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Neutrino oscillation
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スーパーカミオカンデによる
大気ニュートリノの観測(1996～)
大気ニュートリノ



Zenith angle distributions
(FC+PC+up-µ)
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2-flavor oscillations
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Best fit ( ∆m2=2.5x10-3eV2, sin22θ=1.0
 χ2min=163.2/170 d.o.f)
 Null oscillation
 (χ2=456.5/172 d.o.f)
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大気ニュートリノの結果
(Neutrino2002, May26,2002, M.Shiozawa)

νµ ντ

νµ ντ oscillations

Best fit(∆m2=2.5x10-3,sin22θ=1.0
χ2min=163.2/170 d.o.f)

No oscillation
(χ2 =456.5/172 d.o.f)

∆m2 = (1.6~3.9)x10-3eV2

sin22θ > 0.92  @ 90%CL
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Ｋ２Ｋ実験(1999年開始)

①KEKの12GeV陽子シンクロトロンを用いてνµビーム(～
1GeV)を生成。

②250km離れたスーパーカミオカンデ(SK)に向けて撃ち

出す。

③SKでKEKからのニュートリノを検出し、その数、種類、

エネルギー分布を測定する。

• ミューオンニュートリノ消失実験(νµ disappearance)
• （電子ニュートリノ出現実験: νe appearance）

人工ニュートリノを使って大気ニュートリノ
の結果を検証
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ミューオンニュートリノ消失実験
（νµ disappearance）

• ニュートリノ反応、識別
νl+X l+X’

– 生成されるレプトンで識別(eならνe, µならνµ,..)
• 反応閾値

νµ µ:110MeV, ντ τ: 3.5GeV (生成レプトンの質量による)
– 1GeV νµが振動してντ (1GeV)：反応できない

• 信号
– 振動していない場合に比べ、ニュートリノ反応の数が減る。

– 残ったνµのエネルギーはニュートリノ振動に特有の分布を示す

~1GeVνµ

生成

µ
生成 1GeVντ? × τ
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実験の概要

π中間子
モニター

ミューオン
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（ＦＤ）
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µ+
Target+Horn

200m
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ＳＫ

100m ~250km

νµ

12GeV陽子
5兆個/2.2秒

100万分の1秒間

νµ∼1,000億個/2.2秒
(/10mx10m)
内~1個反応

100万個/2.2秒
(40mx40m)
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大気ニュートリノ vs Ｋ２Ｋ

宇宙線
（陽子,..） 大気

π, K

µ
e

νe

νµ

νµ

崩壊領域

~10km

ニュートリノ飛行距離
標的

アルミ

10~10,000km

200m

νµ

π

崩壊パイプ

µ

反応~8個/日

反応~1個/2日π中間子
モニター

12GeV
陽子ビーム

２５０ｋｍ

• K2K: ~100% νµ, Atm: νµ:νe~2:1
• K2K:ニュートリノの飛行距離決まっている。(250km) 特に∆m2測定に高感度
• K2K:ニュートリノの方向決まっている。

一部の反応生成粒子から親ニュートリノのエネルギー算出可能

• K2K:生成直後のπ中間子、振動前ニュートリノの(数、エネルギー分布)直接測定
• Atm: 反応数大
• Atm:広い∆m2探索可能“discovery machine”, 加速器実験:狙いを絞った“精密実験”

~1GeV



K2K results
Results of 

Total Event Rate & Spectrum Shape 
Analysis

K2K collaboration

K.Nishikawa
Kyoto University 

NEUTRINO 2002, May 26,2002 
Munich, Germany
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University of Washington at Seattle

Warsaw University 
Solton Institute



12

KEK to Kamioka Neutrino Oscillation Experiment

12GeV PS@KEK
ν beam line
Beam monitor
Near detectors

Super-K (far detector)
50 kton Water
Cherenkov detector

250km

Eν~1.3 GeV
νµ
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Principle of K2K
Fixed distance 
(Eν~1.3 GeV, L=250km)
(99% νµ ,  στ<<σµ )

)
E

Lm27.1(sin2sin.prob
2

22

ν

∆⋅θ=

Results
•Reduction of events
•Spectrum distortion

• Neutrino beam at near site
• Near to Far extrapolation
• Rate and spectrum shape @ SK

Eν
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Super-Kamiokande
（April 1996 commissioned）

40m

41
.4

m

50,000 ton water Cherenkov detector (22.5 kton fiducial volume)

Optically separated INNER and OUTER detector
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e-like and µ-like events in Super-Kamiokande

90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
99/11/06:;R= 1:NoYet
   R  :   Z  : PHI : GOOD
 11.21:  7.66:-2.92:0.838
CANG : RTOT : AMOM : MS
42.1:   3134:   594: -2.9
  V= 0.304:-0.950:-0.070
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90/00/00:NoYet:NoYet
99/11/06:;R= 1:NoYet
   R  :   Z  : PHI : G
 11.21:  7.66:-2.92:0
CANG : RTOT : AMOM : M
42.1:   3134:   594: -
  V= 0.304:-0.950:-0.0

Comnt;

90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
99/11/06:;R= 1:NoYet
   R  :   Z  : PHI : G
 11.21:  7.66:-2.92:0
CANG : RTOT : AMOM : M
42.1:   3134:   594: -
  V= 0.304:-0.950:-0.0

Comnt;

NUM            1
RUN         8071
SUBRUN        41
EVENT    5487540
DATE  99-Nov- 6
TIME   15:17: 5
TOT PE:    5647.4
MAX PE:    39.2
NMHIT :  2116
ANT-PE:    31.5
ANT-MX:     9.8
NMHITA:    29

RunMODE:NORMAL
TRG ID :00000111
T diff.: 644.   
FEVSK  :81002803
nOD YK/LW: 2/ 3
SUB EV :  0/ 0
Dec-e:  0( 0/ 0/
CT:      1203
SKGPS: 131495094
       131474205
RN: 2150SP:     
PSGPS:  94186902
        92767476
GPSDIF:     0.41

90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
**/04/12:;R= 1:NoYet
   R  :   Z  : PHI : G
  4.75:-16.61: 2.30:0
CANG : RTOT : AMOM : M
42.1:  10051:  1877:  
  V= 0.455:-0.881: 0.1
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   R  :   Z  : PHI : G
  4.75:-16.61: 2.30:0
CANG : RTOT : AMOM : M
42.1:  10051:  1877:  
  V= 0.455:-0.881: 0.1

Comnt;

90/00/00:NoYet:NoYet
90/00/00:NoYet:NoYet
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90/00/00:NoYet:NoYet
**/04/12:;R= 1:NoYet
   R  :   Z  : PHI : G
  4.75:-16.61: 2.30:0
CANG : RTOT : AMOM : M
42.1:  10051:  1877:  
  V= 0.455:-0.881: 0.1

Comnt;

NUM          1
RUN       9955
SUBRUN     443
EVENT 72736724
DATE  2001-Apr-12
TIME    2:57:57
TOT PE:   20406.7
MAX PE:   117.7
NMHIT :  3507
ANT-PE:    14.0
ANT-MX:     1.3
NMHITA:    25

RunMODE:NORMAL
TRG ID :00000111
T diff.:0.487E+05u
FEVSK  :81002803
nOD YK/LW: 1/ 1
BAD ch.:  masked
SUB EV :  0/ 1
Dec-e:  1( 0/ 1/ 0
CT16:**********e12
RN: 5594SP:    372
GPSDIF:   0.41400u
NHITAC:         1

Total rate with low threshold (>30MeV)
Identification of µ (1Rµ) , e (1Re)
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Bird’s Eye Neutrino Beam Line

200m

µ-monitor      direction (π→µ)
Front (Near) Detector direction (ν)

spectrum , rate

12 GeV PS
>5x1013 ppp

2.2sec/pulse
Target/Double Horn
~  20 x flux
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Expected (MC) Neutrino Spectra and 
Radial Distributions at 300m/250km
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Near Detectors
At KEK: 1kt Water Cherenkov detector (KT) 25 ton fiducial

+ Water tube sandwitched Scintillation fiber detector (SciFi) 6 ton
+ Muon range detector(MRD) 700 ton direction by ν &  stability
+ Lead glass detector (LG)

ν flux and
direction
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Event POT distribution

KS test probability

43%
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Summary of K2K results in last year
• Accumulated 4.8x1019POT @ SK from Jun ’99 to July ’01.

• Neutrino beam is well under control 
– direction<1mrad. (pulse by pulse π→µ, ν interaction vertex profile)
– Stability of Eµ spectrum from ν interaction 

• # of fully contained events in fiducial volume (FCFV)@ SK
Observed: 56, Expected with null oscillation 80
Probability of null oscillation  <  3%

+7.3
-8.0

•Full & improved error estimates
•Spectrum shape analysis



Flow of Neutrino Oscillation Analysis
Observed  (pµ,θµ) distributions at Near Detectors 

↓ ν Int. Model
Neutrino Spectrum at Near detector φ near(Eν), 

↓
Far/Near Extrapolation vs Eν   RFN(Eν)

Neutrino Spectrum w/o oscillation at SK φ SK(Eν)
φ SK(Eν) ⊗ Oscillation (sin22θ,∆m2) ⊗ Int. Model

SK observation
•NSK(obs) 
•1Rµ  Erec distribution

Maximum Likelihood Fit in (sin22θ, ∆m2)

Prediction
NSK(exp’t) : Expected no. of SK events
SSK(Eν

rec) :1Rµ Erecdistribution(shape)



23

ννµµ spectrum spectrum 
measurement at measurement at 

front detectorfront detector
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1Rµ events in water Cherenkov detector

CC QE
~100% efficiency for NSK

can reconstruct Eν

CC nQE
~100% efficiency for NSK

Bkg.  for Eν measurement

NC 
~40% efficiency for NSK

νµ + n → µ + p

ν

µ-

p

(Eµ, pµ)θµ

νµ + n → ν + p + π’s

ν

ν

pπ’s

µ-

νµ + n → µ + p + π

ν
p

(Eµ, pµ)θµ

π’s



25

Neutrino Energy Εν Reconstruction

µµµ

µµ
ν θ+−

−
=

cospEm
2mEm

E
N

2
N

νµ + n → µ + p µ-

p

(Eµ, pµ)θλ

QE

inelastic

CC quasi elastic (QE) CC inelastic

νµ + n → µ + p + π

ν

µ-

p

(Eµ, pµ)θλ

π’s

Rate(Eν,Near) → φ(Eν,Νear)
↑

 σ(QE), σ(nonQE)
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CC Quasi Elastic(QE) 
and Other Processes(nQE)

σ(Eν)~50 MeV

QE

All

Soudan 2 Monte Carlo Cross Sections

0

0.2

0.4
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0.8

1

1.2

10
-1

1 10 10
2

E (GeV)

σ C
C
(ν

µ+
N

→
µ+

X
)/E

   
 (1

0-3
8  c

m
2 /G

eV
)

σ/Eν

0.1           1            10        
Eν(GeV)

Not well known

Used Parameters
MA(QE)=1.11GeV
MA(1π)=1.21 GeV
Coherent π : Marteau et.al.
Multi-π: use hep-ex/0203009

Checked 
MA(QE)=1.01-1.11
MA(1p)=1.01-1.51
GRV94-Mod.GRV94

Very small effect on oscilllation
anlysis
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QE and nQE in SciFi 2track events

SciFi 2 track cos(∆ΘP) distribution
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P
exp.

P
obs.

∆Θ
P

nQElike QElike
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Used data for φnear(Eν)
KT 

Fully contained in fiducial
volume (FCFV)

•No. of events (Evis>100MeV)
(1) Single ring µ−like events

SciFi
(2) 1-track µ events

(3) 2-track QE-like events
(4) 2-track nonQE-like events

ν flux φnear(Eν) (8 bins)
ν interaction model (parameterized as nQE/QE ratio)

4 sets of (pµ, θµ) distributions

Pion monitor
π distribution in (pπ,θπ) →flux estimate φnear(Eν)
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Fitting method 
(pµ,θµ) → φ(Eν), nQE/QE

1kt DATA: Pµ vs θµ Distribution
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1.0-1.5GeV

•
•

•
•

Eν QE (MC)     nQE(MC)

Also (pµ,θµ) dist. in SciFi
1track, 2track(QE-like), 2track(nQE-like)
χ2=227 for 197 d.o.f.

MC templates
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Fit result of Neutrino Flux at KEK Site

Fitted Eν Flux at Front Detector
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KT (pµ, θµ) distribution using φfit, QE/nQEfit

1kt: µ-momentum Distribution (Fid.25t FC 1-Ring µ-like)
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1kt: µ-anglular Distribution (Fid.25t FC 1-Ring µ-like)
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Scifi pµ,θµ distributions using φfit, QE/nQEfit

SciFi Pµ distributions
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Reconstructed Eν 
using φfit, QE/nQEfit

1kt: Reconstructed Eν Distribution (Fid.25t FC 1-Ring µ-like)
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Far/Near Far/Near 
ExtrapolationExtrapolation
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Pion Monitor
Far/Near Extrapolation F/N(Eν)

Gas Cherenkov detector: (insensitive to primary protons) 
Measure momentum and angular distribution of 
pions, N(pπ, θπ) just after the horns. pπ>2GeV/c
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Fit with Cherenkov
light distribution by 
populations in (pπ,θπ) 

Error on F/N(Eν)
Pion production 
model
Beam MC

pπ

θπ

w1 w2 w3 w4 …..
: :

: :
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Expected Eν
rec spectrum for 1Rµ
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Oscillation Oscillation 
AnalysisAnalysis
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Oscillation analysis

1. Rejection of Null oscillation hypothesis
2. Contour of allowed region

– Number of events observed/expected
– Obs./exp. neutrino energy spectrum shape

Neutrino flux @SK ⊗ Int. Model ⊗ Oscillation (sin22θ,∆m2)

Prediction
NSK(exp’t) : Expected no. of SK events
SSK(Eν

rec) :  1Rµ Erecdistribution(shape)

SK observation
•Observed no. of events in FCFV NSK(obs,>30MeV) 
•1Rµ events  Eν

rec spectrum shape

Maximum Likelihood Fit in (sin22θ,∆m2)
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4.8×1019 POT for Analysis

200kA 250kA

POT
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Data set
• Data sets 

• June 99-July 01 FCFV , Evis>30 MeV
• total number of events 
• 56 events observed  

• Nov 99-July 01 1Rµ events
• Eν

rec shape
• 29 events observed

• Running condition
• June 99

• Target=2 cmφ Horn current=200kA (~6.5% of POT)
• Larger systematic errors in ‘near’ measurements

• Nov 99~July 01 
• Target=3cmφ Horn current=250kA
• Full analysis of systematic errors
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Systematic parameters

fφ : Flux ( 8 energy bins) 
fnQE : QE/nQE ratio
fF/N : Far/Near ratio 
f εSK : SK reconstruction (Fid, PID, Nring)
fESK : SK energy scale 
fn6 : Norm. for June 99  
fn11 : Norm. Nov 99 ~ Jul 01 

),,,,,,( 116F/N nnEsksknQE ffffffff εΦ=
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Likelihood

))(,( exp fNNPoissonL obsnorm =
Normalization term

)()()( fLfLfLL systshapenormtot ⋅⋅=

Systematic parameter constraint term
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3d plots of ∆lnL for shape+norm
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•analysis-1
Maximize L by 
adjusting systematic 
parameters.

•analysis-2
The MC generation of 
the systematic 
parameters & 
L=the mean values. 
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Null Oscillation Probability 
Null Oscillation Probability

analysis-1 analysis-2
NSKonly 1.3% 0.7%
Shape only 15.7% 14.3%
NSK+Shape 0.7%  0.4% 
Best fit (sin22θ , ∆m2)
Shape only (1.0,   3.0x10-3eV2) (1.0,   3.2x10-3eV2)        
(Allowing unphys.) (1.09, 3.0x10-3eV2) (1.05, 3.2x10-3eV2)
NSK +Shape (1.0,   2.8x10-3eV2)  (1.0,   2.7x10-3eV2)
(Allowing unphys. ) (1.03, 2.8x10-3eV2) (1.05, 2.7x10-3eV2)

Both Shape and NSK +Shape indicate consistent parameter region
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Best fit 1Rµ spectrum & Nsk

KS test prob.(shape): 79%

NSK=54 (Obs.=56)

Very good agreement
Shape & NSK

Best

Normalized by area Best fit point (sin22θ , ∆m2)
= (1.0,   2.8x10-3eV2) 
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Allowed regions

Both indicate consistent ∆m2 region
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Allowed region (Shape+Norm)

∆m2=
1.5~3.9x10-3eV2

@ sin22θ=1
@90%CL
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Comparison with diff. L & form factor MA

Reasonable agreement
btw definition of L

Nominal
Large MA

90%
99%

Change of ν interaction 
model has small effect
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sin22θ and ∆m2

99%

90%

99%

90%

sin22θ ∆m2
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Comparison with SK atm ν observation
90% allowed region

K2K(1Rµ shape+NSK) SK
FC+PC+upµ
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Conclusion
• K2K Oscillation analysis on June99 ~July01 data

– Full error analysis

1. Null oscillation probability is less than 1%
2. Both SK rate reduction and Eν

rec shape indicate consistent 
oscillation parameters region

3. ∆m2=1.5~3.9x10-3eV2 for sin22θ=1 @ 90%CL
4. sin22θ, ∆m2 are consistent with atmospheric neutrino results

– The best fit point (sin22θ=1.0, ∆m2=2.8x10-3 eV2)
cf. Atmospheric neutrino results 
∆m2=(1.6~3.9)x10-3 eV2 for sin22θ=1.0

best fit (sin22θ=1.0, ∆m2=2.5x10-3 eV2)

• Data taking will resume within this year




