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これまでのニュート
リノ振動実験の結果

Atmospheric region:
Δm2 ~ 10-3 eV2

Super-K, K2K, MINOS, etc
Solar region:
Δm2 ~ 10-5 eV2
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Active-sterile 
neutrino oscillation?
LSND 実験は νμビーム中から νeの出現を
観測(3.8σ) 

どう解釈できるか
Oscillation with active(νL) and 
“sterile” (νR) neutrinos？
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νμ disappearances
νμ 消失のチャンネルから、ステライルニュートリノを探す
まだまだ許されるパラメター領域が残っていいる
最近がMiniBooNE単独のデータを用いたνμ 消失の探索を行った
しかし、 ニュートリノフラックスと反応断面積の系統誤差が大きい
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improved search for !µ disappearance by using data from both the SciBooNE and the MiniBooNE
experiments in this thesis.

!m2 ! 0:91 eV2. The MINOS experiment [33] should
also have sensitivity to these oscillation parameters in
antineutrino running mode; muon antineutrino disappear-
ance search results from MINOS are expected soon [34].
Incorporation of the upcoming MiniBooNE and MINOS

disappearance results in these fits is currently being
investigated.
Neutrino-only fits also yield a reasonably high

!2-probability of 47%; the corresponding allowed regions
are shown in Fig. 8. Current constraints from MiniBooNE
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FIG. 7 (color online). The allowed 90%, 99%, and 3" CL regions from a combined analysis of all antineutrino SBL data sets. The
left plot also shows the 90% CL allowed region obtained from a combined analysis of all antineutrino experiments except LSND
(KARMEN, BNB-MB" "##, Bugey, and CHOOZ). The right plot also shows the 90% CL exclusion limit from [29]. The MiniBooNE "#$

disappearance search excludes the parameter space to the right of the line at 90% CL. See the text for more details.

)eµ!(22sin

)2
 (e

V
412

m"

-410 -310 -210 -110 1

-210

-110

1

10

210
(3+1)

 SBL 90% CL#
 SBL 99% CL#

 CL$ SBL 3#

)µµ!(22sin

)2
 (e

V
412

m"

-410 -310 -210 -110 1

-210

-110

1

10

210
(3+1)

 SBL 90% CL#
 SBL 99% CL#

 90% CLµ# MiniBooNE 

FIG. 8 (color online). The allowed 90%, 99%, and 3" CL regions from a combined analysis of all neutrino SBL data sets. The right
plot also shows the 90% CL exclusion limit from [29]. The MiniBooNE #$ disappearance search excludes the parameter space to the

right of the line at 90% CL. See the text for more details.
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Figure 1.6: The 90% and 99% allowed regions for !µ disappearance from a global fit to the all
neutrino (left) and to the all anti-neutrino (right) data sets. The 90% C.L. limits from MiniBooNE
measurements !µ and !̄µ disappearance searches [44] are also shown. These plots are taken from
Ref. [29].

1.5 Measurement of inclusive charged current interactions

1.5.1 Importance of inclusive charged current interaction measurements

As mentioned in the previous section, one of the major source which reducing the sensitivity of !µ
disappearance in MiniBooNE is the uncertainty of the neutrino interaction cross section.

In MiniBooNE, they detect muon neutrino charged current (CC) interactions on carbon in the
1 GeV region. In this energy region, the dominant interaction process is CC quasi-elastic (QE)
interaction (!µn ! µ!p) which is about 60% of total CC interaction, with the sub-dominant (35%)
CC single meson production (!µN ! µ!N "m) where N and N " are the nucleons (proton or neu-
tron) and m is the meson. For the !µ disappearance analysis, they select CC-QE interactions
and reconstruct the neutrino energy from the muon kinematics, as described in more detail in
Appendix C.

The major uncertainties of the neutrino-nucleus interaction are categorized into the following
three components:

• Neutrino-nucleon interaction model.

• Nuclear model (Fermi motion and nuclear potential).

• Intra-nuclear interactions of the hadronic final states.

The uncertainty of the neutrino-nucleon interaction is predominantly due to the uncertainty of
the axial form factor (known as FA [47]) of the nucleons, which can not be measured by electron
scattering experiments and hence can be determined by neutrino interactions only. This axial form
factor changes both the absolute normalization and the muon kinematics. As for the normalization,
we have " 20% error associated with the FA uncertainty.

G. Karagiorgi, et al. Phys. 
Rev. D 80, 073001 (2009)

νμ disappearance νμ disappearance
(3+1) (3+1) 

Allowed regions from 
(3+1) global fits

➜前置検出器（SciBooNE）を用いれば改善出来るはず
（本解析のモチベーション）

Limits by 
MiniBooNE



Experimental setup
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Overview
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Fermilab Booster 
Neutrino Beam

平均エネルギー0.8 GeV のほぼ純粋な
νμビーム（93%νμ）
ホーンの極性を変えることで、反
ニュートリノビームも生成可能
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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 (!+) 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
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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
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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+
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SciBooNE detector
ターゲットの100m下流に設置
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.
Reconstruct muon momentum 
from its path-length

10

Muon Range Detector
(MRD)

Electron Catcher (EC)

SciBar

ν 

2m

4m

50 m

100 m 440 m

MiniBooNE

Detector

Decay region

SciBooNE

DetectorTarget/Horn



MiniBooNE detector
ターゲットの540m下流に設置。
Mineral oil Cherenkov detector
n = 1.47
Total mass: ~800 ton
Main component: CH2

Designed to test the LSND signal 
at L/E ~ 0.7 meter/MeV
L/E for MiniBooNE: 
540m / 0.8 GeV ~ 0.7 m/MeV

2002から（現在も）データを取得
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interpreted as being due to n̄m ! n̄e oscillations, then the most
favored oscillation region is a band in Dm2 stretching from!0:2 to
!2eV2. The MiniBooNE experiment was designed to search for
nm ! ne and n̄m ! n̄e oscillations with approximately the same
L=E ’ 1 value as LSND, where L is the neutrino travel distance
from the source to the detector in meters and E is the neutrino
energy in MeV. Whereas the LSND neutrino beam travelled a
distance of 30m with a typical energy of 30MeV, the MiniBooNE
neutrino beam travelled 500m and had a typical energy of
500MeV. With neutrino energies an order of magnitude higher,
the MiniBooNE backgrounds and systematic errors are completely
different from those of LSND. MiniBooNE, therefore, constitutes an
independent check of the LSND evidence for neutrino oscillations
at the !1eV2 mass scale.

1.2. Physics driven parameters

In order to search effectively for nm ! ne and n̄m ! n̄e

oscillations, the MiniBooNE detector needed to satisfy certain
requirements. First, the detector required a target mass of !1kton
in order to generate !1000 neutrino oscillation events for 1021

protons on target. Second, the detector needed to provide
excellent discrimination between nm and ne induced events. The
scale is set by the LSND neutrino oscillation probability of
!0:26%. (The intrinsic ne background in MiniBooNE is !0:5%.)
Third, the detector had to have a completely active volume with
no dead regions. This was necessary in order to contain neutral-
current p0 ! gg events, which would constitute a large back-
ground if one of the g’s escaped detection. Fourth, the detector
needed to have a 4p veto to reject cosmic ray events, neutrino
interactions that occur outside the detector, and neutrino events
with tracks that escape the fiducial volume. Liquid Cherenkov
detectors have no dead regions, have an easily configured veto
region, and, thanks to modern computers, have excellent particle
identification. A liquid Cherenkov detector is an economical
choice that meets all of these requirements.

1.3. Overall design considerations and constraints

Mineral oil was chosen instead of water as the liquid for the
MiniBooNE detector for several reasons. First, mineral oil has an
index of refraction n " 1:47, which is considerably higher than the
n " 1:33 index of refraction for water. This higher index of
refraction, together with a lower density than water
(0:85gm=cm3 instead of 1:00gm=cm3), means that electrons

produce considerably more Cherenkov light in mineral oil than
in water. Furthermore, the lower velocity of light in mineral
oil improves the event position reconstruction. Second, mineral
oil allows the detection of lower-energy muons, pions, and
protons than in water due to the lower Cherenkov threshold
and the presence of scintillation light in pure mineral oil. This
is used for background rejection and for measuring back-
grounds down to lower energies. Third, mineral oil has less
multiple scattering than water and a smaller m# capture rate,
8% compared to 20% in water. The smaller m# capture rate
increases the efficiency of the identification of charged-current
reactions using the Michel electron tag from muon decay. Mineral
oil has the additional advantage that one can safely immerse
electronic components in it. The downside of mineral oil is that it
requires a much more complicated optical model to describe the
generation and transmission of light through the medium (see
Section 3.2).

As the photomultiplier tube (PMT) coverage for a liquid
Cherenkov detector is proportional to the detector surface area,
a spherical tank was chosen to maximize the ratio of volume to
surface area. Furthermore, a spherical geometry has no inside
edges which is beneficial for the event reconstruction. The
detector (see Fig. 1) is a spherical tank of diameter 12.2m
(40 ft), which is filled with 818 ton of mineral oil. An opaque
barrier divides the volume into an inside main detector region and
an outside veto region and supports the PMTs viewing the main
detector region.

In order to reduce the detector cost, the collaboration chose to
reuse the LSND phototubes $!1220% and electronics (!1600
channels). An additional 330 phototubes were purchased in order
to obtain a total phototube channel count of 1520 after rejection
of the poorest tubes. The allocation of PMTs in the main tank and
veto and the thickness of the veto region were determined by
physics considerations and were arrived at using Monte Carlo
simulations of signal and background events. The Monte Carlo
studies used a full GEANT simulation, including tracking of
individual Cherenkov and scintillation photons, with wave-
length-dependent absorption, reflection, and detection efficien-
cies. Analysis of events in the main tank indicated that at least 10%
photocathode coverage (defined by treating the photocathodes as
flat disks with diameter equal to the PMT diameter) was needed to
provide the required particle identification quality. When tuned to
the secondary requirement that veto and main tank channels not
be mixed in the same electronics crate, a final number of 1280
tank PMTs resulted. Calculated with the final radial position, this
allocation has a photocathode coverage of 11.3%.

ARTICLE IN PRESS

Detector

Entrance

Overflow Tank

Vault

Signal
Region Veto

Region

Fig. 1. The MiniBooNE detector enclosure (left) and a cut-away drawing (right) of the detector showing the distribution of PMTs in the signal and veto regions.
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interpreted as being due to n̄m ! n̄e oscillations, then the most
favored oscillation region is a band in Dm2 stretching from!0:2 to
!2eV2. The MiniBooNE experiment was designed to search for
nm ! ne and n̄m ! n̄e oscillations with approximately the same
L=E ’ 1 value as LSND, where L is the neutrino travel distance
from the source to the detector in meters and E is the neutrino
energy in MeV. Whereas the LSND neutrino beam travelled a
distance of 30m with a typical energy of 30MeV, the MiniBooNE
neutrino beam travelled 500m and had a typical energy of
500MeV. With neutrino energies an order of magnitude higher,
the MiniBooNE backgrounds and systematic errors are completely
different from those of LSND. MiniBooNE, therefore, constitutes an
independent check of the LSND evidence for neutrino oscillations
at the !1eV2 mass scale.

1.2. Physics driven parameters

In order to search effectively for nm ! ne and n̄m ! n̄e

oscillations, the MiniBooNE detector needed to satisfy certain
requirements. First, the detector required a target mass of!1kton
in order to generate !1000 neutrino oscillation events for 1021

protons on target. Second, the detector needed to provide
excellent discrimination between nm and ne induced events. The
scale is set by the LSND neutrino oscillation probability of
!0:26%. (The intrinsic ne background in MiniBooNE is !0:5%.)
Third, the detector had to have a completely active volume with
no dead regions. This was necessary in order to contain neutral-
current p0 ! gg events, which would constitute a large back-
ground if one of the g’s escaped detection. Fourth, the detector
needed to have a 4p veto to reject cosmic ray events, neutrino
interactions that occur outside the detector, and neutrino events
with tracks that escape the fiducial volume. Liquid Cherenkov
detectors have no dead regions, have an easily configured veto
region, and, thanks to modern computers, have excellent particle
identification. A liquid Cherenkov detector is an economical
choice that meets all of these requirements.

1.3. Overall design considerations and constraints

Mineral oil was chosen instead of water as the liquid for the
MiniBooNE detector for several reasons. First, mineral oil has an
index of refraction n " 1:47, which is considerably higher than the
n " 1:33 index of refraction for water. This higher index of
refraction, together with a lower density than water
(0:85gm=cm3 instead of 1:00gm=cm3), means that electrons

produce considerably more Cherenkov light in mineral oil than
in water. Furthermore, the lower velocity of light in mineral
oil improves the event position reconstruction. Second, mineral
oil allows the detection of lower-energy muons, pions, and
protons than in water due to the lower Cherenkov threshold
and the presence of scintillation light in pure mineral oil. This
is used for background rejection and for measuring back-
grounds down to lower energies. Third, mineral oil has less
multiple scattering than water and a smaller m# capture rate,
8% compared to 20% in water. The smaller m# capture rate
increases the efficiency of the identification of charged-current
reactions using the Michel electron tag from muon decay. Mineral
oil has the additional advantage that one can safely immerse
electronic components in it. The downside of mineral oil is that it
requires a much more complicated optical model to describe the
generation and transmission of light through the medium (see
Section 3.2).

As the photomultiplier tube (PMT) coverage for a liquid
Cherenkov detector is proportional to the detector surface area,
a spherical tank was chosen to maximize the ratio of volume to
surface area. Furthermore, a spherical geometry has no inside
edges which is beneficial for the event reconstruction. The
detector (see Fig. 1) is a spherical tank of diameter 12.2m
(40 ft), which is filled with 818 ton of mineral oil. An opaque
barrier divides the volume into an inside main detector region and
an outside veto region and supports the PMTs viewing the main
detector region.

In order to reduce the detector cost, the collaboration chose to
reuse the LSND phototubes $!1220% and electronics (!1600
channels). An additional 330 phototubes were purchased in order
to obtain a total phototube channel count of 1520 after rejection
of the poorest tubes. The allocation of PMTs in the main tank and
veto and the thickness of the veto region were determined by
physics considerations and were arrived at using Monte Carlo
simulations of signal and background events. The Monte Carlo
studies used a full GEANT simulation, including tracking of
individual Cherenkov and scintillation photons, with wave-
length-dependent absorption, reflection, and detection efficien-
cies. Analysis of events in the main tank indicated that at least 10%
photocathode coverage (defined by treating the photocathodes as
flat disks with diameter equal to the PMT diameter) was needed to
provide the required particle identification quality. When tuned to
the secondary requirement that veto and main tank channels not
be mixed in the same electronics crate, a final number of 1280
tank PMTs resulted. Calculated with the final radial position, this
allocation has a photocathode coverage of 11.3%.
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Fig. 1. The MiniBooNE detector enclosure (left) and a cut-away drawing (right) of the detector showing the distribution of PMTs in the signal and veto regions.
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Figure 2.12: Schematic drawing of the MiniBooNE detector. The MiniBooNE detector enclosure
(left) and a cut-away drawing (right) of the detector showing the distribution of PMTs in the signal
and veto regions. This picture is taken from Ref. [69].

PMTs. MiniBooNE uses 1,198 Hamamatsu R1408 PMTs recycled from the LSND experiment, and
322 Hamamatsu R5912 PMTs newly purchased. The PMTs are operated at + ! 2000V, which
gives a gain of ! 1.6" 107. The intrinsic time resolution on the PMTs is ! 1 ns, and the intrinsic
charge resolution is ! 15% at 1 p.e.. The signals from the PMTs are digitized and recorded with
an 8 bit flash-ADC sampling at 10 MHz, and both timing and charge informatoin are recorded
within the 19.2 µsec DAQ window. An example of a muon event is shown in Figure 2.13.

The PMTs and electronics are calibrated continuously via a (3.33 Hz) laser system in the
detector tank. The absolute energy scale is determined from muon-decay electrons, for which
decay spectrum is very well known. In addition, using a muon tracked system, consiting of an
array of scintillator paddles above the detector combined with scintillation cubes hang in the tank,
the range of muon is made to correspond with the light seen in the detector.

Details of detector structure, simulatoin, and error analysis are avelable in Refs. [69, 70].

2.3 Data sets

Table 2.3 summarize the history of the BNB operation and recorded POT at SciBooNE and Mini-
BooNE detectors. The BNB started operation with neutrino mode in Sep. 2002 for MiniBooNE,
and was running with neutrino mode from Sep. 2002 to Dec. 2005, and from Oct. 2007 to Apr.
2008. The first anti-neutrino run was conducted between Jan. 2006 and Aug. 2007, and the sec-
ond run started in Apr. 2008, which is still providing anti-neutrino beam for MiniBooNE to the
present. The SciBooNE experiment started in Jun. 2007, during the first anti-neutrino operation
of the BNB, and finished data taking in Aug. 2008.

Table 2.3: Summary of corrected POT at SciBooNE and MiniBooNE detectors.

Period BNB Mode SciBooNE POT MiniBooNE POT
Sep. 2002 - Dec. 2005 Neutrino – 5.58" 1020

Jan. 2006 - Aug. 2007 Antineutrino 0.52" 1020 (from Jun. 2007) 1.71" 1020

Oct. 2007 - Apr. 2008 Neutrino 0.99" 1020 0.83" 1020

Apr. 2008 - present Antineutrino 1.01" 1020 (until Aug. 2008) ongoing

The analysis presented here use the full neutrino mode data sets collected at SciBooNE and
MiniBooNE. The amount SciBooNE data collected in the neutrino mode is 0.99"1020 protons on

全てのニュートリノモードのデータを用いた解析を話します
  - SciBooNE: 0.99 x 1020 POT
  - MiniBooNE: (5.58 + 0.83) x 1020 POT

MiniBooNESciBooNE
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Took the most number of shifts!
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SciBooNE 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)
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CC interaction rate
３つのサンプルから得られた
ミューオンの分布をフィット

これは「フラックス」と　
「断面積」の積
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ついでにニュートリノ反応断面積を評価して、発表しました。
（世界初の炭素標的に対するCC全反応断面積の測定）

　Phys. Rev. D 83, 012005 (2011)

エネルギーごとの　　
ニュートリノ反応数を評価



MiniBooNE 
reconstructions

チェレンコフ光の光量・タイミング
からミューオンの運動量・方向を
再構成
CC 準弾性散乱(νn→μp) を課程
してニュートリノエネルギーを再構
成
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25

Figure 3.11: A typical muon event in MiniBooNE. The white frame represents the inner

tank surface. Color indicates time (red! blue is early to late time, and size of the spheres

represents the amount of charge deposited.

example of a muon in MiniBooNE is shown in Fig. 3.11. The conical Cherenkov light will

show up as a series of “rings” on the inside of a spherical tank; the charge measured by

the PMTs corresponds to the charge of the particle.

Incoming cosmic ray muons provide a natural calibration source for understanding

muons on the detector. A two-plane scintillator tracker sits above the tank and provides

directional information on muons entering the tank, as shown in Fig. 3.12. The angular

resolution of the tracker is" 1.9o. Deployed throughout the tank are six sealed scintillator

cubes read out by an optical fiber leading to a 1” PMT. When a muon decays in a cube, the

resulting decay electron will provide light in the scintillation cube. The combination of

the tracker and the scintillation cubes provide the trajectory of the muon and the distance

traveled in the tank. As muons are minimum ionizing particles, the energy of muons in

themineral oil can be calibrated from the" 100 events permonth which stop in the cubes.

Data from the muon tracker and cubes are compared to the result of the muon track fitter

in Fig. 3.13, which shows linearity as well as consistency between prediction and data.

Fig. 3.14 shows, for a particular range in muon energy, the angular resolution (" 4o) for

the fitter using tracker data. The specifics of the muon fitter are discussed in more detail

under Section 5.2.2.

22

 MiniBooNE !µ disappearance

Method: Compare for !µ /"!µ sample

to expectation

Selection of !µ candidates:

Tag single muon events and
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4.3. DATA COMPARISON TO THE MC PREDICTION 50

three samples are estimated to be 0.07 from the flux uncertainty, and 0.16 from the cross-section
uncertainty. Hence the observed normalization di!erences are fairly covered by the systematic
uncertainties.

Table 4.4: The number of events in each sub-sample from the data and the predictions from
NEUT/NUANCE-based MC. The numbers in parentheses show the ratio between the data and the
predictions. The cosmic-ray backgrounds are estimated from o!-timing data and subtracted from
the data.

Sample SciBar-stopped MRD-stopped MRD-penetrated Total
Data 13588.8 20236.4 3544.4 37369.6
NEUT 12278.3(1.11) 18426.3(1.10) 4049.0(0.88) 34753.6(1.08)
NUANCE 10841.9(1.25) 16036.2(1.26) 3407.5(1.04) 30285.6(1.23)

To compare the MC predictions with data in more detail, the neutrino energy(E!) and the
square of the four-momentum transfer(Q2) are the key variables since a flux variation is purely a
function of E! while a variation of the cross section model typically changes the Q2 distribution.
We reconstruct these variables assuming CC-QE interaction kinematics. The reconstructed E! is
calculated as

Erec
! =

m2
p ! (mn ! EB)2 !m2

µ + 2(mn ! EB)Eµ

2(mn ! EB ! Eµ + pµ cos !µ)
, (4.2)

where mp, mn and mµ are the mass of proton, neutron and muon, respectively, Eµ is the muon
total energy, and EB is the nuclear potential energy. The reconstructed Q2 is given by,

Q2
rec = 2Erec

! (Eµ ! pµ cos !µ)!m2
µ. (4.3)

Figure 4.18 shows the distributions of Erec
! and Q2

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



 (GeV)!Reconstructed E
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.80

2000
4000
6000
8000

10000
12000
14000
16000
18000
20000
22000
24000

MiniBooNE EnuQE

(GeV)!Reconstructed E
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.80

5000

10000

15000

20000

25000

30000 Total err.

Flux + X-sec. err.

MiniBooNE det. err.

MiniBooNE prediction

18

MiniBooNE単独での予測とその誤差
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フラックスと断面積の系統誤差を、MiniBooNE
検出器のエラーと同程度まで抑えることに成功

SciBooNEの測定結果を適用し、2検出器間の
誤差の相関などを頑張って見積もった結果MiniBooNE単独での予測とその誤差
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フラックスと断面積の系統誤差を、MiniBooNE
検出器のエラーと同程度まで抑えることに成功

Fractional error
MiniBooNE-only Flux/X-
sec and total error

Flux/X-sec and total 
error  constrained by 
SciBooNE data

MiniBooNE detector 
response error

SciBooNEの測定結果を適用し、2検出器間の
誤差の相関などを頑張って見積もった結果MiniBooNE単独での予測とその誤差



Oscillation 
probability 
全体として、
最初の振動のピークで振動
確率が最大になる
Δm2 が大きくなると、エ
ネルギーで積分することに
より振動の効果が弱まる

SBとMBの振動確率の比
P(MB)/P(SB) が期待されるシ
グナル
0.5 < Δm2 < 30 eV2に感度
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Oscillation fit

2世代間の振動を仮定して、　　 
(Δm2, sin22θ) 平面上をスキャン

以下で定義される Δχ2 を評価
Δχ2 = χ2(each point) -χ2(best)
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CHAPTER 1. INTRODUCTION

The probability for !" ! !# oscillation is given as

P(!" ! !#) = sin2 2$ sin2
�

(Ei " Ej)t
2

�
. (1.18)

Making an approximation of Ei # p +m2
i /2p and including the factors of ! and c,

the probability is formulated as

P(!" ! !#) = sin2 2$ sin2
�

1.27!m2[eV2]L[km]
E[GeV]

�
, (1.19)

where !m2 $ m2
j "m2

i is the mass-squared di"erence and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are di"erent,
that is $ ! 0 and !m2 ! 0, neutrinos can change their flavor during travel. Thus,
the observation of neutrino oscillation gives an evidence for the finite neutrino
mass. The oscillation amplitude is characterized by the mixing angle $ and the
mass-squared di"erence !m2, and expressed as a function of L/E. The oscillation
e"ect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
%

2.53 · !m2 [eV2]
. (1.20)

1.2 Search for neutrino oscillation

Currently, there is no theoretical prediction on neutrino masses, and many exper-
iments have been performed to probe the masses of neutrinos. Up to now, the
evidence for neutrino oscillations has been discovered by various experiments.
The neutrino oscillation experiments measure the sizes of the squared-mass di"er-
ences and the mixing angles; these are called ”oscillation parameters”. Figure 1.2
shows the regions of neutrino oscillation parameter space allowed or excluded
by various experiments. In this chapter, we introduce neutrino oscillation exper-
iments and summarize our current knowledge of the oscillation phenomena.

5
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7.5.1.3 Oscillation prediction at MiniBooNE

We make the predictions of MiniBooNE by computing fi and mij in Eq. (7.1) for each set of
(sin2 2!,!m2).

The predictions of MiniBooNE for i-th true energy bin and j-th reconstructed energy bin,
mij(sin2 2!,!m2), is produced by re-weighting the MC prediction with their oscillation probability
event-by-event. Then, using Fi(sin2 2!,!m2) described in the previous section, the prediction of

MiniBooNE Erec
! distribution, Mpred

j (sin2 2!,!m2), is obtained as

Mpred
j (sin2 2!,!m2) =

E!bins!

i

Fi(sin
2 2!,!m2) ·mij(sin

2 2!,!m2) (7.17)

=
E!bins!

i

fi(0, 0)
N pred

i (0, 0)

N pred
i (sin2 2!,!m2)

·mij(sin
2 2!,!m2). (7.18)

Figure 7.12 show the predictions of MiniBooNE reconstructed E! for several sets of oscillation
parameters. We search for oscillation signals by testing these predictions with the MiniBooNE
measurements.
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Figure 7.12: Predictions of MiniBooNE reconstructed E! distributions with several sets of oscil-
lation parameters. The top plot show the expected number of events and the bottom plot shows
the ratio to the null oscillation prediction. Predictions for !m2 =1.7, 3.4, 6.8 and 13.5 (eV2) are
shown. The value of sin2 2! is set to 0.5 for all oscillation predictions.
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Sensitivity

Sensitivity is defined 
as the expected limit 

(One of) the world 
best sensitivity at 0.5 
< Δm2 < 30 eV2.
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まとめ

SciBooNEとMiniBooNE双方のデータを用いたνμ消失の探索を行った
1eV付近の軽いステライルニュートリノの探索

SciBooNEのデータを用いることで、MiniBooNEでの系統誤差を、検出器　
応答の誤差と同程度まで、大幅に削減
0.5<Δm2<30 eV2で世界最高感度を達成

（今後は反ニュートリノの解析も・・・）
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