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Introduction Introduction 
K2KK2K is the first is the first accerelatoraccerelator--basedbased longlong--baseline baseline 
neutrino oscillation experiment to investigate the neutrino oscillation experiment to investigate the 
neutrino oscillation observed in atmospheric neutrinos.  neutrino oscillation observed in atmospheric neutrinos.  

KKEKEK--
12GeV PS12GeV PS

SuperSuper--
KKamiokandeamiokande

~1%~1%50 %50 %ννee /ν/νµµ

> 2> 2・・1010--33 eVeV221010--11 ~10~10--44eVeV22∆∆mm22

~ 1.~ 1.33GeVGeV0.1~100GeV0.1~100GeVEEνν

250250km(fix.)km(fix.)10~1010~1044kmkmLL

K2KK2KAtmAtm..--νν

P(νµ→νX) = 

Sin22θ・ sin2(1.27∆m2L/EEνν)

L=250 kmL=250 km

•• Do Do ννµ  µ  events decrease ?events decrease ?
•• Is Is EEνν spectrum distorted ? spectrum distorted ? 
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250kA

4.84.8××10101919 POT POT 
for Analysisfor Analysis

Horn
200kA 0101/11/12/11/12

SK repairment

02/02/12/2212/22

K2KK2K
--II

K2KK2K
--ⅡⅡ99/6/1999/6/19

1st event

5.6065.606××10101919 p.o.t.p.o.t.
Delivered TotalDelivered Total
In 234.8daysIn 234.8days

6.56.5××10101919

03/3/6 23:3003/3/6 23:30JSTJST
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ExpectedExpected (MC)(MC) Neutrino Spectra and Neutrino Spectra and 
Radial Distributions at 300m/250kmRadial Distributions at 300m/250km
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PionPion MonitorMonitor
Gas Cherenkov detector: Insensitive to primary protons. Gas Cherenkov detector: Insensitive to primary protons. 
Measure momentum and angular distribution of Measure momentum and angular distribution of pionspions
N(N(ppππ, , θθππ) just after the 2) just after the 2ndnd horn (horn (ppππ>2GeV/c).>2GeV/c).
Near to far extrapolation: Near to far extrapolation: F/N(EF/N(Eνν))
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Front neutrino Detectors at KEKFront neutrino Detectors at KEK

11kt Water Cherenkov detector (kt Water Cherenkov detector (KTKT)    )    fiducialfiducial: 25 ton H: 25 ton H22OO
Water target/Scintillating fiber tracker (Water target/Scintillating fiber tracker (SciFiSciFi) ) 5.9 ton H5.9 ton H22OO
MuonMuon range detector(range detector(MRDMRD)                                   700 ton Iron )                                   700 ton Iron 
Lead glass detector (LG)Lead glass detector (LG)

To Kamioka
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Water Water Cherenkov  Cherenkov  Detector (1kt)Detector (1kt)

Typical 1R eventTypical 1R event

A A minitureminiture of Superof Super--
KamiokandeKamiokande detector detector 
with 1/50 volumewith 1/50 volume
680 20" 680 20" PMTsPMTs with with 
70cm spacing (same as SK)70cm spacing (same as SK)
Inner  Volume   : 496 tonsInner  Volume   : 496 tons
FiducialFiducial Volume : 25.1 tonsVolume : 25.1 tons

(r=2m (r=2m sylindricalsylindrical volume along beam)volume along beam)



　　　　　　　　　　Les Les Rencontres Rencontres de Physique de la de Physique de la Vallee dVallee d’’AosteAoste: La : La Thuile Thuile 2003   2003   　　　　11

Scintillating Scintillating FiberFiber((SciFiSciFi) Tracker) Tracker
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Typical CCD Pixel ImageTypical CCD Pixel Image
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SuperSuper--KamiokandeKamiokande （April 1996 commissioned）

40m

41
.4

m

50,00050,000 ton water ton water CherenkovCherenkov detector (22.5 detector (22.5 ktonkton fiducialfiducial volume)volume)

Optically separatedOptically separated INNERINNER andand OUTEROUTER detectordetector

1000 1000 m undergroundm underground
11,146  20 inch 11,146  20 inch PMTsPMTs
1,885 anti1,885 anti--counter counter PMTsPMTs
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ee--like and like and µµ--like events like events 
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/11/06:;R= 1:NoYet
R  :   Z  : PHI : GOOD
1.21:  7.66:-2.92:0.838
NG : RTOT : AMOM : MS
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/11/06:;R= 1:NoYet
R  :   Z  : PHI : G
1.21:  7.66:-2.92:0
NG : RTOT : AMOM : M
1:   3134:   594: -
V= 0.304:-0.950:-0.0

mnt;
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/00/00:NoYet:NoYet
/00/00:NoYet:NoYet
/11/06:;R= 1:NoYet
R  :   Z  : PHI : G
1.21:  7.66:-2.92:0
NG : RTOT : AMOM : M
1:   3134:   594: -
V= 0.304:-0.950:-0.0

mnt;

NUM            
RUN         807
SUBRUN        4
EVENT    548754
DATE  99-Nov- 6
TIME   15:17: 5
TOT PE:    5647
MAX PE:    39.2
NMHIT :  2116
ANT-PE:    31.5
ANT-MX:     9.8
NMHITA:    29

RunMODE:NORMAL
TRG ID :0000011
T diff.: 644.  
FEVSK  :8100280
nOD YK/LW: 2/ 3
SUB EV :  0/ 0
Dec-e:  0( 0/ 0
CT:      1203
SKGPS: 13149509
       13147420
RN: 2150SP:    
PSGPS:  9418690
        9276747
GPSDIF:     0.4

/00/00:NoYet:NoYet
/00/00:NoYet:NoYet
/00/00:NoYet:NoYet
/00/00:NoYet:NoYet
/00/00:NoYet:NoYet
/04/12:;R= 1:NoYet
R  :   Z  : PHI : G
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mnt;

NUM          1
RUN       9955
SUBRUN     443
EVENT 72736724
DATE  2001-Apr-1
TIME    2:57:57
TOT PE:   20406
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+0
FEVSK  :81002803
nOD YK/LW: 1/ 1
BAD ch.:  masked
SUB EV :  0/ 1
Dec-e:  1( 0/ 1/
CT16:**********e
RN: 5594SP:    3
GPSDIF:   0.4140
NHITAC:         

e-like µ-like
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1 Ring = 32 
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56 56 FCFV FCFV EventsEvents

Not a Decay Electron Event
H.E. trigger
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Event v.s. POT dist.Event v.s. POT dist.

KS test probability: KS test probability: 43%43%

EEννrec rec of FCFVof FCFV--1R1Rµµlikelike

29 129 1R eventsR events with HC250kAwith HC250kA

1.27・0.003eV2・250km／Eν
=π／2 (Osci.Max)
⇒　Eν= 0.6GeV
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Neutrino Energy ReconstructionNeutrino Energy Reconstruction

µµµ

µµ
ν θ+−

−
=

cospEm
2mEm

E
N

2
N

νµ + n→ µ + p µ-

p

(Eµ, pµ)θµ

QE

inelastic

CC quasi elastic (QE)CC quasi elastic (QE) CC inelasticCC inelastic

νµ + n→ µ + p + π

ν

µ-

p

(Eµ, pµ)θµ

π’s

Rate(Eν,Near) → φ(Eν,Νear)
↑

 σ(QE), σ(nonQE)
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Oscillation AnalysisOscillation Analysis

ObservationObservation
#ν(56), Eν rec(29)

ExpectationExpectation
#ν and Eν rec.

? (? (sinsin2222θθ, , ∆∆mm22) ?) ?

ObservationObservation
#ν, pµ and θµ

ν interaction MC
ν Flux and Spectrum

MeasurementMeasurement
Φ(Eν), nQE/QE

Far/Near RatioFar/Near Ratio
(beam MC & πmon.)

FD @  KEKFD @  KEK

SuperSuper--KK
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FD @ KEKFD @ KEK
(p(pµµ,,θθµµ) ) →→ φφ(E(Eνν), ), nQEnQE/QE/QE

1kt DATA: Pµ vs θµ Distribution
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P
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  Data

 MC

(CCQE) <25o>30o

cos(∆ΘP)

ν

µ

P
exp.

P
obs.

∆Θ
P

QE and QE and nQEnQE in in SciFi SciFi 22--track eventstrack events

nQElike  QElikenQElike  QElike
(2)  (2)  11--tracktrack

5,951events/44points5,951events/44points
(3) 2(3) 2--track track ((∆Θ∆ΘP P ≤ ≤ 2525oo))

761events/40points761events/40points
(4) 2(4) 2--track track ((∆Θ∆ΘP P ≥ ≥ 3030oo))

1,291events/40points1,291events/40points
124 124 data pointsdata points

~ 8,000~ 8,000 events in total.events in total.
RR(non(non--QE/QE)QE/QE) is is constrained by (3) / (2) constrained by (3) / (2) 

∆ ∆ R < 10%R < 10%
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(1) (1) KTKT ((ppµµ, , θθµµ) distribution using ) distribution using φφfitfit, QE/, QE/nQEnQEfitfit
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SciFiSciFi (p(pµµ,,θθµµ) distributions) distributions
PPµµ 　　ΘΘµµ　　

(2) 1(2) 1--tracktrack

(3) 2(3) 2--tracktrack
∆Θ∆ΘP P ≤ ≤ 2525oo

(4) 2(4) 2--tracktrack
∆Θ∆ΘP P ≥ ≥ 3030oo
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Fit result of Neutrino Flux at KEK SiteFit result of Neutrino Flux at KEK Site

Fitted Eν Flux at Front Detector

0
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50000

60000

70000

80000

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Eν (MeV)

Eν (MeV)

χχ22=227 for 194 =227 for 194 d.o.fd.o.f
ΦΦ1 (       E1 (       Eν ν <  500) = 1.3 <  500) = 1.3 ±± 0.50.5
ΦΦ2 ( 5002 ( 500≤≤ EEνν < 750) = 1.02 < 750) = 1.02 ±± 0.120.12
ΦΦ3 ( 7503 ( 750≤≤ EEνν <1000) = 1.01 <1000) = 1.01 ±± 0.090.09
ΦΦ4 (15004 (1500≤≤ EEνν <2000) = 0.95 <2000) = 0.95 ±± 0.070.07
ΦΦ5 (20005 (2000≤≤ EEνν <2500) = 0.96 <2500) = 0.96 ±± 0.080.08
ΦΦ5 (25005 (2500≤≤ EEν ν <3000) = 1.18 <3000) = 1.18 ±± 0.190.19
ΦΦ6 (30006 (3000≤≤ EEνν ) = 1.07) = 1.07±± 0.200.20

nQEnQE/QE        = 0.93 /QE        = 0.93 ±± 0.20 0.20 (0.06)(0.06)
Error is assigned based on the Error is assigned based on the 
disagreement between disagreement between SciFiSciFi
and KT results.and KT results.
KT only:    KT only:    nQEnQE/QE=0.73/QE=0.73
SciFiSciFi only: only: nQEnQE/QE=1.09 /QE=1.09 
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SuperSuper--K: Expected K: Expected EEνν
recrec spectrum for 1Rspectrum for 1Rµµ
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Maximum likelihood fit withMaximum likelihood fit with ((sinsin2222θθ,,∆∆mm22))

systshapenormtot LLLL ⋅⋅=

)),2sin,(,( syst
22

ed'exp fmNNPoissonL obsnorm θ∆=

)(
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),2sin,(
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ed'exp fN
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NfmN MC
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SKobs
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θ
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∆
⋅=∆

∏
=

∆≡
29

1
syst

22 ),2sin,;(
i

rec
ishape fmEPL θ

P: normalized Eν
rec distribution for 1Rµ events

estimated by MC simulation

Nobs: Observed number of FCFV events (56)

(exp’ed # of FCFV events)

Likelihood

Term for # of FCFV events

Term for Eν
rec distribution for 1Rµ events
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Systematic parametersSystematic parameters
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•MFD, Mπ, MεSK: error matrices(spec+nQE/QE, far/near, εSK)
σn6: norm. err. for Jun99 (=+0.80−0.68evts)
σn11:norm. err. for Nov99~ (=5.34% dominated by KT/SK fid. vol. err.)
σEsk: SK energy scale error (3%)
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Expected number of FCFV eventsExpected number of FCFV events
w/o oscillationw/o oscillation

+7.7%+7.7%
−−6.7%6.7%

5.0%5.0%

+4.9%+4.9%
−−5.0%5.0%

+0.47%+0.47%
−−1.1%1.1%

+0.56%+0.56%
−−0.63%0.63%

+1.0%+1.0%
−−0.85%0.85%

TotalTotal

NormNorm

Nov99~Nov99~

Jun99Jun99

Far/NearFar/Near

nQEnQE/QE/QE

SpectrumSpectrum

TotalTotal

events 1.80 2.6
4.5

+
−

Generate many sets of random 
numbers for fsyst which distribute 
according to the error matrices

),2sin,( syst
22

ed'exp fmN θ∆
Calculate

for each set w/ sin22θ=0
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Best fit 1RBest fit 1Rµµ spectrum & spectrum & NskNsk

KS test prob.(shape): 79%

NSK=54.2 (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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1Rµ Ovservation and Default Spectrum
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ResultResult
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)
NSK +Shape     (1.0,   2.8x10-3eV2)  (1.0,   2.7x10-3eV2)

Both Shape and NSK +Shape indicate consistent parameter region
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Allowed regionsAllowed regions

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

∆m2=
1.5~3.9x10-3eV2

@ sin22θ=1
@90%CL
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90%90%CL Allowed Regions of K2K and SKCL Allowed Regions of K2K and SK atmatm--νν

K2K(NK2K(NSKSK+1R+1Rµµ shape)shape)
SuperSuper--KK
AtmAtm--νν∆∆mm22=1.5~3.9x10=1.5~3.9x10--33eVeV22

@ sin@ sin2222θθ=1 (90%C.L.)=1 (90%C.L.)

∆matm
2 =

(1.6 ~ 3.9)×10-3 eV2  

sin22θatm>0.92
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ConclusionConclusion

K2K Oscillation analysis on June99 ~July01 K2K Oscillation analysis on June99 ~July01 
data(data(K2KK2K--II))
1.1. Null oscillation probability is Null oscillation probability is less than 1%.less than 1%.
2.2. Both SK rate reduction and Both SK rate reduction and EEνν

recrec shape indicate shape indicate 
consistent oscillation parameters region.consistent oscillation parameters region.

3.3. ∆∆mm22=1.5~3.9x10=1.5~3.9x10--33eVeV22 for sinfor sin2222θθ=1 @ 90%CL=1 @ 90%CL
4.4. sinsin2222θθ, , ∆∆mm2 2 are consistent with atmospheric are consistent with atmospheric 

neutrino resultsneutrino results
Data taking has been resumed successfully Data taking has been resumed successfully 
(2002/12/22~, (2002/12/22~, K2KK2K--IIII). ). 
Goal is to accumulate 10Goal is to accumulate 102020 protons on target, protons on target, 
Twice as large as this data sample.Twice as large as this data sample.
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295km

KEK
（PS:5kW)

Kamioka
Tokai

JHFJHF--KamiokaKamioka　　νν ProjectProject

　　JHF 50GeV PSJHF 50GeV PS →→ SuperSuper--KamiokandeKamiokande
(0.75MW)              (22.5kt fid.) (0.75MW)              (22.5kt fid.) 
××～～100 of K2K100 of K2K

ννµµ→→ννxx disappdisapp.  /  .  /  ννµµ→→ννee app.app. / NC/ NC
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JHF Facility
Const.：2001～2006 (approved)
（ν beam-line： budget request submitted）

(0.75MW)

"　8 bunches / ~5µs
"　3.3x1014proton / pulse
"　3.94 (3.64) sec cycle
"　1ｙｒ≡1021POT (130 days)

Target station

Decay volume

Transport line
(Super-cond. Mag.)

Near detectors 
(280m,2km)
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2002 2004 2006 2008 2010

JHF-ν construction physics run (OAB)

SK
rebuild SK-half SK-full

Ｋ２ＫＩＩ

SK
rebuild


