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track angles can be measured, we do not have the capa-
bility to reconstruct the muon momentum for the tracks
which exit the MRD. However, this sample can provide
the normalization for the highest energy region. Hence,
this sample is also used for the neutrino interaction rate
measurement. According to the simulation, the purity
of νµ CC interaction in this sample is 97%. Impurities
mostly come from νµ CC interactions (∼ 2%). Figure 7
shows the distributions of the reconstructed muon angle
(θµ) of the MRD-penetrated muons. The expected num-
ber of events in each interaction mode is summarized in
Table V.
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FIG. 7. (color online). Distribution of reconstructed angle
of the muon candidate in the MRD-penetrated sample. The
MC prediction is based on NEUT and absolutely normalized
by the number of POT. The total and flux systematic errors
on the MC predictions are separately shown.

TABLE V. The expected number and fraction of events in
each neutrino interaction type for the MRD-penetrated sam-
ple, as estimated by NEUT and NUANCE.

Interaction NEUT NUANCE

type Events Fraction(%) Events Fraction(%)

CC QE 2428 60.0 1943 57.0

CC res. 1π 1008 24.9 976 28.6

CC coh. 1π 140 3.5 130 3.8

CC other 356 8.8 255 7.4

NC 1.5 0.04 2.3 0.07

All non-νµ 89 2.2 75 2.2

External 27 0. 7 27 0.8

Total 4049 3407

3. Efficiency Summary

Figure 8 shows the efficiency of CC events as a function
of true neutrino energy for each sub-sample, estimated
from the NEUT based MC simulation. By combining
these three samples, we can obtain fairly uniform accep-
tance for neutrinos above 0.4 GeV.
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FIG. 8. (color online). (Top) Number of CC events in the
SciBar FV as a function of true Eν , predicted by the NEUT
based simulation. The number of selected events in each sub-
sample are also shown. (Bottom) Detection efficiency as a
function of true neutrino energy for each sub-sample.

C. Data Comparison to the MC prediction

Table VI shows the number of events obtained from
data and the predictions from NEUT and NUANCE
based MC simulations. The contamination of cosmic-
ray backgrounds is estimated using the off-beam data,
and have been subtracted from the data. For the total
number of events from the three sub-samples, we find
a data/MC normalization factor of 1.08 for the NEUT
prediction, and 1.23 for the NUANCE prediction.
To compare the MC predictions with data, the neu-

trino energy(Eν) and the square of the four-momentum
transfer(Q2) are the key variables since a flux variation
is purely a function of Eν while a variation of the cross
section model typically changes the Q2 distribution. We
reconstruct these variables assuming CC-QE interaction
kinematics. The reconstructed Eν is calculated as

Erec
ν =

m2
p − (mn − EB)2 −m2

µ + 2(mn − EB)Eµ

2(mn − EB − Eµ + pµ cos θµ)
, (2)
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TABLE VI. The number of events in each sub-sample from the data and the predictions from NEUT/NUANCE-based MC.
The numbers in parentheses show the ratio between the data and the predictions. The cosmic-ray backgrounds are estimated
from off-timing data and subtracted from the data.

Sample SciBar-stopped MRD-stopped MRD-penetrated Total

Data 13588.8 20236.4 3544.4 37369.6

NEUT 12278.3(1.11) 18426.3(1.10) 4049.0(0.88) 34753.6(1.08)

NUANCE 10841.9(1.25) 16036.2(1.26) 3407.5(1.04) 30285.6(1.23)

where mp, mn and mµ are the mass of proton, neutron
and muon, respectively, Eµ is the muon total energy, and
EB is the nuclear potential energy. The reconstructedQ2

is given by,

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ)−m2
µ. (3)

Figure 9 shows the distributions of Erec
ν and Q2

rec for
the SciBar-stopped and MRD-stopped samples. In these
plots, data points are compared with the NEUT and NU-
ANCE based MC predictions. We find that the data are
consistent with the MC predictions within the systematic
uncertainties.

V. CC INTERACTION RATE ANALYSIS

A. Method

To calculate the CC inclusive interaction rate and cross
section versus energy, we re-weight the predictions of
NEUT or NUANCE based simulations in true energy
bins by factors that are found to give the best agreement
with the kinematic distributions for data versus MC pre-
diction.
The pµ vs. θµ (pµ-θµ) distributions from the SciBar-

stopped and the MRD-stopped samples, and θµ distri-
bution from the MRD-penetrated sample are simulta-
neously used for this measurement. Figure 10 shows
the pµ-θµ distributions of the SciBar-stopped and MRD-
stopped samples, while the θµ distribution for the MRD-
penetrated sample is shown in Fig. 7. Events in the same
pµ-θµ bins but in different sub-samples are not summed
together, but treated as separate pµ-θµ bins in the anal-
ysis, and only bins with at least 5 entries are used for the
fit. The total number of pµ-θµ bins is 159; 71 from the
SciBar-stopped, 82 from the MRD-stopped and 6 from
the MRD-penetrated samples.
We define 6 rate normalization factors (f0, · · · , f5)

which represent the CC interaction rate normalized to
the MC prediction for each true energy region defined in
Table VII. The events at Eν < 0.25 GeV are not used
since these events are below our detection efficiency as
shown in Fig. 8, and also the fraction of these low energy
interactions are negligibly small (< 1%) at the BNB flux.
We calculate these rate normalization factors by compar-
ing the MC predictions to the measured CC interaction

rate. For each energy region, we generate the MC tem-
plates for the pµ-θµ distributions in each event sample;

npred
ij is the predicted number of events in the j-th pµ-θµ

bin, corresponding to energy bin i. The expected number
of events in each pµ-θµ bin, Npred

j , is calculated as

Npred
j =

Eνbins∑

i

fin
pred
ij . (4)

Figures 11 and 12 are MC templates of the pµ-θµ
distributions for the SciBar-stopped and MRD-stopped
samples. We see that there is a large contribution
in the SciBar-stopped sample of events with Eν below
0.75 GeV. Hence, this sample is essential to determine the
rate normalization factors in the low energy regions. The
pµ-θµ distributions of the MRD-stopped sample clearly
depends on Eν , up to 1.75 GeV. However, most of the
events in the MRD-stopped sample with Eν > 1.75 GeV
have small reconstructed pµ. These are events with en-
ergetic pion or proton tracks that are mis-reconstructed
as muons. Due to the weak constraint from the MRD-
stopped sample on events with Eν > 1.75 GeV, the
MRD-penetrated sample is included in the fit since about
2/3 of the events in this sample have Eν > 1.75 GeV as
shown in Fig. 13.
We find the rate normalization factors (f0, · · · , f5)

which minimize the χ2 value defined as:

χ2 =
Nbins∑

j,k

(Nobs
j −Npred

j )(Vsys+Vstat)
−1
jk (N

obs
k −Npred

k ).

(5)

Here, Nobs
j(k) and Npred

j(k) are the observed and predicted

numbers of events in the j(k)-th pµ-θµ bin, and Npred
j(k)

is a function of the rate normalization factors as shown
in Eq. (4). Vsys is the covariance matrix for systematic
uncertainties in each pµ-θµ bin, and Vstat represents the
statistical error. We have a total of 159 bins, so Vsys and
Vstat are 159× 159 dimensional matrices. The details of
evaluating Vsys are described in the following section.

B. Systematic Errors

The sources of systematic error are divided into four
categories: neutrino beam (i), neutrino interaction mod-

(Neutrino Energy; Flip nucleon masses for antineutrinos.)
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