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Introduction

Neutrino-nucleus cross-sections at 
1 GeV region are not well known

Energy region for future 
neutrino experiments (T2K/
Noνa)

MiniBooNE and K2K are revealing 
surprises.
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Need precise measurements in this energy region.

νμ➔νx?π,K, etc...
Neutrino oscillation experiment

νμ
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SciBooNE Experiment

Fine-grained detector (SciBar) on the 
Fermilab Booster Neutrino Beamline.

Cross section measurement for ~1 GeV 
neutrino and anti-neutrino

Essential for future neutrino 
oscillation measurements (T2K, etc)

MiniBooNE near detector
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Decay region

50 m
MiniBooNE 
Detector

Booster Neutrino Beamline

100 m 440 m

SciBooNE
detector
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SciBooNE Detector

5

Muon Range Detector
(MRD)

Electron Catcher (EC)

SciBar

ν 

• 12 2”-thick steel
  + scintillator planes
• measure muon
  momentum with range
  up to 1.2 GeV/c

• spaghetti calorimeter
• 2 planes (11 X0)
• identify π0 and νe

• scintillator tracking
  detector
• 14,336 scintillator
  bars (15 tons)
• Neutrino target
• detect all charged
  particles
• p/π separation
  using dE/dx

2m

4m

Used for K2K experiment.
Shipped to and re-
assembled at FNAL

Newly built at FNAL with 
materials from past experiments
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SciBooNE Data Taking
Start beam data taking in June 2007

Data taking completed on August 
18th, 2008

Total 2.52x1020 POT for analysis 
(95% of delivered)

Neutrino: 0.99x1020 POT

Anti-neutrino: 1.53x1020 POT

Stable data taking 
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Delivered
For analysis

Date

Jun Jul Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug
'07 '08

ν

ν

Results from full neutrino 
data set are presented today

ν
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SciBooNE Analysis
Neutrino energy spectrum measurements

SciBooNE/MiniBoooNE joint νμ disappearance search

Beam νe flux measurement for MiniBooNE

Cross section measurements

CC-1π+ production

CC-QE scattering

CC-1π0 production

NC-1π0 production

NC elastic scattering

Anti-neutrino cross-sections
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Presented by J. Catala 
at the poster session

Covered by this talk
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νμ Spectrum Measurement
MiniBooNE/SciBooNE joint 
νμ disappearance search

Share beamline

Share target material

Feed-back to cross section 
measurements at SciBooNE

8

10/31/08 W&C K. Mahn

Preliminary

Result of MiniBooNE-only 
νμ disappearance search 
(shape only analysis)

Strong constraint for flux and 
cross-sections at MiniBooNE

(Shape + Normalization)
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Event Selection
Select MIP-like energetic tracks (Pμ>0.25GeV)
Reject side-escaping muons.
3 samples:

SciBar-stopped (Pμ,θμ)
MRD-stopped (Pμ,θμ)
MRD-penetrated (θμ)

9

SciBar EC MRD
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-150
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νμ

μ-

p

CC event 
candidate

νμ μ-

W

N X
Use charged current 
inclusive sample

SciBar
stopped

MRD stopped

MRD penetrated

μ-

μ-

μ-

Thu Nov  6 17:18:43 2008
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Extracting Eν Spectrum 
Use muon kinematics to extract 
Eν information

Good coverage of entire 
kinematic region with these 3 
samples.

10

1.4 MuonRangeReconstruction 3

1.4 MuonRangeReconstruction

Finally, associated MRD hits for a SciBar 3D track are defined as the combination of the associated hits for
the SciBar 2D track projection pair.

To reconstruct the number of layers which muons penetrate, the MRD hits are searched from the upstream
counters.

• If there is no hit on 2 continuous plane (say, i-th and (i+1)th plane), then the muon is penetrated to
the center of iron plate between (i-1)th and i-th plane.

• The muon is assumed to be stopped if i is not equal to 13 (last plane) and if there is no hit on the
side-end counters on (i-2)th and (i-1)th plane.

There are a few exceptions:

• If there are hits until 12th plane and no hit on 13th, we assume the muon is reached to the iron between
12th and 13th.

• If there is a hit only on 1st plane, only the side counters on 1st plane are used for stop identification.
In that case, we don’t have hit position information for X direction, but requirement of MRD incident
position , which is described later in this document, works as an substitute.

The rough sketch of the above method is shown in Figure 2.

MuonRangeReconstru
ction (stopping point)

Find MRD hits to associated to “SciBar 

3D tracks” and scan them from the 

upstream.

“Stopped” if there are no hits in 2 

continuous plane, no hit on 13th (last) 

plane, and no hit on side-end counters

Hit

HitNo 

hit

No 

hit

“Stopped” here

Ignore

Figure 2: Definition of the MRD stopped position.
In this case, the muon is assumed to be stopped at
the center of the 2nd iron plate.

The path-length of the particle is calculated assuming a strait path from the vertex in SciBar to the
stopped point in MRD. Then, we sum up the energy deposit in SciBar, EC and MRD to reconstruct the
kinetic energy. For SciBar and EC mean MIP energy deposits are assumed. For MRD, we use range-to-energy
look-up table used in K2K MRD.

The momentum is reconstructed assuming muon mass.The parent neutrino energy is reconstructed as-
suming CC-QE interaction as given by the following formula,

Eν =
m2

p − (mn − V )2 −m2
µ + 2(mn − V )Eµ

2(mn − V − Eµ + pµ cos θµ)
,

where mp, mn and mµ are the mass of proton, neutron and muon, respectively, and V is the nuclear potential
energy (= 27MeV ).

The reconstructed q2 is given by,

q2 = 2Eν(Eµ − pµ cos θµ)−m2
µ.

(Assuming CC-quasi-elastic scattering)

Thu Nov  6 17:18:48 2008
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Muon Kinematics
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Mon Nov  3 17:23:47 2008
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MC are relatively normalized 
to data by the number of 

SciBar-MRD matched event.

● Data 
ー MC

Predict neutrino energy spectrum at SciBooNE by 
fitting Pμ and θμ  distribution from each sample
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(Unable to reconstruct Pμ 
since muons are not 

stopped in the detectors) 
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Mon Nov  3 22:48:28 2008
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Better data/MC 
agreement after fitting.
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1330/ 312 ➜ 505/312
χ2/ndf: 

(Plots are relatively normalized)

Working on improving 
MC prediction.
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Flux Prediction
Data prefer higher flux 
around 1 GeV and lower 
at high-energy region 
than MC prediction.

Next:

Take detector/cross-
section error into 
account.

Tune cross-section 
model.
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Flux comparison 
with MiniBooNE
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CC-1π+ Measurement

14

CC-resonant π production
• ν+p ➜ μ+p+π+

• ν+n ➜ μ+n+π+

CC-coherent π production
  ν+C ➜ μ+C+π+

Select MRD-stopped and -penetrated event
Require 2-MIP like tracks
Require small energy deposit around the vertex
Require forward pions
Require non-QE kinematics

ν

µ

π
p,n

Cν
π

µ

often not
reconstructed

Small Q2

Physics Motivation
• Dominant background process to νμ disappearance measurement
• Need precise measurement in the 1 GeV region 

CC-1π+ candidate

μ

π



SciBooNE

SciBooNE

SciBooNE

1

Y. Nakajima (Kyoto U.), Nov. 13, 2008, PANIC 2008

No evidence for CC coherent production found.
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Search for CC Coherent 
π+ Production

Paper submitted to PRD. 
Hiraide et. al, arXiv:0811.0369

σCoh/σCC < 0.67x10-2 
(90% CL) at 1.1 GeV

σCoh/σCC < 1.36x10-2 
(90% CL) at 2.2 GeV

MRD-stopped sample MRD-penetrated sample

<Eν> = 1.1 GeV <Eν> = 2.2 GeV

Coherent π prediction based on   
Rein and Sehgal model

Nucl. Phys. B 223, 29 (1983)
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Summary
SciBooNE experiment:

Precise cross-section measurement at 1 GeV region
Neutrino flux measurement as a MiniBooNE near detector.

Successfully completed data taking.
νμ spectrum measurement:

Established the method for spectrum fitting
Search for CC coherent π+ production

No evidence for the signal found
First official SciBooNE result (submitted to PRD)

Many results coming soon in the next year!
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Backup slides

18
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Booster Neutrino Beamline
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Neutrino Flux

20
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MuCL cut to remove 
non-muon tracks

Remove large portion of NC event

Reject if proton etc are miss-reconstructed as muon.

Can be recovered by finding “real” muon
Wed Oct 29 21:13:06 2008
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Acceptance
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Wed Oct 29 22:21:36 2008
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Acceptance in Pμ vs. θμ
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Muon angle, momentum
Thu Oct 30 06:30:05 2008
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Enu, Q2
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Muon angle, momentum
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MC template for MRD-stopped
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Fitting method 
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-- MC 1.5<Enu < 1.75
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MC template for SciBar-stopped MRD penetrated

SciBar-stop and MRD-penetrate samples have less 
sensitivity to energy distribution.

Mostly normalization for low/high energy part.
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χ2 definition
Parameters: (total 10)

Enu scale factor: 10 bins

f0,f1,...,f9

P (N,µ) =
µNe−µ

N !
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MC expectation for 
each Pμ-θμ bins

Contribution from 
k-th Eν bins

MC expected flux (CV) 
for each Eν bins
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nk(Pµ, θµ)
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Fitted spectrum

SciBar / MRD 
stopped sample are 
(roughly) consistent 

-- MC prediction w/ sys. err.
-- Fit w/ SciBar stopped sample.
-- Fit w/ MRD stopped sample.
-- Fit w/ MRD penetrated sample.
-- Fit w/ all combined sample.
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Plots/Numbers from 
CC Coherent π+ 
Production Paper
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Reconstructed Enu 
after fitting
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SciBar stopped MRD stopped

Good agreement! 34
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10

estimated with the GEANT4 simulation. EMRD is cal-
culated from a range to energy lookup table based on
the MC simulation. For muons stopping in the MRD,
the average muon momentum and muon angular reso-
lutions are 50 MeV/c and 0.9 degree, respectively. For
muons exiting the MRD, only a lower limit on muon mo-
mentum is obtained, while the muon angle is determined
with the same resolution as that of stopping muons. The
systematic uncertainty in the muon momentum scale is
estimated to be 2% which is dominated by the difference
among various calculations of the range to energy lookup
table.

D. Event Classification

The MRD stopped and MRD penetrated samples are
further divided into sub-samples with the same selection
criteria. Once the muon candidate and the neutrino in-
teraction vertex are reconstructed, we search for other
tracks originating from the vertex. For this purpose,
the track edge distance is defined as the 3D distance
between the vertex and the closer edge of another re-
constructed track. Tracks whose edge distance is within
10 cm are called vertex-matched tracks. Fig. 7 shows the
distribution of the number of tracks at the vertex for the
MRD stopped sample. For the MC simulation, the con-
tributions from charged current coherent pion, charged
current resonant pion, charged current quasi-elastic, and
other interactions are shown separately. Most events are
reconstructed as either one track or two track events.
The two track sample is further divided based on parti-
cle identification. We first require that the MuCL of the
SciBar-MRD matched track is greater than 0.05 to reject
events with a proton penetrating into the MRD. Then
the second track in the event is classified as a pion-like
or a proton-like track with the same MuCL threshold.
Fig. 8 shows the contributions to the second track from
true proton, pion, muon, and electron tracks as predicted
by the MC simulation.

In a charged current resonant pion event, νp →
µ−pπ+, the proton is often not reconstructed due to
its low energy, and such an event is therefore identified
as a two track µ + π event. To separate charged cur-
rent coherent pion events from charged current resonant
pion events, additional protons with momentum below
the tracking threshold are instead detected by their large
energy deposition around the vertex, so-called vertex ac-
tivity. We search for the maximum deposited energy in
a strip around the vertex, an area of 12.5 cm × 12.5 cm
in both views. Fig. 9 shows the maximum energy for
µ + π events in the MRD stopped sample. Events with
energy deposition greater than 10 MeV are considered to
have activity at the vertex. charged current coherent pion
candidates are extracted from the sample of µ+π events
without vertex activity. Four sub-samples, the one track
events, µ+p events, µ+π events with vertex activity, and
µ+π events without vertex activity in the MRD stopped
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FIG. 8: (Color online) MuCL for the second track in the
two-track sample. The MC distribution shown here is before
tuning.

sample are used for constraining systematic uncertainties
in the simulation, described next.

E. Tuning the Monte Carlo Simulation

The MC simulation includes systematic uncertainties
due to the detector response, nuclear effects, neutrino
interaction models, and neutrino beam spectrum, and
these uncertainties affect background estimation. The
sources of systematic uncertainty are summarized in Sec-
tion VII B. In order to constrain these uncertainties, the
MC distributions of the square of the four-momentum
transfer (Q2) are fitted to the distributions of the four
aforementioned data samples. The reconstructed Q2 is
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estimated with the GEANT4 simulation. EMRD is cal-
culated from a range to energy lookup table based on
the MC simulation. For muons stopping in the MRD,
the average muon momentum and muon angular reso-
lutions are 50 MeV/c and 0.9 degree, respectively. For
muons exiting the MRD, only a lower limit on muon mo-
mentum is obtained, while the muon angle is determined
with the same resolution as that of stopping muons. The
systematic uncertainty in the muon momentum scale is
estimated to be 2% which is dominated by the difference
among various calculations of the range to energy lookup
table.

D. Event Classification

The MRD stopped and MRD penetrated samples are
further divided into sub-samples with the same selection
criteria. Once the muon candidate and the neutrino in-
teraction vertex are reconstructed, we search for other
tracks originating from the vertex. For this purpose,
the track edge distance is defined as the 3D distance
between the vertex and the closer edge of another re-
constructed track. Tracks whose edge distance is within
10 cm are called vertex-matched tracks. Fig. 7 shows the
distribution of the number of tracks at the vertex for the
MRD stopped sample. For the MC simulation, the con-
tributions from charged current coherent pion, charged
current resonant pion, charged current quasi-elastic, and
other interactions are shown separately. Most events are
reconstructed as either one track or two track events.
The two track sample is further divided based on parti-
cle identification. We first require that the MuCL of the
SciBar-MRD matched track is greater than 0.05 to reject
events with a proton penetrating into the MRD. Then
the second track in the event is classified as a pion-like
or a proton-like track with the same MuCL threshold.
Fig. 8 shows the contributions to the second track from
true proton, pion, muon, and electron tracks as predicted
by the MC simulation.

In a charged current resonant pion event, νp →
µ−pπ+, the proton is often not reconstructed due to
its low energy, and such an event is therefore identified
as a two track µ + π event. To separate charged cur-
rent coherent pion events from charged current resonant
pion events, additional protons with momentum below
the tracking threshold are instead detected by their large
energy deposition around the vertex, so-called vertex ac-
tivity. We search for the maximum deposited energy in
a strip around the vertex, an area of 12.5 cm × 12.5 cm
in both views. Fig. 9 shows the maximum energy for
µ + π events in the MRD stopped sample. Events with
energy deposition greater than 10 MeV are considered to
have activity at the vertex. charged current coherent pion
candidates are extracted from the sample of µ+π events
without vertex activity. Four sub-samples, the one track
events, µ+p events, µ+π events with vertex activity, and
µ+π events without vertex activity in the MRD stopped
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FIG. 7: (Color online) Number of vertex-matched tracks for
the MRD stopped sample. The MC distribution shown here
is before tuning.
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sample are used for constraining systematic uncertainties
in the simulation, described next.

E. Tuning the Monte Carlo Simulation

The MC simulation includes systematic uncertainties
due to the detector response, nuclear effects, neutrino
interaction models, and neutrino beam spectrum, and
these uncertainties affect background estimation. The
sources of systematic uncertainty are summarized in Sec-
tion VII B. In order to constrain these uncertainties, the
MC distributions of the square of the four-momentum
transfer (Q2) are fitted to the distributions of the four
aforementioned data samples. The reconstructed Q2 is
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FIG. 9: (Color online) Maximum deposited energy in a strip
around the vertex for the µ + π events. The MC distribution
shown here is before tuning.

calculated as

Q2
rec = 2Erec

ν (Eµ − pµ cos θµ)−m2
µ (3)

where Erec
ν is the reconstructed neutrino energy calcu-

lated by assuming charged current quasi-elastic kinemat-
ics,

Erec
ν =

1
2

(m2
p −m2

µ)− (mn − V )2 + 2Eµ(mn − V )
(mn − V )− Eµ + pµ cos θµ

(4)

where mp and mn are the mass of proton and neutron,
respectively, and V is the nuclear potential, which is set
to 27 MeV. The one track events, µ+p events, and µ+π
events with and without vertex activity are fit simulta-
neously. Each Q2

rec distribution is fit in bins of width
0.05 (GeV/c)2 up to 1 (GeV/c)2.

We introduce eight fitting parameters; the normaliza-
tion factor of the MRD stopped sample (Rnorm), the res-
onant pion scale factor (Rres), the scale factor of other
non-QE interactions (Rother), the ratio of the number
of two track events to the number of one track events
(R2trk/1trk), the ratio of the number of µ + p events to
the number of µ+π events (Rp/π), the ratio of the number
of low vertex activity µ+π events to the number of high
vertex activity µ+π events (Ract), the muon momentum
scale (Rpscale), and a charged current quasi-elastic Pauli-
suppression parameter κ. All parameters are ratios to
nominal values in the MC simulation, i.e. all parameters
are set to 1 in the default MC simulation.

The parameters R2trk/1trk, Rp/π, and Ract represent
possible migrations between subsamples due to system-
atic uncertainties. The parameter Rpscale changes the
scale of the reconstructed muon momentum for the MC
simulation. The parameter κ, which was first intro-
duced by MiniBooNE [31], controls the strength of Pauli-
blocking and thus suppresses low Q2 charged current
quasi-elastic events. We employ this parameter in the

fitting because a deficit of data is found at low Q2 in the
one track sample where the charged current quasi-elastic
interaction is dominant.

The χ2 function to be minimized is given by:

χ2 = χ2
dist + χ2

sys. (5)

The term χ2
dist is calculated using a binned likelihood

defined as:

χ2
dist = 2

∑

i, j

(
N exp

ij −Nobs
ij + Nobs

ij × ln
Nobs

ij

N exp
ij

)
(6)

where Nobs
ij and N exp

ij are the observed and expected
number of events in the i-th Q2 bin in subsample j
(j =one track, µ + p, µ + π with high and low vertex
activity), respectively. The expected number of events
for each sample is given by:

N exp
i, 1trk = Rnorm

·
[
nQE

i,1trk + Rresn
res
i,1trk + Rothern

other
i,1trk

]
(7)

N exp
i, µp = Rnorm · R2trk/1trk · Rp/π

·
[
nQE

i,µp + Rresn
res
i,µp + Rothern

other
i,µp

]
(8)

N exp
i, µπH = Rnorm · R2trk/1trk

·
[
nQE

i,µπH + Rresn
res
i,µπH + Rothern

other
i,µπH

]
(9)

N exp
i, µπL = Rnorm · R2trk/1trk · Ract

·
[
nQE

i,µπL + Rresn
res
i,µπL + Rothern

other
i,µπL

]
(10)

where nQE
i, j , nres

i, j , nother
i, j are the number of charged cur-

rent quasi-elastic, charged current resonant pion, and
other events in each bin in each subsample, respectively.
Rpscale and κ do not appear explicitly in these equa-
tions, but Rpscale causes migration between Q2 bins and
κ changes nQE

i, j .
The term χ2

sys, added to constrain systematic parame-
ters, is calculated as:

χ2
sys = (Psys − P0)V −1(Psys − P0) (11)

where Psys represents the set of systematic parameters
and P0 is the set of parameter values before fitting, ex-
pressed as:

Psys =





Rres

R2trk/1trk

Rp/π

Rpscale



 , P0 =





1
1
1
1



 . (12)

V is a covariance matrix estimated by considering the
possible variations due to systematic uncertainties in the
detector responses, nuclear effects, neutrino interaction
models, and neutrino beam spectrum. We prepare sev-
eral MC event sets by changing each underlying physics
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parameter, i.e. the source of systematic uncertainty, by
±1σ. The covariance between two systematic parameters
pi and pj is calculated as:

Vij ≡ cov[pi, pj ] =
∑

source

∆pi∆pj |+ + ∆pi∆pj |−
2

(13)

where ∆pi∆pj |+(−) is the product of variations of two
parameters when the underlying physics parameter is in-
creased (decreased) by the size of its uncertainty. The
covariance matrix is estimated to be:

V =





(0.20)2 −(0.09)2 +(0.10)2 0
−(0.09)2 (0.09)2 −(0.07)2 0
+(0.10)2 −(0.07)2 (0.15)2 0

0 0 0 (0.02)2



 . (14)

Rnorm, Rother, Ract, and κ are unconstrained in the fit.
Events with Q2

rec < 0.10 (GeV/c)2 in the µ + π sam-
ple with low activity are not included in the fit to avoid
charged current coherent pion signal events. A data ex-
cess is observed in the region with Q2

rec < 0.15 (GeV/c)2
in the µ+p sample. Further investigation reveals that the
second track in the excess events is emitted at a relatively
large angle with respect to the beam direction and has
large dE/dx, thus the events have an additional large
energy deposition at the vertex. Each of these events
seems to have a muon and a proton with additional ac-
tivity, and therefore the excess is not expected to affect
the charged current coherent pion analysis. A possible
candidate for the excess is charged current resonant pion
production where the pion is absorbed in the nucleus. In
such an event, two or more additional nucleons should
be emitted after the pion is absorbed, which is currently
not simulated. The excess cannot be explained with the
introduced fitting parameters, and therefore the region is
not used in the fit.

Fig. 10 shows reconstructed Q2 after the fitting for
the one track, µ + p, and µ + π events with and with-
out vertex activity. The best fit values and errors of the
fit parameters are summarized in Table II. These same
fit parameters are also applied to the MRD penetrating
sample. The χ2/d.o.f before the fit is 473/75 = 6.31.
The χ2/d.o.f after the fit is 117/67 = 1.75. Even after
fitting, the reduced χ2 is relatively large, which indicates
that the introduced parameters are not sufficient in fully
reproducing the data. To take into account the incom-
pleteness of our simulation, we enlarge the errors on the
fitting parameters by a factor of

√
χ2/d.o.f.

F. Charged Current Coherent Pion Event Selection

charged current coherent pion candidates are extracted
from both the MRD stopped and MRD penetrated sam-
ples with the same selection criteria. In this section, we
describe the event selection for the MRD stopped sam-
ple. The event selection for the MRD penetrated sample
is summarized later.
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FIG. 10: (Color online) Reconstructed Q2 after fitting for (a)
the one track, (b) µ+p, (c) µ+π with activity, and (d) µ+π
without activity samples.
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parameter, i.e. the source of systematic uncertainty, by
±1σ. The covariance between two systematic parameters
pi and pj is calculated as:

Vij ≡ cov[pi, pj ] =
∑

source

∆pi∆pj |+ + ∆pi∆pj |−
2

(13)

where ∆pi∆pj |+(−) is the product of variations of two
parameters when the underlying physics parameter is in-
creased (decreased) by the size of its uncertainty. The
covariance matrix is estimated to be:

V =





(0.20)2 −(0.09)2 +(0.10)2 0
−(0.09)2 (0.09)2 −(0.07)2 0
+(0.10)2 −(0.07)2 (0.15)2 0

0 0 0 (0.02)2



 . (14)

Rnorm, Rother, Ract, and κ are unconstrained in the fit.
Events with Q2

rec < 0.10 (GeV/c)2 in the µ + π sam-
ple with low activity are not included in the fit to avoid
charged current coherent pion signal events. A data ex-
cess is observed in the region with Q2

rec < 0.15 (GeV/c)2
in the µ+p sample. Further investigation reveals that the
second track in the excess events is emitted at a relatively
large angle with respect to the beam direction and has
large dE/dx, thus the events have an additional large
energy deposition at the vertex. Each of these events
seems to have a muon and a proton with additional ac-
tivity, and therefore the excess is not expected to affect
the charged current coherent pion analysis. A possible
candidate for the excess is charged current resonant pion
production where the pion is absorbed in the nucleus. In
such an event, two or more additional nucleons should
be emitted after the pion is absorbed, which is currently
not simulated. The excess cannot be explained with the
introduced fitting parameters, and therefore the region is
not used in the fit.

Fig. 10 shows reconstructed Q2 after the fitting for
the one track, µ + p, and µ + π events with and with-
out vertex activity. The best fit values and errors of the
fit parameters are summarized in Table II. These same
fit parameters are also applied to the MRD penetrating
sample. The χ2/d.o.f before the fit is 473/75 = 6.31.
The χ2/d.o.f after the fit is 117/67 = 1.75. Even after
fitting, the reduced χ2 is relatively large, which indicates
that the introduced parameters are not sufficient in fully
reproducing the data. To take into account the incom-
pleteness of our simulation, we enlarge the errors on the
fitting parameters by a factor of

√
χ2/d.o.f.

F. Charged Current Coherent Pion Event Selection

charged current coherent pion candidates are extracted
from both the MRD stopped and MRD penetrated sam-
ples with the same selection criteria. In this section, we
describe the event selection for the MRD stopped sam-
ple. The event selection for the MRD penetrated sample
is summarized later.
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FIG. 10: (Color online) Reconstructed Q2 after fitting for (a)
the one track, (b) µ+p, (c) µ+π with activity, and (d) µ+π
without activity samples.
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parameter, i.e. the source of systematic uncertainty, by
±1σ. The covariance between two systematic parameters
pi and pj is calculated as:

Vij ≡ cov[pi, pj ] =
∑

source

∆pi∆pj |+ + ∆pi∆pj |−
2

(13)

where ∆pi∆pj |+(−) is the product of variations of two
parameters when the underlying physics parameter is in-
creased (decreased) by the size of its uncertainty. The
covariance matrix is estimated to be:

V =





(0.20)2 −(0.09)2 +(0.10)2 0
−(0.09)2 (0.09)2 −(0.07)2 0
+(0.10)2 −(0.07)2 (0.15)2 0

0 0 0 (0.02)2



 . (14)

Rnorm, Rother, Ract, and κ are unconstrained in the fit.
Events with Q2

rec < 0.10 (GeV/c)2 in the µ + π sam-
ple with low activity are not included in the fit to avoid
charged current coherent pion signal events. A data ex-
cess is observed in the region with Q2

rec < 0.15 (GeV/c)2
in the µ+p sample. Further investigation reveals that the
second track in the excess events is emitted at a relatively
large angle with respect to the beam direction and has
large dE/dx, thus the events have an additional large
energy deposition at the vertex. Each of these events
seems to have a muon and a proton with additional ac-
tivity, and therefore the excess is not expected to affect
the charged current coherent pion analysis. A possible
candidate for the excess is charged current resonant pion
production where the pion is absorbed in the nucleus. In
such an event, two or more additional nucleons should
be emitted after the pion is absorbed, which is currently
not simulated. The excess cannot be explained with the
introduced fitting parameters, and therefore the region is
not used in the fit.

Fig. 10 shows reconstructed Q2 after the fitting for
the one track, µ + p, and µ + π events with and with-
out vertex activity. The best fit values and errors of the
fit parameters are summarized in Table II. These same
fit parameters are also applied to the MRD penetrating
sample. The χ2/d.o.f before the fit is 473/75 = 6.31.
The χ2/d.o.f after the fit is 117/67 = 1.75. Even after
fitting, the reduced χ2 is relatively large, which indicates
that the introduced parameters are not sufficient in fully
reproducing the data. To take into account the incom-
pleteness of our simulation, we enlarge the errors on the
fitting parameters by a factor of

√
χ2/d.o.f.

F. Charged Current Coherent Pion Event Selection

charged current coherent pion candidates are extracted
from both the MRD stopped and MRD penetrated sam-
ples with the same selection criteria. In this section, we
describe the event selection for the MRD stopped sam-
ple. The event selection for the MRD penetrated sample
is summarized later.
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FIG. 10: (Color online) Reconstructed Q2 after fitting for (a)
the one track, (b) µ+p, (c) µ+π with activity, and (d) µ+π
without activity samples.
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parameter, i.e. the source of systematic uncertainty, by
±1σ. The covariance between two systematic parameters
pi and pj is calculated as:

Vij ≡ cov[pi, pj ] =
∑

source

∆pi∆pj |+ + ∆pi∆pj |−
2

(13)

where ∆pi∆pj |+(−) is the product of variations of two
parameters when the underlying physics parameter is in-
creased (decreased) by the size of its uncertainty. The
covariance matrix is estimated to be:

V =





(0.20)2 −(0.09)2 +(0.10)2 0
−(0.09)2 (0.09)2 −(0.07)2 0
+(0.10)2 −(0.07)2 (0.15)2 0

0 0 0 (0.02)2



 . (14)

Rnorm, Rother, Ract, and κ are unconstrained in the fit.
Events with Q2

rec < 0.10 (GeV/c)2 in the µ + π sam-
ple with low activity are not included in the fit to avoid
charged current coherent pion signal events. A data ex-
cess is observed in the region with Q2

rec < 0.15 (GeV/c)2
in the µ+p sample. Further investigation reveals that the
second track in the excess events is emitted at a relatively
large angle with respect to the beam direction and has
large dE/dx, thus the events have an additional large
energy deposition at the vertex. Each of these events
seems to have a muon and a proton with additional ac-
tivity, and therefore the excess is not expected to affect
the charged current coherent pion analysis. A possible
candidate for the excess is charged current resonant pion
production where the pion is absorbed in the nucleus. In
such an event, two or more additional nucleons should
be emitted after the pion is absorbed, which is currently
not simulated. The excess cannot be explained with the
introduced fitting parameters, and therefore the region is
not used in the fit.

Fig. 10 shows reconstructed Q2 after the fitting for
the one track, µ + p, and µ + π events with and with-
out vertex activity. The best fit values and errors of the
fit parameters are summarized in Table II. These same
fit parameters are also applied to the MRD penetrating
sample. The χ2/d.o.f before the fit is 473/75 = 6.31.
The χ2/d.o.f after the fit is 117/67 = 1.75. Even after
fitting, the reduced χ2 is relatively large, which indicates
that the introduced parameters are not sufficient in fully
reproducing the data. To take into account the incom-
pleteness of our simulation, we enlarge the errors on the
fitting parameters by a factor of

√
χ2/d.o.f.

F. Charged Current Coherent Pion Event Selection

charged current coherent pion candidates are extracted
from both the MRD stopped and MRD penetrated sam-
ples with the same selection criteria. In this section, we
describe the event selection for the MRD stopped sam-
ple. The event selection for the MRD penetrated sample
is summarized later.
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(a) 1-track
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(b) µ+p
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(c) µ+! with activity
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(d) µ+! without activity

FIG. 10: (Color online) Reconstructed Q2 after fitting for (a)
the one track, (b) µ+p, (c) µ+π with activity, and (d) µ+π
without activity samples.
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TABLE II: Best fit values and errors of the fitting parameters

Parameter Value Error
Rnorm 1.103 0.029
R2trk/1trk 0.865 0.035
Rp/π 0.899 0.038
Ract 0.983 0.055
Rpscale 1.033 0.002
Rres 1.211 0.133
Rother 1.270 0.148
κ 1.019 0.004
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FIG. 11: (Color online) ∆θp for the µ+π events in the MRD
stopped sample after fitting.

After selecting µ + π events which do not have ver-
tex activity, the sample still contains charged current
quasi-elastic events in which a proton is misidentified
as a minimum ionizing track. We reduce this charged
current quasi-elastic background by making use of kine-
matic information in the event. Since the charged cur-
rent quasi-elastic interaction is a two-body interaction,
one can predict the proton direction from the measured
muon momentum pµ and muon angle θµ;

#pp = (−pµx,−pµy, Erec
ν − pµ cos θµ) (15)

where pµx and pµy are the projected muon momentum
in the x and y dimension, respectively. Erec

ν is the recon-
structed neutrino energy given by Equation 4. For each
two-track event, we define an angle called ∆θp as the
angle between the expected proton track direction given
by Equation 15 and the observed second track direction.
Fig. 11 shows the ∆θp distribution for µ+π events in the
MRD stopped sample. Events with ∆θp more than 20 de-
grees are selected. With this selection, 48% of charged
current quasi-elastic events in the µ + π sample are re-
jected, while 91% of charged current coherent pion events
pass the cut according to the MC simulation.

Further selections are applied in order to separate
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FIG. 12: (Color online) Track angle of the pion candidate
with respect to the beam direction for the µ + π events after
the charged current quasi-elastic rejection after fitting.

2 (GeV/c)2Q
0 0.1 0.2 0.3 0.4 0.5

2
E

n
tr

ie
s
 /
 0

.0
2
5
 (

G
e
V

/c
)

0

50

100

150

0 0.1 0.2 0.3 0.4 0.5
0

50

100

150

 DATA

! CC coherent 

! CC resonant 

 Other

 CC QE

FIG. 13: (Color online) Reconstructed Q2 for the µ+π events
in the MRD stopped sample after the pion track direction cut
and after fitting.

charged current coherent pion events from charged cur-
rent resonant pion events which are the dominant back-
grounds for this analysis. Fig. 12 shows the angular dis-
tribution of pion candidates with respect to the beam
direction. In the case of charged current coherent pion
events, both the muon and pion tracks are directed for-
ward. Events in which the track angle of the pion can-
didate with respect to the beam direction is less than
90 degrees are selected.

Fig. 13 shows the reconstructed Q2 distribution for
the µ + π events after the pion track direction cut. Al-
though a charged current quasi-elastic interaction is as-
sumed, the Q2 of charged current coherent pion events
is reconstructed with a resolution of 0.016 (GeV/c)2 and
a shift of -0.024 (GeV/c)2 according to the MC simu-
lation. Finally, events with reconstructed Q2 less than
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After selecting µ + π events which do not have ver-
tex activity, the sample still contains charged current
quasi-elastic events in which a proton is misidentified
as a minimum ionizing track. We reduce this charged
current quasi-elastic background by making use of kine-
matic information in the event. Since the charged cur-
rent quasi-elastic interaction is a two-body interaction,
one can predict the proton direction from the measured
muon momentum pµ and muon angle θµ;

#pp = (−pµx,−pµy, Erec
ν − pµ cos θµ) (15)

where pµx and pµy are the projected muon momentum
in the x and y dimension, respectively. Erec

ν is the recon-
structed neutrino energy given by Equation 4. For each
two-track event, we define an angle called ∆θp as the
angle between the expected proton track direction given
by Equation 15 and the observed second track direction.
Fig. 11 shows the ∆θp distribution for µ+π events in the
MRD stopped sample. Events with ∆θp more than 20 de-
grees are selected. With this selection, 48% of charged
current quasi-elastic events in the µ + π sample are re-
jected, while 91% of charged current coherent pion events
pass the cut according to the MC simulation.

Further selections are applied in order to separate
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FIG. 12: (Color online) Track angle of the pion candidate
with respect to the beam direction for the µ + π events after
the charged current quasi-elastic rejection after fitting.
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FIG. 13: (Color online) Reconstructed Q2 for the µ+π events
in the MRD stopped sample after the pion track direction cut
and after fitting.

charged current coherent pion events from charged cur-
rent resonant pion events which are the dominant back-
grounds for this analysis. Fig. 12 shows the angular dis-
tribution of pion candidates with respect to the beam
direction. In the case of charged current coherent pion
events, both the muon and pion tracks are directed for-
ward. Events in which the track angle of the pion can-
didate with respect to the beam direction is less than
90 degrees are selected.

Fig. 13 shows the reconstructed Q2 distribution for
the µ + π events after the pion track direction cut. Al-
though a charged current quasi-elastic interaction is as-
sumed, the Q2 of charged current coherent pion events
is reconstructed with a resolution of 0.016 (GeV/c)2 and
a shift of -0.024 (GeV/c)2 according to the MC simu-
lation. Finally, events with reconstructed Q2 less than
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TABLE III: Event selection summary for the MRD stopped
charged current coherent pion sample.

Event selection DATA MC Coherent π
Signal B.G. Efficiency

Generated in SciBar fid.vol. 1,939 156,766 100%
SciBar-MRD matched 30,337 978 29,359 50.4%
MRD stopped 21,762 715 20,437 36.9%
2 track 5,939 358 6,073 18.5%
Particle ID (µ + π) 2,255 292 2,336 15.1%
Vertex activity cut 887 264 961 13.6%
CC-QE rejection 682 241 709 12.4%
Pion track direction cut 425 233 451 12.0%
Reconstructed Q2 cut 247 201 228 10.4%

0.1 (GeV/c)2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228±12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The “other” back-
ground is comprised of 50% charged current DIS, 32%
neutral current, and 18% νµ events. The selection effi-
ciency for the signal is estimated to be 10.4%.

G. MRD penetrated CC Coherent Pion Events

The same selection is applied to the MRD penetrated
sample to extract charged current coherent pion candi-
dates at higher energy. Fig. 14 shows the reconstructed
Q2 distribution of the MRD penetrated charged cur-
rent coherent pion sample. The reconstructed Q2 and
Eν for the MRD penetrated sample are calculated from
muon angle and partially-reconstructed muon energy, us-
ing Equation 3 and Equation 4, respectively. Although
only a part of the muon energy is observed, the Q2 recon-
struction performance is the same because of the small
muon angle. The event selection is summarized in Ta-
ble IV. In the signal region, 57 charged current coherent
pion candidates are observed, while the expected number
of background events is 40±2.2. The background in the
final sample is dominated by charged current resonant
pion production. The “other” background is comprised
of 75% charged current DIS, and 25% νµ events. The
selection efficiency for the signal is estimated to be 3.1%.
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FIG. 14: (Color online) Reconstructed Q2 for the µ+π events
in the MRD penetrated sample after the pion track direction
cut after fitting.

TABLE IV: Event selection summary of MRD penetrated CC
coherent pion sample.

Event selection DATA MC Coherent π
Signal B.G. Efficiency

Generated in SciBar fid.vol. 1,939 156,766 100%
SciBar-MRD matched 30,337 978 29,359 50.4%
MRD penetrated 3,712 177 4,375 9.1%
2 track 1,029 92 1,304 4.7%
Particle ID (µ + π) 418 78 474 4.0%
Vertex activity cut 167 71 186 3.6%
CC-QE rejection 134 67 135 3.5%
Pion track direction cut 107 66 109 3.4%
Reconstructed Q2 cut 57 60 40 3.1%

VII. RESULTS

A. Cross Section Ratio

1. MRD stopped charged current coherent pion sample

After subtracting background and correcting for the
selection efficiency, the number of charged current co-
herent pion candidates in the MRD-stopped sample is
measured to be 179 ± 190(stat); this error includes the
uncertainty in the background estimation. No evidence
of charged current coherent pion production is found in
the sample. The neutrino energy dependence of the se-
lection efficiency for charged current coherent pion events
is shown in Fig. 15. The mean neutrino beam energy for
true charged current coherent pion events in the sample
is estimated to be 1.1 GeV after accounting for the ef-
fects of the selection efficiency. The RMS of the neutrino
beam energy is 0.27 GeV.

14

TABLE III: Event selection summary for the MRD stopped
charged current coherent pion sample.

Event selection DATA MC Coherent π
Signal B.G. Efficiency

Generated in SciBar fid.vol. 1,939 156,766 100%
SciBar-MRD matched 30,337 978 29,359 50.4%
MRD stopped 21,762 715 20,437 36.9%
2 track 5,939 358 6,073 18.5%
Particle ID (µ + π) 2,255 292 2,336 15.1%
Vertex activity cut 887 264 961 13.6%
CC-QE rejection 682 241 709 12.4%
Pion track direction cut 425 233 451 12.0%
Reconstructed Q2 cut 247 201 228 10.4%

0.1 (GeV/c)2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228±12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The “other” back-
ground is comprised of 50% charged current DIS, 32%
neutral current, and 18% νµ events. The selection effi-
ciency for the signal is estimated to be 10.4%.

G. MRD penetrated CC Coherent Pion Events

The same selection is applied to the MRD penetrated
sample to extract charged current coherent pion candi-
dates at higher energy. Fig. 14 shows the reconstructed
Q2 distribution of the MRD penetrated charged cur-
rent coherent pion sample. The reconstructed Q2 and
Eν for the MRD penetrated sample are calculated from
muon angle and partially-reconstructed muon energy, us-
ing Equation 3 and Equation 4, respectively. Although
only a part of the muon energy is observed, the Q2 recon-
struction performance is the same because of the small
muon angle. The event selection is summarized in Ta-
ble IV. In the signal region, 57 charged current coherent
pion candidates are observed, while the expected number
of background events is 40±2.2. The background in the
final sample is dominated by charged current resonant
pion production. The “other” background is comprised
of 75% charged current DIS, and 25% νµ events. The
selection efficiency for the signal is estimated to be 3.1%.
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FIG. 14: (Color online) Reconstructed Q2 for the µ+π events
in the MRD penetrated sample after the pion track direction
cut after fitting.

TABLE IV: Event selection summary of MRD penetrated CC
coherent pion sample.

Event selection DATA MC Coherent π
Signal B.G. Efficiency

Generated in SciBar fid.vol. 1,939 156,766 100%
SciBar-MRD matched 30,337 978 29,359 50.4%
MRD penetrated 3,712 177 4,375 9.1%
2 track 1,029 92 1,304 4.7%
Particle ID (µ + π) 418 78 474 4.0%
Vertex activity cut 167 71 186 3.6%
CC-QE rejection 134 67 135 3.5%
Pion track direction cut 107 66 109 3.4%
Reconstructed Q2 cut 57 60 40 3.1%

VII. RESULTS

A. Cross Section Ratio

1. MRD stopped charged current coherent pion sample

After subtracting background and correcting for the
selection efficiency, the number of charged current co-
herent pion candidates in the MRD-stopped sample is
measured to be 179 ± 190(stat); this error includes the
uncertainty in the background estimation. No evidence
of charged current coherent pion production is found in
the sample. The neutrino energy dependence of the se-
lection efficiency for charged current coherent pion events
is shown in Fig. 15. The mean neutrino beam energy for
true charged current coherent pion events in the sample
is estimated to be 1.1 GeV after accounting for the ef-
fects of the selection efficiency. The RMS of the neutrino
beam energy is 0.27 GeV.
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The total number of charged current interactions is
estimated by using the SciBar-MRD matched sample.
We observe 30,337 SciBar-MRD matched events. As de-
scribed in section VI, the selection efficiency and purity
of charged current events are estimated to be 27.9% and
92.8%, respectively. The neutrino energy dependence
of the selection efficiency for charged current events is
shown in Fig. 16. After correcting for the efficiency and
purity, the number of charged current events is measured
to be (1.091± 0.006(stat))× 105.

Using this information, the ratio of the charged current
coherent pion to total charged current production cross
sections is measured to be (0.16± 0.17(stat)+0.30

−0.27(sys))×
10−2 at 1.1 GeV, where the systematic error is described
later. The result is consistent with the non-existence
of charged current coherent pion production, and hence
we set an upper limit on the cross section ratio by us-
ing the likelihood distribution (L) which is convolved
with the systematic error. We calculate the 90% con-
fidence level (C.L.) upper limit (UL) using the relation∫ UL
0 Ldx/

∫∞
0 Ldx = 0.9 to be:

σ(CC coherent π)
σ(CC)

< 0.67× 10−2 (16)

at a mean neutrino energy of 1.1 GeV.

2. MRD penetrated charged current coherent pion sample

After subtracting background and correcting for the se-
lection efficiency, the number of charged current coherent
pion candidates in the MRD penetrating sample is mea-
sured to be 548 ± 254(stat). As in the MRD stopping
sample, this includes the uncertainty due to the back-
ground estimation. The mean neutrino beam energy for
true charged current coherent pion events in the sample
is estimated to be 2.2 GeV after accounting for the ef-
fects of the selection efficiency. The RMS of the neutrino
beam energy is 0.80 GeV.

Due to the higher neutrino energy in the charged cur-
rent coherent pion sample, the MRD penetrated charged
current sample is chosen to estimate the number of to-
tal charged current interactions at a similar neutrino en-
ergy. We observe 3,712 MRD penetrated events, and
the efficiency and purity of true νµ charged current
events are estimated to be 4.5% and 97.5%, respec-
tively. The impurity largely comes from νµ charged cur-
rent events. After correcting the efficiency and purity,
the number of charged current events is measured to be
(0.804 ± 0.013(stat)) × 105. A 26% difference between
the MRD matched and penetrated samples is found while
the estimated uncertainty due to the neutrino flux is 14%.
However, this is expected to be a small effect on the cross
section ratio measurement.

The ratio of the charged current coherent pion to to-
tal charged current production cross sections is measured
to be (0.68 ± 0.32(stat)+0.39

−0.25(sys)) × 10−2 at 2.2 GeV.

The systematic error is described later. No evidence for
charged current coherent pion production is observed,
and hence we set an upper limit on the cross section
ratio at 90% C.L.:

σ(CC coherent π)
σ(CC)

< 1.36× 10−2 (17)

at a mean neutrino energy of 2.2 GeV.

B. Systematic Uncertainties

The sources of systematic error are divided into five
categories, (i) detector response and track reconstruction,
(ii) nuclear effects, (iii) neutrino interaction models, (iv)
neutrino beam, and (v) event selection. We vary these
sources within their uncertainties and take the resulting
change in the cross section ratio as the systematic un-
certainty of the measurement. Table V summarizes the
uncertainties in the charged current coherent pion cross
section ratio for the MRD stopped and MRD penetrated
samples. The total systematic error is +0.30

−0.27 × 10−2 for
the MRD stopped sample, and +0.39

−0.25×10−2 for the MRD
penetrated sample.

TABLE V: Summary of the systematic errors in the charged
current coherent pion cross section ratio.

Source MRD stopped MRD penetrated
error (×10−2) error (×10−2)

Detector response +0.10 −0.18 +0.18 −0.18
Nuclear effect +0.20 −0.07 +0.19 −0.09
Neutrino interaction model +0.17 −0.04 +0.08 −0.04
Neutrino beam +0.07 −0.11 +0.27 −0.13
Event selection +0.07 −0.14 +0.06 −0.05
Total +0.30 −0.27 +0.39 −0.25

1. Detector Response and Track Reconstruction

The crosstalk of the MA-PMT was measured to be
3.15% for adjacent channels, with an absolute error of
0.4%. The single photoelectron resolution of the MA-
PMT is set to 50% in the simulation, to reproduce the
observed dE/dx distribution of cosmic muons. The ab-
solute error is estimated to be ±20%. Birk’s constant
of the SciBar scintillator was measured to be 0.0208 ±
0.0023 cm/MeV [51] and is varied within the measure-
ment error to evaluate the systematic. The hit threshold
for track reconstruction is varied by ±20%.


