetric response to single hadrons and the
response measured by the test beam program. Additional uncertainties are due to differences between the
Geant model of neutron interactions and thin target data
on neutron scattering in carbon, iron and copper[39–46].
We evaluate further sources of systematic error by loosening analysis cuts on energy near the vertex and on
extra isolated energy depositions, repeating the fit to the
background and subsequent analysis, and assigning an
uncertainty to cover the difference.
Predictions for Q2QE and recoil energy distributions for
neutrino-induced background processes are based upon
the GENIE generator. We evaluate the systematic error
by varying the underlying model tuning parameters according to their uncertainties [29]. These include parameters governing inelastic interactions of neutrinos with
nucleons and those that vary the final state interactions.
The systematic error on the antineutrino flux arises
from uncertainties in hadron production in the NuMI
target and beamline, and from imperfect modeling of the
beamline focusing and geometry [47]. Where hadron production is constrained by NA49 data[24], the NA49 measurement uncertainties dominate. The uncertainty on
other interactions is evaluated from the spread between
different Geant4 hadron production models [22, 23] The
absolute flux uncertainties are large, with a significant
Eν dependence, but mostly cancel in a measurement of
the shape of dσ/dQ2QE .
The measured differential cross-section dσ/dQ2QE is
shown in Fig. 3 and Table II. Averaged over the flux
from 1.5 to 10 GeV, we find σ = 0.604 ± 0.008(stat) ±
0.075(syst) × 10−38 cm2 /proton. As noted above, the
systematic uncertainties are significantly reduced in the
shape of the differential cross-section7 , which is shown in
Fig. 4.
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See Supplemental Material in Appendix for correlations of the
uncertainties among Q2QE bins for both the cross-section and
shape measurement
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(GeV2 )

(10−38 cm2 /GeV2 /proton)

Cross-section (%)

0.0 − 0.025

0.813 ± 0.035 ± 0.102

3.45 ± 0.15 ± 0.22

0.025 − 0.05

1.061 ± 0.045 ± 0.134

4.50 ± 0.19 ± 0.31

0.05 − 0.1

1.185 ± 0.033 ± 0.150

10.05 ± 0.28 ± 0.63

0.1 − 0.2

1.096 ± 0.024 ± 0.135

18.59 ± 0.41 ± 0.83

GENIE RFG MA =0.99

0.2 − 0.4

0.777 ± 0.016 ± 0.101

26.38 ± 0.55 ± 0.62

NuWro SF MA =0.99

0.4 − 0.8

0.340 ± 0.009 ± 0.050

23.11 ± 0.61 ± 0.98
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0.8 − 1.2
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8.35 ± 0.61 ± 1.15
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0.041 ± 0.004 ± 0.010
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TABLE II: Table of absolute and shape-only cross-section results. In each measurement, the first error is statistical and
the second is systematic.
NuWro

FIG. 3: The anti-neutrino quasi-elastic cross-section as a function of Q2QE compared with several different models of the interaction described in the text. The inner (outer) error bars
correspond to the statistical (total) uncertainties.
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Rate χ /d.o.f.

2.64

1.06

2.90

2.14

Shape χ2 /d.o.f.

2.90

0.66

1.73

2.99

TABLE III: Comparisons between the measured dσ/dQ2QE
(or its shape in Q2QE ) and different models implemented using
the NuWro neutrino event generator, expressed as χ2 per degree of freedom (d.o.f.) for eight (seven) degrees of freedom.
The χ2 computation in the table accounts for significant correlations between the data points caused by systematic uncertainties.
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FIG. 4: The data and models of Fig. 3 shown by Q2QE shape
and as a ratio to the reference GENIE prediction.

Table III compares the data to the RFG model in the
GENIE event generator and a number of different nuclear models and values of MA in the NuWro generator [48]. There is little sensitivity to replacement of the
Fermi gas with a spectral function (SF) model of the
target nucleon energy-momentum relationship [49]. The
data disfavor MA = 1.35 GeV as extracted from fits of
the MiniBooNE neutrino quasi-elastic data in the RFG
model [17]. Our data are consistent with a transverse enhancement model (TEM) which has MA = 0.99 GeV in
agreement with deuterium data and includes an enhancement of the magnetic form factors of bound nucleons that
has been observed in electron-carbon scattering [50]. The
MA = 1.35 GeV and TEM models have a similar Q2QE dependence at low Q2QE but are distinguished by the kinematic reach of the data at Q2QE > 1 GeV2 .
Transverse enhancement is included as a parametrization affecting the Q2QE dependence in our analysis but is
thought to be due to underlying multinucleon dynamical
processes [51–57]. Such processes could have an effect on

the vertex and recoil energy distributions that we do not
simulate. Motivated by these concerns and by discrepancies observed in our analysis of νµ quasi-elastic scattering [58], we have also studied the vertex energy to test the
simulation of the number of low energy charged particles
emitted in quasi-elastic interactions. Figure 5 shows this
energy compared to the simulation. A fit which modifies the distributions to incorporate energy due to additional protons is not able to achieve better agreement.
This might be explained if the dominant multibody process is ν̄µ (np) → µ+ nn [59] since MINERvA is not very
sensitive to low energy neutrons. We have done a similar analysis on neutrino mode data which indicates additional protons in the final state and is helpful in drawing
further conclusions about the effect of the nucleus on
quasi-elastic reactions [58].
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Science (Russia). We thank the MINOS Collaboration

550

Total MC before fit
MC Background

500

Total MC after fit

Events / MeV

Events / MeV

6

Data

600
550

Total MC before fit
MC Background

500

Total MC after fit
450

Data

150

100

100
50
0
0

50
50

100

150

Vertex Energy (MeV)

200

0
0

50

100

150

200

Vertex Energy (MeV)

FIG. 5: Reconstructed vertex energy of events passing the
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Q2QE < 0.2 GeV2 /c2 (left) and for Q2QE > 0.2 GeV2 /c2
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Appendix: Supplementary Material
Q2QE (GeV2 ) Bins

0.0 − 0.025 0.025 − 0.05 0.05 − 0.1 0.1 − 0.2 0.2 − 0.4 0.4 − 0.8 0.8 − 1.2 1.2 − 2.0

Cross-section in bin

0.813

1.061

1.185

1.096

0.777

0.340

0.123

0.041

(10−38 cm2 /GeV2 /proton)

± 0.108

± 0.142

± 0.154

± 0.137

± 0.103

± 0.051

± 0.026

± 0.011

0.0 − 0.025

1.000

0.884

0.911

0.901

0.828

0.700

0.362

0.297

1.000

0.913

0.904

0.820

0.675

0.343

0.278

1.000

0.942

0.875

0.726

0.353

0.319

1.000

0.933

0.825

0.431

0.413

1.000

0.916

0.541

0.566

1.000

0.643

0.653

1.000

0.752

0.025 − 0.05
0.05 − 0.1
0.1 − 0.2
0.2 − 0.4
0.4 − 0.8
0.8 − 1.2
1.2 − 2.0

1.000

TABLE IV: The measurement of the differential cross-sections in Q2QE , their total (statistical and systematic) uncertainties,
and the correlation matrix for these uncertainties

Q2QE (GeV2 ) Bins 0.0 − 0.025 0.025 − 0.05 0.05 − 0.1 0.1 − 0.2 0.2 − 0.4 0.4 − 0.8 0.8 − 1.2 1.2 − 2.0
% of cross-section

3.45

4.50

10.05

18.59

26.38

23.11

8.35

5.57

in bin

±0.27

±0.36

±0.69

±0.93

±0.83

±1.15

±1.30

±1.11

0.0 − 0.025

1.000

0.675

0.722

0.672

0.221

-0.464

-0.440

-0.577

1.000

0.742

0.716

0.241

-0.517

-0.450

-0.585

1.000

0.779

0.347

-0.543

-0.562

-0.635

1.000

0.386

-0.434

-0.627

-0.671

1.000

-0.051

-0.571

-0.375

1.000

0.080

0.186

1.000

0.568

0.025 − 0.05
0.05 − 0.1
0.1 − 0.2
0.2 − 0.4
0.4 − 0.8
0.8 − 1.2
1.2 − 2.0

1.000

TABLE V: The measurement of the shape of the differential cross-sections for Q2QE < 2.0 GeV2 , their total (statistical and
systematic) uncertainties, and the correlation matrix for these uncertainties

Eν in Bin
ν̄µ Flux (neutrinos/cm2 /POT (×10−8 )
Eν in Bin
ν̄µ Flux (neutrinos/cm2 /POT (×10−8 )

1.5 − 2 2 − 2.5 2.5 − 3 3 − 3.5 3.5 − 4 4 − 4.5 4.5 − 5 5 − 5.5
0.281

0.368

0.444

0.448

0.349

0.205

0.106

0.061

5.5 − 6 6 − 6.5 6.5 − 7 7 − 7.5 7.5 − 8 8 − 8.5 8.5 − 9 9 − 9.5 9.5 − 10
0.038

0.029

0.022

0.018

0.016

0.013

0.012

0.010

0.009

TABLE VI: The calculated muon antineutrino flux per proton on target (POT) for the data included in this analysis

