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Results

• T2K performed νμ → νe oscillation analysis based on 1.43 x 1020 
p.o.t. (2010 Jan. - 2011 Mar.)

- Observed 6 νe candidate events

- # of expected events = 1.5 ± 0.3(syst.)  (if sin22θ13 = 0)

- Under null θ13 hypothesis, prob. of observing 6 or more events is 0.007, 
equivalent to 2.5σ significance.

- 0.03 (0.04) < sin22θ13 < 0.28 (0.34)  at 90% C.L. for normal (inverted) 
hierarchy (assuming Δm2

23=2.4 x 10-3 eV2, δCP=0)

Indication of νμ→νe appearance

This result was submitted to PRL and the preprint will appear in arXiv tomorrow.
Reference:  arXiv:1106.1238 for the T2K experimental setup.



International collaboration 
(~500 members, 59 institutes, 12 countries）

T2K Collaboration

!"#実験の最新結果

市川温子　京都大学$
%&'$()*$!"#$+&,,-.&'-/&0

1



3

T2K (Tokai to Kamioka)  experiment

High intensity beam from J-PARC MR to Super-Kamiokande @ 
295km

Discovery of e appearance Determine 13
Last unknown mixing angle
Open possibility to explore CPV in lepton sector

Precise meas. of disappearance 23, m23
2

Really maximum mixing? Any symmetry? Anytihng unexpected?

132312sin ssse prob.  in term odd CP sin 12~0.5, sin 23~0.7, 
sin <0.2)

T2K (Tokai-to-Kamioka) experiment

!"#実験の最新結果

市川温子　京都大学$
%&'$()*$!"#$+&,,-.&'-/&0

1

★ Discovery of νμ → νe oscillation (νe appearance)

★ Precision measurement of νμ disappearance

T2K Main Goals:



1. Introduction of T2K experiment

2. Search for νe appearance with 1.43 x 1020 protons on target (p.o.t)

     - Analysis overview 

     - νe selection criteria

     - The expected number of events at Far detector

     - Systematic uncertainty

     - Observation at Far detector & Results

3. Conclusion

Overview of this talk

Previous Results w/ 0.3 x 1020 p.o.t has been reported by K. Okumura in April.
Analyzed data exposure is ~5 times larger than previous one.



Physics Motivation of νe appearance

θ23 = 45° ± 5°θ12 = 34° ± 3°
Last unknown mixing angle θ13Open a possibility to measure 

CP violation in lepton sector in future
CP odd term in P(νμ→νe)      sinθ12sinθ13sinθ23sinδ∝

the last mixing angle θ13 can be 
determined by νμ → νe

★discovery of νμ → νe 

P(νμ→νe) = sin22θ13 sin2θ23 sin2(Δm231 L/4E) + ...

(Δm223 ~ Δm231)

Direct detection of neutrino flavor 
mixing in “appearance” mode

Mixing angle: θ12, θ23, θ13

|Ue3|2

normal inverted

Neutrino mass & three flavor mixing

Determine θ13

sin22θ13 < 0.15   at 90% C.L.
CHOOZ (reactor exp.) and 
MINOS (accelerator exp.)

θ13 < 11°



Design Principle of T2K
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Super-Kamiokande(SK) as far neutrino detector
- World largest ν & proton decay detector

- Distance L and Eν matches to meet oscillation maximum 
condition:  L・Δm2

23/(4Eν)~π/2

- Excellent identification of event topology and kinematics   

- νμ→νe,  νe + n → e- + p  (νe appearance signal)

- Enable us to reconstruct the neutrino energy

- High rejection efficiency for backgrounds: e.g. μ, π0, π± 

30GeV protons 
from J-PARC MR

LBNE w/ off-axis beam ~0.6GeV
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SuperK (Far) Detector
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Far Detector: SK-IV
50kt Water Cherenkov detector (Fiducial 22.5kt)

@ underground (2700 m water equivalent)
20’ ID PMT 11,129: 40% Photo coverage
+ 8’ OD PMT 1885 :
Dead-time less DAQ system (2008~)
Good performance for sub-GeV detection

1st oscillation maximum : E ~0.6GeV at SK position.
Charged current quasi-elastic (CC QE) interaction is 
dominant process.

• Good e / separation
• Energy reconstruction: E/E ~10% ( 2-body kinematics)

ICRR, Univ. of Tokyo

e

neutron proton
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Un-oscillated 

Signal e
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Super-Kamiokande
50kton water
32kt ID viewed by 
20-inch PMTs
~2m OD viewed 
by 8-inch PMTs
22.5kt fid. vol. 
(2m from wall)
Etotal=~4.5MeV 
energy threshold
SK-I: April 1996~
SK-IV is running

Electronics hutLINAC

Control room

Water and air 
purification system

SK

2km3km

1km
(2700mwe)

39.3m

41.4m

Atotsu
entrance

AtotsuMozumi

Ikeno-yama
Kamioka-cho, Gifu
Japan

Inner Detector (ID) PMT:   ~11100 (SK-I,III,IV),  ~5200 (SK-II)
Outer Detector (OD) PMT: 1885

ID

OD

http://www-sk.icrr.u-tokyo.ac.jp/sk/

See J. Wilkesʼ talk
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Far detector (Super-K)
• Water Cherenkov detector w/ fiducial 

volume 22.5kton (Total 50kton)

• Phase IV w/ Dead-time less DAQ 
system since September 2008

• T2K event trigger by accelerator beam 
timing

• atmospheric ν samples as control 
samples to study detector performance.

11,129 x 20inch PMTs  (inner detector, ID)
39.3 m 
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Super-Kamiokande IV
Run 999999 Sub 0 Event 454 
10-02-15:01:25:39
Inner: 2208 hits, 9333 pe
Outer: 10 hits, 9 pe
Trigger: 0x03
D_wall: 1479.4 cm
mu-like, p = 1154.7 MeV/c

Charge(pe)
    >26.7
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Super-Kamiokande IV
Run 999999 Sub 0 Event 209 
10-02-17:16:23:39
Inner: 3136 hits, 6453 pe
Outer: 3 hits, 2 pe
Trigger: 0x03
D_wall: 1218.7 cm
e-like, p = 701.5 MeV/c
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μ-like

e-like

atmospheric ν data

MC

Probability that μ is mis-identified 
as electron is ~1%

Electron-like and 
muon-like event at SK

Particle identification using 
ring shape & opening angle

νe C
C

sim
ulation

νμ C
C

sim
ulation
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E! reconstruction at low energy

$E  % 60 MeV  $E/E  ~ 10%

T2K’s beam energy

→ need to reduce high energy ν

Charged Current Quasi-elastic (CCQE) interactions 
dominate at sub GeV 

ν interactions at high energy cause 
background events in T2K
   (e.g.  NC1π0 is one of νe background)

ν
μ

pπ

CC1π
ν

pπ

νNC1π

CCQE:  νe(μ) + n → e(μ) + p  
                               (T2K signal)

ν
e
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on-axis
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Horn

proton

!p #
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E ν
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)

1

00 2 85
Pπ(GeV)

Beam energy at oscillation max.
Eν  ~ 0.6 GeV (based on Δm2

23 & L=295km)

Off-axis beam : intense & narrow-band beam

Accurate and stable beam pointing is important 

→ T2K off-axis angle is 2.5°
     (maximize physics sensitivity)

Small νe component (0.5%@peak)
Small high energy tail 
→ small background

(Keep the peak energy stable)

OA3° 

OA0° 
OA2° 

OA2.5° 

Oscillation Prob.＠
!m2=3x10-3eV2 



Monitor beam direction and intensity

•Muon monitor
- monitor spill-by-spill

•On-axis INGRID 
- monitor actual ν beam day-by-day

- detector coverage is 10m x 10m 

Near Detectors

Stability of beam direction should be <1mrad
(to keep the peak energy at SK stable δE<2%)

September 22nd, 2006 NNN2006, University of Washington 28

Near Neutrino Detector

Two independent detectors

On-axis

Off-axis

On-axis detector

Measure !-beam profile

! !-beam direction at 1mrad precision

Iron-scintillator stacks x 14 units

Off-axis detector

Measure !-flux in SK direction

Measure !", !"-bar, !e+!e-bar fluxes 

separately.

Neutrino Energy !CC-QE kinematics

Cross sections of ! interactions

CC-1# / CC-QE: BG for E! reconstruction

NC-#0 production: BG for !e detection

OffOff--axisaxis

OnOn--axisaxis

17.5m

14m

ν beam
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30GeV 
MR

Super-Conducting
Magnets

Muon Monitor

!+

Horn1 Installation!
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TargetNear detector
(at 280m from target)

Beam monitors

J-PARC Neutrino beam facility

proton beam

to Super-K

Graphite, Φ26 x 
900 mm long

Helium cooling
110m length

3 Horns w/ 250kA

Si array 
+ IC array

intensity, position
profile



• 0.2 T UA1 magnet

• Fine Grained Detector (FGD)

- scintillator bars target (water target in FGD2) 

- 1.6ton fiducial mass for analysis

• Time Projection Chambers (TPC)

- better than 10% dE/dx resolution

- 10% momentum resolution at 1GeV/c

Off-axis Near Detector (ND280)
νμ CC events rate measurement
in present analysis

XIV International Workshop on Neutrino Telescopes (2011)A. Rubbia
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ND280 off-axis event gallery
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ND280 event displays: ! candidates 

!µ"

quasi-elastic candidate 

single pion  candidate DIS candidate 

!µ 

! " 

µ- 

!µ 

" " 

µ- 

## 

sand muon + DIS candidate 
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Event display (data)

νμ
TPC1 TPC2 TPC3

FGD1 FGD2

TPC dE/dx official plots 3
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Figure 3. Energy loss distribution as a function of the reconstructed momentum for positive
particles.

4. Misidentified muons
The last official plot describes the probability of having a misidentified muon with the TPC
PID. The knowledge of this number is is particularly important for the measurement at ND280
of the νe component in the beam.
To estimate this probability we selected a sample of muons by requiring one and only one re-
constructed track in each of the three TPCs. We also required that all the three tracks were
negative. The aim of this selection is to provide a clean sample of through going muons.
The distribution of energy loss versus momentum for this sample is shown in figure 4. For
momenta between 200 and 800 MeV/c we have 5 tracks with energy loss compatible with the
one of the electrons at 1 σ (0.19% of the total tracks) and 15 tracks compatible at 2 σ (0.72%).

[1] C. Giganti M. Zito, The Particle Identification in the T2K TPC, T2K-TN-001
[2] C. Giganti, The TPC Beam test: PID studies, T2K-TN-003

dE/dx (TPC: data)



Total # of protons used for analysis
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  # of bunch : 6 → 8
  rep. rate : 3.64s 
                 → 3.2s → 3.04s

Run 1 (Jan. ʼ10 - June ʼ10)
- 3.23 x 1019 p.o.t. for analysis
- 50kW stable beam operation

Run 2 (Nov. ʼ10 - Mar. ʼ11)
- 11.08 x 1019 p.o.t. for analysis
- ~145kW beam operation

Total # of protons used for this analysis is 1.43 x 1020 pot
2% of T2Kʼs final goal and x 5 exposure of the previous report

Run 2

50kW

145kW



ν beam stability
Stability of ν interaction rate normalized 
by # of protons (INGRID)

Stability of ν beam direction (INGRID)

ν beam dir. stability < 1mrad

Stability of beam direction (Muon monitor) Beam dir. stability < 1mrad

INGRID ν int. rate stability 
Run 1+2 / Run 1  < 1%
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1. Apply νe selection criteria to the events at far detector (SK)

2. Compare # of observed events and # of expected events  
 → search for νe appearance 

Analysis overview

✤ νe selection criteria

✤The expected number of events at Far detector
            using Hadron (pion) production measurement &
                                 ND ν event rate measurement

✤ Systematic uncertainty

✤ Observation at Far detector & Results

Contents in this section



✤ νe selection criteria 

✤ The expected number of events at Far detector

✤ Systematic uncertainty

✤ Observation at Far detector & Results



Super-Kamiokande IV
Run 999999 Sub 0 Event 458 
10-02-15:01:36:54
Inner: 3366 hits, 8116 pe
Outer: 7 hits, 5 pe
Trigger: 0x03
D_wall: 1443.6 cm
e-like, p = 898.6 MeV/c

Charge(pe)
    >26.7
23.3-26.7
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• Signal = single electron event

- oscillated νe interaction :

• Background 

- intrinsic νe  in the beam (from μ, K 
decays)

- π0 from NC interaction

Super-Kamiokande IV
Run 999999 Sub 0 Event 209 
10-02-17:16:23:39
Inner: 3136 hits, 6453 pe
Outer: 3 hits, 2 pe
Trigger: 0x03
D_wall: 1218.7 cm
e-like, p = 701.5 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
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T2K Signal & Background for νe appearance
νe CCsimulation

CCQE : νe + n → e + p
(dominant process at T2K beam energy)

νe
e

p
νμ

NC 1π 0simulation
!0

!

!
small opening 
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"
#

π0→γγ



1. T2K beam timing & Fully contained (FC)
    (synchronized the beam timing, no activities in the OD)

2. In fiducial volume (FV) 
    (distance btw recon. vertex and wall > 200 cm)

3. Single electron
     (# of ring is one & e-like)

νe selection at far detector (SK)

* Avoid degraded reconstruction of vertex and 
Cherenkov rings for events too close to the wall
* Reject events which originated outside the ID
* Define FV 22.5kton

7 selection cuts

The selection criteria were fixed before data taking started to avoid bias

FV

OD
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Super-K 762.5 days
FCFV Sub-GeV

atmospheric ν FC events 

30MeV < visible energy < 1330MeV

The selection criteria were optimized for initial running condition

MC
Data



sin22θ13 = 0.1
T2K MC

4. Visible energy > 100 MeV 

* Reject low energy events, such as
  NC background and decay 
  electrons from invisible 
  muon decays

5. No decay electron observed
    (no delayed electron signal)

* Reject events with muons or pions 
  which are invisible or 
  mis-identified as electron
 (νμ events or 
  CC non-QE events)

sin22θ13 = 0.1
T2K MC
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this cut rejects 14% of 
NC, 30% of νμ CC bkg.

this cut rejects 
85% of νμ CC bkg.
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as e

98% of signal remains 
with this cut

90% of signal remains 
with this cut

(visible energy = electron-equivalent energy 
                                               deposited in ID)



Super-Kamiokande IV
Run 999999 Sub 0 Event 458 
10-02-15:01:36:54
Inner: 3366 hits, 8116 pe
Outer: 7 hits, 5 pe
Trigger: 0x03
D_wall: 1443.6 cm
e-like, p = 898.6 MeV/c

Charge(pe)
    >26.7
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• 100< Evis < 1200 MeV

• Nring == 1

• PID < 0 (Item 4. in Section 2.1)

• Ndcy == 0
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Figure 15: Distributions of PID parameter of the νe enriched control sample. The left and right figures
show the same information but use different vertical scales. The events with PID parameter less than
zero are “core” event, and those greater than zero are “tail” events.
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Figure 16: Distributions of the reconstructed invariant mass by POLfit of the νe enriched control
sample. The left and right figures show the same information but use different vertical scales. The events
with reconstructed mass less than 105 MeV/c2 are “core” events, and those greater than 105 MeV/c2 are
“tail” events.

Figure 15 and Figure 16 show the distributions of the cut parameter, and Table 15 and
Table 16 show the breakdown of the interaction mode, for the control sample of PID and POLfit
mass cut, respectively. The results of the fitting analysis are shown in Table 17 and Table 18.

For the fitting result of the PID efficiency (T2K beam νe correction), the best fit point and 1 σ
limit are beyond the physical region (ε=-1). We take the systematic error with 100% efficiency

24

sin22θ13 = 0.1

T2K MC

* Suppress NC π0 background

6. Reconstructed 
    invariant mass (Minv) < 105 MeV/c2

demonstrate to reconstruct invariant 
mass using atmospheric ν data

SK atm. ν data and MC 
(single ring e-like event with 

T2K νe selection)

Forced to find 2nd ring by using expected light 
pattern under the 2 e-like rings assumption, and 
then reconstruct invariant mass of these 2 e-like 
rings
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After all the selection criteria
  background rejection :
    >99% for νμ CC,  
    77 % for beam νe CC, 
    99 % for NC
  νμ→νe CC signal eff. : 66 %

sin22θ13 = 0.1
T2K MC

reconstruct energy assuming  CCQE

* Reject intrinsic beam νe backgrounds at high energy
* Signal (νμ→νe) has a sharp peak at Eν~600MeV

7. Reconstructed energy (Erec) < 1250 MeV
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this cut rejects 36% 
of beam νe bkg.

Erec =
mnEl − m2

l /2 − (m2
n − m2

p)/2

mn − El + pl cos θl

ν
e

p
(pl,θl)

98% of signal remains 
with this cut

(with additional correction for nuclear potential)



✤ νe selection criteria

✤ The expected number of events at Far detector

✤ Systematic uncertainty

✤ Observation at Far detector & Results



The number of signal and background events are derived by the # of 
observed νμ event rate at near detector (Rμ,DataND) and the ratio of the 
expected events in the near and far detectors (F/N ratio)

Expected # of events at Far detector

ND νμ event rate
measurement

F/N ratio is estimated by 
using MC which is based on 
measurements

Nexp
SK = Rµ, Data

ND ×
NMC

SK

Rµ, MC
ND



Expected # of events at Far detector

ND νμ event rate

(flux ) x (osc. prob.)  x  (x-section)  x (efficiency) x (det. mass)
F/N ratio for νe signal event

Nexp
SK = Rµ, Data

ND ×
NMC

SK

Rµ, MC
ND

Stability of the beam event rate is confirmed by INGRID measurement

Measurement of the number of inclusive νμ charged-current events in 
ND per p.o.t. using data collected in Run 1 (2.88 x 1019 p.o.t.)

NMC
SK νe sig.

Rµ, MC
ND

=

�
ΦSK

νµ
(Eν) · Pνµ→νe(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

· MSK

MND
· POT

SK

INGRID ν int. rate stability Run 1+2 / Run 1  < 1%



Neutrino flux prediction
T2K Neutrino beam simulation based 
on Hadron production measurements

�
ΦSK

νµ
(Eν) · Pνµ→νe(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

• Use CERN NA61/SHINE pion measurement
   (large acceptance: >95% coverage of ν parent pions)
• Kaon, pion outside NA61 acceptance, other interaction 
   in the target were based on FLUKA simulation
• Secondary interaction x-sections outside the target were based on 
   experimental data 

Hadron production in 30GeV proton + C

horn focusing, 
decay is simulated 
by GEANT3

proton beam

π, K

νμ

μgraphite
target

SK
NDactual beam profile & 

position 
(beam monitors meas.)
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Figure 11: (Color online) Examples of two-dimensional m2–dE/dx plots for positively charged particles in three momentum
intervals indicated in the panels. 2σ contours around fitted pion peaks are shown. The left and middle plots correspond to the
dE/dx cross-over region while the right plot is at such a high momentum that the ToF-F resolution becomes a limiting factor.
The combination of both measurements provides close to 100% purity in the pion selection over the whole momentum range.
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Figure 12: (Color online) Polar angle (θ) vs. azimuthal angle
(φ) distribution for reconstructed negatively charged particles
in the momentum interval 0.5 < p [GeV/c] < 5 (top). Com-
parison of the azimuthal angle distribution for reconstructed
negatively charged particles in the data and in the Venus
model with default parameters for the polar angle interval
[140,180] mrad (bottom).

tance in azimuthal angle. This is illustrated in Fig. 12,
where the azimuthal angle distribution is shown for all
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Figure 13: (Color online) Fraction of accepted particles as a
function of momentum and polar angle, after the track accep-
tance cuts (see Sec. VA) (top), and after an additional ToF-F
acceptance cut (see Sec. VE) (bottom). The first polar angle
bin, [0,20] mrad, is fully covered by accepted particles up to
7.6 GeV/c.

accepted negatively charged particles. The fraction of
negatively charged particles accepted in the TPCs and
in the TPCs plus ToF-F is plotted as a function of mo-

Measure hadron(π, K) yield distribution in 
30 GeV p + C inelastic interaction
- thin target 4%λI (2cm) 

CERN NA61/SHINE measurement

2

Figure 2: (Color online) The layout of the NA61/SHINE experiment at the CERN SPS (top view, not to scale). The chosen

right-handed coordinate system is shown on the plot. The incoming beam direction is along the z axis. The magnetic field

bends charged particle trajectories in the x − z (horizontal) plane. The drift direction in the TPCs is along the y (vertical)

axis.

NA61/SHINE experimental set-up is described. Details
on the beam, trigger and event selection are given in
Sec. III. Data reconstruction, simulation and detector
performance are described in Sec. IV. Analysis techniques
and final results are presented in Secs. V and VI, respec-
tively. These results are compared with hadron produc-
tion models in Sec. VII. A summary in Sec. VIII closes
the paper.

II. THE NA61/SHINE SET-UP

The NA61/SHINE experiment is a large acceptance
hadron spectrometer in the North Area H2 beam-line of
the CERN SPS. The schematic layout is shown in Fig. 2
together with the overall dimensions.
The main components of the current detector were con-

structed and used by the NA49 collaboration [17]. A set
of scintillation and Cherenkov counters as well as beam
position detectors (BPDs) upstream of the spectrometer
provide timing reference, identification and position mea-
surements of the incoming beam particles. Details on this
system are presented in Sec. III. The main tracking de-
vices of the spectrometer are large volume Time Projec-
tion Chambers (TPCs). Two of them, the vertex TPCs
(VTPC-1 and VTPC-2 in Fig. 2), are located in a free
gap of 100 cm between the upper and lower coils of the
two superconducting dipole magnets. Their maximum

combined bending power is 9 Tm. In order to optimize
the acceptance of the detector at 31 GeV/c beam mo-
mentum, the magnetic field used during the 2007 data
taking period was set to a bending power of 1.14 Tm.
Two large TPCs (MTPC-L and MTPC-R) are positioned
downstream of the magnets symmetrically to the beam
line. The TPCs are filled with Ar:CO2 gas mixtures
in proportions 90:10 for VTPCs and 95:5 for MTPCs.
The particle identification capability of the TPCs based
on measurements of the specific energy loss, dE/dx, is
augmented by time-of-flight measurements using Time-
of-Flight (ToF) detectors. The ToF-L and ToF-R ar-
rays of scintillator pixels have a time resolution of better
than 90 ps [17]. Before the 2007 run the experiment
was upgraded with a new forward time-of-flight detec-
tor (ToF-F) in order to extend the acceptance. The
ToF-F consists of 64 scintillator bars with photomulti-
plier (PMT) readout at both ends resulting in a time
resolution of about 115 ps. The target under study is
installed 80 cm in front of the VTPC-1. The results pre-
sented here were obtained with an isotropic graphite tar-
get of dimensions 2.5(W)×2.5(H)×2(L) cm and with a
density of ρ = 1.84 g/cm3. The target thickness along
the beam is equivalent to about 4% of a nuclear interac-
tion length (λI).

NA61/SHINE setup

Large acceptance spectrometer + TOF
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• To exploit the performances of the detector, three different analysis have been 
developed.
• Statistical and systematical errors are independently calculated.
• Final combined spectra allow to reach the maximum acceptance.

3

arXiv:1102.0983 [hep-ex]

detector performance

π+ production: Two analysis
for different momentum region

~13m

~10m

σ(dE/dx)/�dE/dx� ≈ 0.04
σ(TOF-F) ≈ 115 ps

σ(p)/p2 ≈ 2× 10−3, 7× 10−3, 3× 10−2(GeV/c)−1

for p > 5, p = 2, p = 1 GeV/c

p

K

π e



Results of pion production from thin target (2007 data)
Differential cross section for π+ production
in 30GeV p+C 

Systematic uncertainty was 
evaluated in each (p,θ) bin

typically 5-10% 

→ Propagate the systematic 
uncertainty in each (p,θ) bin 
into the expected number of 
events in T2K

→ Input to T2K neutrino beam simulation

N.Abgrall et al., arXiv:1102.0983 [hep-ex]
submitted to Phys.Rev.C (2011) 

The normalization 
uncertainty is 2.3% on the 
overall (p,θ)
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ΦSK
νe

(Eν)
Predicted neutrino flux (center value)

ΦSK
νµ

(Eν)

ΦND
νµ

(Eν)

µ+ → e+ν̄µνe

π+ → µ+νµ

NA61 pion measurement  
predicts the beam νe from 
π→μ→e decay chain

106 104

μ decay is dominated at 
Eν < 1250MeV



• Measure # of inclusive νμ charged current interaction (NData
ND)

νμ interaction rates at near detector

μ
νμ

High purity :  90% νμ Charged Current int. (50% CCQE)

νμ

Select events 
which have FGD hits and 
μ-like tracks reconstructed 
in single TPC

TPC1 TPC2

TPC3

FGD1 FGD2

Event display (data)



Results

data is consistent with
MC based on the NA61 and 
ν interaction simulation (w/o tuning) 

p.o.t. normalized

Rµ, Data
ND = 1529 events / 2.9× 1019 p.o.t.

Rµ, Data
ND

Rµ, MC
ND

= 1.036± 0.028(stat.)+0.044
−0.037(det. syst.)± 0.038(phys. syst.)

ND Measurement of muon momentum in 
inclusive νμ CC events (νμ + N → μ+ + X)



Intrinsic Beam νe background 
at Far detector

• The number of beam νe background events at far detector 
is predicted using the ν beam simulation based on NA61 
measurements (pion) and FLUKA (kaon)

- ND measurements (μ momentum and event rate) are consistent with 
MC based on the ν beam simulation

Nexp
SK beam νe bkg. = Rµ, Data

ND ×
NMC

SK beam νe bkg.

Rµ, MC
ND

NMC
SK beam νe bkg.

Rµ, MC
ND

=

�
ΦSK

νe
(Eν) · Pνe→νe(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

· MSK

MND
· POT

SK



The expected number of events for sin22θ13=0

beam
νμ CC

beam
νe CC NC

Oscillated
νμ→νe

(solar term)
Total

The expected 
# of events at 

SK
0.03 0.8 0.6 0.1 1.5

The expected number of events with 1.43 x 1020 p.o.t.

NexpSK tot. = 1.5 events

Nexp
SK NC bkg. = Rµ, Data

ND ×
NMC

SK NC bkg.

Rµ, MC
ND

# of NC background is calculated by



✤ νe selection criteria 

✤The expected number of events at Far detector

✤ Systematic uncertainty

✤ Observation at Far detector & Results



Systematic uncertainty on NexpSK

for sin22θ13=0 

�
ΦSK

νµ(νe)(Eν) · Posc.(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

NexpSK=1.5±0.3 
events

error source syst. error
(1) ν flux ±8.5%
(2) ν cross section ±14.0%
(3) Near detector +5.6

−5.2%
(4) Far detector ±14.7%
(5) Near det. statistics ±2.7%
Total +22.8

−22.7%

int. cross section

Nexp
SK = Rµ, Data

ND ×
NMC

SK

Rµ, MC
ND



�
ΦSK

νµ(νe)(Eν) · Posc.(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

Neutrino flux uncertainty

• Pion production

- NA61 systematic uncertainty in each pion’s (p,θ) bin

• Kaon production 
- Used model (FLUKA) is compared with the data(Eichten et. al.) in each 

kaon’s (p,θ) bin

• Secondary nucleon production
- Used model (FLUKA) is compared with 

the experimental data

• Secondary interaction cross section 
- Used model (FLUKA and GCALOR) is compared with

the experimental data of interaction x-section (π, K and nucleon)

Uncertainties in hadron
production and interaction are 
dominant sources

error source syst. error
(1) ν flux ±8.5%
(2) ν cross section ±14.0%
(3) Near detector +5.6

−5.2%
(4) Far detector ±14.7%
(5) Near det. statistics ±2.7%
Total +22.8

−22.7%

Error source

proton

π, K

graphite target

n,p



Summary of ν flux uncertainties on NexpSK for sin22θ13=0

Error cancellation works for some beam uncertainties

The uncertainty on NexpSK due to the beam flux syst.  is 8.5% 

Hadron 
production

& interaction

Nexp
SK = Rµ, Data

ND ×
NMC

SK

Rµ, MC
ND

Error source Rµ, MC
ND NMC

SK
NMC

SK

Rµ, MC
ND

Pion production 5.7% 6.2% 2.5%

Kaon production 10.0% 11.1% 7.6%

Nucleon production 5.9% 6.6% 1.4%

Production x-section 7.7% 6.9% 0.7%

Proton beam position/profile 2.2% 0.0% 2.2%

Beam direction measurement 2.7% 2.0% 0.7%

Target alignment 0.3% 0.0% 0.2%

Horn alignment 0.6% 0.5% 0.1%

Horn abs. current 0.5% 0.7% 0.3%

Total 15.4% 16.1% 8.5%
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Figure 2: Comparison of the NEUT prediction for inclusive NC 1π0 differential cross sections to
MiniBooNE data [16] as a function of π0 momentum (left) and angle to the neutrino beam (right).
Bottom: Fractional error in the data (black) and NEUT/data discrepancy (red). Error bars include
statistical and systematic uncertainties.

# of π0 Frac. Err. or Diff. [%]
SK data 1113 ±3

NEUT MC 1067 -4.1

Table 4: Total number of π0 produced in SK atmospheric neutrino data during the SK1 to SK4
period, including fractional statistical error in the data (first row) and NEUT/data difference
(second row).

4

error source syst. error
(1) ν flux ±8.5%
(2) ν cross section ±14.0%
(3) Near detector +5.6

−5.2%
(4) Far detector ±14.7%
(5) Near det. statistics ±2.7%
Total +22.8

−22.7%

ν int. cross section uncertainty

Pπ0  (GeV/c)

Evaluate uncertainty on F/N ratio by varying the 
cross section within its uncertainty
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FIG. 1. Predicted neutrino fluxes at SK. The shaded box
indicate the total systematic uncertainties for each energy bin.

predictions corrected using an inclusive rate measure-1

ment in the near detector.2

The neutrino beam flavor fluxes (Fig. 1) are computed3

starting from specific MC models and tuning on exper-4

imental data. The primary beam is generated to re-5

produce the actually measured parameters. Pion pro-6

duction in (p, θ) bins are fixed by the NA61/SHINE7

measurements [20], with typically 5-10% uncertainties8

in each bin, and for kaons from Eichten et al. [21].9

Hadron production outside the experimentally measured10

phase space is modeled using FLUKA [22, 23] with as-11

signed systematic errors of 50%. GEANT3 [24] with12

GCALOR [25] for hadronic interactions, handles prop-13

agation through the magnetic horns, target hall, de-14

cay volume and beam dump. Additional errors to the1516

fluxes include the proton beam measurement uncertain-17

ties, beamline component alignment uncertainties, and18

the INGRID neutrino beam direction measurement un-19

certainty. INGRID was live for > 99.6% of the run.20

An analysis requiring a reconstructed track traversing21

at least two iron plates showed a beam profile consistent22

with expectations and an absolute neutrino rate stable at23

∼ 1.5/1014p.o.t. It determined the average beam center24

over the run to be −0.4± 0.7(stat.)± 9.2(syst.)cm hori-25

zontally and −3.0± 0.7(stat.)± 10.4(syst.)cm vertically,26

indicating that beam steering was better than ±1 mrad27

(Fig. 2). The error in the position of SK relative to the2829

beamline elements obtained from a dedicated GPS sur-30

vey is negligible. Finally, the estimated neutrino νµ and31

νe fluxes uncertainties below 1 GeV are in the range of32

14% (see shaded boxes in Fig. 1). Above 1 GeV, the νe33

flux error is dominated by the uncertainty on the kaon34

production rate with resulting uncertainties ∼20-50%.35

The NEUT MC event generator [26] is used to simulate36

neutrino interactions in the near and far detectors, and37

compared to GENIE [27]. Cross-section uncertainties are38

estimated separately for CCQE, single pion production39

in charged current interaction (CC 1π), charged current40
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FIG. 2. Beam centering stability as measured by INGRID.

coherent pion production (CC coherent π0), and others.41

For NC interactions, they are NC 1π0, NC coherent π42

and others. Each reaction is assigned an absolute nor-43

malization error, see Table I. Uncertainties include vari-44

ation of the axial mass by ±0.2 GeV for QE and single45

pion production events, and ±0.5 GeV for coherent pion46

processes. The CCQE error increases at lower energies47

to account for differences between near and far detec-48

tors nuclear targets. Uncertainties in intranuclear final49

state interactions (FSI), implemented with a miroscopic50

cascade model [28], introduce an additional error in the51

rates, see e.g. [29].52

Process Systematic error (comment)

CCQE energy dependent (∼ ±7% at 500 MeV)

CC 1π 30% (Eν < 2 GeV) – 20% (Eν > 2 GeV)

CC coherent π0 100% (upper limit from [30])

CC other 30% (Eν < 2 GeV) – 25% (Eν > 2 GeV)

NC 1π0 30% (Eν < 1 GeV) – 20% (Eν > 1 GeV)

NC coherent π 30%

NC other π 30%

Final State Int. energy dependent (∼ ±10% at 500 MeV)

TABLE I. Assumed systematic errors for cross-sections.

The near off-axis detector analysis provides normaliza-
tion for the number of events expected at the far detec-
tor. The data, collected during Run-1 corresponding to
2.88 × 1019 p.o.t., is used. Events are selected in one of
the two FGD with tracks entering the downstream TPC.
The most energetic negative track in the TPC is selected
and it must have a dE/dx distribution compatible with
a muon. To reduce background from interactions outside
the FGD, no tracks in the most upstream TPC should be
identified. The analysis selects 1529 events with a 38%
efficiency and a 90% purity for CC interactions in the
FGD fiducial volume. Backgrounds come from NC and
interactions outside the FGD. The momentum of the se-
lected muon is shown in Fig. 3 and shows good agreement
between data and MC. The measured data/MC ratio is

NData
ND /NMC

ND = 1.036± 0.028(stat.)+0.044
−0.037(det.syst.)

Cross section uncertainty 
relative to the CCQE total x-section

Uncertainty of σ(νe)/σ(νμ) = ±6%

Cross section uncertainties are 
estimated by Data/MC comparison, 
model comparison and parameter 
variation

�
ΦSK

νµ(νe)(Eν) · Posc.(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

MiniBooNE data
MC (NEUT)

CC QE in SciBooNE
Preliminary



ν int. cross section uncertainty
on Nexp

SK for sin22θ13=0

error source syst. error
(1) ν flux ±8.5%
(2) ν cross section ±14.0%
(3) Near detector +5.6

−5.2%
(4) Far detector ±14.7%
(5) Near det. statistics ±2.7%
Total +22.8

−22.7%

Source syst. error on Nexp
SK

CC QE shape 3.1%

CC 1π 2.2%

CC Coherentπ 3.1%

CC Other 4.4%

NC 1π0 5.3%

NC Coherentπ 2.3%

NC Other 2.3%

σ(νe) 3.4%

FSI 10.1%

Total 14.0%

The uncertainty on NexpSK due to the ν x-section syst.  is  14% (sin22θ13=0)

Uncertainty in pionʼs 
final state interaction

is dominant

Error source         NC background  : NC1π0

Beam νe background  : νe CCQE 
                        Signal : νe CCQE
             ND CC event : CCQE(50%)
                                     CC1π(23%)

Main ν interaction in each event 



Far detector uncertainty

• Uncertainty due to the SK detector systematic

• Evaluate using control sample

detection efficiency of NC 1π0 background
Topological control sample of π0

made by combining one data electron + one simulated γ

One of biggest error source: 

PID likelihood
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Figure 4: PID likelihood of the primary h-π0 samples along the event selection.
The MC distribution is normalized to data by entries. The statistical error from
the electron data is shown in each bin. The cut threshold is indicated by the pink
arrow.
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Figure 5: POLfit π0 mass for the primary h-π0 samples along the event selection.
The MC distribution is normalized to data by entries. The statistical error from
the electron data is shown in each bin. The cut threshold is indicated by the pink
arrow.

6

invariant mass Minv [MeV]

MC

control sample data

�
ΦSK

νµ(νe)(Eν) · Posc.(Eν) · σ(Eν) · �SK(Eν) dEν

�
ΦND

νµ
(Eν) · σ(Eν) · �ND(Eν) dEν

error source syst. error
(1) ν flux ±8.5%
(2) ν cross section ±14.0%
(3) Near detector +5.6

−5.2%
(4) Far detector ±14.7%
(5) Near det. statistics ±2.7%
Total +22.8

−22.7%

apply T2K νe selection and compare 
the cut efficiency between control sample data 
and its MC
  → difference is assigned as sys. error

π0 efficiency=6.8±0.7(syst.)%



Uncertainty of νe CCQE selection efficiency

atmospheric ν sample
subsample which satisfies all T2K νe selection criteria (signal-like)
and sidebands

From comparisons btw the atmν data and MC,
we constrain selection efficiency of each cuts.

signal-like
(e-like)

signal-like
(1-ring)

signal-like

sideband-Csideband-B
(multi-ring)

sideband-A
(μ-like)

(syst.)
(syst.)
(syst.)

(syst.)
(syst.)
(syst.)

PID parameter Ring Counting Parameter Invariant mass

detection efficiency of νe CC (for dominant BG and signal)



Particle ID uncertainty study
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mis-PID:
  Data: 0.00±0.16(stat.)%
  MC  : 0.10±0.10(stat.)%

mis-PID:
  Data: 0.54±0.39(stat.)%
  MC  : 0.20%

atmospheric ν sample
μ control sample selected by decay electrons

Cosmic ray μ sample

The mis-ID fraction and the likelihood are well reproduced.
→PID uncertainty < 1%

PID Likelihood
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7.6% 15%Total

δNMC
SK bkg. tot.

NMC
SK bkg. tot.

δNMC
SK νe sig.

NMC
SK νe sig.

Evaluated by 
atmospheric 

νe enriched data 

Error source

π0 rejection - 3.6%

Ring counting 3.9% 8.3%

Electron PID 3.8% 8.0%

Invariant mass cut 5.1% 8.7%

Fiducial volume cut etc. 1.4% 1.4%

Energy scale 0.4% 1.1%

Decay electron finding 0.1% 0.3%

Muon PID - 1.0%

→ The total uncertainty on NMCSK tot.  is 14.7 % (sin22θ13=0)
     (uncertainty on the background + solar term oscillated νe)

Summary of Far detector systematics uncertainty



Total Systematic uncertainties

NexpSK tot. = 1.5 ± 0.3     at sin22θ13=0

Error source sin2 2θ13 = 0 sin2 2θ13 = 0.1
(1) Beam flux ±8.5% ±8.5%
(2) ν cross section ±14.0% ±10.5%
(3) Near detector +5.6

−5.2%
+5.6
−5.2%

(4) Far detector ±14.7% ±9.4%
(5) Near det. statistics ±2.7% ±2.7%
Total +22.8

−22.7%
+17.6
−17.5%

Summary of systematic uncertainties on NexpSK total. for sin22θ13=0 and 0.1

cf.
sin22θ13=0:
    #sig = 0.1 #bkg = 1.4

sin22θ13=0.1: 
    #sig = 4.1 #bkg = 1.3

int. cross section

(due to small Far det. 
    uncertainty for signal)



✤ νe selection criteria 

✤The expected number of events at Far detector

✤ Systematic uncertainty

✤ Observation at Far detector & Results



SK events in beam timing
• Events in the T2K beam timing synchronized by GPS

relative event timing to the spill timing

LE: low energy events
OD: hits at Outer Detector
FC:  No hit at Outer Detector

ΔT0 = TGPS@SK - TGPS@J-PARC - TOF(~985μsec)

Clear beam structure !
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Number of T2K events at far detector
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non-beam 
background

The accidental contamination from atmospheric ν background 
is estimated using the sideband events to be 0.023
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Fiducial volume cut
(distance between recon. vertex and wall > 200cm)

apply the νe event selection
defined before the data collection
6 selection cuts other than FC cut



Single electron cut  (# of ring is one & e-like)

e-like μ-like
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No decay electronVisible energy cut  
(visible energy > 100MeV)
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Invariant mass cut (Minv < 105 MeV/c2)
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Reconstructed  energy (MeV)
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Reconstructed ν energy cut (Erec < 1250 MeV) : Final cut

6 candidate events 
remain after all cuts !!

(Nexp = 1.5 ± 0.3  at sin22θ13=0)

(MC w/ 
  sin22θ13 = 0.1)



νe candidate event
Super-Kamiokande IV
T2K Beam Run 0 Spill 1039222
Run 67969 Sub 921 Event 218931934 
10-12-22:14:15:18
T2K beam dt =  1782.6 ns
Inner: 4804 hits, 9970 pe
Outer: 4 hits, 3 pe
Trigger: 0x80000007
D_wall: 244.2 cm
e-like, p = 1049.0 MeV/c

Charge(pe)
    >26.7
23.3-26.7
20.2-23.3
17.3-20.2
14.7-17.3
12.2-14.7
10.0-12.2
 8.0-10.0
 6.2- 8.0
 4.7- 6.2
 3.3- 4.7
 2.2- 3.3
 1.3- 2.2
 0.7- 1.3
 0.2- 0.7
    < 0.2

0 mu-e
decays

0 500 1000 1500 2000
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visible energy : 1049 MeV
# of decay-e   : 0 
2γ Inv. mass   : 0.04 MeV/c2

recon. energy : 1120.9 MeV



Further check

e

Beam direction

θbeam

Check several distribution of νe candidate events   

(MC w/ 
  sin22θ13 = 0.1)
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Vertex distribution of νe candidate events   

* Check distribution of events outside FV  → no indication of BG contamination

Events tend to cluster at large R
  → Perform several checks.  for example

beam direction
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* A K.S. test on the R2 distribution yields a p-value of 0.03
* Check distribution of OD events  → no indication of BG contamination



Results for νe appearance search
with 1.43 x 1020 p.o.t.

for sin22θ13=0

→ Probability to observe 6 or more events is 
0.007, assuming θ13=0, corresponding to 2.5σ 
significance.

The observed number of events is 6

The expected number of events is 1.5 ± 0.3



Allowed region of sin22θ13 
for each Δm2

23 
(assuming δCP=0)

Feldman-Cousins method was used
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Allowed region of sin22θ13 
for each δCP 

(assuming Δm223=2.4 x 10-3 eV2)

0.03 < sin22θ13 < 0.28 0.04 < sin22θ13 < 0.34

90% C.L. interval (assuming Δm223=2.4 x 10-3 eV2, δCP=0)
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T2K Next steps

• Plan for re-starting experiment in this calendar year

- Recovery works in progress

• Analysis improvement

- New analysis methods using νe signal shape (e.g. recon. energy) are under 
developing

- Improve uncertainties in the Super-K for subdominant BG sources,              
i.e. π±, π±π0, μπ0 etc.

Aim to firmly establish νe appearance and 
to better determine the angle θ13

This result is obtained by only 2% exposure of T2K’s goal.



Conclusion
• We reported new results from νμ → νe oscillation analysis based 

on 1.43 x 1020 p.o.t. (2010 Jan. - 2011 Mar.)

- Observe 6 candidate events

- # of expected events = 1.5 ± 0.3(syst.)  (sin22θ13 = 0)

- Under null θ13 hypothesis, prob. of observing 6 or more events is 0.007, 
equivalent to 2.5σ significance.

- 0.03 (0.04) < sin22θ13 < 0.28 (0.34)  at 90% C.L. for normal (inverted) 
hierarchy (assuming Δm2

23=2.4 x 10-3 eV2, δCP=0)

• Plan for improve the measurement after recovery of the 
experiment in this calendar year

• νμ disappearance result with 1.43 x 1020 p.o.t. data will be 
reported this summer

Indication of νμ→νe appearance
The paper was submitted to PRL and the preprint will appear in arXiv tomorrow.



Epilogue

Personal view of future prospects...



Toward full picture of neutrino 
masses and mixings

Discovery of (θ23, Δm2
23) 

                         → (θ12, Δm2
12) 

                                     → θ13 in a few year?

If θ13 is really large (sin22θ13~0.1) as indicated by T2K, 
we have to think very seriously how to explore last ν’s 
parameter in the MNS matrix:

δCP

atmospheric ν

solar, reactor ν

CP odd term in P(νμ→νe)      
             sinθ12sinθ13sinθ23sinδ∝



~0.6GeV !µ"
295km

x20 Larger Target

Higher IntensityQuest for CP Violation 
in lepton sector.



Compare electron appearance (number 
and spectrum) in ν and anti-ν beam
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Sensitivity on δCP
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CPV discovery potential
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Proton Decay 
- explore quark/lepton unification - 

p!e+!0 
•  1.0 x 1034 years (Super-K I+II+II @ 90% C.L.) 

! 1 x 1035 years (0.54Mton x 10yrs @ 90% CL)   

p!"K+ 
•  3.3 x 1033 years (Super-K I+II+III @ 90%C.L.) 
      ! 2 x 1034 years (0.54 Mton x 10yrs @ 90% CL) 
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Hyper-K Base-Design!
•  1Mton total volume, twin cavity!
•  0.54Mton fiducial volume!
•  Inner (D43m x L250m) x 2!
•  Outer Detector >2m!
•  Photo coverage 20% (1/2 x SK)

Hiroyuki Sekiya  NNN10 Dec 15 2010@Toyama　

8’’ and 13’’ HPDs available in 2012

! Hamamatsu will release in 2012

18

20” PMT w/ cover

FEM analysis 
(Factor of safety)

•  Base-design to be 
optimized!

•  Geological survey of 
the site is going on!

•  Qualitative studies on 
physics potential !

Preliminary Design


