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Measurement of the antineutrino neutral-current elastic
differential cross section
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We report the measurement of the flux-averaged antineutrino neutral current elastic scattering cross
section (do;y_;v/dQ%) on CH, by the MiniBooNE experiment using the largest sample of antineutrino
neutral current elastic candidate events ever collected. The ratio of the antineutrino to neutrino neutral
current elastic scattering cross sections and a ratio of the antineutrino neutral current elastic to antineutrino
charged current quasielastic cross sections are also presented.
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I. INTRODUCTION

One of the simplest weak neutral current interactions is
the elastic scattering of a neutrino from a nucleon (NCE).
This process is sensitive to both isoscalar and isovector weak
currents carried by the nucleon, whereas charge current
quasielastic (CCQE) scattering is sensitive to only the
isovector current. Both NCE and CCQE neutrino inter-
actions are important for accelerator-based neutrino oscil-
lation experiments, and to date, very few measurements in
the GeV regime have been made, particularly with antineu-
trinos [ 1]. With regards to the definition of a NCE interaction,
it should be noted that in the antineutrino-nucleon NCE
scattering reported here the antineutrino scatters off of both
free and bound nucleons as we report in Appendix A.
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Recent measurements of neutrino-nucleus CCQE scat-
tering on 12C show an enhanced cross section [2] relative to
the prediction from impulse approximation calculations,
such as the relativistic Fermi gas (RFG) model of the
nucleus [3]. The enhancement is likely to arise from
nucleon-nucleon correlations absent in the RFG model,
and NCE scattering provides a complementary channel to
further examine the nuclear effects common to both CCQE
and NCE neutrino-nucleon scattering. Electron-nucleus
scattering can also provide clues to understand neutrino-
nucleus scattering and have been studied recently [4—06].

The Mini Booster Neutrino Experiment (MiniBooNE)
has previously reported high-statistics measurements of
neutrino CCQE (wCCQE) and neutrino NCE (vNCE)
scattering cross sections [2,7] on carbon. Recently, a
measurement of the neutrino content of the antineutrino
mode flux was carried out [8], and an antineutrino CCQE
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(DCCQE) cross section measurement was published [9].
Sizable nuclear effects are observed in both the v*CCQE and
PCCQE data, suggesting contributions from nucleon-
nucleon correlations and two-body exchange currents
[10-15]. The vNCE cross section has been studied to
quantify these nuclear effects [16-19]. As the RFG model
does not incorporate the nuclear effects, agreement between
the measured cross sections (WCCQE, vNCE, and vCCQE)
and the cross section model was achieved by assigning a
higher value (~30%) to the axial mass (M4) parameter in
the axial-vector from factor. For a detailed discussion of
neutrino cross section measurements and model predic-
tions, see Ref. [1].

The antineutrino-nucleus NCE (ZNCE) scattering meas-
urement reported here is part of a series of measurements
providing an understanding of the neutrino flux and cross
sections in the energy regime accessible to MiniBooNE
[2,7,9,20-22]. The data set corresponds to 10.09 x 10%°
protons on the neutrino production target. The experimental
signature is the same as the vNCE scattering [7]—the
scintillation light produced by the recoil nucleons. The
sample size for the PNCE scattering cross section—60,605
events with 40% sample purity—is the largest collected to
date for this type of interaction. Also reported here are
the first experimental measurements of the antineutrino to
neutrino NCE cross section and NCE to vCCQE cross
section ratios.

Previously, a few experiments have measured neutrino-
nucleon NCE scattering [23,24], most notably the E734
experiment [25] at Brookhaven National Laboratory (BNL)
which reported both neutrino-proton and antineutrino-
proton NCE scattering measurements as a function of
four-momentum transfer squared (Q?) with 1,686 and
1,821 candidate events respectively.

II. MINIBOONE EXPERIMENT

A. Experimental setup

The MiniBooNE experiment, located at Fermi National
Accelerator Laboratory, proposed to test the short baseline
neutrino oscillations reported by the LSND experiment
[26,27]. In addition, the experiment is well suited to
measure a variety of high-statistic, neutrino cross sec-
tions [2,7,20-22]. It is situated in the Booster Neutrino
Beamline (BNB) that produces the neutrino beam via the
decay of mesons produced in a proton-beryllium interac-
tion. The primary proton beam with a momentum of
8.89 GeV/c is extracted from the Fermilab Booster in
1.6 us pulses with ~4 x 10'2 protons in each beam pulse.
They impinge on a beryllium target placed in a magnetic
focusing horn. The p-Be interactions produce a secondary
beam of mesons that can be selectively focused or
defocused by the magnetic horn. In antineutrino mode,
the magnetic horn focuses negatively charged particles and
defocuses positively charged particles. The mesons then
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decay in an air-filled decay pipe producing a beam of (anti)
neutrinos. Magnetic horn focusing also increases the
desired neutrino flux reaching the MiniBooNE detector
by a factor of ~6. The average energy of the antineutrino
beam is about 650 MeV. Further details on the BNB can be
found in Ref. [28].

The MiniBooNE detector, situated 545 m from the Be
target, is a spherical steel tank with a radius of 610 cm filled
with 800 tons of mineral oil. The mineral oil [29] serves
both as a target for the neutrino beam and the medium in
which the resultant particles from neutrino interactions
propagate. The detector is divided into two optically
isolated regions separated by a spherical shell of radius
575 cm. The inner sphere, referred to as the signal region, is
lined with 1,280 inward-pointing 8-in. photomultiplier
tubes (PMTs) [30]. The outer shell is the vefo region with
240 PMTs arranged in back-to-back pairs pointed along the
circumference of the detector. Charged particles produced
in the neutrino interaction emit Cherenkov and scintillation
light that is collected by the PMTs. Six steel legs support
the detector, situated in a vault along with the detector
electronics and data acquisition systems. The entire assembly
is buried under approximately 3 m of earth overburden to
reduce cosmic ray backgrounds. Further details about the
MiniBooNE detector can be found in Ref. [31].

B. Flux prediction, cross section model,
and detector simulation

A GEANT4-based Monte Carlo (MC) beam simulation
[32] is used to calculate the neutrino and antineutrino flux
at the detector. The simulation accepts as input the shape,
location, and material of the components of the BNB, the
MiniBooNE target hall, and the meson decay volume
through which the primary protons, the secondary mesons,
and tertiary neutrinos propagate. The various components
of simulation depend on the specific processes in the
beamline and arise from a combination of constraints
which include other particle production software, external
measurements by MiniBooNE or other experiments in a
similar energy regime, theoretical predictions, and extrapo-
lation of external measurements to MiniBooNE energies.

Most of the neutrinos seen by the detector come from
the decay of primary z* and z~ produced in the p-Be
interaction as well as their subsequent g+ and p~ decays.
The 7z and 7~ production tables used in the MC simulation
come from a parametrization of the HARP experiment [33]
which measured pion production on a replica Be target at
8.89 GeV/c. The resulting neutrino flux prediction for
antineutrino mode running is shown in Fig. 1 (the flux
tables are available in Ref. [34]). The neutrino contami-
nation in the antineutrino mode beam is higher (~16%) as
compared to the corresponding antineutrino contamination
of the neutrino mode beam (~6%). For details on the
MiniBooNE flux prediction in both modes, see Ref. [28].
The neutrino contamination in the antineutrino mode beam
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FIG. 1 (color online). The predicted antineutrino mode flux at
the MiniBooNE detector for different types of neutrinos as a
function of their energy as reported in Refs. [28] and [34].

was measured by the MiniBooNE collaboration [8] and the
results applied to the flux estimate used in the present
measurement.

Neutrino interaction rates, products, and their kinematics
in the MiniBooNE detector are predicted using the NUANCE
[35] neutrino event generator that has been customized to
the MiniBooNE experiment. It has as input the neutrino
flux prediction described above, as well as the detector
target material and geometry. The mineral oil target is
CH, with a density of 0.845 g/cm’. The (anti)neutrino
NCE scattering off of free protons is modeled using the
Llewellyn—Smith formalism [36], while for bound nucleons
the RFG model of Smith and Moniz [3] is used. In NUANCE
pion production is assumed to occur via delta production as
per Rein and Sehgal’s prescription [37].

The various parameters in NUANCE are tuned as follows:
All the nucleon’s vector form factors are assumed to retain
their conventional values while the mass in the axial vector
M , is assigned a value of 1.23 GeV for the nucleons bound
in carbon (as per MiniBooNE vCCQE measurement [38])
and 1.13 GeV for free nucleons (which is the average
between the values measured by the deuterium based
scattering experiments and MiniBooNE). In the low Q°
regime, the Pauli blocking parameter was scaled up by a
scaling factor, k = 1.022, in order to match the observed
MiniBooNE vCCQE data—see Ref. [39] for details. Note
that these values are used for the CCQE/NCE channels that
are background to this measurement, and the changes as
indicated in more recent analyses [2,7] are covered by
systematic errors on these parameters. In the case of
neutrino induced resonant pion production, the form factors
are assumed to be identical to those used in NCE and
CCQE interaction, with the exception of the axial vector
mass, where we take M, = 1.1 GeV—see Ref. [21]. A
20% probability is assigned to the possibility that the
outgoing pion is absorbed within the nucleus through final
state interactions (FSIs). In this case the final product of the
interaction is just the nucleon, similar to a neutrino NCE
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interaction. Lastly, the strange quark contribution to the
vector and axial vector form factor is taken to be zero with
an uncertainty of 0.1.

The neutrino-generated final states output by the
MiniBooNE neutrino event generator (NUANCE) are passed
on to the MiniBooNE detector simulation. A GEANT3
simulation software [40] in conjunction with a customized
optical model is used to simulate particle propagation, the
resulting light emission and propagation, and the PMT
response in the MiniBooNE detector. Some modifications
to the standard GEANT3 routines include an improved
model for Dalitz decay (7° — etey), muon decay
(u — ewv), and the possibility of = capture by carbon.
The default GFLUKA [41] package is used to model hadron
interactions. The MiniBooNE optical model has 12 com-
ponents with a total of 35 adjustable parameters which have
been tuned using external measurements and calibration
data. The various components of the optical model include
the index of refraction of the oil, light extinction length, the
propagation and detection efficiency of Cherenkov light,
scintillation and fluorescence yields of the different fluors
present in the oil, scattering and reflections in the detector,
and relative and angular efficiencies of the PMTs. The
scintillation photons were modelled as per Birk’s law [42],
and its coefficients are additional parameters in the optical
model. The charge and time response of the PMTs were
modelled by parametrization of data collected by the PMT
studies using a pulsed laser source and calibration light
sources in the detector [30]. Finally, the detector simulation
includes modelling of signal digitization of the PMT
outputs and the data acquisition.

III. NEUTRAL-CURRENT ELASTIC ANALYSIS

A. Event reconstruction

In the case of NCE event reconstruction, each event is
assumed to be due to a proton of which the Cherenkov and
scintillation light profiles are determined from the MC
simulation. NCE scattering resulting in outgoing neutrons
is only seen through their subsequent strong interactions
resulting in protons; hence, NCE neutrons are indistin-
guishable from NCE protons. Most NCE protons are below
Cherenkov threshold (350 MeV) and are reconstructed
primarily via the scintillation light yields. Figure 2 (top)
shows the MC prediction of reconstructed energy spectrum
for NCE protons and neutrons. We see that most of the
scattered nucleons are below threshold and that NCE
neutrons and NCE protons have a similar energy profile.

The charge and time information from the PMTs is used
to determine the position, time, direction, and energy of an
event by employing a log-likelihood minimization method.
Outgoing protons from NCE scattering have a character-
istic light emission profile which readily allows for their
particle identification. The ability to differentiate protons
from beam unrelated events (mostly electrons) is illustrated

012004-3



A. A. AGUILAR-AREVALO et al.
1800
1600
1400
1200
1000
800
600
400
200

—Vp—Vp(MC)

<Y n >V n (MC)

Events/24 MeV

1 1 1 : 1 ARTTIY
100 200 300 400 500 600
Reconstructed nucleon energy (MeV)

== MiniBooNE VNCE data
with optical model errors

fraction of late light

— Monte Carlo prediction

PR U U RS NSNS R U S BN
100 200 300 400 500 600
Reconstructed nucleon energy (MeV)

FIG. 2 (color online). ©NCE reconstruction in MiniBooNE. The
top plot shows the MC predicted energy spectrum for ZNCE
protons and neutrons. We see that most of the scattered nucleons
are below the Cherenkov threshold for protons in the MiniBooNE
medium (350 MeV—shown by the dotted red line) and that both
neutrons and protons have a similar spectrum. The bottom plot
shows the fraction of late (scintillation) light for NCE data and
MG, as a function of reconstructed nucleon energy. The errors on
data represent the uncertainty in the modelling of the optical
photons resulting from the scintillation light. We see that there is
good agreement between the prediction and data from 50 to
350 MeV and also the Cherenkov threshold transition matches at
350 MeV (shown by the dotted red line).

in Fig. 3 where the fraction of prompt light emitted is
plotted vs the number of tank PMT hits. Prompt light is
defined as the fraction of PMT hits with corrected time
between —5 and 5 ns, where the corrected time is the time
difference between the PMT hit time and the reconstructed
event time with light propagation time from the recon-
structed vertex to the PMT taken into account.

The MiniBooNE detector position resolution for NCE
protons is ~0.75 and ~1.35 m for neutrons. The energy
resolution is ~20% for protons and ~30% for neutrons.
Energy scaling for NCE protons was checked by plotting
the fraction of scintillation or late light as a function of
reconstructed energy, as shown in Fig. 2 (bottom). There is
agreement (within errors) between data and MC both in
the energy regime of interest (50 to 350 MeV) and the
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FIG. 3 (color online).  Fraction of prompt photons compared to
the total number for beam unrelated events and NCE MC
events reconstructed under an electron hypothesis. The events
out of time with the beam are due to Michel decay, while the
events in time with the beam are due to scintillation light from
recoiling nucleons. The error bars correspond to the rms of the
distributions.

Cherenkov threshold transition at 350 MeV. For details on
reconstruction methods used in MiniBooNE, see Ref. [43];
for the NCE event reconstruction in particular, see
Ref. [44]. The energy calibration of NCE protons is
discussed in Appendix C of Ref. [44].

B. Event selection

To isolate a sample of UNCE events, a series of analysis
cuts based on the physics processes and Monte Carlo
studies was applied. The cuts (listed below) are various
restrictions on the experimental variables, like PMT charge,
time, or reconstructed energy, which differentiate the NCE
events from other events:

(1) Only one subevent to ensure selection of NC events
with no decaying particles. A subevent is a cluster of
at least ten tank hits with no more than ten ns
between any two consecutive hits. A typical NCE
interaction has only one subevent associated with the
primary neutrino interaction.

(2) Number of veto PMT hits less than 6. This cut
excludes events that are entering or exiting the
detector and register activity in the veto region.
Cosmic rays and neutrino interactions in the material
surrounding the detector with the outgoing nucleon
entering the detector account for most of the events
constrained by this selection cut. The veto cut
removes almost all (99.9%) of the cosmic ray
background. CCQE interactions in which the muon
exits the detector before decaying are also excluded
by this cut.

(3) The reconstructed event time must occur within the
neutrino beam time window.

(4) Number of PMT tank hits greater than 12 to ensure
that the event can be reliably reconstructed.
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FIG. 4 (color online). Log-likelihood ratio between electron
and proton event hypotheses for MC-generated NCE scattering
events and beam unrelated data. Both histograms are normalized
to unit area. Events with In(£,/L,) < 0.42 are selected for the
analysis.

(5) Reconstructed proton energy less than 650 MeV,
above which the signal-to-background ratio de-
creases significantly.

(6) A cut on the log-likelihood ratio between events
reconstructed with a proton hypothesis and an
electron hypothesis: In(£,/L,) < 0.42. This cut
removes beam-unrelated (Michel) electrons from
cosmic ray muon decays. Figure 4 shows the like-
lihood difference between events reconstructed
under an electron and a proton hypothesis, for both
Monte Carlo UNCE scattering events and beam-
unrelated backgrounds (data).

(7) Finally, a fiducial volume cut of 5 m. This cut
ensures that the events in the sample are well
reconstructed and well contained. It also reduces
the neutrino events resulting from interaction with
the dirt surrounding the detector.

A total of 60,605 events passes the analysis cuts,
representing the largest UNCE candidate sample ever
collected to date. Table I shows the results of a MC study
to determine the efficiency and purity of the INCE sample
for each selection cut applied in the order shown. Figure 5
shows the reconstructed nucleon energy spectrum for NCE

TABLE I. Results from a MC study for o NCE efficiency and
purity as a function of the selection cuts.

Selection cut Efficiency (%) Purity (%)
No cuts 100 0.2

1 subevent & veto hits < 6 59 2
Event in beam window 57 15
Tank hits > 12 55 16
Energy < 650 MeV 45 16
In(L./L,) <042 42 34
Fiducial cut R <5 m 32 40
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FIG. 5 (color online). Reconstructed nucleon kinetic energy
spectra for the data and MC after the NCE event selection and a
uniform fiducial volume cut of R < 5 m are applied. All MC
distributions are normalized to the number of protons on
target (POT).

events (data) along with the MC prediction of the sample
composition, after subtracting beam-unrelated events and
estimation of backgrounds (next section). After removing
beam-unrelated events, the predicted fraction of “NCE
scattering events in the sample is 48%. The remaining
52% of events is various backgrounds to this measurement.
Neutrino induced interactions constitute 19% of the
background. The next largest source of background is
the so called “dirt events”(17%). These are neutrino
interactions happening in the dirt just outside the detector
with the recoil nucleon entering the detector without firing
enough veto PMTs. Finally, there is a contribution from
NCE-like events (14%), which are NC-pion producing
events where the pion is absorbed in the target nucleus
resulting in an event with a nucleon mimicking the
neutrino NCE scattering signal.

C. Estimation of backgrounds

The various backgrounds to the MiniBooNE 7 mode
NCE measurement are similar to those in the v mode NCE
measurement [7] with one notable exception: the neutrino
induced events in the antineutrino mode beam. Data-driven
methods are used to constrain all of the backgrounds as
explained below.

As previously mentioned, the neutrino contamination in
the antineutrino flux (~16%) is significantly larger than
the corresponding antineutrino contamination in neutrino
mode (~4%). HARP [33] did not cover all the phase space
for z production necessary to specify the neutrino back-
ground in the antineutrino beam. The neutrino contamina-
tion in the antineutrino mode beam was measured by
MiniBooNE to constrain the flux outside of the region
where data from the HARP experiment are available. Three
independent and complimentary techniques are employed
to measure the neutrino background utilizing the high-
statistic neutrino mode cross section measurements made in
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an almost pure neutrino beam. Briefly, the first technique
exploits the difference in the angular distribution of out-
going muons in 7 and v CCQE interactions to tag neutrino
induced events. The second technique inferred the rate of v
induced events from a study of the charged current (CC)
single pion production channel. The neutrino CC single
pion interaction leads to a z of which the decay into a
muon is seen in the detector; however, the corresponding
antineutrino CC single pion interaction produces a z~ that
is absorbed in the detector medium most of the time [45].
The third technique to constrain the v component of the
beam exploits an external measurement of the rate of u~
nuclear capture in v CC interactions [46]. The results from
the three techniques are consistent. For details on the first
two techniques, see Ref. [8], and for the third technique, see
Appendix A in Ref. [9]. Accordingly, a correction factor of
0.78 was applied to the MC prediction of the original
neutrino flux (in the antineutrino mode) based on the
HARP measurement. The antineutrino flux prediction was
unchanged in this procedure. The cross section of neutrino
induced NCE events in the antineutrino mode is inferred
from the high-statistic neutrino mode vNCE cross section
measurement [7]. The total uncertainty in the estimation of
the yNCE background events in the sample is 14%.

The next major background is neutrino/antineutrino
interactions occurring in the dirt surrounding the detector
resulting in nucleons (mostly neutrons) which penetrate the
detector without firing veto PMTs. The so-called dirt events
are a significant fraction of the total background, particularly
at low (below 300 MeV) energies. They are difficult to
model as they result from interactions with various media
outside the detector (the soil, detector support structures,
etc.), of which the exact composition is not known.
However, they have distinct kinematics and spatial distri-
butions that can be used to constrain their contribution. Dirt
events are mostly low in energy, preferentially reconstructed
in the upstream part (the side facing the beam), and close to
the edge of the detector. We use this kinematic information to
select a sample of “dirt-enriched” events in both data and
MC. A chi-square minimization is then employed to fit the
MC prediction with a single scale factor to the observed data.
The resulting fits show agreement across the three variables
which were chosen: the reconstructed Z variable (axis along
the beam direction), reconstructed R variable (radius), and
reconstructed energy. Figure 6 shows a representative energy
bin in a sample enriched in dirt events produced with the
reconstructed Z variable. For details on the dirt measurement
method used in MiniBooNE NCE analyses, see Appendix A
in Ref. [7]. This background was separately measured in this
UNCE analysis and vNCE analysis [7], as the dirt back-
ground composition could be different in the two cases.
The resultant dirt scaling factor of 0.62 was applied to the
MC dirt prediction with an uncertainty of 10%. This may be
compared to the scaling factor of 0.68 for the neutrino
mode [7].
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FIG. 6 (color online).  Fit to the data using MC templates for the
in-tank and dirt events in reconstructed Z variable for energy
between 40 and 110 MeV. The “total MC before the fit” is a sum
of the in-tank and dirt templates, which are absolutely (POT)
normalized.

The final background is the YNCE-like events which are
NC-pion events where the pion is absorbed within the
nucleus, resulting in a final state identical to a “NCE
scattering signal event. We rely on the MC prediction
(together with the MiniBooNE measured neutral current 7°
cross section [47]) to estimate this background. The
NUANCE cross section model assigns an error of 30% for
pion absorption. Note that the PINCE-like background is the
only background not directly measured in this analysis, and
hence we report the calculated contribution which was
subtracted to obtain our final antineutrino-nucleon NCE
scattering cross section measurement (Fig. 7). Table II lists

x10%°
2

51 MiniBooNE V NCE cross section
with total error
-------- MC NCE-like background

—
2 L5 — MC (MiniBooNE M'*“%)
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FIG. 7 (color online). MiniBooNE N — UN flux-integrated
differential cross section on CH,. The uncertainty includes all
errors—systematic and statistical. Also shown is the NCE-like
background which has been subtracted from the reported cross
section. The Monte Carlo predictions for the cross section with
two different values of M,—MiniBooNE vCCQE measured
value, M, = 1.35 GeV (black) and M, = 1.02 GeV, global
average from deuterium based scattering experiments (dashed
blue)—are shown for comparison.
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TABLE II. The MiniBooNE NCE analysis sample composi-
tion after backgrounds estimation.

Sample composition Fraction (%)

DUNCE (signal) 49
vNCE (background) 19
Dirt events 17
UNCE-like 13
Others 2

the MiniBooNE oNCE analysis sample composition after
estimation of backgrounds.

D. Antineutrino neutral-current elastic
flux-averaged cross section

We report the UNCE scattering differential cross section
as a function of the measured quasielastic momentum
transfer (Q? £( N)) from the total kinetic energy of scattered
nucleons. This is to be distinguished from the true neutrino-
nucleon four-momentum transferred (Q2), a model-
dependent quantity. This Q%g E(N is a well-defined
experimental variable and was used for the vNCE meas-
urement [7]. It corresponds to the true Q in the simple case
of a static target nucleon (no Fermi motion) and no FSI.

From our studies of FSI, the total kinetic energy of all
outgoing nucleons is fairly independent of the underlying
nuclear model and is a better variable to report than the
energy of the leading nucleon, for example. In addition, the
total energy is a better experimental variable to report with
the calorimetric measurement that MiniBooNE detector
makes for this channel. With the qualifications explained
above, the expression for measured neutrino-nucleon four-
momentum transferred is

2w =2mnT = 2mNZTl, (1)

where my is the nucleon mass and 7 is the sum of the
kinetic energies of the final state nucleons. The sum 7’ is
used in the definition due to the calorimetric nature of
the MiniBooNE measurement and is more inclusive with
respect to possible nuclear effects as compared to track-
based reconstruction used in the SciBooNE experiment
[48] or the BNL E734 experiment [25].

The constrained backgrounds—the beam unrelated
background, the dirt background, and the neutrino induced
backgrounds—are subtracted from the reconstructed
energy spectrum for data. The ZNCE-like background is
removed by doing a bin-by-bin multiplication of the data
spectrum by the signal fraction, i.e. the ratio of the number
of UNCE events to the total number of antineutrino induced
in-tank events, based on the MC prediction. Finally, a
Bayesian unfolding procedure [49,50] is used to correct the
background subtracted data for limited detector resolution,
mis-reconstruction, and sources of detector inefficiency.
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The flux-averaged UNCE scattering differential cross
section is extracted as per the formula

_ 2Uy(dj=D;j=V;=N; )HB
dQZQE(N) a €+ 2MyAT) - N . NPOT . g

INCE
do?

(2)

where U;; is the unfolding matrix, the index j labels the
reconstructed energy bin, and i labels the unfolded true
energy bin (as per the MC prediction). In the above
equation, d represents data; D; I Vj, and N j are the
data-driven corrected backgrounds of dirt events, neutrino
induced events, and beam unrelated events respectively; S;
is the MC predicted number of ZNCE scattering events; B;
is the rest of the backgrounds which mostly consist of the
DUNCE-like events; € is the efficiency; AT is the bin width;
N is the number of nucleons in the detector; N¥O7 is the
number of protons on target corresponding to the data set;
and ®; is the total integrated antineutrino flux within the
energy range 0 to 10 GeV (both 7, and 7).

The unfolding matrix Uj; is calculated from the predicted
correlation between reconstructed nucleon energy and true
nucleon kinetic energy (the sum of the kinetic energies of
all nucleons in the final state) resulting in a well-behaved,
but biased, solution. The error due to the bias in the
unfolding procedure is estimated by employing an iterative
method where each successive unfolded spectrum is used
as the true energy spectrum for the next iteration. The
resulting spread in the cross section measurement, from the
first iteration to the last one when it converges, is the error
in the unfolding procedure. The details of the unfolding
procedure and the estimation of the associated error with it
can be found in Refs. [44,51].

The resulting flux-averaged NCE scattering differential
cross section is shown in Fig. 7. Also shown is the
UNCE-like background which was subtracted from the
total UNCE-like cross section. Though the systematic
uncertainties are higher in the lowest energy bins, as
QZQE(N) approaches 0, the “rollover” associated with the
binding energy of the carbon nucleus is clearly seen for the
first time.

Since the MiniBooNE target is mineral oil (CH,), the
measured UNCE scattering is a sum of three different
processes: scattering on free protons in hydrogen, bound
protons in carbon, and bound neutrons in carbon. The
contribution of these individual processes to the total cross
section is discussed in Appendix A. Integrating over 0.033
to 1.655 GeV? Qp,; bins, the total INCE scattering cross
section per nucleon is (5.06 £ 0.990) x 10740 cm?.

The various uncertainties in the “NCE cross section
measurement are listed in Table III. The flux error encom-
passes the uncertainties in the pion propagation and decay
in the BNB. The cross section error includes the uncer-
tainties in the cross section model of the various back-
ground processes. The error associated with the detector
electronics, the PMT response, and the uncertainty in

012004-7



A.A. AGUILAR-AREVALO et al.

TABLE III. The total integrated normalization error in the
MiniBooNE oNCE scattering cross section measurement along
with the key individual error contributions.

Error Value (%)
Statistical 4.5
Flux uncertainty 5.8
Cross section uncertainty (background processes) 3.0
Detector effects 14.5
Estimation of v induced events 3.6
Estimation of dirt events 1.7
Unfolding error 6.8
Total 19.5

modeling the production and propagation of optical pho-
tons within the detector medium contribute to the detector
error. The next two errors are from the uncertainty in the
measurement of neutrino induced NCE events and dirt
events. The final error is due to the unfolding procedure.

For each systematic uncertainty, there is an associated
error matrix that encompasses the information about the
parameters describing the particular physical process, the
uncertainties in the parameters, and any correlation among
them. The error matrices are added in quadrature to obtain
the total error matrix, and Table III lists the normalization
error (sum of the diagonal elements of the error matrix) for
both the individual errors and the total error.

E. Ratio of antineutrino neutral-current elastic to
neutrino neutral-current elastic cross-section
measurement

Both the neutrino-nucleus NCE scattering cross sec-
tion [7] and the antineutrino-nucleus NCE cross section
reported here represent the largest sample of such events
ever collected to date. Since both measurements were made
in the same beamline and with the same detector, we expect
a bin-by-bin ratio of the two cross section measurements
would cancel the common systematic errors. The resulting
cross section ratio plot encompasses information from both
the neutrino and antineutrino NCE scattering cross sections
while minimizing the errors. However, it should be noted
that QZQE(M is sensitive to the neutrino flux and the two
measurements are made in the same beamline but with
opposite horn polarities, resulting in nonidentical flux
spectra. One of the main motivations for measurement
of this cross section is to better understand and model
neutrino nucleus interactions. We believe that such a ratio
measurement where the errors are carefully accounted for
would aid the theoretical physics community to test various
models.

The data set for the ratio measurement consists of the
entire neutrino mode and antineutrino mode NCE scatter-
ing cross section data from MiniBooNE. This consists of
94,531 vNCE candidate events and 60,605 sNCE candidate
events that pass selection cuts.
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[ MiniBooNE data with total error
— MC (MiniBooNE M\ “%)

A MC (M,,=1.02 GeV)
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b) 2
QQE(N) (GeV")

FIG. 8 (color online). Ratio of the antineutrino to neutrino NCE
scattering cross section in MiniBooNE with total error. Also
plotted are the predicted ratios from MC simulations with M, =
1.02 GeV and M, = 1.35 GeV—determined by the MiniBooNE
vCCQE measurement (M”ACCQE).

The systematic error for the ratio measurement was
evaluated by dividing the errors into two types: correlated
errors and uncorrelated errors. The correlated systematic
errors are common to both YNCE and sNCE scattering
measurements. Since both measurements are made using
the same detector and have the same observed final state,
the detector systematic errors—the uncertainty in the
optical photon production and propagation, the error
associated with the detector electronics, and the error
associated with the PMT response—are categorized as
correlated errors. The uncorrelated errors include the error
associated with the measurement of the dirt background,
the error in the measurement of the neutrino component of
the antineutrino beam, and the error accrued due to the bias
in the unfolding procedure implemented. The resulting
UNCE to vNCE cross section ratio measurement is shown
in Fig 8. The error bars represent the total normalization
error due to both systematic and statistical errors. The total
uncertainty in the NCE to vNCE cross section ratio
measurement is about 20%.

F. Ratio of antineutrino neutral-current elastic
to antineutrino charged-current quasielastic
cross-section measurement

We also report a vNCE-to-vCCQE scattering ratio
measurement as a function of Q2Q EON/u)" MiniBooNE
has previously reported this ratio in neutrino mode
(WNCE-to-vCCQE ratio) in Ref. [7]. Although there are
significant differences between the extraction of Qé g for
the individual cross sections, this measurement is a ratio of
two well-defined experimental quantities. As was the case
for NCE, the expression used for QZQ E(et) [2] assumes that
the muon is recoiling from a stationary nucleon.
Corrections for that are model dependent and not provided
here. Instead, the various models can be compared to this
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- MiniBooNE data

—

— MC (MiniBooNE M} *%)

«ees MC (M, =1.02 GeV)

I
n

2 2
(05 g/ dQe /(405 ceqe/dQ0 ()
S

02 04 06 08 1 12 14
2 2
Qo or ) (GeV)

FIG. 9 (color online). MiniBooNE ZNCE/0CCQE cross sec-
tion ratio on CH, as a function of Q2Q EN/ut)" Also shown are the
MC prediction for the ratio with M, = 1.02 GeV as well as that
determined by the MiniBooNE vCCQE measurement
(M“E°¥ = 1.35 GeV). The individual ZNCE and ZCCQE cross
sections are per target nucleon—there are 14/8 times more target
nucleons in the numerator than in the denominator. The error bars
include both statistical and systematic errors (except the flux
errors) taken in quadrature. The corresponding YNCE/vCCQE
cross section ratio has been reported in Ref. [7].

experimentally defined ratio with reduced correlated
experimental errors, for a sensitive test of the underlying
nuclear model.

In the ZNCE/DCCQE scattering cross section ratio
(Fig. 9), the uncertainties in the flux estimation are assumed
to cancel out whereas other errors have been added in
quadrature.

IV. SUMMARY

To summarize, using a high-statistics sample of ZNCE
scattering interactions collected by the MiniBooNE experi-
ment, the INCE (UN — vN) flux-averaged differential
cross section, do/dQ? on CH, was measured. The
DUNCE cross section (Fig. 7) shows good agreement to a
simple RFG model with M, = 1.35 GeV—determined by
the MiniBooNE vCCQE measurement [2]. This is interest-
ing as it shows that a simple tuning of M4, presumably to
effectively handle more complex nuclear effects, provides a
reasonable description.

For the first time, an antineutrino-to-neutrino NCE
scattering cross section ratio has been reported, that
accounts for all the systematic errors common to both
measurements. Finally, the ZNCE-to-vCCQE cross section
ratio is provided. The corresponding neutrino mode ratio
(WNCE to vCCQE) was reported in Ref. [7], facilitating a
comparison between the two modes.

Any other models designed to explain the MiniBooNE
VCCQE data [10-15] need to consider the entire
MiniBooNE data set (vCCQE, pCCQE, vNCE, and
UNCE) to be considered complete.
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APPENDIX A: MINIBOONE ANTINEUTRINO
NEUTRAL-CURRENT ELASTIC
CROSS-SECTION DISCUSSION

The antineutrino-nucleon NCE scattering cross section
reported here is in terms of Q2 £y Which in MiniBooNE is
proportional to the total kinetic energies of all the final state
nucleons that are produced in the interaction. Also in
MiniBooNE, NCE scattering on protons is indistinguishable
from NCE scattering on neutrons as the neutrons are seen
only via their subsequent strong interaction with protons.
The MiniBooNE target is mineral oil (CH,), hence the
scattering is off of both bound nucleons (in carbon) and free
nucleons (in hydrogen). In fact, the cross section is a sum of
three different processes: the antineutrino scattering off
free protons in the hydrogen atom, the bound protons in
the carbon atom, and the bound neutrons in the carbon atom.
Each of the individual processes have different efficiencies in
the MiniBooNE detector. Figure 10 shows the efficiency
correction functions Cj, 7, Cy), ¢, and Cy, ¢ for the three
processes. The efficiency correction is defined as the ratio
of the efficiency for a particular type of ZNCE event to
the average efficiency for all NCE events as a function of
Q2Q E(N)* Therefore, the flux-averaged vNCE differential
cross section on CH, shown in Fig. 7 can be expressed as

dGDp—»Dp,H 3

dogy—on _ 1
== Copr(Qfp)) a0 t3 Cop.c(Qorm))

Tagt 7
ddf/ —op,C 3 daﬁ”_’pn’c
g 7 CmelCorm) e

[ .- Y on hydrogen proton
— V on carbon proton
- -~V on carbon neutron

efficiency correction

0 1 1 1 1 1 1

1 1
02 04 06 0.8 1 1.2 1.4 1.6
2 2
QQE(N) (GeV")

FIG. 10 (color online). The efficiency corrections for the
different processes (as labeled) contributing to the MiniBooNE
UNCE scattering cross section, as a function of Q2QE( N)-
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where doy,_;, 1/ dQ? is the INCE cross section on free
protons (per free proton), do,_;, ¢/ dQ? is the INCE cross
section on bound protons (per bound proton), and
doy—onc/dQ? is the INCE cross section on bound neu-
trons (per bound neutron). The efficiency corrections should
be applied to the predicted cross sections of the individual
processes in order to compare with the MiniBooNE tNCE
scattering cross section result.

TABLE IV. MiniBooNE measured “NCE/v CCQE cross section ratio as a function of Q2Q EON /-

PHYSICAL REVIEW D 91, 012004 (2015)
APPENDIX B: TABLES

Here we tabulate the results presented in this paper.
Table VI lists the UNCE differential cross section, the
DUNCE-like background (as shown in Fig. 7), and the
correction coefficients, in bins of QZQ £y A data release
page is also available in Ref. [52] where the experimentally
reconstructed nucleon scattering energy spectrum, the

)

Q2Q EOV/ut) (GeV?)\distribution

v
ONCE

g‘éCQt
0.100-0.150 0.245 +£0.013
0.150-0.200 0.248 £0.014
0.200-0.250 0.249 £ 0.017
0.250-0.300 0.264 + 0.020
0.300-0.350 0.275 £ 0.024
0.350-0.400 0.272 £ 0.027
0.400-0.450 0.277 £0.033
0.450-0.500 0.275 £ 0.037
0.500-0.600 0.269 £+ 0.045
0.600-0.700 0.281 £ 0.059
0.700-0.800 0.284 £ 0.072
0.800-1.000 0.294 + 0.086
1.000-1.200 0.391 +£0.139
1.200-1.500 0.535 +£0.276

TABLE V. MiniBooNE
2 —
QQE(N) = 2mNZ,Tl

UNCE/VUNCE

scattering  cross

section ratio measured as a function of

Q%) (GeV)\distribution

NCE

v
ONCE

0.067-0.135
0.135-0.202
0.202-0.270
0.270-0.337
0.337-0.405
0.405-0.472
0.472-0.540
0.540-0.608
0.608-0.675
0.675-0.743
0.743-0.810
0.810-0.878
0.878-0.945
0.945-1.013
1.013-1.080
1.080-1.148
1.148-1.216
1.216-1.283
1.283-1.351
1.351-1.418
1.418-1.486
1.486-1.553
1.553-1.621
1.621-1.689

0.555 +£0.0371
0.473 £0.0304
0.393 £ 0.0257
0.344 £ 0.0230
0.300 + 0.0232
0.265 £ 0.0210
0.228 +0.0183
0.202 £ 0.0189
0.184 £0.0193
0.170 £ 0.0210
0.160 £ 0.0225
0.155 £ 0.0254
0.148 +0.0269
0.149 £ 0.0335
0.159 £ 0.0310
0.157 £0.0370
0.151 +£0.0385
0.144 £ 0.0329
0.138 +£0.0321
0.139 +0.0329
0.132 +£0.0325
0.132 +£0.0342
0.141 £ 0.0406
0.136 +0.0434
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TABLE VI. MiniBooNE measured NCE differential cross section, predicted NCE-like background, and predicted correction
coefficients for the three different INCE scattering contributions as a function of Qé E(N) = 2my> T,

QzQ EN) (GeV*)\distribution ~INCE cross section, ( cm?/GeV?) NCE-like background, ( cm?/ GeV?) Copn Cipe  Ciunc

0.033-0.100 (9.700 + 0.791) x 1074
0.100-0.168 (1.646 £0.119) x 107%
0.168-0.235 (1.225 4 0.084) x 107
0.235-0.303 (9.039 £ 0.724) x 1074
0.303-0.370 (6.749 £ 0.661) x 1074
0.370-0.438 (5.053 +0.584) x 1074
0.438-0.506 (3.863 £0.461) x 1074
0.506-0.573 (2.963 £ 0.416) x 10740
0.573-0.641 (2.292 £0.361) x 1074
0.641-0.708 (1.799 £ 0.314) x 1074
0.708-0.776 (1.409 £ 0.274) x 1074
0.776-0.844 (1.111 £ 0.235) x 1074
0.844-0.911 (8.747 £ 2.088) x 107!
0.911-0.979 (7.061 £ 1.681) x 10~*!
0.979-1.046 (5.833 £1.079) x 107!
1.046-1.114 (4.711 £0.989) x 107
1.114-1.181 (3.883 £1.139) x 1074
1.181-1.249 (3.101 £0.726) x 1074
1.249-1.317 (2.513 £0.482) x 107#!
1.317-1.384 (2.060 + 0.384) x 107!
1.384-1.452 (1.720 £ 0.294) x 1074
1.452-1.519 (1.391 £ 0.279) x 10~
1.519-1.587 (1.165 £ 0.315) x 107!
1.587-1.655 (1.024 £0.378) x 1074

1.048 x 104! 0.484 1.017 1.229
2.931 x 104! 1.134  1.128 0.868
3.094 x 104! 1.055 1.050 0.944
3.365 x 1074 1.028 1.018 0.979
4288 x 1074 0.998 0.997 1.002
5.623 x 104 0972 0984 1.018
7.192 x 10741 1.001 0.981 1.019
8.520 x 10~#! 0.979 0.983 1.020
9.154 x 104! 0.986 0.980 1.022
9.245 x 104! 0.981 0.985 1.018
8.970 x 1074 0.997 0.985 1.016
8.260 x 104! 0.969 0.980 1.025
7.278 x 1074 0.966 0.969 1.038
6.289 x 1041 0.936  0.973 1.036
5.392 x 104! 0.979 0.983 1.022
4316 x 1074 0.977 0980 1.025
3.543 x 1074 0.904 0.976 1.035
2.846 x 1041 0.736  0.893 1.152
2.366 x 10741 0.685 0.865 1.192
1.976 x 104! 0464 0.867 1.202
1.657 x 10~ 0.386 0.851 1.241
1.386 x 10~4 0323 0811 1.286
1.145 x 1074 0.526  0.840 1.233
9.840 x 1042 0.240 0.854 1.222

migration matrices from reconstructed to true energy (for
the bound nucleons in carbon, free protons in hydrogen,
and the UNCE-like background), the detector efficiency,
and the total error matrix is reported.

Table V quantifies the antineutrino NCE-to-neutrino
NCE scattering cross section ratio measurement shown
in Fig. 8. And Table IV lists the UNCE-to-vCCQE differ-
ential cross section ratio measurement shown in Fig. 9.

[1] J. A. Formaggio and G. P. Zeller, Rev. Mod. Phys. 84, 1307
(2012).

[2] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 81, 092005 (2010).

[3] R. A. Smith and E. J. Moniz, Nucl. Phys. B43, 605 (1972);
101, 547(E) (1975).

[4] J. Carlson, J. Jourdan, R. Schiavilla, and I. Sick, Phys. Rev.
C 65, 024002 (2002).

[5] O. Benhar, N. Farina, H. Nakamura, M. Sakuda, and R.
Seki, Phys. Rev. D 72, 053005 (2005).

[6] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Donnelly,
and C. Maieron, Phys. Rev. C 71, 065501 (2005).

[71 A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 82, 092005 (2010).

[8] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 84, 072005 (2011).

[9] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 88, 032001 (2013).

[10] J. E. Amaro, M. B. Barbaro, J. A. Caballero, T. W. Donnelly,
and J. M. Udias, Phys. Rev. D 84, 033004 (2011).

[11] A.Bodek, H. S. Budd, and M. E. Christy, Eur. Phys. J. C 71,
1726 (2011).

[12] C. Giusti and A. Meucci, arXiv:1110.4005.

[13] M. Martini et al., Phys. Rev. C 84, 055502 (2011).

[14] J. Nieves, I. R. Simo, and M. J. V. Vacas, J. Phys. Conf. Ser.
408, 012040 (2013).

[15] J. T. Sobczyk, Eur. Phys. J. C 72, 1850 (2012).

[16] J.E. Amaro, M. Barbaro, J. Caballero, and T. Donnelly,
Phys. Rev. C 73, 035503 (2006).

[17] O. Benhar and G. Veneziano, Phys. Lett. B 702, 433 (2011).

[18] A. Meucci, C. Giusti, and F. D. Pacati, Phys. Rev. D 84,
113003 (2011).

[19] A. V. Butkevich and D. Perevalov, Phys. Rev. C 84, 015501
(2011).

[20] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 103, 081801 (2009).

012004-11


http://dx.doi.org/10.1103/RevModPhys.84.1307
http://dx.doi.org/10.1103/RevModPhys.84.1307
http://dx.doi.org/10.1103/PhysRevD.81.092005
http://dx.doi.org/10.1016/0550-3213(72)90040-5
http://dx.doi.org/10.1016/0550-3213(75)90612-4
http://dx.doi.org/10.1103/PhysRevC.65.024002
http://dx.doi.org/10.1103/PhysRevC.65.024002
http://dx.doi.org/10.1103/PhysRevD.72.053005
http://dx.doi.org/10.1103/PhysRevC.71.065501
http://dx.doi.org/10.1103/PhysRevD.82.092005
http://dx.doi.org/10.1103/PhysRevD.84.072005
http://dx.doi.org/10.1103/PhysRevD.88.032001
http://dx.doi.org/10.1103/PhysRevD.84.033004
http://dx.doi.org/10.1140/epjc/s10052-011-1726-y
http://dx.doi.org/10.1140/epjc/s10052-011-1726-y
http://arXiv.org/abs/1110.4005
http://dx.doi.org/10.1103/PhysRevC.84.055502
http://dx.doi.org/10.1088/1742-6596/408/1/012040
http://dx.doi.org/10.1088/1742-6596/408/1/012040
http://dx.doi.org/10.1140/epjc/s10052-011-1850-8
http://dx.doi.org/10.1103/PhysRevC.73.035503
http://dx.doi.org/10.1016/j.physletb.2011.07.032
http://dx.doi.org/10.1103/PhysRevD.84.113003
http://dx.doi.org/10.1103/PhysRevD.84.113003
http://dx.doi.org/10.1103/PhysRevC.84.015501
http://dx.doi.org/10.1103/PhysRevC.84.015501
http://dx.doi.org/10.1103/PhysRevLett.103.081801

A.A. AGUILAR-AREVALO et al.

[21] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 83, 052009 (2011).

[22] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 81, 013005 (2010).

[23] D. Cline, A. Entenberg, W. Kozanecki, A. Mann, D. Reeder,
C. Rubbia, J. Strait, L. Sulak, and H. Williams, Phys. Rev.
Lett. 37, 252 (1976).

[24] A. Entenberg, J. Horstkotte, W. Kozanecki, A. Mann, C.
Rubbia, J. Strait, L. Sulak, P. Wanderer, and H. Williams,
Phys. Rev. Lett. 42, 1198 (1979).

[25] L. Ahrens et al., Phys. Rev. D 35, 785 (1987).

[26] C. Athanassopoulos et al. (LSND), Phys. Rev. Lett. 81,
1774 (1998).

[27] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 110, 161801 (2013).

[28] A.A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 79, 072002 (2009).

[29] J. L. Raaf, A. O. Bazarko, G. T. Garvey, E. A. Hawker, R. A.
Johnson, G. B. Mills, A. Pla-Dalmau, and R. Tayloe, [IEEE
Trans. Nucl. Sci. 49, 957 (2002).

[30] S. Brice et al. (MiniBooNE Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 562, 97 (2006).

[31] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 5§99, 28 (2009).

[32] S. Agostinelli et al. (GEANT4), Nucl. Instrum. Methods
Phys. Res., Sect. A 506, 250 (2003).

[33] M. G. Catanesi et al., Eur. Phys. J. C 52, 29 (2007).

[34] MiniBooNE flux data release, http://www-boone.fnal.gov/
for_physicists/data_release/flux/.

[35] D. Casper, Nucl. Phys. B, Proc. Suppl. 112, 161 (2002).

PHYSICAL REVIEW D 91, 012004 (2015)

[36] C. Llewellyn Smith, Phys. Rep. 3, 261 (1972).

[37] D. Rein and L. M. Sehgal, Nucl. Phys. B223, 29 (1983).

[38] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 100, 032301 (2008).

[39] T. Katori, Report No. FERMILAB-THESIS-2008-64, 2008.

[40] R. Brun et al., “GEANT 3”, CERN DD/EE/84-1 (1987).

[41] A. Ferrari et al., Report No. CERN-2005-010, 2005.

[42] J.D. Jackson, Classical Electrodynamics Third Edition,
3rd ed. (Wiley, New York, 1998).

[43] R. B. Patterson, E. M. Laird, Y. Liu, P. D. Meyers, 1. Stancu,
and H. A. Tanaka, Nucl. Instrum. Methods Phys. Res., Sect.
A 608, 206 (2009).

[44] D. Perevalov, Report No. FERMILAB-THESIS-2009-47,
20009.

[45] A. Shinohara, T. Muroyama, J. Shintai, J. Kurachi, M.
Furukawa, T. Miura, Y. Yoshimura, T. Saito, T. Ohdaira, and
N. Imanishi, Phys. Rev. A 53, 130 (1996).

[46] T. Suzuki, D. Measday, and J. Roalsvig, Phys. Rev. C 35,
2212 (1987).

[47] A.A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 81, 013005 (2010).

[48] H. Takei, Report No. FERMILAB-THESIS-2009-19, 2009.

[49] G. Cowan, Statistical data analysis (Oxford University
Press, Oxford, 1998).

[50] G. D’Agostini, Nucl. Instrum. Methods Phys. Res., Sect. A
362, 487 (1995).

[51] R. Dharmapalan, Report No. FERMILAB-THESIS-2012-
29, 2012.

[52] MiniBooNE antineutrino NCE data release, http://www-
boone.fnal.gov/for_physicists/data_release/ncel_nubar.

012004-12


http://dx.doi.org/10.1103/PhysRevD.83.052009
http://dx.doi.org/10.1103/PhysRevD.81.013005
http://dx.doi.org/10.1103/PhysRevLett.37.252
http://dx.doi.org/10.1103/PhysRevLett.37.252
http://dx.doi.org/10.1103/PhysRevLett.42.1198
http://dx.doi.org/10.1103/PhysRevD.35.785
http://dx.doi.org/10.1103/PhysRevLett.81.1774
http://dx.doi.org/10.1103/PhysRevLett.81.1774
http://dx.doi.org/10.1103/PhysRevLett.110.161801
http://dx.doi.org/10.1103/PhysRevD.79.072002
http://dx.doi.org/10.1109/TNS.2002.1039597
http://dx.doi.org/10.1109/TNS.2002.1039597
http://dx.doi.org/10.1016/j.nima.2006.02.180
http://dx.doi.org/10.1016/j.nima.2006.02.180
http://dx.doi.org/10.1016/j.nima.2008.10.028
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1016/S0168-9002(03)01368-8
http://dx.doi.org/10.1140/epjc/s10052-007-0382-8
http://www-boone.fnal.gov/for_physicists/data_release/flux/
http://www-boone.fnal.gov/for_physicists/data_release/flux/
http://www-boone.fnal.gov/for_physicists/data_release/flux/
http://www-boone.fnal.gov/for_physicists/data_release/flux/
http://dx.doi.org/10.1016/S0920-5632(02)01756-5
http://dx.doi.org/10.1016/0370-1573(72)90010-5
http://dx.doi.org/10.1016/0550-3213(83)90090-1
http://dx.doi.org/10.1103/PhysRevLett.100.032301
http://dx.doi.org/10.1016/j.nima.2009.06.064
http://dx.doi.org/10.1016/j.nima.2009.06.064
http://dx.doi.org/10.1103/PhysRevA.53.130
http://dx.doi.org/10.1103/PhysRevC.35.2212
http://dx.doi.org/10.1103/PhysRevC.35.2212
http://dx.doi.org/10.1103/PhysRevD.81.013005
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://dx.doi.org/10.1016/0168-9002(95)00274-X
http://www-boone.fnal.gov/for_physicists/data_release/ncel_nubar
http://www-boone.fnal.gov/for_physicists/data_release/ncel_nubar
http://www-boone.fnal.gov/for_physicists/data_release/ncel_nubar
http://www-boone.fnal.gov/for_physicists/data_release/ncel_nubar

