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SciBooNE Overview

• Precise measurements of ν andν σs near 1 GeV

• Essential for future neutrino oscillation experiments

• MiniBooNE data have already revealed the need for a 
new paradigm in neutrino xsecs at 1 GeV.

• MiniBooNE/SciBooNE joint νµ disappearance

• νe &νe constraint for MiniBooNE
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Booster Neutrino Beam

• Intense νµ beam with mean 
energy ~0.8 GeV

• 93% pure νµ beam.

• νµ beam is produced by 
inverting horn polarity.

• Uncertainties reduced with 
CERN HARP data 

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 (⇥+) producing the neutrino beam via their decay (⇥+ � µ+�µ) 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].
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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
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SciBooNE detector
Muon Range Detector

(MRD)

Electron Catcher (EC)

SciBar

• 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 in K2K experiment

Used in 
CHORUS, 
HARP and 

K2K

Parts recycled from past 
experiments

ν 
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DOE-wide Pollution Prevention
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SciBooNE Data-Taking
Number of Protons on target (POT)

Analysis of neutrino and antineutrino data sets ongoing.

• Jun. 2007 – Aug. 2008
• 95% data efficiency
• 2.52x1020 POT in total

• neutrino      : 0.99x1020 POT
• antineutrino: 1.53x1020 POTννν

 FERMILAB-TM-2421-DO
 FERMILAB-TM-2401-DO,
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vertex resolution ~5 mm

Neutrino event displays

νµ CC-QE candidate
(νµ + p → µ + n)

νµ CC-QE candidate
(νµ + n → µ + p)

SciBar MRDEC

Real SciBooNE Data
ADC hits (area ∝ charge)

TDC hits (32ch OR)
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CC 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)SciBar EC MRD
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Pµ: Muon momentum 
reconstructed by its path-
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θµ: Muon angle w.r.t. beam 
axis
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νµ  CC inclusive xsec

• First measurement of 
CC-inclusive xsec on C 
near 1 GeV

• NEUT and NUANCE 
based measurements 
are consistent.

• Consistent with MINOS,  
NOMAD and old BNL 
(deuterium) 
measurements 

5.2. RESULTS AND DISCUSSIONS 68

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

Energy region ⇥µ 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 di⇥erences are, in principle, due to the source (b). The cross section
per nucleon on polystyrene target (C8H8) at each energy region is calculated as

⇤i = fi· < ⇤pred
CC >i=

fi · N pred
i · Pi

�i · T · �i
, (5.9)

where i is the index of the energy regions used for the spectrum fit (see Table 5.1), < ⇤pred
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, �i is the CC inclusive
e⇤ciency, Ti is the number of nucleons in the SciBar fiducial volume, and �i 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/�i as estimated for the rate measurements, we also
estimate the errors on �i from the category (i) in the table. In the plot, we separately show the
errors of fi and the quadrature sum of fi, Pi, �i and �i errors. We confirm that the di⇥erences
of the extracted CC interaction cross sections between NEUT and NUANCE are within the errors
of fi. Therefore, the e⇥ect of source (b) is small and covered by the systematic uncertainty. The
di⇥erence of the rate normalization factors is mostly caused by the cross section di⇥erence itself
(source (a)).

The obtained cross section values and their errors are summarized in Table ??. The uncertainty
is about 10% at 0.75 < E� < 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 ⇥µ flux ⇥µ CC inclusive cross section (cm2/nucleon)
(GeV) (GeV) (⇥µ/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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* BNL result assume CCQE model to 
constrain the flux

Phys. Rev. D 83, 012005 (2001)

Yasuhiro Nakajima

Model-independent 
signal definition.
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simulation [34, 35].
To determine the angular distribution of a pion in the

final state, Rein’s method [36] is used for the P33(1232)
resonance. For other resonances, the directional distri-
bution of the generated pion is set to be isotropic in the
resonance rest frame. The angular distribution of π+

has been measured for νµp → µ−pπ+ [37] and the re-
sults agree well with NEUT’s prediction. Pauli blocking
is accounted for in the decay of the baryon resonance by
requiring the momentum of the nucleon to be larger than
the Fermi surface momentum. Pion-less ∆ decay is also
taken into account, where 20% of the events do not have a
pion and only the lepton and nucleon are generated [38].
The axial vector mass, MA, is set to be 1.21 GeV/c2.

D. Deep inelastic scattering

The cross section for deep inelastic scattering (DIS)
is calculated using the GRV98 parton distribution func-
tions [39]. Additionally, we have included the corrections
in the small Q2 region developed by Bodek and Yang [40].
In the calculation, the hadronic invariant mass, W , is
required to be larger than 1.3 GeV/c2. Also, the mul-
tiplicity of pions is restricted to be larger than or equal
to two for 1.3 < W < 2.0 GeV/c2, because single pion
production is already included in the simulation, as de-
scribed above. The multi-hadron final states are sim-
ulated with two models: a custom-made program [41]
for the event with W between 1.3 and 2.0 GeV/c2 and
PYTHIA/JETSET [42] for the events with W larger than
2 GeV/c2.

E. Intra-nuclear interactions

The intra-nuclear interactions of mesons and nucleons
produced in neutrino interactions in the nuclei are sim-
ulated. These interactions are treated using a cascade
model, and each of the particles is traced until it escapes
from the nucleus.

Among all the interactions of mesons and nucleons, the
interactions of pions are most important to this analysis.
The inelastic scattering, charge exchange and absorption
of pions in the nuclei are simulated. The interaction cross
sections of pions in the nuclei are calculated using the
model by Salcedo et al. [43], which agrees well with past
experimental data [44]. If inelastic scattering or charge
exchange occurs, the direction and momentum of pions
are determined by using results from a phase shift anal-
ysis of pion-nucleus scattering experiments [45]. When
calculating the pion scattering amplitude, Pauli blocking
is taken into account by requiring the nucleon momentum
after the interaction to be larger than the Fermi surface
momentum at the interaction point.

Re-interactions of the recoil protons and neutrons pro-
duced in neutrino interactions are also important, be-
cause the proton tracks are used to classify the neutrino

event type. Nucleon-nucleon interactions modify the out-
going nucleon’s momentum and direction. Both elastic
scattering and pion production are considered. In or-
der to simulate these interactions, a cascade model is
again used and the generated particles in the nucleus are
tracked using the same code as for the mesons.

No de-excitation gamma-ray from the carbon nucleus
is simulated when nuclear breakup occurs.

IV. NEUTRINO DETECTOR

The SciBooNE detector is located 100 m downstream
from the beryllium target on the axis of the beam. The
detector comprises three sub-detectors: a fully active and
finely segmented scintillator tracker (SciBar), an electro-
magnetic calorimeter (EC), and a muon range detector
(MRD).

A. Detector Description

Fig. 3 shows an event display of a typical muon neu-
trino charged current single charged pion event candi-
date. Detector coordinates are shown in the figure. Sci-
BooNE uses a right-handed Cartesian coordinate system
in which the z axis is the beam direction and the y axis
is the vertical upward direction. The origin is located
on the most upstream surface of SciBar in the z dimen-
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FIG. 3: Event display of a typical muon neutrino charged cur-
rent single charged pion event candidate in SciBooNE data.
The neutrino beam runs from left to right in this figure, en-
countering SciBar, the EC and MRD, in that order. The
circles on SciBar and the EC indicate ADC hits for which the
area of the circle is proportional to the energy deposition in
that channel. Filled boxes in the MRD show ADC hits in
time with the beam window.
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νµ  CCQE xsec

• Separate data into QE/
nonQE samples based on 
second track PIDs

• Consistent with 
MiniBooNE result!

➡Impulse approximation? 
➡Multinucleon scattering?
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νµ  CC coherent pions
• Neutrino interacts with entire 

nucleus

• Observed at high energy

• Not seen by K2K

• Select 2 MIP events

• very forward pion, low Q2

• Observed no signal in neutrino 
mode

• Small excess in antineutrino 
mode

• Consistent with limit set in 
neutrino mode

Sat Sep 11 05:23:55 2010
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Phys.Rev.D78, 112004 (2008)
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Katsuki Hiraide

Hidekazu Tanaka
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NC event selection
•Require tracks contained in SciBar

•Further cuts remove contained muons

•MRD-matched events used for normalisation

νµ NC

XN
W

νµ νµ

MRD-stopped (~22k)

SciBar MRD
EC

muon

X

CC

SciBar-contained tracks (~12k)

SciBar MRD
EC

muon

X

CC

SciBar MRD
EC

X

NC

“neutral current”
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FIG. 10: The distribution of the number of extended tracks
after the EC cut.

FIG. 11: The reconstructed z-vertices of π0s after the require-
ment of at least two extended tracks.

by taking the error weighted average of ztop and zside:

z =

ztop

δztop
2 + zside

δzside
2

1
δztop

2 + 1
δzside

2

, (3)

where δztop(side) is the error on ztop(side) returned by the
track reconstruction algorithm. Figure 11 shows the re-
constructed z-vertices of π0s. The vertex resolution is
approximately 12 cm for all three dimensions. Most
events with a π0 produced in SciBar yield a vertex within
SciBar—but many dirt events yield a vertex position up-
stream of SciBar—so we select events with reconstructed
π0 z-vertex greater than 0 cm.

FIG. 12: The reconstructed mass of π0s after the recon-
structed vertex position cut.

7. Reconstructed π0 Mass

Figure 12 shows the reconstructed mass of the π0 calcu-

lated as
√

2Erec
γ1 Erec

γ2 (1 − cos θrec), where Erec
γ1 and Erec

γ2 are

the reconstructed energies of the extended tracks (Erec
γ1 >

Erec
γ2 ) and θrec is the reconstructed angle between the ex-

tended tracks. The MC simulation describes well the tail
of the distribution, which is background-dominated. We
select events with 50 MeV/c2 < Mrec

π0 < 200 MeV/c2.
The peak value is smaller than the actual π0 mass (135
MeV) due to energy leakage of γs.

8. Event Selection Summary

Table II shows the number of events in data and the
MC at each event selection stage. The numbers for the
MC simulation are normalized to the number of MRD
stopped events. We select 657 events after all cuts. Sub-
tracting the estimated background of 240 events (202 in-
ternal and 38 external) yields 417 signal events. The MC
expectation is 368 events. The purity of NC π0 produc-
tion after all event selection cuts is estimated to be 61%
(40% from single π production via resonance decay, 15%
from coherent π production and 5% from neutrino deep
inelastic scattering). According to our MC simulation,
96% of selected NCπ0 events have one π0 (91 % from a
single π0 without any other mesons and 5 % from a sin-
gle π0 with charged mesons) and 4% have two π0s. The
efficiency for NCπ0 production, defined as:

εNCπ0 =
the number of selected NCπ0 events

the number of generated NCπ0 events
, (4)

is estimated to be 5.3%. The internal background, which
accounts for 33% of this sample, contains CC π0 produc-
tion including secondary π0s (18%), NC secondary π0

CHAPTER 2. EVENT SELECTION FOR NEUTRAL CURRENT π0 PRODUCTION

Figure 2.1: Event display of a typical NCπ0 event candidate in SciBooNE data. The
neutrino beam runs from left to right in this figure, encountering SciBar, the EC and
MRD, in that order. The circles on SciBar indicate ADC hits for which the area of the
circle is proportional to the energy deposition in that channel. This event display shows
the electromagnetic shower tracks from the pair conversions of the two π0 decay photons.

According to our MC simulation, 96% of NCπ0 events without any selection cuts have
a single π0 (85 % from a single π0 without any other mesons and 11 % from a single
π0 with charged mesons) and 4 % have two π0s. Any π0 emitted from the initial target
nucleus constitutes a signal event whether it is created from the neutrino vertex or final
state interactions. Events with a π0 produced in the neutrino interaction but absorbed
in the target nucleus are not included in the signal sample, nor are events in which π0s
are produced by secondary particles interacting with the detector scintillator outside the
target nucleus. We show the classification of the NCπ0 signal and non-signal in Figure 2.2.

We identify π0 by two reconstructed gamma rays. Hence, both of the two gamma
rays from π0 must be converted into e+e− pairs in SciBar to be identified as a π0 events.
However, since the length of SciBar in the beam direction is four radiation lengths, a
significant fraction of gamma rays escape from SciBar without conversion. In 30% of
events with a π0 emitted in the SciBar fiducial volume, both gamma rays convert in
SciBar; in 38%, only one gamma ray converts in SciBar; in 32%, neither gamma ray
converts in SciBar. Since we aim to reconstruct two gamma rays to identify the NCπ0

events, the maximum detection efficiency attainable is 30 %.

17

NC π0 selection

Phys.Rev.D81, 033004 (2010)

Select 2 electromagnetic shower 
pairs and reconstruct invariant mass.
Model-independent signal definition.

Extract ratio to CC-inclusive 
xsec, which can now be 

converted to absolute xsec.

Clean π0 peak!

Yoshinori Kurimoto
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νPhys.Rev.D81, 111102 (2011)

No model predicts a ratio of CC/NC coherent pion 
production as low as our measurement.Yoshinori Kurimoto

SciBooNE 
90% CL limit

S. Boyd, et al., AIP Conf. Proc. 1189, 60 (2009)

Use “vertex activity” to separate coherent 
and resonant NC π0 events. 
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Kaon production
Gary Cheng & Camillo Mariani Phys.Rev.D84, 012009 (2011)

8 GeV 
Proton

K+ νµ

Be

µ

SciBar 2-trk Sample θμ 

ν from K+

ν from π+

MRD-Penetrating events

Eν (MeV)
High energy neutrinos predominantly come from 

kaon decay. 

Selecting MRD-penetrating events gives sample 
of high energy neutrinos.

Fit for kaon fraction, and tune Feynman scaling 
production model. Reduces model dependence 

of MiniBooNE νe BG prediction.
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νµ disappearance

• SciBooNE acts as a near 
detector for MiniBooNE ν 
oscillation search

• Same neutrino beam, same 
target nucleus (C)

• Significant reduction in total 
systematic uncertainty

• Disappearance constrains 
sterile neutrino models.

• World’s best limit in 5-30 eV2 
range

e 2 2sin
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1
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90% CL limit (Sim. fit)

90% CL limit (Spec. fit)
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MiniBooNE only joint analysis
Kendall Mahn & Yasuhiro Nakajima

arXiv:1106.5685[hep-ex]
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Ongoing analyses
• CC π0

• Select muon events with 
2 EM showers

• NC elastic

• select single proton-like 
tracks

• Cross section gives 
access to Δs

• νµ disappearance

• Need to understand 
wrong-sign backgrounds!
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Joan Catala

Preliminary

Hideyuki Takei, Ben Jones

Gary Cheng,
Warren Huelsnitz
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Growing Consensus
• We need broad coverage
➡Model independent 

measurements at many 
energies, nuclei

• Move away from process 
cross-sections
• σ(QE), σ(res π), σ(coh π)

• Instead measure final state 
particle cross-sections
• σ(CC), σ(µ), σ(µ+p), σ(µ+π)

➡If θ13 is large, we need to 
understand these systematics 
in order to measure CP 
violation! Same goes for NC...

pµ

co
sθ

µ

T2K

pµ

co
sθ

µ

Argoneut

pµ

co
sθ

µ

MINERvA

T. Katori (MIT)
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There’s more to learn!

• SciBooNE has a unique, high 
quality data set in both  
neutrinos and antineutrinos

➡Improving MiniBooNE 
neutrino oscillation studies. 

➡Contributing to growing 
understanding of neutrino-
nucleus interactions at 1 GeV

6 analysis 
publications and 

counting

Y. Nakajima@MRD installation
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Thanks!

SciBooNE, 2008
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SciBooNE History
Groundbreaking ceremony (Sep. 

2006)

Detector
Assembly
(Nov. 2006
-Mar.2007)
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SciBooNE History

End-of-run party (Aug. 2008)

Detector installation 
(Apr. 2007)Students 

contributed 
significantly
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Neutrino oscillation
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µ e
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Source Detector

Pontecorvo, Maki, Nakagawa, Sakata
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Flux Predictions
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Flux uncertainties
• The dominant uncertainty: 

hadron production cross section 
from p-Be interaction.

• For π± production, use 
measurements from HARP 
(CERN PS214) to estimate the 
central values and uncertainties.  (GeV)νE
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Detection 
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Eur.Phys.J.C52:29-53,2007
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• QE
• Llewellyn Smith, Smith-Moniz
• MA=1.2 (GeV/c)2

• PF=217 MeV/c, EB=27 MeV
(for Carbon)

• Resonant π
• Rein-Sehgal (2007)
• MA=1.2 (GeV/c)2

• Coherent π
• Rein-Sehgal (2006)
• MA=1.0 (GeV/c)2

• Deep Inelastic Scattering
• GRV98 PDF
• Bodek-Yang correction

• Intra-nucleus interactions

CC/NC-1π

Also use the nuance generator. 

Neutrino Event Generator 
NEUT

Nucl. Phys. B, Proc. Suppl. 112, 171 (2002)
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Past measurements
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SciBooNE & T2K

• Very similar neutrino 
energy between SB 
and T2K off axis flux

• Measurements made 
at SB are directly 
applicable to T2K!
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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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Preliminary

Allows tuning of neutrino interaction model in 
the 1 GeV region including the FSI

* CC-inclusive cross 
section is NEUT-

based 

Cross section per nucleon in CH
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ν (wrong sign) ~30%
background in MRD 
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Appearance v. Disappearance

P (�µ ⇥ �x) = 1 � 4|Uµ4|2(1 � |Uµ4|2) sin2

�
1.27�m2

41
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E

⇥

P (�e ⇥ �x) = 1 � 4|Ue4|2(1 � |Ue4|2) sin2
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⇥

P (�µ � �e) = 4|Ue4|2|Uµ4|2 sin2

�
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41
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E

⇥νµ→νe appearance

νe disappearance

νµ disappearance

νµ→νe appearance probability can be constrained by νe and  νµ 
disappearance measurements.

Testing appearance signals with disappearance measurements
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CC interaction rate
• Extract CC interaction rate

• This is 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
E� 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 E� < 0.25 GeV are not used since these events are below our detection e�ciency 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-�µ distributions in each event sample; npred

ij is the predicted number of events in the j-th pµ-�µ

bin, corresponding to energy bin i. The expected number of events in each pµ-�µ bin, Npred
j , is

calculated as

Npred
j =

E�bins�

i

fin
pred
ij . (5.1)

Figures 5.2 and 5.3 are MC templates of the pµ-�µ 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 E� below 0.75 GeV. Hence, this sample is essential to determine the rate normalization
factors in the low energy regions. The pµ-�µ distributions of the MRD-stopped sample clearly
depends on E� , up to 1.75 GeV. However, most of the events in the MRD-stopped sample with
E� > 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 E� > 1.75 GeV, the MRD-penetrated sample is included in the fit since about 2/3
of the events in this sample have E� > 1.75 GeV as shown in Fig. 5.4.
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Figure 5.13 shows the distributions of pµ, ⇥µ Erec
� 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, ⇥µ Erec
� and Q2

rec of the SciBar-stopped
sample, and Figure 5.15 shows the distribution of ⇥µ 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 ⇥µ (right) of the MRD-stopped sample. Bottom:
Erec

� (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 E� region, Ri, is calculated as:

Ri =
fi · N pred

i · Pi

�i
, (5.8)

normalisation factor

Efficiency

Purity

predicted # of 
events

Direct input for this joint νµ 
disappearance analysis
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MiniBooNE prediction
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Oscillation 
probability 

•Oscillation reaches 
maximum at the first 
oscillation peak,

•then washes out at high Δm2 
by integrating over neutrino 
energy.

•Since we compare the MB 
flux with SB, P(MB)/P(SB) is 
the expected signal.

•Sensitive to oscillations in 
0.5 < Δm2 < 30 eV2.
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Spectrum fit 
result
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Fit both MiniBooNE new 
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Simultaneous fit result
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