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We present measurements of the cross section for anti-neutrino charged-current quasielastic-like
scattering on hydrocarbon using the medium energy (ME) NuMI wide-band neutrino beam peaking
at < E, >~ 6 GeV. The cross section measurements are presented as a function of the longitudinal
momentum (p||) and transverse momentum (pr) of the final state muon. This work complements our
previously reported high statistics measurement in the neutrino channel and extends the previous
anti-neutrino measurement made in the low energy (LE) beam at neutrino energy(< E, >) ~ 3.5
GeV to pr of 2.5 GeV/c. Current theoretical models do not completely describe the data in this
previously unexplored high pr region. The single differential cross section as a function of four
momentum transfer (QQQE) now extends to 4 GeV? with high statistics. The cross section as a
function of QzQ g shows that the tuned simulations developed by the MINERvVA collaboration that
agreed well with the low energy beam measurements do not agree as well with the medium energy
beam measurements. Newer neutrino interaction models such as the GENIE 3 tunes are better able
to simulate the high QQQE
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I. INTRODUCTION

Recent results from the neutrino oscillation experi-
ments NOvA [1] and T2K [2] hint that charge-parity (CP)
symmetry is violated in the lepton sector and favor a
normal mass ordering of neutrino mass-states. Precise
determination of the PNMS [3] CP violating parameter
(0cp) requires new measurements with larger statistics
and significantly smaller systematic uncertainties. The
DUNE [4] and HyperK [5] experiments aim to measure
dcp # 0 with greater than 5 ¢ sensitivity at maximal
dcp, which require that less than 2% of interaction rate
uncertainties come from cross-section models [4]. This
2% uncertainty can be achieved with improved cross sec-
tion measurements. The data presented here overlap the
energy range of the DUNE experiment, although on a
hydrocarbon target instead of argon.

We present results on the charge-current quasi-elastic
(CCQE) process, v,p — pn, which is a significant com-
ponent of the charged-current interactions rate [6] in the
few GeV energy range. To achieve high fiducial mass,
present and future neutrino experiments employ detec-
tors made of heavier nuclei (argon in the case of DUNE
and water in the case of HyperK) where nuclear processes
and final state interactions (F'SI) will affect the interpre-
tation of CCQE interactions. As the primary neutrino
interaction occurs within a nucleus, the pure CCQE pro-
cess itself is not experimentally accessible. We instead
use a CCQE-like signal definition (charged current event
with no pions in the final state) based on the event topol-
ogy observable outside the nucleus. Our CCQE-like def-
inition is similar to the CCOn definition used by other
experiments [7],[8], [9]. The advantage of concentrat-
ing on CCQE-like processes is that, as a 2-body process,
the full kinematics of the interaction are approximately
determined from the outgoing charged lepton kinematics
alone. This provides an estimate of the incoming neu-
trino energy, as needed for oscillation measurements, and
can be applied in a consistent fashion to both neutrino
and anti-neutrino interactions, despite final state differ-
ences.

This work improves upon our previous measurement in
the anti-neutrino channel [10] by utilizing utilizing 20x
statistics, background subtraction methods, and access
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to an extended kinematic regions due to the higher en-
ergy beam. It complements our previous muon-neutrino
cross section measurement at similar beam energy [11].
We first present the double differential cross section as a
function of muon momenta (pr and pj|) as it is largely
model-independent and allows stringent tests of interac-
tion models. We also present cross section measurements
as a function of the estimated four-momentum-transfer
squared variable, Qé 5, using the CCQE hypothesis. To
provide a better comparison with global neutrino energy
cross sections, we present the total anti-neutrino CCQE-
like cross section o(F,) corrected from E,(gg) (neutrino
energy based on CCQE hypothesis) to the true E,. The
correction from the observable E,gg) to E, is sensitive
to nuclear effects and introduces additional model uncer-
tainties.

I1I. THE MINERVA EXPERIMENT

The MINERvVA experiment was located on-axis in the
NuMI neutrino beam [12], which serves as the neutrino
source. In the NuMI beamline, a 120 GeV proton beam
impinges on a 1.2 meter long target to produce pions and
kaons. Negatively charged mesons are then focused by
two magnetic horns. The focused beam decays within
a 675 meter long decay pipe to produce leptons and
anti-neutrinos. Data were taken between June 2016 and
February 2019.

The MINERvVA detector consisted of planes of scintil-
lating strips interleaved with nuclear targets, a central
tracker region consisting only of scintillator, an electro-
magnetic calorimeter formed by adding lead planes and
a hadronic calorimeter formed from iron plates. Muon
charge and momentum measurements were provided for
muons with momenta above ~ 1.5 GeV /c by the MINOS
near detector [13], which was located directly behind the
MINERvA detector. The data presented here are from
the central tracking region of MINERvVA which consisted
of 108 tracking planes of scintillator composed of 88.5%
Carbon, 8.2% Hydrogen and 2.5% Oxygen. The tracker
could reconstruct charged tracks with a kinetic energy
(T}) threshold of ~ 120 MeV for protons.

III. EVENT SELECTION

The definition of CCQE-like process is given in our pre-
vious lower energy (LE) results [10]. Reconstructed anti-
neutrino candidates with one positively charged muon,
no other charged tracks and small recoil energy outside
a 100 mm radius around the neutrino interaction ver-
tex are selected. The final state muon is required to
enter the downstream, magnetized MINOS near detector
for charge determination and full momentum reconstruc-
tion. To match the forward MINOS acceptance, and as-
sure that the muon charge is positive in the presence of
neutrinos in the antineutrino beam, we require that the



reconstructed 6, < 20° and that the muon have positive
charge and p|| between 1.5 and 15 GeV/c. CCQE-like
candidate events are further defined by limits on the re-
coil energy deposited by the outgoing hadrons. Recon-
structed non-muon recoil energy is required to be less
than a value that varies with QzQ p and is similar to that
of the low energy analysis [10] but has been loosened by
50 MeV due to increased backgrounds in the higher in-
tensity ME beam. To match our detection capabilities,
the CCQE-like process is defined at generator level by re-
quiring a final state with a % with polar angle 6, < 20°
with respect to the beam and pj in the range 1.5 to 15
GeV/c, no final state protons above the proton recon-
struction threshold (120 MeV) and no mesons or heav-
ier baryons. Interactions that include nuclear excitation
photons below 10 MeV are allowed. This CCQE-like defi-
nition is designed to exclude non-elastic interactions such
as resonances and deep-inelastic scatters, but does in-
clude interactions with multi-nucleon initial states such
as 2p2h [14] and any resonant events where additional
pions and nucleons are absorbed in the nucleus. In the
CCQE 2-body kinematic hypothesis, the initial nucleon is
assumed to be at rest with a binding energy of 30 MeV in
carbon. This allows an estimate of the anti-neutrino en-
ergy E,(qr) and momentum transfer squared Q2Q g from
the muon kinematics alone [10].

IV. SIMULATION

Anti-neutrino interactions are simulated using the
GENIE 2.12.6 event generator [15]. This implementation
of GENIE uses the relativistic Fermi Gas Model [16]
with short range correlations included via a Bodek-
Ritchie tail [17]. Multi-nucleon events using the Valencia
model [18],[19], [20] are included. The default GENIE
model is referred to as GENIE 2.12.6 in subsequent
figures. The simulation used for cross section extraction
is the MINERvVA Tune-vl tune described in[11]. This
simulation has been tuned to match previous MINERvVA
data in the neutrino channel and is found to be consistent
with our previous LE anti-neutrino measurement [10].
This tune includes:

1. Modification of non-resonant pion production rates
based on a combined re-analysis of the ANL [21], [22] and
BNL [23] bubble chamber data[24]. This modification
reduces the non-resonant pion production by 57%.
This modification has quite small effect (< 1%) in this
analysis and is referred to as (7 tune) in Table IT but
not shown separately in the figures.

#1. A further empirical enhancement of the Valencia
model based on[25] which increases integrated multi
nuclear event rate by 49%. This is referred to as (Low
Recoil Tune) in the figures.

#i. Long range correlations modeled by the random
phase approximation correction based on[26] and im-
plemented for MINERvVA in[27]. This is referred to as
RPA in the figures.

There is an additional suppression of pion production
at low Q2 to decrease an observed tension between data
and simulation in previous experiments ( [28], [29]) using
an ad hoc fit [30]. Addition of this tune makes MINERvVA
Tune-v2.

The GENIE 2.12.6 model used as a basis for our full de-
tector simulation does not include the AS = —1 hyperon
production processes [31] 7,+n — pT+Y that contribute
only in anti-neutrino scattering. These processes can con-
tribute up to 6-8% to the total anti-neutrino scattering
cross section. However, a generator level study using a
more recent version of GENIE (v3.0.6) [32] that does in-
clude these processes indicates that almost all hyperon
production results in either detectable tracks or signifi-
cant energy deposition that are vetoed by the multiplicity
and recoil selections used to define the CCQE-like data
sample. Any residual hyperon processes are estimated to
contribute ~ 1% to the final CCQE-like data sample.
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FIG. 1. The recoil energy distribution in the bin of pr =
0.25 - 0.4 GeV/c, p; = 1.5 — 5 GeV/c. The top figure shows
the data compared to default simulation. The bottom figure
shows the contributions of simulated signal and background
after their relative contributions have been constrained to the
data in the region above 100 MeV. The x? of this fit is 16 for
19 degrees of freedom.

A GEANT4[33] based full detector simulation mod-
els the response of the detector [34]. The simulation is



tuned to match test beam data [35] and overlain with ran-
dom detector readouts to reproduce rate dependent back-
grounds. Background contributions from non-CCQE-like
processes are then estimated by fitting the reconstructed
recoil distribution between 100 and 500 MeV before recoil
selection to simulated signal and background samples in
14 pr, p) bins. Figure 1 illustrates one of the fits for a
typical pr,p)| bin.

The signal selection efficiency is estimated to be ~ 70%
and the selected sample is 70-80% pure, with the purity
falling at higher Q2.

A total of 635,592 + 1,251 (stat.) + 13,850 (syst.)
events are selected after background subtraction com-
pared to 14,839 events in the LE sample [10]. The back-
ground subtracted sample is unfolded to the true kine-
matic variables using an iterative Bayesian unfolding
based on the RooUnfold algorithms [36].

The sample is then corrected for geometric efficiency
and normalized by the total number of protons on target
(1.12 x 10?') and the total number of nucleons in the
fiducial volume of the detector (3.23 x 10%° nucleons).
The total anti-neutrino flux integrated from 0 to 120 GeV
is used to obtain the differential cross sections.

V. UNCERTAINTIES

Error summary related to the double differential cross
section shown in figure 2 is shown in figure 7. Three ma-
jor factors influence the uncertainties on this measure-
ment. First the incoming neutrino flux has uncertainties
in both overall normalization and energy dependence.
The anti-neutrino flux is modeled using a GEANT4-
based simulation of the target material and focusing sys-
tems. Focusing uncertainties are estimated by generat-
ing alternate fluxes where the focusing components of the
beamline are shifted by & 1 ¢ from their nominal posi-
tions. Hadron production in the simulation is modified to
match thin target data-sets following the method of [37]
that uses thin target data from the NA49 experiment [38]
and the Barton data-sets[39]. Recent constraints from
v + €e[40], 7 + e scattering [41] and inverse muon de-
cay [42] reduce the overall flux uncertainty from ~8%
to ~5%. Second, substantial uncertainties related to re-
coil and muon reconstruction dominate the overall un-
certainty budget and are estimated by varying the muon
energy scale and angle, their resolutions and the neutron
interaction cross section. As described in [43] the muon
energy scale is corrected by 3.6% from its nominal value
to resolve a discrepancy between data and the simula-
tion. Correlations between neutrino flux parameters and
muon energy scale, which result from that simultaneous
fit to the energy scale and flux parameters, are accounted
for, when assessing the muon energy uncertainty. Muon
reconstruction induced uncertainties in the cross section
range from 2-3% at low Q2QE to ~ 10% at high Q2QE
Uncertainties in the energy loss and detection efficiency
of final-state hadrons in the MINERvVA detector also in-

troduce uncertainties in the reconstruction of the recoil
energy and are estimated by simulating the effects of dif-
fering hadronic interaction cross sections in the detector.
The recoil response uncertainty contribution to the cross
section is dominated by the model of neutron interactions
and ranges from 1% at low Q2QE to 4% at high QQQE

Finally, the cross section extraction depends on proper
simulation of neutrino interactions including final state
processes, which are estimated by varying input param-
eters to the event simulations. Final state interactions
(FSI) effects contribute less than 2-3% on the final cross-
section uncertainty while GENIE cross-section model pa-
rameters (such as the axial mass, random phase approx-
imation and resonance production) contribute from 1%
at low QéE to 6% at high QQQE

Uncertainties are propagated through the “universe”
method developed by the MINERvVA collaboration and
described in Ref.[44]. For each observable, separate
histograms (“universes”) of the simulated reconstructed
variable are stored for each of the several hundred sources
of systematic uncertainty. For example, the recon-
structed muon angle is replicated with +1o offsets in
2 directions transverse to the beam and several GE-
NIE parameters are similarly varied. The full analysis
chain is applied to each universe independently. For the
flux systematics which depend upon various beamline pa-
rameters, 500 “universes” are simulated where each uni-
verse is drawn from a distribution of focusing parame-
ters that takes into account their uncertainties and their
correlations. These beam parameters and their 1 o val-
ues are listed in[43]. The total systematic uncertainty
and covariance for any observable are then estimated by
summing the deviations of the modified universes from
the central values provided by the simulation in quadra-
ture [37]. Table I summarizes the significant uncertainties
in the measured cross section.

VI. DISCUSSION OF RESULTS

The primary result is the measured double differential
cross section in bins of muon momenta shown in Fig.
2. The MINERvVA Tune v1 predictions are shown along
with their components. The integrated cross section for
1.5 < p; <15 GeV/c and 0.0 < pr < 2.5 GeV /c within
our restricted fiducial region is 5.28 x +0.02 £+ 0.35 x
10739 em? /nucleon. The relative contributions of various
processes of the MINERvA Tune v1 is shown in Fig. 3.
Our model predicts that the CCQE-like cross section is
dominated by pure 1plh QE and 2p2h processes. The
low pr region is dominated by QE and 2p2h processes
whereas the high pr region is dominated by QE processes
only. Generally, the data lies above the simulation in
almost all bins, with the excess growing as pr increases.

Figure 4 shows the ratio of data and a suite of cross-
section models to the baseline GENIE 2.12.6 which uses
the Valencia 2p2h model as a function of Qé g The cross-
section models shown are default GENIE, the MINERvA
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FIG. 2. The double differential CCQE-like anti-neutrino cross section as a function of muon pr in bins of p;. The black
markers are the measured cross section and the solid lines are the model predictions of MINERvA Tune v1 and its individual

components. The multipliers on the panels are the scale factors used to scale the histograms.

Quantity Variation (+1c from CV) Effect on cross section (%)
Angle reconstruction +1 mr 0-2
MINOS muon energy scale  +1.0 % 2-6
GEANT Neutron +10 % 2-5
Flux focusing and hadronic interaction parameters 5
GENIE Cross Section Models GENIE cross section parameters 1-5
GENIE 2p2h Low recoil fit parameters 1-3
Final State Interaction Model GENIE FSI models parameters 1-3

TABLE I. Effect of input uncertainties on the cross section extraction for do/ dQQQ - Uncertainties which have significant effect
on final cross section are listed. The +1c is the shift of model parameters from their central values (CV).

tunes and partial combinations of the components in the
MINERvVA tunes. All of the GENIE 2 models fail to
reproduce the high Q?Q p behavior of the cross section.
The shape of the data appears to favor models that in-
clude RPA effects while the 7w-tune correction appears to
have little effect on the predicted rates. Recently avail-
able GENIE 3.0.6 models appear to better reproduce the
high Q? behavior and are shown on the right hand side
of Fig. 4. Comparisons are shown with 2 different cross-
section model tunes [32]. The tune G18_02x_02_11a has
a 2p2h model similar to that of default GENIE 2. GE-
NIE 3 models G18_10a_02_11a and G18_10b_02_11a incor-
porate the default Valencia [45] model. G18_10a_02_11a
uses an effective “hA” intranuclear transport model while
G18_10a_02_11a incorporates the full intranuclear “hN”

transport model which includes additional processes [32].
The best x? agreement among the GENIE 3 models is
with model G18_.10b_02_11a which incorporates the Va-
lencia model and the “hN” model for final state interac-
tions.

Table II lists the x? for comparisons of the model vari-
ations to the 2-D pr, p)| cross section measurements. The
x? is calculated in two ways, once on the values them-
selves and once on the log of the values. The log method
is discussed in more detail in references[10, 46] and is
more robust in the presence of multiplicative normaliza-

tion uncertainties.

Figure 5 shows comparisons of data to simulation for
the parallel neutrino data[ll] sample and this sample
as a function of Qé g Both v, and v, cross sections are
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FIG. 3. Ratio of cross sections of data and various components of MINERvVA Tune vl to MINERvA Tune vl1.

extracted from the same fiducial region of the MINERvVA
detector. The v, cross section includes CCQE-like events
with any number of protons, whereas the v, requires no
protons above T,= 120 MeV. Only events with p)| less
than 15 GeV/c for v are selected to reduce the larger
wrong sign neutrino contamination in the anti-neutrino
beams. As the beam energy is peaked well below this
threshold, this restriction has negligible effect except for a
~ 1% reduction in the highest Q% g bin. Signal selection
cuts for the v, events are given in [11].

The left panel on Fig. 6 shows various models and
data as a function of true neutrino energy. On the right
panel, green data points and lines show the cross section
and MINERvA models corrected to all §,, and T, (kinetic
energy of the final state proton) for easier comparison
to inclusive models and other experiments. Both panels
show that models underpredict the data.

A. Summary

We have presented the anti-neutrino CCQE-like cross
section measured with the NuMI < E,, >~ 6 GeV beam
in the MINERvA detector. The measurement extends
our past measurements in the anti-neutrino channel made
in the lower neutrino energy beam and complements the
neutrino cross section measurement at higher energy.
We have extended the measurement to Q2Q g of 4 GeVZ.

Model
GENIE 2.12.6 Tunes

x? - linear 2 - log

MINERvVA Tune vl 362.6 580.4
MINERvVA Tune v2 364.4 601.4
GENIE w/o 2p2h 226.5  473.2
GENIE (Default) 346.4  550.6
GENIE+mtune 354.3  568.5
GENIE+RPA 230.0 406.7
GENIE+RPA+7tune 231.7 414.6
GENIE+Low Recoil Tune 755.4 1059.4
GENIE+Low Recoil Tune+RPA 361.2 570.0
GENIE+Low Recoil Tune+ntune 760.6 1081.8
GENIE 3.0.6 Tunes

GENIE 3.0.6 G18_02a_02_11a 602.9  865.0
GENIE 3.0.6 G18_02b_02_11a 586.9  878.3
GENIE 3.0.6 G18_10a_02_11a 353.1  447.5
GENIE 3.0.6 G18_10b_02_11a 312.8  421.7

TABLE IL. p — p1 x? between data and model variants de-
rived from GENIE. The number of degrees of freedom is 171.
Both the x? between the values and between the logs of the
values are listed.

These measurements indicate that none of the variations
of GENIE v2 based on the MINERVA low energy data
are sufficient to describe the MINERvVA medium energy
data. However, GENIE v3 models appear to better de-
scribe the data especially in the high QzQ p region which is
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dominated by the QE process. This high statistics double
differential cross section provides useful model inputs for
future neutrino oscillation experiments. Tables of values

are available in the supplemental materials [47].
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FIG. 2. Summary of fractional uncertainties on the cross-section as a function of muon longitudinal

momentum in bins of muon transverse momentum.
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FIG. 3. Comparisons of the cross section shapes predicted by various tunes applied on GENIE
with respect to baseline GENIE 2.12.6 (black) as a function of Qé - The cross sections are area

normalized before taking the ratio for the shape comparison.
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FIG. 5. Summary of fractional uncertainties on the differential cross-section as a function of Qé B

hypothesis.
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FIG. 7. Double differential cross section as a function of muon transverse momentum in bins of

muon longitudinal momentum shown for GENIE 2 and tuned models along with GENIE 3 models.
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FIG. 8. Ratios of double differential cross sections to GENIE 2.12.6 as a function of muon transverse
momentum in bins of muon longitudinal momentum shown for GENIE 2 and tuned models along

with GENIE 3 (v3.0.6) models.
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FIG. 9. Double differential cross section as a function of muon longitudinal momentum in bins of
muon transverse momentum shown for GENIE 2 and tuned models along with GENIE 3 (v3.0.6)

models.

13



20 0.00 < p, /(GeVic) < 0.07 0.07 <p /(GeV/c) < 0.15 0.15 < p /(GeV/c) < 0.25 0.25 < p_/(GeV/c) < 0.33
© .
Ql
~~—
Qi Ihfunu PP X ) )
" O. Fos
Z 5 0.33 <p, /(GeVIc) < 0.40 0.40 < p,/(GeV/c) < 0.47 0.47 < p /(GeV/c) < 0.55 0.55 < p_/(GeV/c) < 0.70
(l-lé 2.0
o 15 t eoedie
= Hgaeete cott 4 [Mheeseeee, o bt ¢ || bbb, 4 4 b ¢ |+—___1Q+ LI
o 1.0 peetiee
©
Q_: 0.5 0.70 < p_/(GeV/c) < 0.85 0.85 < p_/(GeV/c) < 1.00 1.00 < p_/(GeV/c) < 1.25 1.25 < p_/(GeV/c) <1.50
o 20 ! ' ] 1 + T 1
o .
o \ t +
5 15lntteg gyt g (Mt tt T MW JMW
s 1.0
s . .
E=] 0.5 Ve < 2:50 —— MINERVA data
[3] 20 —— MINERVA Tune v1
o - - - MINERVA Tune v2
1.5 — GENIE2.126
GENIE3-G18-02a-02-11a
1.0 GENIE3-G18-02b-02-11a
GENIE3-G18-10a-02-11a
0.5 . . —— GENIE3-G18-10b-02-11a
5 10 15

Muon Longitudinal Momentum (GeV/c)

FIG. 10. Ratios of double differential cross sections to GENIE 2.12.6 as a function of muon
longitudinal momentum in bins of muon transverse momentum shown for GENIE 2 and tuned

models along with GENIE 3 (v3.0.6) models.
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