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Two methods are employed to measure the neutrino flux of the antineutrino-mode beam observed by

the MiniBooNE detector. The first method compares data to simulated event rates in a high-purity

��-induced charged-current single �
þ (CC1�þ) sample while the second exploits the difference between

the angular distributions of muons created in �� and ��� charged-current quasielastic (CCQE) interactions.

The results from both analyses indicate the prediction of the neutrino flux component of the predominately

antineutrino beam is overestimated—the CC1�þ analysis indicates the predicted �� flux should be scaled

by 0:76� 0:11, while the CCQE angular fit yields 0:65� 0:23. The energy spectrum of the flux prediction

is checked by repeating the analyses in bins of reconstructed neutrino energy, and the results show that the

spectral shape is well-modeled. These analyses are a demonstration of techniques for measuring the

neutrino contamination of antineutrino beams observed by future nonmagnetized detectors.

DOI: 10.1103/PhysRevD.84.072005 PACS numbers: 14.60.Lm, 14.60.Pq, 14.60.St

I. INTRODUCTION

If �13 is nonzero, next-generation neutrino oscillation
experiments will embark on a program to measure the
neutrino mass ordering and look for evidence of CP vio-
lation in the neutrino sector. This effort will require precise
oscillation measurements with both neutrino and antineu-
trino beams in order to isolate these effects. Since beams

produced in an accelerator environment are never purely
neutrino nor antineutrino in content, detectors must be able
to separate the two contributions. Most commonly, this is
achieved by employing a magnetic field to identify the
final-state �� (or �þ) produced in charged-current ��

(or ���) interactions. A handle on the overall level and

energy dependence of �� versus ��� induced events, how-

ever, is also possible in unmagnetized detectors with a
suitable choice of reaction channels.
Accelerator-based neutrino beams are typically created

by colliding proton beams with thick nuclear targets.
Mesons produced at a variety of energies and angles are
focused by a magnetic horn before entering a decay tunnel.
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Meson decays can be calculated sufficiently well for a
given beam geometry that the neutrino flux uncertainties
arise mainly from uncertainties in the meson production
cross sections. In particular, to avoid extrapolating data
taken with diverse nuclear target materials or proton en-
ergies, neutrino experiments require dedicated hadron pro-
duction cross section measurements taken with the same
beam energy and target to obtain a reliable flux prediction.
If an accelerator-based neutrino experiment lacks such
hadron production data, it may be able to meet its oscil-
lation analysis goals using calibrations from a near detec-
tor; however, the secondary physics goal of measuring
neutrino-nucleon absolute cross sections will still be lim-
ited by flux uncertainties.

To avoid ambiguity, in this paper references to
‘‘neutrinos’’ are not meant to also refer to antineutrinos,
and ‘‘mode’’ refers to the polarity of the magnetic focusing
horn used in the beamline. In this way, for example,
‘‘antineutrino events’’ refers to antineutrino-induced
events exclusively while ‘‘antineutrino-mode events’’ re-
fers to data obtained when the horn polarity focuses nega-
tively charged particles, which is a mix of neutrino and
antineutrino-induced events.

The Mini Booster Neutrino Experiment (MiniBooNE) is
located at Fermilab in Batavia, Illinois, and has made many
oscillation [1–5] and cross section [6–13] measurements.
For MiniBooNE, the pion production data crucial to the
flux model come from proton-beryllium cross sections on a
5% interaction length target reported by the HARP experi-
ment [14]. However, even with dedicated data appropriate
to the experimental setup of MiniBooNE, there remain
small regions of phase space relevant to MiniBooNE not
covered by these HARP measurements. Of particular im-
portance is the production of very forward pions with
respect to the direction of the incoming proton beam.
This is the dominant production region of parent particles
contributing neutrinos to the antineutrino-mode beam, or
vice versa. MiniBooNE uses a magnetic horn to defocus
the majority of these background parent particles, but as
Fig. 1 suggests, the very forward pions can escape mag-
netic deflection. This same angular region suffers from a
sizable beam-related proton background and would also
require a model-dependent acceptance correction [15]. For
these reasons, pion cross sections in the �� < 30 mrad
region, where �� is the angle the outgoing pion makes
with respect to the incoming proton beam, are not reported
by HARP and the majority of the MiniBooNE flux pre-
diction arising from �þ (��) decay while focusing ��
(�þ) is extrapolated from the available hadron production
data. The hadron production data cover �90% of sign-
selected pions, while less than 25% of oppositely charged
pions in the same beam are constrained. Some of these
acceptance limitations could be reduced by use of the long-
target data taken by HARP, which are actively being
analyzed.

The overall contamination rate is more significant in
antineutrino mode due to effects from both flux and cross
section: the leading-particle effect at the target preferen-
tially produces about twice as many �þ as ��, and the
neutrino cross section is about 3 times higher than the
antineutrino cross section in the MiniBooNE energy range
(�1 GeV) [16]. For these reasons antineutrino-induced
events are not a serious complication for neutrino-mode
running, as these flux and cross section effects conspire to
suppress their contribution, while the same effects amplify
the neutrino contamination in antineutrino-mode data.
Simulation predicts antineutrino events account for �1%
of neutrino-mode data while neutrinos are responsible for
�30% of antineutrino-mode data. This motivates a dedi-
cated study of the neutrino flux contribution to the
antineutrino-mode data. A data set corresponding to
5:66� 1020 protons on target is analyzed here and is
important for both the ongoing MiniBooNE antineutrino
oscillation search [4,5] and antineutrino cross section
measurements.
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FIG. 1 (color online). Predicted angular distributions of pions
with respect to the incident proton beam (��) producing �� and

��� in (a) neutrino mode and (b) antineutrino mode. Only pions

leading to �� and ��� events in the detector are shown, and all

distributions are normalized to 5:66� 1020 protons on target.
Arrows indicate the region where HARP data [14] are available.
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Two approaches for measuring the neutrino flux in an-
tineutrino mode are taken. In the first method, a high-purity
sample of charged-current single �þ (CC1�þ) events
isolate the �� contribution in the beam. The second

method exploits the interference term in the charged-
current quasielastic (CCQE) cross section, where the an-
gular distribution of final-state muons are predicted to be
distinct for �� compared to ��� interactions. Both tech-

niques were introduced in the MiniBooNE antineutrino-
mode run proposal [17]. These two approaches offer
complementary means of measuring the neutrino flux com-
ponent in antineutrino-mode data, with the CCQE sample
providing a constraint at lower neutrino energies while the
CC1�þ measurement covers higher energies. They pro-
vide both a check of the MiniBooNE beam simulation in a
region not covered by external data and demonstrate a set
of techniques for measuring the �� contamination in an

antineutrino-mode beam in the absence of a magnetized
detector. It has been argued elsewhere that even modest
statistical separation of charged-current neutrino and anti-
neutrino events, afforded by the kind of analyses presented
here, may be sufficient to meet the physics goals in pro-
posed future experiments such as neutrino factories [18].

This paper is organized as follows: the MiniBooNE
experiment is described in Sec. II while Sec. III details
the neutrino and antineutrino scattering models. Two tech-
niques to measure the neutrino contribution to the antineu-
trino flux are presented in Secs. IV and V. The results are
compared in Sec. VI, implications for other neutrino
experiments are discussed in Sec. VII and this work is
summarized in Sec. VIII.

II. THE MINIBOONE EXPERIMENT

A. Beamline and flux

The Booster Neutrino Beamline (BNB) provides the
neutrino and antineutrino flux to MiniBooNE. A beam of
8 GeV-kinetic-energy protons is extracted from the Booster
synchrotron in ‘‘spills’’ of 5� 1012 protons over 1:6 �s at
a maximum rate of 5 Hz. A lattice of alternatively focusing
and defocusing quadrupole magnets steer the proton
bunches to a beryllium target 71 cm (1.75 interaction
lengths) long. The protons collide with the target to create
a spray of secondary particles. An aluminum electromag-
netic horn surrounding the target is pulsed to coincide with
the p-Be collisions, creating a toroidal magnetic field to
focus mesons of the desired charge. The horn pulses are
such that the magnetic field is constant for the duration of
the proton spill. In neutrino mode, the magnetic horn
focuses positively charged secondary particles while defo-
cusing those with negative charge; the horn effects are
reversed in antineutrino mode. The focused mesons are
allowed to decay in a 50 m air-filled decay region which
terminates at a steel beam dump. The dominant decay

modes of the mesons, mostly pions, produce muon neutri-
nos and antineutrinos.
A GEANT4-based model [19] is used to predict the neu-

trino and antineutrino flux at the detector. The simulation
considers proton travel to the target, p-Be interactions in
the target including meson production, magnetic horn
focusing, particle propagation, meson decay, and finally
neutrino and antineutrino transport to the detector. As
mentioned earlier, measurement of pion cross sections
from p-Be interactions are obtained from the HARP ex-
periment. The HARP double differential cross section error
matrix is used to set pion production uncertainties [20].
Even with valuable data constraints, meson production at
the target contributes the largest systematic error to the flux
prediction. The fractional uncertainty on pion production is
�8% around the flux peak, while the uncertainty grows
significantly in regions dominated by pions unconstrained
by HARP data. The flux prediction in neutrino and anti-
neutrino modes is presented in Fig. 2. Details of the beam-
line and flux prediction are given in Ref. [20].
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FIG. 2 (color online). The MiniBooNE flux prediction for
(a) neutrino mode and (b) antineutrino mode. Because of the
leading-particle effect, the neutrino contribution to the
antineutrino-mode flux is more significant compared to the anti-
neutrino component of the neutrino-mode beam. Plots taken from
Ref. [20].
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B. Detector

The MiniBooNE detector is a 6.1 m-radius sphere filled
with 818 tons of pure Marcol7 mineral oil. It houses 1520
8-inch Hamamatsu photomultiplier tubes (PMTs) segre-
gated into two optically isolated regions: an inner signal
region of 575 cm radius and an outer veto shell of thickness
35 cm. The former contains 1280 PMTs (11.3% coverage)
while the latter holds 240 PMTs. The veto region is used to
enforce containment of charged particles produced by
neutrinos and antineutrinos from the beam and reject
charged particles entering the tank.

The mineral oil has a density of 0:845 g=cm3 with
an index of refraction of 1.47 at 20�C. Charged particles
with velocity �> 0:68 produce Cherenkov radiation.
Particle identification and reconstruction is principally
obtained through the pattern and timing of this prompt
Cherenkov light; however, delayed scintillation light
present due to fluorescent components in the oil has also
been used effectively to provide energy information for
charged particles produced below Cherenkov threshold
[10].

MiniBooNE electronics record PMT charge and time
information beginning about 5 �s before the 1:6 �s BNB
proton delivery. Data are recorded for a total of 19:2 �s.
The 5 �s interval before the beam spill is primarily present
to minimize data contamination caused by cosmic ray
muons stopping in the signal region prior to the start of
the DAQ window. PMT activity is recorded for more than
10 �s after beam delivery to observe electrons from the at-
rest decay of muons (hereafter referred to as ‘‘Michel’’
electrons) subsequent to the initial neutrino or
antineutrino-induced interaction.

The detector response to muons is measured using
a dedicated muon tagging system that independently
measures the energy and direction of cosmic ray muons
up to 800 MeV. MiniBooNE employs a scintillator hodo-
scope directly above the detector and seven internal scin-
tillator cubes at different depths, each connected to a
dedicated 1-inch PMT for readout. The measured ranges
and directions of muons traversing the hodoscope and
stopping in cubes are used to verify muon reconstruction
algorithms. The energy (angle) resolution improves from
12% (5.4 deg) at 100 MeV to 3.4% (1.0 deg) at 800 MeV.
Full detector details and calibrations are available in
Ref. [21].

C. Detector simulation

The detector response to particle interactions and
propagation is simulated using GEANT3 [22]. The entire
detector geometry is considered, including the steel tank,
external supports and main inner components. In addition,
the surrounding environment composed of dirt external
to the MiniBooNE enclosure, the concrete cylindrical
housing and the air-filled gap between the detector and
walls is treated. Of critical importance is the treatment of

particle transport in the detector medium. The GEANT3

program takes as input the final-state particles emerging
from the nucleus and simulates their propagation in the
detector.
With a few exceptions, MiniBooNE uses the standard

GEANT3 settings to simulate physics processes. Deviations

include a custom model for light propagation in the
detector oil and a substitution of the hadronic interaction
model. The default GFLUKA hadron model is replaced by
the GCALOR [23] package, which better models pion ab-
sorption (�� þ X ! X0) and charge-exchange (�� þ
X $ �0 þ X0) processes. This is particularly relevant for
the present analysis, where the predicted event composi-
tion of the two interaction samples studied is dependent on
the pion survival model. Based on comparisons with ex-
ternal data [24] and the GCALOR prediction, an uncertainty
of 35% (50%) is assigned to the pion absorption (charge
exchange) interaction in the detector medium. The uncer-
tainty for the same processes inside the nucleus is
discussed in Sec. III C.
The model for light propagation in the oil is formed

using a combination of external measurements and cali-
bration data. Photon emission through Cherenkov and
scintillation processes is simulated and propagated until
the photon either is absorbed or hits a PMT photocathode,
possibly leading to photoelectron production. Light emis-
sion, attenuation and scattering are included. The optical
model of the detector describes the wavelength, time, and
angular dependence of these processes [25].

III. PREDICTED NEUTRINO AND
ANTINEUTRINO INTERACTIONS

MiniBooNE uses the NUANCE [16] event generator to
simulate neutrino and antineutrino interactions in the de-
tector. NUANCE includes a comprehensive neutrino and
antineutrino cross section model which considers known
interactions in the neutrino and antineutrino energy range
from�100 MeV to 1 TeV. Ninety-nine reactions are mod-
eled separately and combined with nuclear models describ-
ing bound nucleon states and final-state interactions to
predict event rates and kinematics.
Bound nucleons in the detector medium are described by

the Relativistic Fermi Gas model [26]. This assumes the
nucleons to be independent and quasifree. Also specified is
a hard cutoff in available struck nucleon energies as dic-
tated by the exclusion principle.
The neutrino and antineutrino interaction types

relevant to the analysis presented here are charged-current
quasielastic (Sec. III A) and pion production (Sec. III B).
The neutrino-induced absolute cross sections for both pro-
cesses have been measured at MiniBooNE using a flux
prediction well determined by HARP data. These cross
section measurements are utilized in the antineutrino-mode
simulation.
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A. Charged-current quasielastic scattering

To model CCQE interactions, this analysis uses
measured cross sections from the MiniBooNE neutrino-
mode CCQE data [9] and a model which has been found to
reproduce well the kinematics of such events. Specifically,
MiniBooNE adopts the CCQE scattering formalism of
Smith-Moniz [26]. The vector component of the interac-
tion is measured by electron scattering experiments and is
assumed to have a nondipole form [27]. The axial-vector
form factor employs a dipole construction, containing an
‘‘axial mass,’’MA, taken either from MiniBooNE or exter-
nal data, depending on the neutrino target.

The MiniBooNE mineral oil is composed of CnH2nþ2,
n� 20, and the prediction for CCQE scattering is differ-
ent for the two flavors of target. In the present analysis,
Meff

A ¼ 1:35� 0:17 GeV, together with a Pauli blocking

adjustment, � ¼ 1:007� 0:012, are assumed for bound
nucleon scattering. These values come from a high-
statistics analysis of MiniBooNE �� CCQE events on

carbon [9] and are consistent with values recently deter-
mined from an independent MiniBooNE neutral-current
elastic scattering sample [10]. A previous shape-only
study has shown that these CCQE model parameters
reproduce the MiniBooNE antineutrino-mode data shape
[28], and therefore the same Meff

A and � values are applied

to both �� and ��� CCQE scattering events on carbon.

For free scattering of hydrogen, a process accessible to
antineutrino and not neutrino CCQE events, a value of
MA ¼ 1:03� 0:02 GeV is used based on a global fit to
previous light target data [29].

In the case of carbon scattering, the superscript
‘‘eff’’, short for ‘‘effective,’’ on MA is introduced to allow
for the possibility that nuclear effects are responsible
for the apparent discrepancy between the MiniBooNE
carbon-based measurements and light target results. This
is also theoretically motivated by a possible reconciliation
between the measurements through a mechanism resulting
in intranuclear correlations of greater importance than
previously thought [30–34]. Such a mechanism would
indicate a larger CCQE cross section for nuclear targets
than for free scattering, which in this case, is reflected
in the higher MA choice for carbon versus hydrogen
scattering.

B. Pion production

Baryonic resonances are the dominant source of single
pion production at MiniBooNE. The formalism to describe
these events is taken from the Rein-Sehgal model [35],
where the relativistic harmonic oscillator quark model is
assumed [36]. Eighteen resonances are considered, how-
ever the �ð1232Þ is dominant in the energy range spanned
by MiniBooNE. Multipion production mechanisms are
also considered, though their contribution is predicted to
be small.

The axial masses in the resonance channels are set
simultaneously to reproduce inclusive non-MiniBooNE
charged-current data [37]. The extracted values are
M1�

A ¼ 1:10� 0:27 GeV (single pion production) and
Mmulti-�

A ¼ 1:30� 0:52 GeV (multipion production).
In the present analysis the charged-current single

�þ (CC1�þ) prediction with these assumptions is adjusted
to reproduce the kinematic distributions measured in
MiniBooNE neutrino-mode data [9,12].

C. Final-state interactions

For a neutrino or antineutrino interaction with a nucleon
bound in carbon, NUANCE propagates the outgoing hadrons
including nucleons, mesons and baryonic resonances,
and simulates their reinteraction as they exit the nucleus.
The initial interaction model employs the impulse
approximation which assumes an instantaneous exchange
with independent nucleons. Subsequent to the initial
neutrino or antineutrino interaction, particles produced in-
side the nucleus are propagated stepwise in 0.3 fm incre-
ments until they emerge from the �2:5 fm radius sphere.
Intermittently, the probability for hadronic reinteraction
is calculated using a radially-dependent nucleon density
distribution [38] along with external �� N, N � N cross
section measurements [39]. For � reinteractions (�þ
N ! N þ N), an energy-independent probability of 20%
(10%) is taken for �þ þ N, �0 þ N (�þþ þ N, �� þ N)
based on K2K data [37] and is assigned 100% uncertainty.
As mentioned earlier, out of all hadronic reinteraction

processes, pion absorption and charge exchange (�� þ
X $ �0 þ X0) are the most relevant in predicting the
composition of the CC1�þ (Sec. IVA) and CCQE
(Sec. VA) samples studied in this analysis. Intranuclear
fractional uncertainties on pion absorption (charge ex-
change) are set to 25% (30%) based on comparisons be-
tween external data [24] and NUANCE. The simulation of
these two processes in the detector medium is addressed
separately in the detector simulation (Sec. II C).

IV. MEASURING THE NEUTRINO
FLUX COMPONENT IN THE

CC1�þ SAMPLE

A. The CC1�þ sample

The events in the CC1�þ sample in antineutrino mode
originate almost exclusively from �� interactions, making

it an excellent candidate for measuring the �� content of

the antineutrino-mode beam. In the few-GeVenergy range,
the dominant charged-current single pion production chan-
nels contain a final-state �þ (��) in the case of �� ( ���)

scattering. MiniBooNE cleanly identifies CC1�þ events
by selecting 3 ‘‘subevents’’, attributed to the muon from
the primary �� interaction and two subsequent decay

electrons, one each from the �� and �þ decay chain:
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1: �� þ pðnÞ ! �� þ pðnÞ þ �þ ,! �þ þ ��

2: ,! e� þ ��e þ ��

3: ,! eþ þ �e þ ���: (1)

The monoenergetic �þ from the decay of stopped �þ
does not lead to a separate subevent due to the short life-
time of the �þ. Subevents are defined as clusters in time of
PMT activity (or PMT ‘‘hits’’). A hit is any PMT pulse
passing the discriminator threshold of �0:1 photoelec-
trons. A temporal cluster of PMT activity with at least
10 hits within a 200 ns window and individual hit times
less than 10 ns apart, while allowing for at most two
spacings of 10–20 ns, defines a subevent. Apart from
detection efficiencies, some neutrino-induced CC1�þ
events do not enter the three-subevent sample as �8% of
�� are captured in carbon [40] and therefore do not lead to
the production of a Michel electron. Other selection cuts
made to enhance sample purity and improve reconstruction
are given with efficiencies in Table I. Cut 1 is the three-
subevent criterion previously detailed. Cut 2 requires that
the first subevent occur during a 3 �s time window cen-
tered on the BNB proton spill. Cut 3 rejects events close to
the detector edge that are likely to be poorly reconstructed.
Selection cuts on the number of tank hits are based pri-
marily on the observation that Michel electrons produce
fewer than 200 tank hits. Cut 4 ensures the first subevent is
not a Michel electron and rejects low-energy muons that
might be reconstructed poorly. Cut 5 requires that the
number of hits for the second and third subevents is con-
sistent with a Michel electron. Veto PMT activity is moni-
tored simultaneously with the main tank PMTs, thus Cut 6
ensures no subevent is due to charged particles entering the
tank and that all charged particles produced inside the
detector are contained. Cut 7 enforces spatial correlation
between the end of the muon track and the closest Michel

electron vertex. This reduces a class of backgrounds where
neither the second nor the third subevent arise from the
decay of the muon to a Michel electron. This cut is applied
only to the Michel closest to the end of the reconstructed
primary muon track as the pion lifetime compared to the
muon is short enough that either Michel can occur tempo-
rally first.
Charged-current single �� events induced by ��� are

largely rejected by the primary requirement of three sub-
events because most �� come to rest and are captured by
carbon nuclei [41], yielding no decay electron. The pre-
dicted event composition after this selection is presented in
Table II. The sample is 82% observable CC1�þ events
(i.e., events with a single muon, a single �þ, and any
number of nucleons exiting the initial target nucleus).
Some ��� CC1�� events do make it into the sample,

primarily due to decay-in-flight ��. Starting from an event
population that is �70% ���, this simple two-decay elec-

tron requirement remarkably yields a sample that is�80%
pure ��.

B. CC1�þ event reconstruction

In this analysis, charged-current single �þ event recon-
struction relies exclusively on the observation of the out-
going muon. Muon kinematics are obtained by the pattern,
timing, and total charge of prompt Cherenkov radiation
collected by PMTs in the first subevent of the interaction.
The topology and timing of the observed PMT hits are
compared to a likelihood function operating under a muon
hypothesis. This likelihood function predicts hit patterns
and timing based on the interaction vertex and the momen-
tum four-vector of the muon. The likelihood function
simultaneously varies these seven parameters while com-
paring to the observed PMT hits. The parameters from the
maximized likelihood function yield the reconstructed
muon kinematics.
Under the assumption of �ð1232Þ production by a neu-

trino scattering off a stationary nucleon target in carbon,
the neutrino energy is given by

E�
� ¼

2ðMp�EBÞE��ðE2
B�2MpEBþm2

�þ�M02Þ
2½ðMp�EBÞ�E�þp�cos��� ; (2)

TABLE I. Summary of selection cuts in the CC1�þ sample.
Purity and efficiency numbers are sequential and are calculated
for the ‘‘observable CC1�þ’’ event signature—1��, 1�þ.

Cut # Description

Efficiency

(%)

Purity

(%)

0 No cuts 100 10

1 Three subevents 30 29

2 1st subevent in event time window

4000< TðnsÞ< 7000
28 34

3 All subevents: reconstructed vertex

<500 cm from tank center

23 36

4 1st subevent: tank hits >200 22 39

5 2nd, 3rd subevents:

tank hits <200
19 65

6 All subevents: veto hits <6 16 78

7 Distance between reconstructed

end of 1st subevent and nearest

Michel electron vertex <150 cm

12 82

TABLE II. Predicted event composition of the CC1�þ sample
in antineutrino mode.

Interaction channel Contribution (%)

��N ! ���þN (resonant) 64

��A ! ���þA (coherent) 7

���N ! �þ��N (resonant) 6

��n ! ��p 6

��n ! ���0p 2

���p ! �þ�0n 1

Other (mostly DIS) 14

‘‘Observable CC1�þ’’ ð1��; 1�þÞ 82
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where EB ¼ 34 MeV is the binding energy, m� is the

muon mass, �M02 ¼ M2
p �M2

�, where M� (Mp) is the

�ð1232Þ (proton) mass, p� is the muon momentum, and

�� is the outgoing muon angle relative to the incoming

neutrino beam. Effects not accounted for in the reconstruc-
tion include nonresonant pion production, contributions
from higher mass � resonances, and scattering off the
quasifree protons in hydrogen instead of carbon. A shape
comparison of reconstructed E�

� in data and simulation is
presented in Fig. 3.

C. Measuring the neutrino flux component in the
antineutrino-mode CC1�þ sample

The simulation sample is separated into two compo-
nents: observable CC1�þ events and background. All
observable CC1�þ events in the simulation are modeled
using the CC1�þ cross section that has been measured in
MiniBooNE neutrino-mode data [12]. Given that the ma-
jority of the CC1�þ sample in antineutrino mode is in-
duced by neutrinos, with this cross section measurement
applied any remaining normalization difference between
data and simulation is interpreted as a neutrino flux mea-
surement. Results are presented in Table III. Events in the
antineutrino-mode CC1�þ sample indicate the neutrino
flux in antineutrino mode is lower than the simulation
predicts. The extracted calibration is 0:76� 0:11 of the
nominal prediction over all reconstructed energies, while
the analysis applied to individual energy ranges does not
indicate any significant energy dependence.

D. Systematic errors

The systematic error on the neutrino flux measurement
using the antineutrino-mode CC1�þ sample comes from
two sources that are treated as uncorrelated with each
other: the uncertainty on the CC1�þ cross section obtained

from [12] and the uncertainty in the background prediction.
The largest contribution to the uncertainty on the CC1�þ
cross section comes from the neutrino-mode flux uncer-
tainty, which is the only systematic error associated with
the cross section measurement that is also independent of
the measurement made here. Because the other CC1�þ
uncertainties are treated as uncorrelated, a partial cancel-
lation of errors is ignored in the present neutrino flux
measurement. This results in a slight overestimate of the
neutrino flux uncertainty. Both �� and ��� background

events in the sample are assigned 30% uncertainties to
conservatively recognize the model dependence of the
sample composition. The fractional uncertainty contribu-
tions to the flux measurement are presented in Table IV.

V. MEASURING THE NEUTRINO FLUX
THROUGH MUON ANGULAR

DISTRIBUTIONS IN THE CCQE SAMPLE

A. The CCQE sample

The CCQE interaction is the dominant channel in
MiniBooNE’s energy range. CCQE events typically have
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FIG. 3 (color online). The reconstructed energy spectrum for
simulation versus data in the antineutrino-mode CC1�þ sample.
Simulation is normalized to data, and only statistical errors are
shown.

TABLE III. Antineutrino-mode CC1�þ sample details and ��

flux component measurement. The measured cross section has
been applied to simulation, and the �� flux scale is found by

calculating (observed events—expected ��� events)/expected ��

events. The reported error is discussed in more detail in
Sec. IVD. The Monte Carlo sample is generated so that the
associated statistical error is negligible compared to the other
sources of uncertainty.

E�
� Range Mean gen. E� Events Expected �� Flux

(MeV) (MeV) in data �� ��� scale

600–700 961 465 556 104 0:65� 0:10
700–800 1072 643 666 118 0:79� 0:10
800–900 1181 573 586 97 0:81� 0:10
900–1000 1285 495 474 78 0:88� 0:11
1000–1200 1426 571 646 92 0:74� 0:10
1200–2400 1685 521 614 74 0:73� 0:15

Inclusive 1266 3268 3542 563 0:76� 0:11

TABLE IV. Fractional uncertainty (%) contributions to the
neutrino flux measurement in the CC1�þ sample. The ��

uncertainty is dominated by the CC1�þ crosssection error.

EQE
� Range (MeV) Statistical ��� �� Total fractional error

600–700 6 9 11 15

700–800 5 7 10 13

800–900 5 6 10 13

900–1000 5 6 10 13

1000–1200 5 6 11 13

1200–2400 5 5 19 20

Inclusive 2 6 13 14
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two subevents, attributed to the primary muon and the
associated decay positron:

1: ��� þ p ! �þ þ n

2: ,! eþ þ �e þ ���: (3)

The CCQE sample is therefore similar in formation to
the CC1�þ sample with one major divergence: a require-
ment of two subevents instead of three. As shown in
Table V, the CCQE selection cuts closely follow those
motivated in Sec. IVA, with a few exceptions appropriate
to the inclusion of a single Michel electron. The Michel
tank hit and veto PMT hit cuts apply to the second subevent
only now (Cuts 5 and 6, respectively), and the muon
endpoint-electron vertex cut in Cut 7 is tightened to
100 cm in light of larger backgrounds. The selection cuts
outlined here are identical to those employed in a previous
shape-only extraction of CCQE model parameters [6] and
closely follow those used in the absolute measurement of
the �� induced CCQE cross section [9], with only minor

differences that result in approximately the same sample
efficiency and purity.

Despite the selection cuts, there are formidable back-
grounds to the antineutrino-mode CCQE sample. Prior to
this analysis, simulation estimates the antineutrino-mode
CCQE sample has a purity just above 50% as shown in
Table VI. The major backgrounds include CC1�þ and
CC1�� events, which account for a total of �20% of the
sample, and the �� processes, predicted to be responsible

for �30% of the sample. The 30% predicted �� contami-

nation is investigated and ultimately constrained in this
analysis.

A few additional modifications to the simulation are
made to accommodate the backgrounds. The largest non-
CCQE background in the sample is single pion production
which enters the sample due to nuclear effects, including

��, �� capture and final-state interactions; however, in
the case of antineutrino-induced CC1�� scattering, due to
�� nuclear capture almost 100% of CC1�� events have
only two subevents and are experimentally indistinguish-
able from CCQE. This implies a direct background
measurement of CC1�� events (analogous to what was
done in Ref. [9]) is impossible. Therefore, though the
CC1�þ yield constraint made in Ref. [9] is strictly appro-
priate to neutrino-induced CC1�þ events only, it is applied
to both predicted CC1�þ and CC1�� background events
in the CCQE sample.
Many backgrounds to the CCQE sample peak in the

most forward scattering region of the muon angular distri-
bution with respect to the incoming neutrino beam. This
includes pion production and hydrogen CCQE scattering—
while the latter is technically not a background, the proper
handling of the difference in nuclear effects between bound
and free targets is not straightforward. Additionally, the
forward scattering region is strongly correlated with low
Q2 events, a problematic region both experimentally and
theoretically [42]. Such low Q2 data are dominated by ���

interactions, while the present analysis is principally inter-
ested in backwards scattering muons which is dominated
by ��. For these reasons, events with cos�� > 0:91 are not

included in the fit to data, where �� is the outgoing muon

angle relative to the incoming neutrino beam.

B. CCQE event reconstruction

Event reconstruction in the antineutrino-mode CCQE
sample proceeds similarly as in the CC1�þ sample, de-
scribed in Sec. IVB. As in the CC1�þ reconstruction, the
measurement of muon kinematics from the primary inter-
action is solely responsible for recreating the incident
neutrino energy. No requirement is made on the ejected
nucleon; this is an important distinction from the CCQE
definitions used by other experiments [43,44], where a
single proton track may be required in the case of
neutrino-induced CCQE. A similar energy reconstruction
as described in Sec. IVB is implemented, but in this
sample a ��� probe is assumed:

TABLE V. Summary of selection cuts with efficiencies in the
CCQE sample. ‘‘Purity’’ refers to ��� CCQE only, and purity and

efficiency numbers are sequential.

Cut # Description

Efficiency

(%)

Purity

(%)

0 No cuts 100 32

1 Two subevents 49 41

2 1st subevent in event time window

4000< TðnsÞ< 7000
47 42

3 1st subevent: reconstructed vertex

<500 cm from tank center

38 43

4 1st subevent: tank hits >200 35 45

5 2nd subevent: tank hits <200 33 45

6 Both subevents: veto hits <6 29 49

7 Distance between reconstructed

end of 1st subevent and

2nd subevent vertex <100 cm

25 54

TABLE VI. Predicted composition of the antineutrino-mode
CCQE sample.

Channel Contribution (%)

���p ! �þn 54

��n ! ��p 20

���N ! �þ��N (resonant) 8

��N ! ���þN (resonant) 6

���A ! �þ��A (coherent) 4

���N ! �þ�, � 3

���p ! �þ�0n 2

Other 3

All ��� 71

All �� 29
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EQE
�� ¼ 2ðMp � EBÞE� � ðE2

B � 2MpEB þm2
� þ�M2Þ

2½ðMp � EBÞ � E� þ p� cos��� ;

(4)

where the same definitions from Eq. (2) apply and �M2 ¼
M2

p �M2
n, whereMn is the neutron mass. Figure 4 presents

the reconstructed energy distributions in simulation and
data in the CCQE sample. CCQE scattering with free
protons in hydrogen are indistinguishable from those on
bound protons in carbon, so all events in data and simula-
tion are reconstructed using the carbon scattering assump-
tion implicit in Eq. (4).

C. Neutrino flux measurement using CCQE

Neutrino and antineutrino CCQE cross sections differ
exclusively by an axial-vector interference term that am-
plifies � scattering while suppressing �� events. A particu-
larly clean way to exploit this cross section difference is to
fit the angular distribution of the primary muon. The con-
tribution from ��� is suppressed in the backward scattering

region. Figure 5 shows the predicted �� and ��� contribu-

tions to the cosine of the outgoing muon angle.
To measure the neutrino content in the antineutrino-

mode beam, the Monte Carlo sample is separated into
two cos�� templates, one arising from all �� interactions

and the other from ���, regardless of interaction channel

and nuclear target. A linear combination of these two
templates is then formed

TMCð��; � ��Þ � ���
MC þ � �� ��

MC; (5)

where TMC is the total predicted cos�� distribution to be

compared to data, �� and � �� are neutrino and antineutrino
rate scales, and �MC and ��MC are the Monte Carlo neutrino
and antineutrino scattering angular predictions, respec-
tively. The modified simulation sample is compared to

data by forming a goodness-of-fit �2 test as a function of
the rate scales

�2¼X
i;j

ðTMCð��;� ��Þi�diÞM�1
ij ðTMCð��;� ��Þj�djÞ; (6)

where i and j label bins of cos��, d is data and M is the

symmetric error matrix given in Eq. (7). The error matrix is
used to propagate correlated uncertainties on parameters
and processes to the quantities reported in the analysis. It is
made by first forming weights corresponding to simulation
excursions set by Gaussian variations of parameters within
their associated error. The difference of these weighted
events from the simulated central value forms the error
matrix

Mij ¼ 1

K

XK

s¼1

ðNs
i � NCV

i Þ � ðNs
j � NCV

j Þ: (7)

Here K simulation excursions are used (K ¼ 100 in this
analysis), Ns is the reweighted number of entries corre-
sponding to the sth simulation set, and NCV represents the
MiniBooNE simulation central value. This technique is
further described in Ref. [45]. Bin-by-bin cos�� correla-

tions between �� and ��� are also treated. The specific

systematic errors are discussed in the next section.
The fit is performed analytically in three bins of recon-

structed energy and also in an inclusive energy sample.
Results including statistical and systematic uncertainties
are presented in Table VII. The fits to data are shown in the
Appendix, where Fig. 7 contains both the fitted distribu-
tions and the fractional differences between the simulation
and data before and after the fits. The adjusted contribu-
tions of �� and ��� to the CCQE sample are compared to

the prediction in Table VIII.
The �2 value for the angular fit in the reconstructed

energy range EQE
� > 900 MeV is unusually low at
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FIG. 4 (color online). The reconstructed energy spectrum for
simulation versus data in the antineutrino-mode CCQE sample.
Simulation is normalized to data, and only statistical errors are
shown.
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�2 ¼ 7 for 21 degrees of freedom. This is believed due
simply to chance, as the statistical error only fit agrees with
the data exceptionally well within the error, returning
�2 ¼ 13 for 21 degrees of freedom.

As the �� angular template has been corrected for the

observed cross section per Ref. [9], �� may be interpreted
as a flux scale factor, and significant deviations from unity
would imply a flux mismodeling. Consistent with the
results reported in Sec. IVC, fits in the antineutrino-
mode CCQE sample indicate the true neutrino flux to be
somewhat lower than the simulation predicts. Over all
reconstructed energies, the neutrino flux component of
the antineutrino-mode beam should be scaled by 0.65 to
match the observed data. Fits in individual reconstructed
energy bins show that the neutrino flux component shape is
well-modeled. Finding the calibration on the neutrino flux
component inconsistent with unity is not surprising, as the
neutrino parent pions originate primarily in a poorly con-
strained production region (cf. Fig. 1). The rate scale � �� is
ambiguous in interpretation, as the cross section is yet
unmeasured.

Care must be taken when comparing these results to the
�þ=�� yield numbers reported in the MiniBooNE
��� ! ��e oscillation analysis [4,5], since the interaction

prediction is different. In the oscillation analysis the cross
section parameters measured in Ref. [6] are employed,
which includes Meff

A ¼ 1:23ð1:13Þ GeV for bound (free)
nucleon CCQE scattering and � ¼ 1:022. When the
muon angular fit technique described in this section is
repeated with this prediction, yield rates of �� ¼ 0:99�
0:23 and � �� ¼ 1:20� 0:23 are found, as reported in
Ref. [5]. With this alternate CCQE scattering model, the
angular fit over all reconstructed energies reports a
neutrino contamination in the sample of 23� 6%,

consistent with the 21� 8% contamination found with
the scattering assumptions described in Sec. III A.
The results from this technique depend on knowing the

angular distributions of neutrino and antineutrino CCQE
interactions in the detector. While the procedure relies on
exploiting the effect of the interference term in the CCQE
cross section, the angular distributions may be somewhat
altered by nuclear effects. In this analysis the measured
angular distribution of neutrino interactions on carbon [9]
is employed, but the measurement relies on the scattering
model described in Sec. III A to predict antineutrino inter-
actions. This model does not include two-body current
effects which may be larger than previously expected
[30] and may introduce additional neutrino and antineu-
trino angular differences. Despite this inherent model
dependence, the results present a demonstration of a tech-
nique aimed at informing future experiments looking to
separately constrain neutrino and antineutrino events in an
unmagnetized environment. By that time, the effect of
additional nuclear processes on the angular dependence
of antineutrino CCQE scattering should be better known.

D. Systematic errors

As the present analysis directly measures the neutrino
component in the antineutrino-mode beam, systematic
errors relating to beam geometry and meson production

TABLE VIII. Fractional composition of the antineutrino-mode
CCQE sample before and after angular fits.

Before fit (%) After fit (%)

EQE
�� Range (MeV) �� ��� �� ���

<600 25 75 18� 6 82� 16
600–900 26 74 17� 6 83� 15
>900 35 65 23� 7 77� 15

Inclusive 29 71 21� 8 79� 18

TABLE VII. Fit results in three energy bins and an inclusive sample. The results are consistent with an overprediction of the ��

contamination of the MiniBooNE antineutrino-mode CCQE sample.

EQE
�� Range

(MeV)

Mean generated

E� (MeV)

Events in

data �� fit � �� fit

	���� ��
fit

correlation �2 (DOF ¼ 21)

<600 675 15242 0:65� 0:22 0:98� 0:18 0.33 13

600–900 897 16598 0:61� 0:20 1:05� 0:19 0.49 21

>900 1277 15626 0:64� 0:20 1:18� 0:21 0.45 7

Inclusive 950 47466 0:65� 0:23 1:00� 0:22 0.25 16
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FIG. 6 (color online). Summary of the neutrino flux constraint
in the antineutrino-mode beam from the CC1�þ (Sec. IV) and
CCQE (Sec. V) measurements.
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at the target are not considered. The remaining systematic
errors include those arising from detector modeling,
the single pion production background, and the cross sec-
tion parameters in the underlying model. Contributions
propagated from these errors to the uncertainty on the
parameter �� in the inclusive energy sample are given in
Table IX.

Apart from final-state interaction uncertainties leading
to errors on the cross section, the error on the CC1�þ
background contributes to the systematic error through
the error labeled ‘‘CC1�þ Constraint’’ in Table IX. This
measurement uncertainty is based on a Q2-dependent
shape-only scale factor to improve data-simulation agree-
ment in the neutrino-mode CC1�þ sample [3]. The cross
section (both CCQE and CC1�þ) uncertainty is dominant
in these fits and warrants further discussion. Table X offers
a breakdown of cross section parameters and associated
errors. The error on carbonMeff

A has been reduced from that
reported in Ref. [9] to avoid double-counting MiniBooNE
systematic errors applicable to both the measurement of
Meff

A and the measurement reported here. The 26% uncer-
tainty due to cross section errors reported in Table IX can
be expanded as the quadrature sum of 16% from the 10%
normalization errors on ��� and CCQE processes, 14%

from the error on MA and �, and 15% from the remaining.
As the main contributions to the dominant cross section

systematic error apply to both �� and ��� scattering,�� and

� �� are positively correlated as reported in Table VII.

VI. RESULT COMPARISON

Including all reconstructed energies in the CC1�þ sam-
ple, a neutrino flux component scale of 0:76� 0:11 is
found, while the CCQE analysis yields 0:65� 0:23. The
measurements are compatible and complementary as each
analysis includes energy regions not covered by the other

as shown in Fig. 6. The results indicate the simulated
neutrino component of the antineutrino-mode flux is over-
estimated by �30%. These flux measurements constrain
the very forward �þ created at the target, where an exter-
nal data constraint is not available. Results from both
methods are summarized in Fig. 6, where measurements
are placed at the mean of the generated energy distribution
for each reconstructed energy sample.

VII. IMPLICATIONS FOR OTHER
EXPERIMENTS

The techniques applied here could also aid future neu-
trino experiments that will test for CP violation in the
lepton sector using large unmagnetized detectors. This
includes experiments such as NO�A [46], T2K [47],
LBNE [48], LAGUNA [49], and Hyper-K [50]. A magne-
tized near detector can provide a powerful constraint on the
neutrino flux and provide precise cross sections. However,
a measurement of the neutrino rate at the far detector can
still be very useful given that the the beam spreads from an
extended source and oscillates while traveling between the
detectors.
Additional techniques could offer potentially helpful

constraints on the neutrino component in an antineutrino-
mode beam. This includes taking advantage of the effective
lifetime difference between��=�þ due to�� capture in a
nuclear environment. Fitting the lifetime distributions or
measuring how often a decay electron is produced could
supply constraints that are especially useful as they are
independent of the underlying neutrino interaction cross
sections. Also, selection of CCQE interactions with and
without a proton in the final state may afford additional
neutrino versus antineutrino tagging capabilities [51,52].

TABLE IX. Summary of systematic error contribution to the
scale parameter �� in the inclusive energy fit. Individual error
contributions are found for the ith systematic error by first
repeating the fits with only independent systematics considered.
The fractional error contributions are then found byffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð���=��Þ2systiþstat � ð���=��Þ2stat

q
, where ��� is the one-

sigma error reported in Table VII. The statistical error is found
by considering the second term only. This method does not
account for small changes in the �� best fit parameter between
the fits considering various errors, and so the individual frac-
tional errors do not add in quadrature to produce the total
fractional error reported in Table VII and in the final column.

Source of error Fractional uncertainty (%)

Statistical 8

Detector modeling 11

CC1�þ Constraint 4

Cross section 26

Total fractional error 35

TABLE X. Summary of cross section errors used in this analy-
sis. The bottom portion presents fractional uncertainties assigned
to processes in addition to parameter errors. Errors given on pion
absorption and charge exchange are relevant to pion propagation
in the detector medium.

Parameter Value with error

Meff
A carbon target 1:35� 0:07 GeV

Meff
A hydrogen target 1:03� 0:02 GeV

� 1:007� 0:005
EB 34� 9 MeV
�s 0:0� 0:1
M1�

A 1:10� 0:28 GeV
Mmulti-�

A 1:30� 0:52 GeV
pF 220� 30 MeV

Process Fractional uncertainty (%)

�þ Charge exchange 50

�þ Absorption 35

CCQE 
 Normalization 10

All ��� 
 Normalization 10

�þ N ! N þ N 100

MEASUREMENT OF THE NEUTRINO COMPONENT OF AN . . . PHYSICAL REVIEW D 84, 072005 (2011)

072005-11



VIII. CONCLUSIONS

Two analyses are presented to measure the neutrino
flux in the MiniBooNE antineutrino-mode beam. The two
measurements have a common dependence on the neutrino
flux in the neutrino-mode beam [20] that MiniBooNE
obtained from HARP hadroproduction data. At present
the CCQE angular distribution method is largely limited by

uncertainties in the cross sections, especially the antineu-

trino cross section which MiniBooNE is in the process of

measuring, while the uncertainty of the CC1� method is

dominated by the neutrino-mode flux uncertainty.
Using two event samples dominated by independent

physics processes, compatible and complementary results
are found. The results from both analyses indicate the
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prediction of the neutrino flux component of the
antineutrino beam is overestimated—the CC1�þ analysis
(Sec. IV) indicate the predicted �� flux should be scaled

by 0:76� 0:11, while the CCQE angular fits (Sec. V) yield
0:65� 0:23. Results from repeating the analyses in bins
of reconstructed neutrino and antineutrino energy indicate
that the predicted flux spectrum shape is well-modeled.
The results from fitting the muon angular distributions
in the CCQE sample has already been employed in the
MiniBooNE oscillation analysis [4,5], while the
CC1�þ-based measurement will likely be more valuable
to MiniBooNE antineutrino cross section extractions, as it
is much less model-dependent and carries comparatively
smaller uncertainty. These types of analyses, along with
others discussed in Sec. VII may be of use to present and

future precision neutrino experiments testing CP violation
with neutrino and antineutrino beams.
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APPENDIX A: CCQE ANGULAR FIT DETAILS

This appendix presents details on the CCQE angular fit
results described in Sec. V. The fits to data are plotted in
Fig. 7.

[1] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 98, 231801 (2007).

[2] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 102, 101802 (2009).

[3] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 103, 061802 (2009).

[4] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 103, 111801 (2009).

[5] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. Lett. 105, 181801 (2010).

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

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

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

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

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

[11] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
arXiv:1010.3264.

[12] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 83, 052007 (2011).

[13] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Lett. B 664, 41 (2008).

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

[15] M.G. Catanesi et al. (HARP Collaboration), Nucl. Phys.
B732, 1 (2006).

[16] D. Casper, Nucl. Phys. B, Proc. Suppl. 112, 161 (2002).
[17] M.O. Wascko (MiniBooNE Collaboration),

arXiv:0602051.
[18] P. Huber and T. Schwetz, arXiv:0805.2019.
[19] S. Agostinelli et al., Nucl. Instrum. Methods Phys. Res.,

Sect. A 506, 250 (2003).
[20] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),

Phys. Rev. D 79, 072002 (2009).

[21] A. A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Nucl. Instrum. Methods Phys. Res., Sect. A 599, 28
(2009).

[22] CERN Program Library Long Writeup W5013, 1993,
http://wwwasdoc.web.cern.ch/wwwasdoc/geant/geantall
.html.

[23] C. Zeitnitz and T. A. Gabriel, Nucl. Instrum. Methods
Phys. Res., Sect. A 349, 106 (1994).

[24] D. Ashery et al., Phys. Rev. C 23, 2173 (1981); M.K.
Jones et al., Phys. Rev. C 48, 2800 (1993); R.D. Ransome
et al., Phys. Rev. C 45, R509 (1992).

[25] B. C. Brown et al., in 2004 IEEE Nuclear Science
Symposium Conference Record, Vol. 1, p. 652 (2006).

[26] R. A. Smith and E. J. Moniz, Nucl. Phys. B43, 605 (1972);
B101, 547(E) (1975).

[27] H. Budd, A. Bodek, and J. Arrington, arXiv:hep-ex/
0308005 [Nucl. Phys. B, Proc. Suppl. (to be published)].

[28] J. Grange, in 6th International Workshop on Neutrino-
Nucleus Interactions in the Few-GeV Region (NUINT
2009), edited by F. Sanchez et al., AIP Conf. Proc. No.
1189, (AIP, New York, 2009), 331 .

[29] V. Bernard et al., J. Phys. G 28, R1 (2002).
[30] M. Martini et al., Phys. Rev. C 80, 065501 (2009).
[31] M. Martini et al., Phys. Rev. C 81, 045502 (2010).
[32] J. Nieves et al., Phys. Rev. C 83, 045501 (2011).
[33] J. Nieves et al., arXiv:1106.5374.
[34] J. E. Amaro et al., Phys. Rev. D 84, 033004 (2011).
[35] D. Rein and L.M. Sehgal, Ann. Phys. (N.Y.) 133, 79

(1981).
[36] R. P. Feynman, M. Kislinger, and F. Ravndal, Phys. Rev. D

3, 2706 (1971).
[37] D. Casper (private communication).
[38] W. Reuter et al., Phys. Rev. C 26, 806 (1982).
[39] V. Flaminino et al., CERN-HERA-83-01, 1983; CERN-

HERA-83-02, 1983; CERN-HERA-84-01, 1984.
[40] T. Suzuki et al., Phys. Rev. C 35, 2212 (1987).
[41] A. Shinohara et al., Phys. Rev. A 53, 130 (1996).
[42] A.M. Ankowski et al., arXiv:1001.0481.

MEASUREMENT OF THE NEUTRINO COMPONENT OF AN . . . PHYSICAL REVIEW D 84, 072005 (2011)

072005-13

http://dx.doi.org/10.1103/PhysRevLett.98.231801
http://dx.doi.org/10.1103/PhysRevLett.102.101802
http://dx.doi.org/10.1103/PhysRevLett.103.061802
http://dx.doi.org/10.1103/PhysRevLett.103.111801
http://dx.doi.org/10.1103/PhysRevLett.105.181801
http://dx.doi.org/10.1103/PhysRevLett.100.032301
http://dx.doi.org/10.1103/PhysRevLett.103.081801
http://dx.doi.org/10.1103/PhysRevD.81.013005
http://dx.doi.org/10.1103/PhysRevD.81.092005
http://dx.doi.org/10.1103/PhysRevD.82.092005
http://arXiv.org/abs/1010.3264
http://dx.doi.org/10.1103/PhysRevD.83.052007
http://dx.doi.org/10.1016/j.physletb.2008.05.006
http://dx.doi.org/10.1140/epjc/s10052-007-0382-8
http://dx.doi.org/10.1140/epjc/s10052-007-0382-8
http://dx.doi.org/10.1016/j.nuclphysb.2005.10.016
http://dx.doi.org/10.1016/j.nuclphysb.2005.10.016
http://dx.doi.org/10.1016/S0920-5632(02)01756-5
http://arXiv.org/abs/0602051
http://arXiv.org/abs/0805.2019
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/10.1103/PhysRevD.79.072002
http://dx.doi.org/10.1016/j.nima.2008.10.028
http://dx.doi.org/10.1016/j.nima.2008.10.028
http://wwwasdoc.web.cern.ch/wwwasdoc/geant/geantall.html
http://wwwasdoc.web.cern.ch/wwwasdoc/geant/geantall.html
http://dx.doi.org/10.1016/0168-9002(94)90613-0
http://dx.doi.org/10.1016/0168-9002(94)90613-0
http://dx.doi.org/10.1103/PhysRevC.23.2173
http://dx.doi.org/10.1103/PhysRevC.48.2800
http://dx.doi.org/10.1103/PhysRevC.45.R509
http://dx.doi.org/10.1016/0550-3213(72)90040-5
http://arXiv.org/abs/hep-ex/0308005
http://arXiv.org/abs/hep-ex/0308005
http://dx.doi.org/10.1088/0954-3899/28/1/201
http://dx.doi.org/10.1103/PhysRevC.80.065501
http://dx.doi.org/10.1103/PhysRevC.81.045502
http://dx.doi.org/10.1103/PhysRevC.83.045501
http://arXiv.org/abs/1106.5374
http://dx.doi.org/10.1103/PhysRevD.84.033004
http://dx.doi.org/10.1016/0003-4916(81)90242-6
http://dx.doi.org/10.1016/0003-4916(81)90242-6
http://dx.doi.org/10.1103/PhysRevD.3.2706
http://dx.doi.org/10.1103/PhysRevD.3.2706
http://dx.doi.org/10.1103/PhysRevC.26.806
http://dx.doi.org/10.1103/PhysRevC.35.2212
http://dx.doi.org/10.1103/PhysRevA.53.130
http://arXiv.org/abs/1001.0481


[43] J. L. Alcaraz-Aunion and J. Walding, AIP Conf. Proc.
1189, 145 (2009).

[44] K. S. Kuzmin, V. V. Lyubushkin, and V.A. Naumov, Eur.
Phys. J. C 54, 517 (2008); V. V. Lyubushkin et al.
(NOMAD Collaboration), Eur. Phys. J. C 63, 355 (2009).

[45] B. P. Roe, Nucl. Instrum. Methods Phys. Res., Sect. A 570,
159 (2007).

[46] D. S. Ayres et al. (NOvA Collaboration), FERMILAB-
DESIGN-2007-01.

[47] Y. Itow et al., arXiv:hep-ex/0106019.
[48] V. Barger et al., Report of the US long baseline neutrino

experiment study, http://nwg.phy.bnl.gov/fnal-bnl.
[49] A. de Bellefon et al., arXiv:hep-ex/0607026.
[50] K. Nakamura, Int. J. Mod. Phys. A 18, 4053

(2003).
[51] A. A. Aguilar-Arevalo et al., arXiv:hep-ex/0601022.
[52] M. Fechner and C.W. Walter, J. High Energy Phys. 11

(2009) 040.

A. A. AGUILAR-AREVALO et al. PHYSICAL REVIEW D 84, 072005 (2011)

072005-14

http://dx.doi.org/10.1063/1.3274145
http://dx.doi.org/10.1063/1.3274145
http://dx.doi.org/10.1140/epjc/s10052-008-0582-x
http://dx.doi.org/10.1140/epjc/s10052-008-0582-x
http://dx.doi.org/10.1140/epjc/s10052-009-1113-0
http://dx.doi.org/10.1016/j.nima.2006.10.009
http://dx.doi.org/10.1016/j.nima.2006.10.009
http://arXiv.org/abs/hep-ex/0106019
http://nwg.phy.bnl.gov/fnal-bnl
http://arXiv.org/abs/hep-ex/0607026
http://dx.doi.org/10.1142/S0217751X03017361
http://dx.doi.org/10.1142/S0217751X03017361
http://arXiv.org/abs/hep-ex/0601022
http://dx.doi.org/10.1088/1126-6708/2009/11/040
http://dx.doi.org/10.1088/1126-6708/2009/11/040

