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K2K aims at
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Confirmation of the Super-Kamiokande’s results on 
atmospheric neutrino oscillation with νµ disappearance 
by

Counting the observed number of events in the far detector 
and comparing it with the expected number of events for no 
oscillation. 

Comparing the near and far spectra
Observation of oscillation pattern as a function of energy

Measurements of neutrino interaction cross sections 
in the GeV region
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•Accelerator： 12 GeV proton synchrotron
Beam intensity： 6×1012 protons / pulse
Repetition： 1 pulse / 2.2 sec
Pulse width： 1.1 µs  (9 bunches)

•Horn-focused wide-band beam
Average neutrino energy： 1.3 GeV

•Near detector: 300 m from the target
•Far detector (Super-Kamiokande)：

250 km from the target
•Goal： 1020 POT (protons on target)
•K2K-I started： April 1999
•K2K-II started: December 2002
•K2K-II terminated: November 2004

K2K (KEK-to-Kamioka)



Conceptual Layout
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ντ
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Near Detector Complex
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1KT Water Cherenkov Detector (1KT)
Scintillating-fiber/Water Sandwich Detector (SciFi)
Lead Glass calorimeter (LG) before 2002
Scintillator Bar Detector (SciBar) after 2003
Muon Range Detector (MRD)

Muon range detector



Beam
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Stability of the beam has 
been monitored by MRD
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Neutrino beam profile center:
horizontal

Neutrino beam profile center:
vertical

±1 mr

±1 mr

Muon angle dustr.

Muon energy dustr.



Analysis Strategy
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Far/Near Ratio
beam MC + π mon.,
ν interaction properties

Near
Detector
Complex
@KEK

Measure
#ν, pµ and θµ

ν interaction MC

Measure
Φ(Eν), ν int.

Measure
#ν and Eν rec.

Expected
#ν and Eν rec.

w/o oscillationOscillation fit 
(sin22θ, ∆m2)

Far 
Detector
SK

Use 1 kton for 
normalization. 
Most of detector 
systematics cancel 
in the extrapolation.



Spectrum Measurement at Near Site
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For the following data samples, simultaneously fit (Pµ, Θµ) 
distributions with Monte Carlo templates (see next slide).

1KT Water Cherenkov detector (H,O target)
1. Fully contained one-ring muon-like sample

SciFi fiber tracker (H,O target)
2. Single-muon track sample
3. Two-track QE sample (∆θp<25ﾟ)
4. Two-tracks nonQE sample (∆θp>30ﾟ)

SciBar fine-grained scintillator (H,C target)
5. Single-muon track sample
6. Two-track QE sample (∆θp<25ﾟ)
7. Two-tracks nonQE sample (∆θp>25ﾟ)

Free parameters of the fit
flux in 8 energy bins  Φ(Eν)
nonQE/QE
detector uncertainties (energy scale, efficiencies,...)
nuclear effect uncertainties (proton and pion rescattering)

CCQE vs nonQE

µ
pν

∆θp

µ

p



K. Nakamura     Neutrino Meeting, IIT-Bombay, Mumbai, India, August 1-2, 2005 11

1kt DATA: Pµ vs θµ Distribution
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Example of the data and 
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Neutrino Energy Spectrum at Near Site 

K. Nakamura     Neutrino Meeting, IIT-Bombay, Mumbai, India, August 1-2, 2005 12

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
FD Spectrum shape (Beam MC)

(GeV)

ar
b

it
ar

y 
u

n
it

integrated

Measurement

Beam MC



K. Nakamura     Neutrino Meeting, IIT-Bombay, Mumbai, India, August 1-2, 2005 13

Example of fitted Distributions (SciBar)
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HARP measurements will reduce the systematic
error of the F/N ratio (now ～5%)

K. Nakamura     Neutrino Meeting, IIT-Bombay, Mumbai, India, August 1-2, 2005 14

Pre
lim

ina
ry



SK Events
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Tdiff(µs)

K2K-1+2 Jun1999 - Nov2004
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Event Vertex in Fiducial Volume
More than 30MeV Deposited Energy

-0.2<TSK-Tspill-TOF<1.3µsec

Analysis Time Window

Decay electron cut.

≥ 30MeV Deposited Energy 



SK Event Summary
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K2K-I+II Nsk
obs Nsk

pred

FC in 22.5kt 112 155.9
1ring 67 99.0

µ-like 58 90.8
e-like 9 8.2

Multi Ring 45 56.8

Nsk
obs systematics ~3%
Fiducial volume 2%
Reduction <1%
Others <1%

Nsk
obs Spectrum syst. (1 ring µ)

(dependent on the energy bin)
Ring counting         ~3~5%
Fiducial volume 2%
Particle Id <1%
Energy scale ~2%Nsk

pred systematics
Far/Near      ～5%
Normalization           ～5%



Energy Spectrum / Oscillation Analysis
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Results of the fit
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No oscillation prob.= 0.003% (4.2σ)
(for best fit in the phys. region)

Best fit value
(all region)

sin22θ = 1.19 ± 0.23     
∆m2 = (2.55 ± 0.40)x10-3eV2

(in physical region)
sin22θ = 1.0 
∆m2 = (2.76 ± 0.36)x10-3eV2

1.88×10-3 ≤ ∆m2 ≤ 3.48×10-3 eV2

(90%CL)  @ sin22θ=1 

Confirmed atmospheric neutrino 
oscillation 

sin22θ = 1.0 ∆m2 = 2.55x10-3 eV2 ∆m2 = 2.76x10-3 eV2

∆
ln

L

∆m2 (eV2) sin2 2θsin2 2θ



νµ disappearance versus Eν shape distortion
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Allowed regions from νµ disappearance and distortion of Eν
spectrum are consistent.

sin22θsin22θ
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2
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NSK (#νµ) Eν shape



Other K2K results
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Search for νe appearance
PRL 93 (2004) 051801     ← K2K-1
Preliminary results   ← K2K-I+II  

Studies of neutrino interactions
PLB 619 (2005) 255   ← NC π0 production 
hep-ex/0506008 ← coherent π suppression
In presparation ← Axial vector mass MA



T2K Collaboration
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Korea: Seoul National U., Chonnam National U., Dongshin U., Kangwon U., 
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Russia: INR
Spain: U. Barcelona, U. Valencia
Switzerland: U. Geneva, (ETH Zurich)
UK: RAL, Imperial College London, Queen Mary, Westfield College London, U. Liverpool
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Formed in May 2003 
11 countries, >50 institutions 

>150 collaborators
Spokesperson: K.Nishikawa

This list is obsolete.

This list is obsolete.

Collaboration is 

Collaboration is 

expanding.
expanding.



Neutrino mixing: formulation
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MNS matrix
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Explicit form of U

121323 OOOU †
δδ ΓΓ=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
−=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

−
=

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

−
=

100
0
0

  , 
0

010
0

  , 
0
0

001
1212

1212

1313

1313

2323

2323 121323 cs
sc

O
cs

sc
O

cs
scO

) 1, diag(1, δδ ie=Γ

⎟⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜

⎝

⎛

−−−
−−−=

−

231323131223122313122312

231323131223122313122312

1313121312

ccecssscecscss
scesssccessccs
escscc

U
ii

ii

i

δδ

δδ

δ



K. Nakamura     Neutrino Meeting, IIT-Bombay, Mumbai, India, August 1-2, 2005 23

For Majorana neutrinos

Parameters in the neutrino mass and mixing matrices
3 masses:    m1, m2, m3
3 mixing angles:  θ12, θ23, θ13
1 CP violating phase in the mixing matrix:   δ
2 Majorana phases:   α1, α2

Neutrino oscillations are sensitive to:
2 mass squared differences

∆m21
2 = m2

2-m1
2 = msolar

2

∆m32
2 = m3

2-m2
2 = matm

2

(∆m21
2 + ∆m32

2 + ∆m13
2 = 0)

3 mixing angles:  θ12, θ23, θ13
1 CP violating phase in the mixing matrix:   δ

)1 , ,diag(  21 22       , 
αα ii

MM eeUUUU =⋅→

T2K-I
T2K-II



Overview of the T2K ExperimentOverview of the T2K Experiment
A word of warning:  T2KA word of warning:  T2K--II II ≠≠ JJ--PARC Phase II, rather beyond JPARC Phase II, rather beyond J--PARC Phase IIPARC Phase II
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νµ beam of ~1GeV
Kamioka

J-PARC
0.75 MW 50 GeV PS

~Mt “Hyper 
Kamiokande”

4MW 50 GeV PS

Super-K: 50 kton
Water Cherenkov

“1yr” run corresponds 
to 130 days, or 1021

POT at 50 GeV with 
0.75 MW beam power.

1st Phase
ννµµ→→ ννxx disappearance
ννµµ→→ ννee appearance
NC measurement

Future
CPV
proton 

decay



J-PARC Facility
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Materials and Life Science
Experimental Facility

Hadron Beam Facility

Neutrino to 
Super-K

Nuclear 
Transmutation

J-PARC = Japan Proton Accelerator Research Complex

Joint Project between KEK and JAERI

50 GeV Synchrotron
(0.75 MW)

3 GeV Synchrotron
(25 Hz, 1MW)

Linac
(350m)

500 m



J-PARC Phase 1 and Phase 2
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JAERI Portion

KEK Portion

– Phase 1 + Phase 2 = 1,890 Oku Yen (= $1.89 billions if $1 = 100 Yen)
– Phase 1 = 1,527 Oku Yen (= $1.5 billions) for 7  years
– JAERI: 860 Oku Yen (56%), KEK: 667 Oku Yen (44%).
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J-PARC Phase I: Under Construction
Accelerator Facility:   JFY 2001 – 2007

Initially,  LINAC:   180 MeV (to be upgraded to 400 MeV in a few years) 

Main ring: 40 GeV (to be upgraded to 50 GeV in Phase-II)

Hadron Facility:    JFY 2003 – 2007

Neutrino Facility: JFY 2004 - 2008 

February, 2003
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J-PARC Phase I: Under Construction
Accelerator Facility:   JFY 2001 – 2007

Initially,  LINAC:   180 MeV (to be upgraded to 400 MeV in a few years) 

Main ring: 40 GeV (to be upgraded to 50 GeV in Phase-II)

Hadron Facility:    JFY 2003 – 2007

Neutrino Facility: JFY 2004 - 2008 

February, 2003

December 2003

January, 2005



Schedule for  LINAC Energy Recovery and 
Expected Beam Power of 3 GeV RCS  
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w/ LINAC upgrade
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Narrow Intense Beam: Off-Axis Beam
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Muon monitors @ ~140m
Fast (spill-by-spill) monitoring 
of beam direction/intensity

First near detector @280m
Flux/spectrum/νe
intensity/direction

Second near detector @ ~2km
Almost same Eν spectrum as for 
SK
Water Cherenkov can work

Far detector @ 295km
Super-Kamiokande (50kt)
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Conceptual Design of Near Detector @ 280m
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Conceptual Design of 2km Detector

ν

W.Ch.MRD

L.Ar



Far Detectors
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1st Phase (2009~, ≥5yrs)
Super-Kamiokande(22.5kt)

Future (201x~?)
Hyper-Kamiokande(~540kt)
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δδ(sin(sin22 22θθ))

δδ((∆∆mm22))

Sensitivity: νµ→νµ Disappearance

norm  (+5%)
NQE     (+5%)
ESK (+1%)
spectrum shape 
(±20%)
Spectrum width (5%)

Stat. error

--68%CL (∆ln L=0.5)
--90%CL (∆ln L=1.36)
--99%CL (∆ln L=3.32)

Stat. only

Effect of systematic error
on param meas.

Goal
δ(sin22θ23)~0.01
δ(∆m23

2)~<1×10-4

(OA2.5(OA2.5°°))

Expected precision



Sensitivity: νe Appearance
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Sensitivity as a function of δ for different 
values of the atmospheric splitting
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• 40 GeV

• 1021 POT/yr

• 5 years
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Sensitivity as a function of d for different 
values of sin22θ23

• 40 GeV

• 1021 POT/yr

• 5 years



Sensitivity as a function of δ for normal and 
inverted mass hierarchies
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• 40 GeV

• 1021 POT/yr

• 5 years



Expected sensitivity improvement 
as a function of time (1)
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90%CL Sensitivity w/ LINAC upgrade
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Sensitivity @ 30GeV w/ LINAC upgrade
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Future: 3σ Sensitivity for CPV in T2K-II
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JHF-HK CPV Sensitivity
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Summary
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K2K
With 9.2x1019 POT,  confirmed atmospheric neutrino 
oscillation at 4.2σ. 

(cf. 4.0σ published in PRL 94 (2005) 81802)
Observed spectrum distortion consistent with neutrino 
oscillation.
Many results are expected to come for neutrino interactions 
around 1 GeV region.

T2K
Construction of T2K-I on schedule.
Seriously considering possibilities to double the beam power 
from the current baseline power (670 kW, 40 GeV).
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