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Neutrino Oscillation
ニュートリノ振動：
ニュートリノのフレーバー固有状態と質量固有状態が混合してい
るため、時間(飛行距離)とともにフレーバーが変化する現象。
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1.1. P H YSI CS O F N E U T RI N O S

the Cabibbo-Kobayashi-Maskawa matrix for quark mixing:

U =




1
c23 s23

−s23 c23







c13 s13e−iδ

1
−s13eiδ c13







c12 s12

−s12 c12

1




=




c13c12 c13s12 s13e−iδ

−c23s12 − s13s23c12eiδ c23c12 − s13s23s12eiδ c13s23

s23s12 − s13c23c12eiδ −s23c12 − s13c23s12eiδ c13c23



, (1.12)

where ci j ≡ cosθi j, si j ≡ sinθi j, θi j is the mixing angle for each flavor, and δ is a
complex phase which causes the CP violation.

Now we consider the time evolution of a state that is in a flavor eigenstate να
at t = 0. The initial state is represented as

|να(t = 0)〉 =
∑

i

Uαi |νi〉 . (1.13)

The time evolution of the state depends on its energy eigenvalues, and is repre-
sented as

|να(t)〉 =
∑

i

Uαi e
−i E i t |νi〉 , (1.14)

E2
i = p2 +m2

i , (1.15)

where p and m1,2,3 are the neutrino momentum and masses, respectively. Here,
the probability that a neutrino in a flavor eigenstate να at t = 0 is observed as νβ at
time t, (Pα→β), is formulated as

Pα→β =
∣∣∣∣
〈
νβ(t)|να(0)

〉∣∣∣∣
2

(1.16)

=
∑

i

∣∣∣∣
〈
νβ(0)|Uβi e−i E i t U †αi|να(0)

〉∣∣∣∣
2

=
∑

i

∣∣∣Uαi Uβi

∣∣∣2 +
∑

i! j

Uαi U ∗βi U ∗α j Uβ j e−i(E i−E j)t.

As a consequence of flavor mixing for massive neutrinos, the flavor transition
phenomenon, called ”neutrino oscillations,” could take place.

It is instructive to describe the probabilities in the framework of two-flavor
mixing. Considering two flavors of να and νβ, the matrix U is given as follows:

U =
(

cosθ sinθ
− sinθ cosθ

)
. (1.17)
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CHAPTER 1. INTRODUCTION

The probability for να → νβ oscillation is given as

P(να → νβ) = sin2 2θ 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(να → νβ) = sin2 2θ sin2
(

1.27∆m2[eV2]L[km]
E[GeV]

)
, (1.19)

where ∆m2 ≡ m2
j −m2

i is the mass-squared difference and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are different,
that is θ ! 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 θ and the
mass-squared difference ∆m2, and expressed as a function of L/E. The oscillation
effect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
π

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 differ-
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.
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sij = sin θij , cij = cos θij

α = e, μ, τ (フレーバー固有状態)
 i  = 1, 2, 3 (質量固有状態)

MNS行列

θ：混合の大きさ
Δm2：ニュートリノ質量二乗差
L： 飛行距離
E： ニュートリノエネルギー

振動確率

π+
μ+

νeνμ

e-

X
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Neutrino Oscillations
Atmospheric region: Δm2 ~ 10-3 eV2

Super-K, K2K, MINOS, etc

Solar region: Δm2 ~ 10-5 eV2

SNO, Super-K, KamLAND, etc.

High Δm2 region: Δm2 ~ 1 eV2

Observed at LSND (νµ→ νe)

Ruled out by MiniBooNE               
if P(νµ→ νe) = P (νµ→ νe)

5

Cl 95%

Ga 95% 

νµ↔ντ 

νe↔νX 

100 

10–3 

∆m
2  [e

V
2 ] 

10–12 

10–9 

10–6 

102 100 10–2 10–4 

tan2θ 

CHOOZ 

Bugey 

CHORUS NOMAD 
CHORUS 

KA
R

M
EN

2 

PaloVerde 

νe↔ντ 

NOMAD 

νe↔νµ 

CDHSW 

NOMAD 

K2K

KamLAND
95%

SNO
95%

Super-K
95%

all solar 95%

http://hitoshi.berkeley.edu/neutrino 

SuperK 90/99% 

All limits are at 90%CL
unless otherwise noted

LSND 90/99% 

MiniBooNE 

MINOS

Only 2 Δm2 regions are allowed in the current 

SM with 3 neutrino generations
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MiniBooNE νe results

6

! !

!"#$%&'()*(#"+#,-*&../0&")-

#1/.02"342#.&5&0('#67#-0/0&-0&*-8

!"

9&-0:&630&")#"+#!(#(%()0-

#$%$&'(%$%)&*++,+-

#$%$./%&0,++/.1,23.&%,&4)45&"!676&1+,%,2.&,2&%$+8/%

!"#"$%%&'()**)(#%()"+#","-.#/(*0-*))(./(1%2(*#*3+4

;<#=&)&>""!$#?(-3.0-@#!
#
&9&!

!

&&:11/$+$20/&;/.<=%.
>/,+8?$&@$+$8?,+8?A&BCD&E&FCG&7665

H;I&!64A&!!!J6!&'7665-
! !

!"#"$%%&'()**)(+#(*,-*))(%.(!
!

(*/*#0)(+0(1%2(*#*345

$60(#%(!
"
(7(!

!

(%)-"11+0"%#)(+0(08*(9:&;(9<'

(
!"#$%&'())*+(%,

*,*)-&(&$./0(%,

!"#$%&'()*(#"+#,-*&../0&")-1

12-&3$4/53$6/++3$789$!:;8<;$=!<<>?@

12-&3$4/53$6/++3$;<!9$;<;8<!$=!<<7? ;:

2&-03&450&")#"+#!
(
#(%()0-

A*+*$B(+2$C+*+3$D..%.

A*+*&/+$'%../&E%,F&$+%$G3HG$#;<!<$E.%+%,&$%,$+*.0/+

67#8&)&9""!$#:(-5.0-;#!
"
$I$!

!

$$JEE/*.*,'/$4/&K)+&
L/%.0(*$M*.*0(%.0(9$NOP$Q$ROS$!<<7

! !

!"#"$%#&'())%$*(+,$&#(&-.-/&!0121&*)(#(+$&(+&#")3%#

!"#$%"&'$"()*(+*",*,-,)$#.*/011*2,3*4"5"$

6,#'7$*"#*")8()87'#"-,

9"$:*%,#;,8$*$(*4<=!*

(#8"77>$"()#

!"#"$%%&'()**)(#%()"+#","-.#/(*0-*))(./(1%2(*#*3+4
5/(/6")(7%"#/8("#-%#-19)":*(2"/6(3*)7*-/(/%("

#
(;("

!

(%)-"11./"%#)(./(/6*(<=&>(<?'

04

0?*2")"@((=.*6,#'7$#A*"
#
&5&"

!

&&6**%")"+'%&7%$89#$
:%()3;"&<")"3;()3;=&>?@&A&B?C&211/

D7E&01-=&000410&F211/G

! !

!"#$%&'())*+(%,

*,*)-&(&$./0(%,

!"#$%"&'$"()*(+*!
,
*,-,)$#

.*/012*3,4*5"6"$

12-&3$4/53$6/++3$789$!:;8<;$=!<<>?@

12-&3$4/53$6/++3$;<!9$;<;8<!$=!<<7? ;A

B*+*&/+$'%../&C%,D&$+%$E3AE$";<!<$C.%+%,&$%,$+*.0/+

78*3")"9((:.*;,#'<$#=*!
#
$F$!

!

$$GCC/*.*,'/$4/&H)+&

!"#"$%%&'()**)(+#(*,-*))(%.(!
!

(*/*#0)(+0(1%2(*#*345

$60(#%(!
#
(7(!

!

(%)-"11+0"%#)(+0(08*(9:&;(9<'

(

I/%.0(*$J*.*0(%.0(9$KLM$N$OLP$!<<7

νµ→ νe 探索 νµ→ νe 探索



中島康博　ICEPPシンポジウム　2010

SciBooNE

SciBooNE

SciBooNE

1

MiniBooNE νe results

6

! !

!"#$%&'()*(#"+#,-*&../0&")-

#1/.02"342#.&5&0('#67#-0/0&-0&*-8

!"

9&-0:&630&")#"+#!(#(%()0-

#$%$&'(%$%)&*++,+-

#$%$./%&0,++/.1,23.&%,&4)45&"!676&1+,%,2.&,2&%$+8/%

!"#"$%%&'()**)(#%()"+#","-.#/(*0-*))(./(1%2(*#*3+4

;<#=&)&>""!$#?(-3.0-@#!
#
&9&!

!

&&:11/$+$20/&;/.<=%.
>/,+8?$&@$+$8?,+8?A&BCD&E&FCG&7665

H;I&!64A&!!!J6!&'7665-
! !

!"#"$%%&'()**)(+#(*,-*))(%.(!
!

(*/*#0)(+0(1%2(*#*345

$60(#%(!
"
(7(!

!

(%)-"11+0"%#)(+0(08*(9:&;(9<'

(
!"#$%&'())*+(%,

*,*)-&(&$./0(%,

!"#$%&'()*(#"+#,-*&../0&")-1

12-&3$4/53$6/++3$789$!:;8<;$=!<<>?@

12-&3$4/53$6/++3$;<!9$;<;8<!$=!<<7? ;:

2&-03&450&")#"+#!
(
#(%()0-

A*+*$B(+2$C+*+3$D..%.

A*+*&/+$'%../&E%,F&$+%$G3HG$#;<!<$E.%+%,&$%,$+*.0/+

67#8&)&9""!$#:(-5.0-;#!
"
$I$!

!

$$JEE/*.*,'/$4/&K)+&
L/%.0(*$M*.*0(%.0(9$NOP$Q$ROS$!<<7

! !

!"#"$%#&'())%$*(+,$&#(&-.-/&!0121&*)(#(+$&(+&#")3%#

!"#$%"&'$"()*(+*",*,-,)$#.*/011*2,3*4"5"$

6,#'7$*"#*")8()87'#"-,

9"$:*%,#;,8$*$(*4<=!*

(#8"77>$"()#

!"#"$%%&'()**)(#%()"+#","-.#/(*0-*))(./(1%2(*#*3+4
5/(/6")(7%"#/8("#-%#-19)":*(2"/6(3*)7*-/(/%("

#
(;("

!

(%)-"11./"%#)(./(/6*(<=&>(<?'

04

0?*2")"@((=.*6,#'7$#A*"
#
&5&"

!

&&6**%")"+'%&7%$89#$
:%()3;"&<")"3;()3;=&>?@&A&B?C&211/

D7E&01-=&000410&F211/G

! !

!"#$%&'())*+(%,

*,*)-&(&$./0(%,

!"#$%"&'$"()*(+*!
,
*,-,)$#

.*/012*3,4*5"6"$

12-&3$4/53$6/++3$789$!:;8<;$=!<<>?@

12-&3$4/53$6/++3$;<!9$;<;8<!$=!<<7? ;A

B*+*&/+$'%../&C%,D&$+%$E3AE$";<!<$C.%+%,&$%,$+*.0/+

78*3")"9((:.*;,#'<$#=*!
#
$F$!

!

$$GCC/*.*,'/$4/&H)+&

!"#"$%%&'()**)(+#(*,-*))(%.(!
!

(*/*#0)(+0(1%2(*#*345

$60(#%(!
#
(7(!

!

(%)-"11+0"%#)(+0(08*(9:&;(9<'

(

I/%.0(*$J*.*0(%.0(9$KLM$N$OLP$!<<7

LSNDの信号領域は棄却 　　
(P(νµ→ νe) = P (νµ→ νe) を仮定)

νµ→ νe 探索 νµ→ νe 探索
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LSND領域をテストするには
もう少し統計が必要
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Possible Scenarios

“Sterile” ニュートリノとの振
動 ＋ CP-violation

CPの破れは混合行列の複
素位相

(Effective) CPT-violation

Δm2 がνとanti-νで違う
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Search for Muon Neutrino 
Disappearance at high Δm 2

MiniBooNEのデータのみを用いた
解析

スペクトラムの「形」のみを用
いた解析

フラックスと断面積の不定性大

前置検出器(SciBooNE)を用いれば
より高い感度での探索が可能！
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MiniBooNE 90% CL
Spectrum shape 
only analysis

νμ disappearance

νμ disappearance

Phys. Rev. Lett. 103, 061802 (2009)



Experimental Setup
SciBooNE Detector Installation   April, 2007
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Sci-/Mini-BooNE Sites

10

画面上の情報をすべて見るには、"印刷" をク
リックします。

SciBooNE

MiniBooNE

8GeV Booster

Fermilab



中島康博　ICEPPシンポジウム　2010

SciBooNE

SciBooNE

SciBooNE

1

Fermilab Booster 
Neutrino Beamline

High intensity Neutrino and Anti-
Neutrino beam

Eν ~ 1 GeV

Neutrino Fluxes are measured at 2 
detectors: SciBooNE and MiniBooNE

L ~ 500m

11

50 m

100 m 440 m

MiniBooNE

Detector

Decay region

SciBooNE

DetectorTarget/Horn

cles that emerge from the interactions in the target along
the direction pointing to the SciBooNE detector. The fo-
cusing 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 ap-
proximately a half-sinusoid of amplitude 174 kA, 143 !s
long, synchronized to each beam spill. The polarity of the
horn current flow can be (and has been) switched, in order
to focus negatively charged mesons, and therefore produce
an antineutrino instead of a neutrino beam.

The beam of focused, secondary mesons emerging from
the target/horn region is further collimated, via passive
shielding, and allowed to decay into neutrinos in a cylin-
drical decay region filled with air at atmospheric pressure,
50 m long and 90 cm in radius. A beam absorber located at
the end of the decay region stops the hadronic and muonic
component of the beam, and only a pure neutrino beam
pointing toward the detector remains, mostly from "þ !
!þ#! decays.

B. Neutrino flux prediction

Neutrino flux predictions at the SciBooNE detector
location are obtained via a GEANT4-based [23] beam
Monte Carlo simulation. The same simulation code devel-
oped by the MiniBooNE Collaboration is used [24].

In the simulation code, a realistic description of the
geometry and materials present in the BNB target hall
and decay region is used. Primary protons are generated
according to the expected beam optics properties upstream
of the target. The interactions of primary protons with the
beryllium target are simulated according to state-of-the-art
hadron interaction data. Of particular importance for this
analysis is "þ production in proton-beryllium interactions,
which uses experimental input from the HARP [25] and
BNL E910 [26] experiments. Production of secondary
protons, neutrons, charged pions, and charged and neutral
kaons is taken into account, and elastic and quasielastic
scattering of protons in the target are also simulated.
Particles emanating from the primary proton-beryllium
interaction in the target are then propagated within the
GEANT4 framework, which accounts for all relevant physics
processes. Hadronic reinteractions of pions and nucleons
with beryllium and aluminum materials are particularly
important and are described by custommodels, while other
hadronic processes and all electromagnetic processes (en-
ergy loss, multiple scattering, effect of horn magnetic field,
etc.) are described according to default GEANT4 physics
lists. A second, FORTRAN-based Monte Carlo code uses the
output of the GEANT4 program as input, and is responsible
for generating the neutrino kinematics distributions from
meson and muon decays, and for obtaining the final neu-
trino fluxes extrapolated to the SciBooNE detector with
negligible beam Monte Carlo statistical errors. Current
best knowledge of neutrino-producing meson and muon

decay branching fractions, and decay form factors in three-
body semileptonic decays, are used. Polarization effects in
muon decays are also accounted for.
Once produced by the simulation, neutrinos are extrapo-

lated along straight lines toward the SciBooNE detector.
All neutrinos whose ray traces cross any part of the detec-
tor volume are considered for SciBooNE flux predictions.
Based on accurate survey data, the distance between the
center of the beryllium target and the center of the SciBar
detector is taken to be 99.9 m, with the SciBooNE detector
located on beam axis within a tolerance of a few centi-
meters. Each simulated neutrino interaction is linked to its
detailed beam information and history, which includes
neutrino flavor, energy, parent type and kinematics, and
ray trace entry and exit points within the detector volume;
the ray trace information is used to determine the incoming
neutrino’s direction and interaction location. Proper
weights for each beam neutrino event are computed, using
this beam neutrino information, as well as information
from the interaction and detector simulation: neutrino in-
teraction probability, and detailed SciBooNE detector ge-
ometry and specifications.
The neutrino flux prediction at the SciBooNE detector

location and as a function of neutrino energy is shown in
Fig. 1. A total neutrino flux per proton on target of 2:2"
10#8 cm#2 is expected at the SciBooNE detector location
and in neutrino running mode (positive horn polarity), with
a mean neutrino energy of 0.7 GeV. The flux is dominated
by muon neutrinos (93% of total), with small contributions
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FIG. 1 (color online). Neutrino flux prediction at the
SciBooNE detector as a function of neutrino energy E#, normal-
ized per unit area, proton on target (POT), and neutrino energy
bin width. The spectrum is averaged within 2.12 m from the
beam center. The total flux and contributions from individual
neutrino flavors are shown.

SEARCH FOR CHARGED CURRENT COHERENT PION . . . PHYSICAL REVIEW D 78, 112004 (2008)

112004-3

Sensitive to Oscillations at Δm2 ~ 1eV2

CHAPTER 1. INTRODUCTION

The probability for να → νβ oscillation is given as

P(να → νβ) = sin2 2θ 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(να → νβ) = sin2 2θ sin2
(

1.27∆m2[eV2]L[km]
E[GeV]

)
, (1.19)

where ∆m2 ≡ m2
j −m2

i is the mass-squared difference and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are different,
that is θ ! 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 θ and the
mass-squared difference ∆m2, and expressed as a function of L/E. The oscillation
effect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
π

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 differ-
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

Neutrino Flux Prediction 
at SciBooNE (very 

similar to MiniBooNE)
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SciBooNE Detector
SciBar:

Full active scintillator tracker 
(~14000 strips)
Neutrino Target

Fiducial volume: ~10 tons

Main component: CH 
Electron Catcher (EC)

“Spaghetti” type calorimeter
Muon Range Detector (MRD)

Steel and scintillator sandwich

Measure muon momentum 
from its range

12

ν-beam

SciBar EC

Dark box

4m

2m

MRD

50 m

100 m 440 m

MiniBooNE

Detector

Decay region

SciBooNE

DetectorTarget/Horn
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SciBooNE Data Taking

Started beam data taking on July 
2007

Data taking completed in August 
2008

Stable data taking

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

Neutrino: 0.99x1020 POT

Anti-Neutrino: 1.53x1020 POT
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Delivered
For analysis

Date

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

ν

ν
ν

今日は主にニュートリノモード
の解析について話します。
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SciBooNE Cross-
Section Results
SciBooNE実験の（もう一つの）主目的
は、将来のニュートリノ振動実験のため
の、反応断面積精密測定。

荷電カレントコヒーレントπ生成反応

この反応が理論予想に比べて有意に少
ないことを発見

Phys. Rev. D78, 112004 (2008)
中性カレントπ0生成反応

Phys. Rev. D81, 033004 (2010) 
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CHAPTER 5. EVENT SELECTION FOR NEUTRAL CURRENT π0 PRODUCTION

Figure 5.23: Reconstructed π0 mass

MC simulation, 96 % of selected NCπ0 events have one π0 (91 % from a single π0 without
any other mesons and 5 % from a single π0 with charged mesons) and 4 % have two π0s.
The efficiency for NCπ0 events is defined as:

εNCπ0 =
the number of selected NC π0 events

the number of generated NC π0 events in the SciBar FV
(5.6)

The efficiency is 5.3%. The internal background, which accounts for 33% of this sample,
contains charged current π0 production including secondary π0s (18%), neutral current
secondary π0 production in detector materials (9%) and non-π0 background (6%). Ac-
cording to our MC simulation, the average energy of neutrinos producing NCπ0 events
in the SciBar fiducial volume is 1.3 GeV and the average energy of neutrinos producing
NCπ0 events that pass all selection cuts is 1.1 GeV.

event NC Int. BG Int. BG Dirt MC Data NCπ0 NCπ0

selection π0 with π0 without π0 BG total Efficiency Purity

2 tracks 2578 4516 8120 10970 26183 23761 37.1 % 10 %
FV 2142 3623 7034 4160 16960 15336 30.9 % 13 %

1st layer veto 1893 3086 6722 895 12596 11926 27.3 % 15 %
No side escape 1465 1947 3760 638 7810 7444 21.1 % 19 %
Decay-e cut 1377 1302 2483 606 5768 5609 19.8 % 24 %

Trk disconnection 1314 1089 617 595 3614 3614 18.9 % 36 %
EC cut 1202 645 443 579 2870 2791 17.3 % 42 %

2 extracks 444 318 72 121 955 973 6.5 % 46 %
π0 vtx cut 428 311 70 65 874 904 6.2 % 49 %
π0 mass cut 368 174 29 38 608 657 5.3 % 61 %

Table 5.1: The number of events for data and MC at each event selection stage.

67

which the track angle of the pion candidate with respect to
the beam direction is less than 90 degrees are selected.

F igure 13 shows the reconstructed Q2 distribution for
the !þ " events after the pion track direction cut.
A lthough a charged current quasielastic interaction is as-
sumed, the Q2 of charged current coherent pion events is
reconstructed with a resolution of 0:016 ðGeV=cÞ2 and a
shift of $0:024 ðGeV=cÞ2 according to the M C simulation.
F inally, events with reconstructed Q2 less than
0:1 ðGeV=cÞ2 are selected. The charged current coherent
pion event selection is summarized in Table III. In the
signal region, 247 charged current coherent pion candi-
dates are observed, while the expected number of back-
ground events is 228% 12. The error comes from the errors
on the fitting parameters summarized in Table II. The
background in the final sample is dominated by charged
current resonant pion production. The ‘‘other’’ background
is comprised of 50% charged current DIS, 32% neutral
current, and 18% !#! events. The selection efficiency for
the signal is estimated to be 10.4%.
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FIG . 11 (color online). "$p for the !þ " events in the MRD
stopped sample after fitting.
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FIG . 12 (color online). Track angle of the pion candidate with
respect to the beam direction for the !þ " events after the
charged current quasielastic rejection after fitting.
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FIG . 13 (color online). Reconstructed Q2 for the !þ " events
in the MRD stopped sample after the pion track direction cut and
after fitting.

TA B L E III. E vent selection summary for the MRD-stopped
charged current coherent pion sample.

E vent selection Data M C Coherent "
Signal B G E fficiency

Generated in Sci Bar fid.vol. 1939 156 766 100%
Sci Bar-MRD matched 30 337 978 29 359 50.4%
MRD-stopped 21 762 715 20 437 36.9%
two-track 5939 358 6073 18.5%
Particle ID (!þ ") 2255 292 2336 15.1%
Vertex activity cut 887 264 961 13.6%
C C Q E rejection 682 241 709 12.4%
Pion track direction cut 425 233 451 12.0%
Reconstructed Q2 cut 247 201 228 10.4%
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FIG . 14 (color online). Reconstructed Q2 for the !þ " events
in the MRD penetrated sample after the pion track direction cut
after fitting.

K . HIR A ID E et al. PH YSIC A L R E V I E W D 78, 112004 (2008)

112004-14
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MiniBooNE Detector
Mineral oil Cherenkov detector

Select νµ by single muon and its 
decay-electron signal.

Total mass: ~1k ton

Main component: CH2

Taking beam data since 2002

5.58 x 1020 POT (neutrino mode) 
+ SB-MB overlap

15

50 m

100 m 440 m

MiniBooNE

Detector

Decay region

SciBooNE

DetectorTarget/Horn

2 detectors share the beam and      

the target material (both carbon) 

Most of the systematic error cancels
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The MiniBooNE detector is a ~1kton mineral oil Cherenkov detector

12 m diameter, 1280 inner PMTs, 240 outer ‘veto’ PMTs

Use hit topology and timing to

determine electron-like or muon-like

Cherenkov rings and corresponding

charged current neutrino interactions

MiniBooNE Detector

e-

µ-

!
e

!µ

W+

W+

Oscillation Analysis
SciBar detector at SciBooNE MiniBooNE Detector
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Analysis Overview

17

2 Independent Analyses

SciBooNE Data

SciBooNE True Eν

MiniBooNE True Eν

MiniBooNE Rec. Eν  Prediction

MiniBooNE Rec. Eν  Data

SB + MB Rec. Eν Data

SB + MB Rec. Eν Prediction

Step-by-step Simultaneous fit

Advantage: Can see what physically 
happening and error size at each step

Spectrum fit

Far/Near ratio

Oscillation Fit

Oscillation Fit

Advantage: Can include all correlation 
and minimize the systematic error

今回は、私が行っている　
“Step-by-step”解析を話します
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SciBooNE νµ Selection

Select events with muon track (Charged 
current inclusive sample)

Muon selection

Muon-like energy deposit in SciBar

Require tracks stopped in the detectors

Require momentum > 0.25 GeV
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1

Event Selection (Timing)

2 µsec beam timing window.

Less than 0.5% cosmic 
background 
contamination.

~14K SciBar-stopped events.

~20K MRD-stopped events.
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Reconstructed 
Interaction Vertices
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CHAPTER 1. INTRODUCTION

The probability for να → νβ oscillation is given as

P(να → νβ) = sin2 2θ 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(να → νβ) = sin2 2θ sin2
(

1.27∆m2[eV2]L[km]
E[GeV]

)
, (1.19)

where ∆m2 ≡ m2
j −m2

i is the mass-squared difference and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are different,
that is θ ! 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 θ and the
mass-squared difference ∆m2, and expressed as a function of L/E. The oscillation
effect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
π

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 differ-
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.
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Confirmed at 2 parameter regions
Atmospheric region (Δm2 ~ 10-3)
Super-K, K2K, MINOS, etc..
Solar region (Δm2 ~ 10-5)
SNO, Super-K, KamLAND, etc..
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The MiniBooNE detector is a ~1kton mineral oil Cherenkov detector

12 m diameter, 1280 inner PMTs, 240 outer ‘veto’ PMTs

Use hit topology and timing to

determine electron-like or muon-like

Cherenkov rings and corresponding

charged current neutrino interactions

MiniBooNE Detector

e-

µ-

!
e

!µ

W+

W+

cles that emerge from the interactions in the target along
the direction pointing to the SciBooNE detector. The fo-
cusing 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 ap-
proximately a half-sinusoid of amplitude 174 kA, 143 !s
long, synchronized to each beam spill. The polarity of the
horn current flow can be (and has been) switched, in order
to focus negatively charged mesons, and therefore produce
an antineutrino instead of a neutrino beam.

The beam of focused, secondary mesons emerging from
the target/horn region is further collimated, via passive
shielding, and allowed to decay into neutrinos in a cylin-
drical decay region filled with air at atmospheric pressure,
50 m long and 90 cm in radius. A beam absorber located at
the end of the decay region stops the hadronic and muonic
component of the beam, and only a pure neutrino beam
pointing toward the detector remains, mostly from "þ !
!þ#! decays.

B. Neutrino flux prediction

Neutrino flux predictions at the SciBooNE detector
location are obtained via a GEANT4-based [23] beam
Monte Carlo simulation. The same simulation code devel-
oped by the MiniBooNE Collaboration is used [24].

In the simulation code, a realistic description of the
geometry and materials present in the BNB target hall
and decay region is used. Primary protons are generated
according to the expected beam optics properties upstream
of the target. The interactions of primary protons with the
beryllium target are simulated according to state-of-the-art
hadron interaction data. Of particular importance for this
analysis is "þ production in proton-beryllium interactions,
which uses experimental input from the HARP [25] and
BNL E910 [26] experiments. Production of secondary
protons, neutrons, charged pions, and charged and neutral
kaons is taken into account, and elastic and quasielastic
scattering of protons in the target are also simulated.
Particles emanating from the primary proton-beryllium
interaction in the target are then propagated within the
GEANT4 framework, which accounts for all relevant physics
processes. Hadronic reinteractions of pions and nucleons
with beryllium and aluminum materials are particularly
important and are described by custommodels, while other
hadronic processes and all electromagnetic processes (en-
ergy loss, multiple scattering, effect of horn magnetic field,
etc.) are described according to default GEANT4 physics
lists. A second, FORTRAN-based Monte Carlo code uses the
output of the GEANT4 program as input, and is responsible
for generating the neutrino kinematics distributions from
meson and muon decays, and for obtaining the final neu-
trino fluxes extrapolated to the SciBooNE detector with
negligible beam Monte Carlo statistical errors. Current
best knowledge of neutrino-producing meson and muon

decay branching fractions, and decay form factors in three-
body semileptonic decays, are used. Polarization effects in
muon decays are also accounted for.
Once produced by the simulation, neutrinos are extrapo-

lated along straight lines toward the SciBooNE detector.
All neutrinos whose ray traces cross any part of the detec-
tor volume are considered for SciBooNE flux predictions.
Based on accurate survey data, the distance between the
center of the beryllium target and the center of the SciBar
detector is taken to be 99.9 m, with the SciBooNE detector
located on beam axis within a tolerance of a few centi-
meters. Each simulated neutrino interaction is linked to its
detailed beam information and history, which includes
neutrino flavor, energy, parent type and kinematics, and
ray trace entry and exit points within the detector volume;
the ray trace information is used to determine the incoming
neutrino’s direction and interaction location. Proper
weights for each beam neutrino event are computed, using
this beam neutrino information, as well as information
from the interaction and detector simulation: neutrino in-
teraction probability, and detailed SciBooNE detector ge-
ometry and specifications.
The neutrino flux prediction at the SciBooNE detector

location and as a function of neutrino energy is shown in
Fig. 1. A total neutrino flux per proton on target of 2:2"
10#8 cm#2 is expected at the SciBooNE detector location
and in neutrino running mode (positive horn polarity), with
a mean neutrino energy of 0.7 GeV. The flux is dominated
by muon neutrinos (93% of total), with small contributions
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FIG. 1 (color online). Neutrino flux prediction at the
SciBooNE detector as a function of neutrino energy E#, normal-
ized per unit area, proton on target (POT), and neutrino energy
bin width. The spectrum is averaged within 2.12 m from the
beam center. The total flux and contributions from individual
neutrino flavors are shown.
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FIG. 3: The top plot shows the sensitivity (dashed line) and limit (solid line) for 90% CL for

neutrino disappearance in MiniBooNE. Previous limits by CCFR (dark grey) and CDHS (light

grey) are also shown. The bottom plot uses the same convention for antineutrino disappearance.

90% CL sensitivity and limit curves for the antineutrino disappearance fit to all antineutrino

data; the limit curves for the individual absorber data periods were found to be consistent

with the total. In addition to the two-neutrino oscillation fits described above, some studies

were performed some of the MiniBooNE energy spectra within the context of 3+2 oscillation

models. The best fits for 3+2 sterile neutrino models in Ref. [4] are consistent with the

MiniBooNE νµ and ν̄µ data, but the νµ data rules out the best fit point from the global fit

to MiniBooNE νe data in Ref. [5] at 90% CL with χ2 = 24.7(16 DF).

In summary, MiniBooNE observes no evidence for νµ or ν̄µ disappearance at 90%CL in the

∆m2 region of a few eV 2. The test of ν̄µ disappearance probes a region of ∆m2 = 0.1−10 eV 2

unexplored by previous experiments.
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90% CL sensitivity and limit curves for the antineutrino disappearance fit to all antineutrino

data; the limit curves for the individual absorber data periods were found to be consistent

with the total. In addition to the two-neutrino oscillation fits described above, some studies

were performed some of the MiniBooNE energy spectra within the context of 3+2 oscillation

models. The best fits for 3+2 sterile neutrino models in Ref. [4] are consistent with the

MiniBooNE νµ and ν̄µ data, but the νµ data rules out the best fit point from the global fit

to MiniBooNE νe data in Ref. [5] at 90% CL with χ2 = 24.7(16 DF).

In summary, MiniBooNE observes no evidence for νµ or ν̄µ disappearance at 90%CL in the

∆m2 region of a few eV 2. The test of ν̄µ disappearance probes a region of ∆m2 = 0.1−10 eV 2

unexplored by previous experiments.
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MiniBooNE 
Reconstruction

崩壊電子によりµを選択

荷電カレント準弾性散乱(CCQE)を
仮定し、µの運動量、角度から
ニュートリノエネルギーを再構成
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 MiniBooNE !µ disappearance

Method: Compare for !µ /"!µ sample

to expectation

Selection of !µ candidates:

Tag single muon events and

their decay electron

Background is CC#+ where the

pion is absorbed in nucleus or detector

eµ

!µ

12C

pn

W+

CCQE !µ 
µ-!µ

pn

74% CCQE purity

190,454 events

CC#+

Reconstructed E! (GeV)

1.4 MuonRangeReconstruction 3

1.4 MuonRangeReconstruction

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

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

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

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

There are a few exceptions:

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

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

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

MuonRangeReconstru
ction (stopping point)

Find MRD hits to associated to “SciBar 

3D tracks” and scan them from the 

upstream.

“Stopped” if there are no hits in 2 

continuous plane, no hit on 13th (last) 

plane, and no hit on side-end counters

Hit

HitNo 

hit

No 

hit

“Stopped” here

Ignore

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

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

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

Eν =
m2

p − (mn − V )2 −m2
µ + 2(mn − V )Eµ

2(mn − V − Eµ + pµ cos θµ)
,

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

The reconstructed q2 is given by,

q2 = 2Eν(Eµ − pµ cos θµ)−m2
µ.

74% CCQE purity

190,454 events

CC#+

Reconstructed E! (GeV)
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Systematic Errors

SciBooNE spectrum 
measurement uncertainty

Beam flux model
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MiniBooNE detector response
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SciBooNE

SciBooNE

1

An Example of Flux 
Systematic Error

フラックスの予想には、HARP実験で測
定された、p-Beからのハドロン生成の断
面積を使用。

その測定誤差を系統誤差とする

フラックスの絶対値のエラーは大きい
(~10%)がSciBooNE/MiniBooNEで比をと
ると無視できる大きさになる（~1%)

25

41

Figure 4.2: Comparison of π+ production cross section HARP data at 8.9 GeV/c p-Be (red,

size of HARP errors shown by size of box) as a function of pπ (GeV/c), in bins of θπ, with

the best fit SW model (blue line). Size of errors assumed on the π+ production derived

from the HARP errors shown with black lines. Pions with momentum less than 1 GeV/c

do not contribute to the νµ flux in MiniBooNE or SciBooNE, as shown in Chapter 5.

π+ production cross-

section at the target 8 GeV 
Proton

π νμ
μ

Be
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SciBooNE

1

An Example of Cross-
section Errors

MiniBooNEで荷電カレント準弾性散
乱を測定

Axial form factor (FA), Pauli-
blocking を調整

その誤差を系統誤差に

最も大きなエラーの一つ (~5%程度)

MiniBooNEとSciBooNEで角度ア
クセプタンスが大きく違うため

SciBooNE: 前方に集中

MiniBooNE: 等方的
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A, B, and C are functions of Q2 defined in the following way:

A(Q2) = m2+Q2

M2 [(1 + τ)F 2
A − (1 − τ)F 2

1 + τ(1 − τ)F 2
2 + 4τF1F2

− m2

4M2 (F1 + F2)
2 + (FA + 2Fp)

2 − 4F 2
p (1 + τ)]

B(Q2) = Q2

M2 FA(F1 + F2)

C(Q2) = 1
4(F 2

A + F 2
1 + τF 2

2 )

(4.5)

where τ = Q2

4M2 , F1,2 are the vector form factors, FA is the axial vector form factor and

Fp is the pseudo scalar form factor.

Assuming conserved vector current (CVC), the vector form factors are defined as:

F1(Q2) = 1
(1+τ) (G

p
E − Gn

E − τ(Gp
M − Gn

M ))

F1(Q2) = 1
1+τ (Gp

M − Gn
M − Gp

E + Gn
E))

(4.6)

The Sachs form factors (Gp,n
E,M ) are also present in electron scattering. Conventionally,

the form factors are assumed to be a “dipole” format:

Gp,n
E,M (Q2) =

Gp,n
E,M(0)

1 + Q2

M2
V

(4.7)

where Gp
E(0) = 1, the proton electric charge, Gn

E(0) = 0, the neutron electric charge,

Gp
M (0) = 2.793, the proton magnetic moment, and Gn

M (0) = -1.913, the neutron magnetic

moment. The vector mass isM 2
V = 0.71GeV2.

Recent electron scattering data show deviations from the dipole form at high Q2, and

so these form factors are parameterized as functions of Q2 from fits [83] to electron scat-

tering data [84, 85, 86, 87] 1

The axial form factor is assumed to be a dipole as well:

FA(Q2) =
−1.267

1 + Q2

M2
A

(4.8)

whereMA is the axial mass for the CCQE interaction.

The pseudo scalar form factor is:

Fp(Q
2) =

2M2

m2
π + Q2

FA(Q2) (4.9)

1While I was working on K2K, we examined the effect of switching from a dipole form to a parameteri-

zation for the vector form factors. The effect on the CCQE cross section was about 2%, lower at low Q2 and

higher at high Q2 [88].

MiniBooNE reconstructed Q2
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1

ニュートリノ振動Fit

2-flavor間での振動を仮定し、Δm2, sin2(2θ)のパラメー
ター領域をスキャン

Δχ2 = χ2 (each point) - χ2(best) を用いて各パラメーターで
の振動の可能性を評価する。

信頼度とΔχ2の値の関係は、MCを用いて決定
（Feldman-Cousins method) 
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3

(GeV)!Reconstructed E
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Flux + X-sec. err.

MiniBooNE det. err.

Preliminary

Fig. 4. Predicted MiniBooNE reconstructed neutrino energy
distribution. MiniBooNE detector error, flux and cross-sec-
tion uncertainty, and the total systematic uncertainty are sep-
arately shown.

We fit the MiniBooNE ERec
ν distribution to find the

best fit parameter minimizing the χ2 value:

χ2 =
16 bins∑

i,j

(Ndata
i − Np

i )M−1
ij (Ndata

j − Np
j ),

where i, j denote ERec
ν bins, Ndata

i,j and Np
i,j denote ob-

served and predicted number of events at each bin, re-
spectively, and Mij represents statistical and systematic
uncertainties for the final ERec

ν prediction.
Then we define the allowed region by ∆χ2 =

χ2(true) − χ2(best) values, where χ2(true) is the χ2 at
the oscillation prediction being tested, and χ2(best) is
the smallest χ2 value across the (∆m2, sin2 2θ) plane.

To obtain the confidence level at each oscillation pa-
rameter point (∆m2, sin2 2θ), we use Feldman-Cousins’
method [8]. In this method, 1000 “fake-data” predic-
tions are formed, using random draws of the statistical
and systematic uncertainties and some underlying oscil-
lation hypothesis. Then, each fake-data is fit to obtain
the relation between the ∆χ2 values and the correspond-
ing probabilities. This process is repeated for each pair
of (∆m2, sin2 2θ) true oscillation parameter being tested.

Expected Limit
The sensitivity is defined as the average of limits ob-

tained from fake experiments with null underlying oscil-
lation.

Figure 5. shows the 90% CL. sensitivity for the νµ
disappearance. The expected ±1σ band is also shown
in the plot. The expected sensitivity directly supersedes
the MiniBooNE only νµ disappearance result, as sub-
stantial flux and cross section uncertainties have been
reduced.

4. Summary and Prospects
We present SciBooNE-MiniBooNE joint analysis of a

search for νµ disappearance in a accelerator neutrino
beam. The analysis is sensitive to the oscillation at the
∆m2 region of 0.5−40 eV2. The sensitivity to νµ disap-
pearance has been improved relative to the MiniBooNE
shape-only analysis, with results to be released soon. In
addition, a joint anti-neutrino oscillation analysis will be
performed using the anti-neutrino data set.
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CDHS 90% CL

CCFR 90% CL

MiniBooNE only 90% CL sensitivity

SciBooNE + MiniBooNE 90% CL expected

# 1 ±SciBooNE + MiniBooNE 90% CL 

Preliminary

Fig. 5. The expected sensitivity for νµ disappearance. The
dotted curve shows the 90% CL limits from CDHS [9] and
CCFR [10] experiments. The thin solid curve is the Mini-
BooNE-only 90% CL sensitivity. The thick solid curve and
the filled region are the 90% CL sensitivity and ±1σ band
from SciBooNE-MiniBooNE joint analysis, respectively.
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CHAPTER 1. INTRODUCTION

The probability for να → νβ oscillation is given as

P(να → νβ) = sin2 2θ 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(να → νβ) = sin2 2θ sin2
(

1.27∆m2[eV2]L[km]
E[GeV]

)
, (1.19)

where ∆m2 ≡ m2
j −m2

i is the mass-squared difference and L is the flight length of
neutrino.

If the neutrino mass states mix together and their eigenvalues are different,
that is θ ! 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 θ and the
mass-squared difference ∆m2, and expressed as a function of L/E. The oscillation
effect is enhanced to the maximum when the following condition is satisfied:

L [km]
E [GeV]

=
π

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 differ-
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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Oscillation maximum 
at SciBooNE 
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at MiniBooNE 
detector at ~2 eV2

Oscillation maximum 
at SciBooNE 
detector at ~20 eV2

Oscillation effect 
completely washed 
out above ~100 eV2
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CDHS 90% CL limit

CCFR 90% CL limit

MiniBooNE only 90% CL sensitivity

SciBooNE + MiniBooNE 90% CL expected

# 1 ±SciBooNE + MiniBooNE 90% CL 

Oscillation 
Sensitivity

MiniBooNE単独での測定
に比べ、特にlow-Δm2領域
で感度を向上

近日中にdataのfit結果を発
表できるはずです。
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SciBooNE Data

SciBooNE True E!

MiniBooNE True E!

MiniBooNE Rec. E!  Prediction

MiniBooNE Rec. E!  Data

Spectrum fit

Far/Near ratio

Oscillation Fit
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SciBooNE

SciBooNE

SciBooNE

1

まとめ
SciBooNEとMiniBooNE両方のデータを用いた、Δm2 ~ 1eV2領
域のニュートリノ振動の探索を行っている

これまでに、解析手法を確立、感度の見積もりを行った

MiniBooNE単独に比べ感度を向上

近日中に結果を発表

反ニュートリノデータの解析も進行中
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