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Uncertainties   
of neutrino 
interactions

Knowledge of neutrino interaction cross 
section in the 1 GeV region on nuclear 
target (eg. carbon) is essential for 
oscillation experiments: MiniBooNE / T2K
Large uncertainties from 

Neutrino-nucleon interaction model.
Nuclear model (Fermi momentum).
Intra-nuclear interaction, aka “FSI”. 
(problem for exclusive measurements)

Previous measurements are mostly from 
old bubble chamber (deuteron target)
➜ Not applicable for heavier nuclei
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Figure 1.7: Charged current total cross sections divided by neutrino energy for neutrino nu-
cleon charged current interactions. The solid line shows the calculated total cross section.
The dashed, dot and dash-dotted lines show the calculated quasi-elastic, single-meson and
deep-inelastic scatterings, respectively. The data points are taken from the following experi-
ments: (!)ANL[54], (©)GGM77[55], (•)GGM79(a)[56],(b)[57], (∗)Serpukhov[58], (♦)ANL82[59],
(!)BNL86[60], (")CCFR90[61], (#)CDHSW87[62], (×)IHEP-JINR96[63], (+)IHEP-ITEP79[64],
($)CCFRR84[65], and (%)BNL82[53].

the absolute cross sections, not the ratios to the total CC interaction cross section. Once the abso-
lute normalization for these measurements are given by a CC inclusive cross section measurement,
precise comparisons with the theoretical predictions become possible.

Because of poor knowledge of cross sections, several neutrino interaction simulators are often
used and tested to predict the different cross sections and the kinematics of final state particles.
Among these, NEUT [71, 72] and NUANCE [73] are commonly used for the recent neutrino oscilla-
tion and interaction measurements. NEUT is used in the Kamiokande [74], Super-Kamiokande [12],
K2K [13], and T2K experiments, while NUANCE is used in MiniBooNE and as a check of simula-
tions in several experiments. Although they are both tuned to describe the experimental data, they
have not yet been precisely tested and compared with each other in a single experiment. Hence,
in order to make a precise measurement of neutrino oscillations, it is important to test these cross
section models together and to select models which well describe experimental data.

1.6 Overview of this thesis

In this thesis, we report on a measurement of CC inclusive interactions of muon neutrinos in the few
GeV region. We also use the measurement to improve a search for short-baseline muon neutrino
disappearance with the Fermilab Booster Neutrino Beam.

We collected high-statistics CC interaction sample at SciBooNE, and extracted energy depen-
dent charged current interaction rates and cross sections for a wide energy range from 0.25 GeV
to ∼3 GeV. This is the first measurement of the CC inclusive interaction cross section on carbon

Nucleon

µ

νµ

W

Target
nucleus

CCQE 
(νn→μp)

CC1π 
(νN→μN’π)

DIS

Both inclusive and exclusive cross 
section measurements are essential.
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A hot topic 
Charged current (CC) quasi-
elastic (QE) interaction cross 
section by MiniBooNE 
Enhancement of cross section 
in this region?
Mismodeling of CC-1π 
background? (~20%)

π absorbed in nucleus
Need cross-check with CC-
inclusive sample, preferably 
with wide energy range.

5

CC-1π, and π 
absorbed in nucleus.

Phys. Rev. D 81, 092005 (2010)
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SciBooNE 
Experiment
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Overview
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Overview
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✴Precise cross section 
measurement at ~1GeV
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Fermilab Booster 
Neutrino Beam

Intense νμ beam with the mean 
energy of ~0.8 GeV

93% pure νμ beam.
Anti-νμ beam is also produced by 
inverting horn polarity.
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2.2. EXPERIMENTAL APPARATUS 18

monitors is of the order of 1-2 mm (RMS) in both the horizontal and vertical directions. The
number of protons delivered to the BNB target for each spill is measured with a 2% accuracy using
two toroidal current transformers (often referred to as toroid’s) located near the target along the
beamline. These parameters are well tuned within the experiment requirements.

2.2.1.1 Target and Magnetic Focusing Horn

The primary proton beam smashes a thick beryllium target located in the BNB target hall. Sec-
ondary mesons (pions and kaons) are produced by hadronic interactions of the protons with the
target. The target is made of seven cylindrical slugs with a radius of 0.51 cm, for a total tar-
get length of 71.1 cm, or about 1.7 inelastic interaction lengths. The target is surrounded by a
magnetic focusing horn, focusing the positively-charged secondary particles from the target to the
direction pointing to the SciBooNE and MiniBooNE detectors. The magnetic horn used in the
BNB is shown in Fig. 2.3. Such positively-charged secondary particles are dominated by charged
pions (π+) producing the neutrino beam via their decay (π+ → µ+νµ) The focusing is produced
by the toroidal magnetic field present in the air volume between the horn’s two coaxial conductors
made of aluminum alloy. The horn current pulse is approximately a half-sinusoid of amplitude
174 kA, 143 µsec long, synchronized to each beam spill. The measured strenght of the magnetic
field is shown in Fig. 2.4. The polarity of the horn current flow can be (and has been) switched, in
order to focus negatively-charged mesons, and therefore to produce an antineutrino beam instead
of a neutrino beam.

horn. The largest field values of 1.5 Tesla are obtained
where the inner conductor is narrowest (2.2 cm radius).
The effects of time-varying fields within the cavity of the
horn are found to be negligible. The expected field prop-
erties of the horn have been verified by measuring the
current induced in a wire coil inserted into the portals of
the horn. Figure 5 shows the measured R dependence of the
azimuthal magnetic field compared with the expected 1=R
dependence. The ‘‘skin effect’’, in which the time-varying
currents traveling on the surface of the conductor penetrate
into the conductor, results in electromagnetic fields within
the conductor itself.

During operation, the horn is cooled by a closed water
system which sprays water onto the inner conductor via
portholes in the outer cylinder. The target assembly is
rigidly fixed to the upstream face of the horn, although
the target is electrically isolated from its current path. At
the time of writing, two horns have been in operation in the
BNB. The first operated for 96! 106 pulses before failing,

FIG. 4 (color online). The MiniBooNE pulsed horn system.
The outer conductor (gray) is transparent to show the inner
conductor components running along the center (dark green
and blue). The target assembly is inserted into the inner con-
ductor from the left side. In neutrino-focusing mode, the (posi-
tive) current flows from left-to-right along the inner conductor,
returning along the outer conductor. The plumbing associated
with the water cooling system is also shown.

FIG. 3 (color online). Left: Neutrino event times relative to the nearest RF bucket (measured by the RWM) corrected for expected
time-of-flight. Right: An oscilloscope trace showing the coincidence of the beam delivery with the horn pulse. The top trace (labeled
‘‘2’’ on the left) is a discriminated signal from the resistive wall monitor (RWM), indicating the arrival of the beam pulse. The bottom
trace (labeled ‘‘1’’ on the left) is the horn pulse. The horizontal divisions are 20 !s each.
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FIG. 5. Measurements of the azimuthal magnetic field within
the horn. The points show the measured magnetic field, while the
line shows the expected 1=R dependence. The black lines
indicate the minimum and maximum radii of the inner conduc-
tor.
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Figure 2.3: The MiniBooNE pulsed horn sys-
tem. The outer conductor (gray) is transparent
to show the inner conductor components run-
ning along the center (dark green and blue).
The target assembly is inserted into the in-
ner conductor from the left side. In neutrino-
focusing mode, the (positive) current flows from
left-to-right along the inner conductor, return-
ing along the outer conductor. The plumbing
associated with the water cooling system is also
shown. This fiugre is from [37].

horn. The largest field values of 1.5 Tesla are obtained
where the inner conductor is narrowest (2.2 cm radius).
The effects of time-varying fields within the cavity of the
horn are found to be negligible. The expected field prop-
erties of the horn have been verified by measuring the
current induced in a wire coil inserted into the portals of
the horn. Figure 5 shows the measured R dependence of the
azimuthal magnetic field compared with the expected 1=R
dependence. The ‘‘skin effect’’, in which the time-varying
currents traveling on the surface of the conductor penetrate
into the conductor, results in electromagnetic fields within
the conductor itself.

During operation, the horn is cooled by a closed water
system which sprays water onto the inner conductor via
portholes in the outer cylinder. The target assembly is
rigidly fixed to the upstream face of the horn, although
the target is electrically isolated from its current path. At
the time of writing, two horns have been in operation in the
BNB. The first operated for 96! 106 pulses before failing,

FIG. 4 (color online). The MiniBooNE pulsed horn system.
The outer conductor (gray) is transparent to show the inner
conductor components running along the center (dark green
and blue). The target assembly is inserted into the inner con-
ductor from the left side. In neutrino-focusing mode, the (posi-
tive) current flows from left-to-right along the inner conductor,
returning along the outer conductor. The plumbing associated
with the water cooling system is also shown.

FIG. 3 (color online). Left: Neutrino event times relative to the nearest RF bucket (measured by the RWM) corrected for expected
time-of-flight. Right: An oscilloscope trace showing the coincidence of the beam delivery with the horn pulse. The top trace (labeled
‘‘2’’ on the left) is a discriminated signal from the resistive wall monitor (RWM), indicating the arrival of the beam pulse. The bottom
trace (labeled ‘‘1’’ on the left) is the horn pulse. The horizontal divisions are 20 !s each.
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FIG. 5. Measurements of the azimuthal magnetic field within
the horn. The points show the measured magnetic field, while the
line shows the expected 1=R dependence. The black lines
indicate the minimum and maximum radii of the inner conduc-
tor.
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Figure 2.4: Measurements of the azimuthal
magnetic field within the horn. The points
show the measured magnetic field, while the line
shows the expected 1/R dependence. The black
lines indicate the minimum and maximum radii
of the inner conductor. This fiugre is from [37].

2.2.1.2 Decay Region and Absorber

Figure 2.5 show the layoutof the BNB. The secondary mesons from the target/horn region are
further collimated via passive shielding, and moved to a cylindrical decay region where the secondary
mosons can decay into neutrinos. The decay region is filled with air at atmospheric pressure, 50 m

π+
50m decay volumeBe target and horn soil

νμ

μ+

8 GeV 
proton

Neutrino flux 
at SciBooNE 
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Neutrino flux 
uncertainties
The dominant uncertainty: hadron 
production cross section from p-
Be interaction.
For π+ production, use the 
measurement by HARP experiment 
(CERN PS214) to estimate the 
central value and the uncertainty.
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SciBooNE detector
Located 100 m downstream of the 
target.
SciBar:

Full active scintillator tracker 
(~14000 strips)
Neutrino target (~10 ton)
Main component： CH

Muon Range Detector (MRD)
A sandwich type detector of 
steel + plastic scintillator.
Can stop muons up to ~1.2GeV
Reconstruct muon momentum 
from its path-length
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Data set
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Data taking: Jun. 2007 - Aug. 2008
Neutrino mode: 0.99 x 1020 POT
Anti-neutrino mode: 1.53 x 1020 POT

Analysis of the full neutrino data set is presented today
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CC-inclusive 
interaction 
measurement
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Neutrino      
interaction simulation

Both use essentially same models
CCQE: Smith-Monitz Relativistic 
Fermi gas model
CC-1π: Rein-Shegal Model

Parameter (eg. MA) values are 
different
FSI models are different
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NEUT: SK, K2K, T2K, etc
NUANCE: MiniBooNE, etc

Two neutrino interaction simulators are used: 

➜CC-inclusive and CC-QE analyses
➜CC-inclusive analysis

NEUT NUANCE

pF 217 MeV 220 MeV

EB 25 MeV 34 MeV

MAQE 1.21 GeV 1.23 GeV

κ 1.000 1.022

MA1π 1.21 GeV 1.10 GeV
κ: empirical parameter to enhance 

Pauli-blocking (1.0 is default)
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CC-inclusive 
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)

SciBar EC MRD
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Eν
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Muon distributions
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Spectrum fit
Tune MC prediction by re-weighting as a function of true 
neutrino energy.
Determine the rate normalization factor which best fits to        
pµ vs. θµ 2D distributions.

SciBar-stop, MRD-stop and MRD-penetrated samples are 
used simultaneously.

16

Fit method

Distribution to fit:

Pmu vs. theta-mu 2D 

distribution

Determine scale factors as a 

function of True Enu by fitting.

2.2 Fit Method 9
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CC interaction rate
Extract CC interaction rate

The product of 
(flux) x (cross-section)
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Table 5.1: Energy regions for the CC interaction rate measurement. These energy regions are in
terms of the true neutrino energy from the MC.

Parameter f0 f1 f2 f3 f4 f5
Eν range (GeV) 0.25 - 0.5 0.5 - 0.75 0.75 - 1.0 1.0 - 1.25 1.25 - 1.75 1.75+

A discussions about the choice of samples and binning, and fit method are described in the
Appendix A. Here we describe the method we choose for the final fit result.

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 5.1. The events
at Eν < 0.25 GeV are not used since these events are below our detection efficiency as shown in
Fig. 4.17, and also the fraction of these low energy interactions are negligibly small (< 1%) at
the BNB flux. We calculate these rate normalization factors by comparing the MC predictions to
the measured CC interaction rate. For each energy region, we generate the MC templates 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 . (5.1)

Figures 5.2 and 5.3 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 energetic 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. 5.4.

65 CHAPTER 5. MEASUREMENT OF CC INTERACTION AT SCIBOONE

Figure 5.13 shows the distributions of pµ, θµ Erec
ν and Q2

rec of the MRD-stopped sample, after
applying the rate normalization factors obtained in this analysis. We estimate the constrained
systematic error for each distribution in the same way as described in the Sec. ??. We also propagate
the errors of the scale factors (fi) to the distributions. The errors on fi obtained from the fit include
the shape error from all the flux and the cross section uncertainties, and the absolute error from
all the intra-nuclear interaction and detector response uncertainties, as they are included into the
error matrix (Vsys). The errors shown in these plots are the quadrature sum of those constrained
systematic errors and errors of the fi.

Similarly, Figure 5.14 shows the distributions of pµ, θµ Erec
ν and Q2

rec of the SciBar-stopped
sample, and Figure 5.15 shows the distribution of θµ of the MRD-penetrated sample.

We find that both NEUT and NUANCE predictions well reproduce the data distributions within
the errors of this analysis. Also, we confirm that the constraint by this measurement can reduce
the systematic uncertainty in most regions, compared to the original errors.
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Figure 5.13: Top: Reconstructed pµ (left) and θµ (right) of the MRD-stopped sample. Bottom:
Erec

ν (left) and Q2
rec (right) of the MRD-stopped sample. The NEUT and NUANCE predictions

are after applying the spectrum fit result, and absolutely normalized by the number of POT. The
filled regions show the systematic uncertainties of MC predictions based on NEUT. The systematics
uncertainty for NUANCE predictions is not shown since similar to that of NEUT prediction.

5.2.1.3 CC Interaction Rate Extraction

The CC interaction rate in i-th true Eν region, Ri, is calculated as:

Ri =
fi · N pred

i · Pi

εi
, (5.8)

normalization factor

Efficiency
Purity

# of event 
prediction

Input for SciBooNE-
MiniBooNE joint νμ 

disappearance analysis

The errors represent full systematic 
and statistical uncertainties



SciBooNE

SciBooNE

SciBooNE

1

Distributions after fit
Apply obtained rate normalization factors.
Confirmed that the distribution well reproduce the data, and 
the errors become much smaller.

18

 (GeV)
µ

p
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

E
v
e
n

ts

0

200

400

600

800

1000

1200

1400

1600

1800 DATA

NEUT

NUANCE

NEUT before fit

 (deg)µθ
0 20 40 60 80 100 120 140 160 180

E
v
e
n

ts

0

500

1000

1500

2000

2500

3000
DATA

NEUT

NUANCE

NEUT before fit

muon momentum (pµ) muon angle (θµ)

MRD-stopped
POT normalized



SciBooNE

SciBooNE

SciBooNE

1

CC inclusive 
cross section

First measurement of CC-
inclusive cross section on 
carbon in the 1 GeV region
NEUT and NUANCE based 
cross-section are 
consistent.
Covers up to ~ 3 GeV.
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5.2. RESULTS AND DISCUSSIONS 68

Table 5.5: νµ CC inclusive interaction rate normalization factors to NEUT and NUANCE pre-
dictions. The size of the full systematic errors are also shown.

Energy region νµ CC rate normalization factor
(GeV) NEUT NUANCE

0.25 - 0.50 1.04± 0.20 1.65± 0.22
0.50 - 0.75 1.03± 0.11 1.31± 0.11
0.75 - 1.00 1.23± 0.08 1.36± 0.08
1.00 - 1.25 1.29± 0.10 1.38± 0.09
1.25 - 1.75 1.19± 0.11 1.36± 0.12

1.75 - 0.79± 0.08 0.90± 0.09

is canceled, and the remaining differences are, in principle, due to the source (b). The cross section
per nucleon on polystyrene target (C8H8) at each energy region is calculated as

σi = fi· < σpred
CC >i=

fi · N pred
i · Pi

εi · T · Φi
, (5.9)

where i is the index of the energy regions used for the spectrum fit (see Table 5.1), < σpred
CC >i

is the predicted flux averaged CC interaction cross section per nucleon, N pred
i is the number of

selected events predicted by the MC simulation, Pi is the CC inclusive purity, εi is the CC inclusive
efficiency, Ti is the number of nucleons in the SciBar fiducial volume, and Φi is the muon neutrino
flux per unit area.

Figure 5.17 show the extracted cross sections plotted with the original predictions from NEUT
and NUANCE. In addition to the errors on Pi/εi as estimated for the rate measurements, we also
estimate the errors on Φi from the category (i) in the table. In the plot, we separately show the
errors of fi and the quadrature sum of fi, Pi, εi and Φi errors. We confirm that the differences
of the extracted CC interaction cross sections between NEUT and NUANCE are within the errors
of fi. Therefore, the effect of source (b) is small and covered by the systematic uncertainty. The
difference of the rate normalization factors is mostly caused by the cross section difference itself
(source (a)).

The obtained cross section values and their errors are summarized in Table ??. The uncertainty
is about 10% at 0.75 < Eν < 1.0 GeV, where the CC interaction rate is maximum, and is about
30% for the lowest energy region.

Table 5.6: Energy dependent CC inclusive cross section per nucleon on a polystyrene target
(C8H8). Results based on NEUT and NUANCE based predictions are separately shown.

Energy region Mean Energy Total νµ flux νµ CC inclusive cross section (cm2/nucleon)
(GeV) (GeV) (νµ/cm2) NEUT based NUANCE based

0.25 - 0.50 0.38 (4.31± 0.81)× 1011 (2.76± 0.75)× 10−39 (3.40± 0.96)× 10−39

0.50 - 0.75 0.62 (5.09± 0.37)× 1011 (5.80± 0.75)× 10−39 (6.39± 0.81)× 10−39

0.75 - 1.00 0.87 (4.18± 0.26)× 1011 (1.03± 0.10)× 10−38 (1.01± 0.09)× 10−38

1.00 - 1.25 1.11 (2.63± 0.23)× 1011 (1.38± 0.17)× 10−38 (1.29± 0.15)× 10−38

1.25 - 1.75 1.43 (1.90± 0.27)× 1011 (1.62± 0.29)× 10−38 (1.56± 0.28)× 10−38

1.75 - 2.47 (0.62± 0.12)× 1011 (1.74± 0.38)× 10−38 (1.66± 0.37)× 10−38

T: number of  target nucleon
Φ: total flux
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9.5. Monte Carlo re-weighted 105

Figure 9.1: Data (Pµ, θµ) distributions for the 1 track and 2-track QE and nonQE
samples.

9.5. Monte Carlo re-weighted 105

Figure 9.1: Data (Pµ, θµ) distributions for the 1 track and 2-track QE and nonQE
samples.
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100 CHAPTER 9. Measurement of the absolute CCQE cross section (σνµ(Eν))

9.2.3 Fit parameters definition

The fit method introduces free parameters to extract the data/MC differences.

The free parameters have been added to the MC, using the equation (9.4), in the

following way:

N exp
ij = FN

[
n=10
∑

k

akN
QE,k
ij , +abckN

nonQE
ij

]

(9.8)

A total of twelve free parameters defines the equation (9.8). The abck is a

global parameter which delivers information about the non-QE contamination.

Ten of them are neutrino energy dependent parameters (a1, a2....., a10). Each of ak

is associated to a different true neutrino energy bin and returns the true neutrino

energy data/MC variation for the QE components. These parameters contain the

essential information to evaluate the CCQE absolute cross section (see eq. (9.3)).

The ak corresponding to the energy bin [0.8,1] GeV has been fixed to the unity.

Such a constraint allows that ak’s report neutrino energy shape only variations.

The FN times each ak gives us the absolute variation between data and MC at the

energy bin.

The a0 parameter is fixed to the unity as well because no data nor MC

information are present at the energy region below 0.2 GeV, see figure 9.6.

An additional parameter (α) is included to correct the migration effect present

in the MC, as was described in section 8.6. This parameter evaluates the fraction

of 1-track nonQE events that should be reconstructed as 2-track nonQE events in

the 2-track QE enriched sample. Therefore, α is inserted on the following way:

NnonQE
ij,1−track = (1. − α) × NnonQE

ij,1−track, (9.9)

NnonQE
ij,2−track QE = NnonQE

ij,2−track QE + α × NnonQE
ij,1−track. (9.10)

Finally, only eleven parameters are free within the fit (eight ak’s and the abck,

FN and α) and all of them are initially set to the unity except α that is set to zero.

The absolute CCQE cross section determined by the data can then be written,

using equation (9.3), in the following way:

σνµ(Ek
ν ) = FN × ak × σpred

νµ
(Ek

ν ) (9.11)
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parameter value

a(0.6-0.8) 1.01
a(0.8-1.0) 1.00
a(1.0-1.2) 1.09
a(1.2-1.4) 1.01
a(1.4-1.6) 1.04

abck 1.37
FN 1.02
α 0.030
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Figure 9.13: 2-track QE kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Figure 9.13: 2-track QE kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Figure 9.13: 2-track QE kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Figure 9.13: 2-track QE kinematic distributions with the MC before (red line) and
after (black line) the re-weighting. MC is POT normalized.
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Preparing for 
publication.
Flux integrated dσ/dQ2, 
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FSI will also be 
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CC-inclusive and    
QE cross sections 

CC-inclusive x-sec is larger, 
while CCQE is roughly 
consistent to NEUT.

Larger CC-1π x-sec?
Mismodeling of the FSI?

Work to do: 
CC-1π measurements
Comparison with 
NUACNE etc. (different 
FSI model)
Comparison with 
MiniBooNE (different 
efficiency for p/π)
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SciBooNE

1

Summary
Results of CC-inclusive and CC-QE interaction measurements 
from SciBooNE are presented.
CC-inclusive measurement

Extracted energy dependent CC-inclusive cross section for 
0.25 < Eν < ~3 GeV
Results published in Phys. Rev. D 83, 012005 (2011)

CC-QE measurements 
Extracted CC-QE cross section using p/π track information 
for 0.6 < Eν < 1.4 GeV 
Working on publication

These two results are complementary and will help tuning cross 
section models including the FSI effect.
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Backup slides
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Neutrino event selection
Booster provide pulsed beam 
with 1.6 μsec width.
Require the event timing to 
be within the 2 μsec beam 
timing window.

Less than 0.5% cosmic 
ray contamination.

~14K SciBar-stopped events.
~20K MRD-stopped events.
~4K MRD-penetrated events.
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List of systematic 
uncertainties
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FIG. 10. Data distributions of pµ vs. θµ for the SciBar-stopped (left) and MRD-stopped (right) samples. The size of boxes is
proportional to the number of entries.

TABLE VIII. List of systematic uncertainties considered.

Category Error Source Variation Description

π+/π− production from p-Be interaction Spline fit to HARP data [19] Sec. II B

K+/K0 production from p-Be interaction Tables VIII and IX in Ref. [21] Sec. II B

(i) Nucleon and pion interaction in Be/Al Table XIII in Ref. [21] Sec. II B

Flux Horn current ±1 kA Sec. II B

Horn skin effect Horn skin depth, ±1.4 mm Sec. II B

Number of POT ±2% Sec. II B

Fermi surface momentum of carbon nucleus ±30 MeV Sec. III B 1

Binding energy of carbon nucleus ±9 MeV Sec. III B 1

(ii) CC-QE MA ±0.22 GeV Sec. III B 1

Neutrino CC-QE κ ±0.022 Sec. III B 1

interaction CC-1π MA ±0.28 GeV Sec. III B 2

CC-1π Q2 shape Estimated from SciBooNE data Sec. III B 2

CC-coherent-π MA ±0.28 GeV Sec. III B 3

CC-multi-π MA ±0.52 GeV Sec. III B 4

∆ re-interaction in nucleus ±100 % Sec. III B 2

(iii) Pion charge exchange in nucleus ±20 % Sec. III B 5

Intra-nuclear Pion absorption in nucleus ±35 % Sec. III B 5

interaction Proton re-scattering in nucleus ±10 % Sec. III B 5

NC/CC ratio ±20 % Sec. III B 5

PMT 1 p.e. resolution ±0.20 Sec. IID

Birk’s constant ±0.0023 cm/MeV Sec. IID

(iv) PMT cross-talk ±0.004 Sec. IID

Detector Pion interaction cross section in the detector material ±10 % Sec. IID

response dE/dx uncertainty ±3%(SciBar,MRD), ±10%(EC) Sec. IID

Density of SciBar ±1 % Sec. II C

Normalization of interaction rate at the EC/MRD ±20 % Sec. III A

Normalization of interaction rate at the surrounding materials ±20 % Sec. III A



CC-inclusive analysis
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CC-inclusive analysis
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CC-inclusive analysis
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CC-inclusive analysis
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CC-inclusive analysis
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CC-inclusive cross 
section
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SciBooNE CC-inclusive 
and MiniBooNE CC-QE
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CCQE analysis:   
number of tracks
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CC-QE analysis:
vertex connetction
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CC-QE analysis:
particle identification
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Motivation for migration 
factor α

42
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CCQE analysis: 
1-track sample
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CCQE analysis:
2-track, QE-like sample
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CCQE analysis:
2-track, nonQE-like 
sample
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CCQE analysis: 
systematic errors

46

10.8. Summary 137

Ebin
ν MC Flux(%) Detector Interaction Nuclear Q2

(GeV) statistics(%) respesponse(%) Model(%) Model(%) discrepancy(%)

0.3 43.3 66.67 113.9 203.22 39.16 400
0.5 10.9 36.36 21.8 37.97 28.07 100
0.7 1.3 10.42 2.9 2.33 3.41 2.71
0.9 0.8 9.62 2.5 2.18 2.64 0.38
1.1 0.9 8.62 3.6 1.81 1.77 0.34
1.3 1.3 12.73 5.1 2.03 1.93 2
1.5 2.5 21.05 15.6 2.6 2.17 14.04
1.7 12.1 42.42 98.4 6.7 12.55 21.21
1.9 5.0 28.57 35.8 5.76 4.17 6.43

abck 0.8 8.03 3.6 13.93 4.18 4.38
FN 0.9 8.86 2.5 2.27 2.37 0.39
α >0.0001 3.1 22.9 11.6 12.65 31.03

Table 10.7: Summary table with the relative errors for all the systematic variations.
The relative error corresponds to the higher relative error between positive and
negative variation. In black, the dominant sytematic error.
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130 CHAPTER 10. Systematic Errors

Ebin
ν (GeV) Birk PMT-res. xtalk Hit thres. Pscale subtotal

0.3 0.12 0.02 0.3 0.11 0.006 0.3
0.5 0.008 0.010 0.009 0.018 0.002 0.02
0.7 0.009 0.006 0.00013 10−6 0.009 0.014
0.9 0.001 0.008 0.00005 0.002 0.010 0.013
1.1 0.012 0.012 0.008 0.001 0.011 0.02
1.3 0.016 0.004 0.02 0.001 0.011 0.03
1.5 0.05 0.02 0.07 0.003 0.011 0.09
1.7 0.1 0.07 0.3 0.02 0.007 0.3
1.9 0.19 0.12 0.4 0.2 0.03 0.5

abck 0.013 0.02 0.018 0.04 -0.00010 0.05
FN 0.002 0.015 0.0001 0.005 0.020 0.03
α 0.005 0.003 0.0010 0.003 -0.000 0.006

Table 10.3: Detector response systematic errors. Dimensions for errors associated
to cross sections are (10−38cm2/nucleon). The abck,FN and α are dimensionless.

10.8. Summary 129

Ebin
ν absolute err. relative err.

(cm2/nucleon)
(GeV) (×10−38) (%)

0.3 0.2 66.7
-0.19 63.3

0.5 0.04 36.4
-0.03 27.3

0.7 0.05 10.4
-0.04 8.3

0.9 0.05 9.6
-0.04 7.7

1.1 0.05 8.6
-0.05 8.6

1.3 0.06 10.9
-0.07 12.7

1.5 0.12 21.1
-0.11 19.3

1.7 0.14 42.4
-0.11 33.3

1.9 0.4 28.6
-0.3 21.4

Ebin
ν absolute err. relative err.

(GeV) (%)

abck 0.11 8.0
-0.11 8.0

FN 0.09 8.9
-0.08 7.9

α 0.0009 3.1
-0.0008 2.8

Table 10.2: Flux systematic variations associated to the CCQE cross section (top
table) and to other fit parameters (bottom table).
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10.8. Summary 131

Ebin
ν (GeV) MQE

A MCCπ
A σCCπ

ν subtotal relative err.(%)

0.3 -0.08 -0.09 0.4 0.5 171.4
0.06 0.09 -0.4 -0.6 203.2

0.5 -0.0019 -0.011 0.02 0.03 29.1
-0.0004 0.012 -0.018 -0.04 38

0.7 0.004 -0.005 -0.009 -0.005 1.7
-0.005 0.006 0.011 0.008 2.3

0.9 0.003 -0.006 -0.008 -0.006 1.7
-0.004 0.007 0.010 0.008 2.2

1.1 0.004 -0.005 -0.006 -0.005 1.4
-0.005 0.006 0.008 0.007 1.8

1.3 0.007 -0.006 -0.005 -0.004 1.8
-0.008 0.006 0.006 0.005 2.0

1.5 -0.0003 -0.011 -0.004 -0.003 2.
0.0011 0.013 0.005 0.007 2.6

1.7 -0.008 -0.02 0.0019 -0.005 6.7
0.004 0.016 0.003 0.002 5.03

1.9 0.05 -0.05 -0.010 -0.002 5.05
-0.05 0.06 0.014 0.02 5.8

abck -0.019 0.04 0.03 0.15 10.7
0.02 -0.06 -0.04 0.19 13.9

FN 0.006 -0.013 -0.015 0.018 1.8
-0.007 0.015 0.019 0.023 2.27

α 0.0011 -0.0005 0.0011 0.002 8.06
-0.0014 0.0006 -0.0011 0.003 11.6

Table 10.4: Systematic errors associated to neutrino interaction model parameters.
The errors dimensions are (10−38cm2/nucleon). The abck, FN and α are
dimensionless.

132 CHAPTER 10. Systematic Errors

Ebin
ν (GeV) π-absorp. π-inel. charge exch. PFermi p-scat subtotal rel. err(%)

0.3 -0.07 -0.04 -0.03 0.06 0.04 0.11 37.4
0.08 0.02 0.03 -0.06 -0.05 0.12 39.2

0.5 -0.02 -0.005 -0.002 0.004 0.005 0.03 19.7
0.03 0.003 0.0019 -0.004 -0.005 0.03 28.07

0.7 -0.014 -0.002 -0.0013 0.008 -0.0015 0.016 3.4
0.014 0.002 0.0013 -0.008 0.0013 0.016 3.4

0.9 -0.012 -0.0019 -0.0006 0.006 -0.002 0.013 2.6
0.012 0.0017 0.0006 -0.006 0.002 0.013 2.6

1.1 -0.008 -0.001 -0.0009 0.006 -0.002 0.010 1.8
0.008 0.0007 0.0009 -0.006 0.0018 0.010 1.8

1.3 -0.009 -0.0019 -0.0004 0.005 -0.0016 0.010 1.9
0.009 0.0019 0.0004 -0.004 0.0014 0.010 1.8

1.5 -0.002 0.0008 -0.0008 -0.008 -0.007 0.011 1.9
0.0018 -0.0002 0.0010 0.010 0.007 0.012 2.2

1.7 0.00004 -0.009 0.004 0.03 -0.0004 0.04 9.6
0.006 0.008 -0.004 -0.04 0.0005 0.04 12.6

1.9 -0.007 0.03 0.0005 -0.03 -0.03 0.06 3.8
0.002 -0.03 -0.00013 0.04 0.03 0.06 4.2

abck 0.05 0.017 0.009 -0.02 -0.0018 0.06 4.2
-0.05 -0.008 -0.008 0.02 0.004 0.06 4.03

FN -0.02 -0.004 -0.0012 0.012 -0.004 0.03 2.4
0.02 0.003 0.0012 -0.011 0.004 0.03 2.3

α -0.0019 -0.0003 -0.0001 -0.0005 0.002 0.003 12.4
0.002 0.0004 0.0002 0.0005 -0.002 0.003 12.7

Table 10.5: Systematic errors associated to nuclear model effects. The errors
dimensions are (10−38cm2/nucleon). The abck, FN and α are dimensionless.


