
T2K: First Results
H. A. Tanaka (IPP/UBC)

Fermilab Short Baseline Neutrino Workshop

1Thursday, May 12, 2011



Motivation
θ13: 

• Last unmeasured parameter in neutrino mixing matrix (sin22θ13<0.15)
• “Gate keeper” to CP violation in neutrino oscillations
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Motivation
θ13: 

• Last unmeasured parameter in neutrino mixing matrix (sin22θ13<0.15)
• “Gate keeper” to CP violation in neutrino oscillations

Atmospheric oscillation parameters θ23, Δm223 
• Maximal mixing (θ23 =450)? Precision measurement needed
• possible clues to illuminate structure of neutrino mixing matrix
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Motivation
“Tokai-to-Kamioka”: 

• high sensitivity search for νµ→νe appearance due to θ13
• high precision measurement of νµ disappearance due to θ23, Δm223

by sending high intensity ~600 MeV νµ beam 295 km 

• from Tokai (J-PARC) 

• to Kamioka (Super Kamiokande detector)

~500 collaborators from 59 institutions 12 nations, 
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T2K:
“Tokai-to-Kamioka”: 

• high sensitivity search for νµ→νe appearance due to θ13
• high precision measurement of νµ disappearance due to θ23, Δm223

by sending high intensity E~600 MeV νµ beam L=295 km 

• from Tokai (J-PARC) 

• to Kamioka (Super Kamiokande detector)

With known Δm2 values, chosen L/E  maximizes oscillation probabilities
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P (νµ �→ νµ) ∼ sin2 2θ23 sin2 ∆23
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Producing νµ beam

p(30GeV) + C→ π+ + X
�→ νµ + µ+

p

NUFACT Workshop Mark Hartz, U. of Toronto/York U.

Beamline Magnets

Superconducting Magnets

Normal Conducting Magnets

 Located in the arc section of the beamline

 28 magnets each producing both dipole 

(2.59 T) and quadrapole (18.6 T/m) fields

 Operational current of 4.36 kA, T
max

<5 K

 2 hour recovery from normal quench

 Located in the preparation and final focusing sections of the beamline

 Operate in the 1-10 kG range
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Off-Axis Beam Concept

• Tune angle to maximize flux at 
oscillation maximum

• Reduce high energy neutrinos (GeV/c)
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p(30GeV) + C→ π+ + X
�→ νµ + µ+

2.5° off-axis
3.0° off-axis

2.0° off-axis

• Pions (and neutrinos) produced 
with wide energy spectrum

• Relativistic kinematics can be 
exploited to produce “narrow” 
band neutrino beam
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Neutrino Interactions

• At ~1 GeV, interactions dominated by “quasi-elastic”

• CC allows flavor-tagging (νe vs. νµ)
• neutrino energy via lepton momentum 

• Single pion production (CC and NC): 

• misidentification as CCQE results in incorrect neutrino energy

• photons from π0 → γ + γ may be misidentified as electrons 

ν� �−

n p p

ν� ν�

p∆+

π0

W Z

ν� + n→ �− + p ν� + p→ ν� + p + π0

“CCQE” “NC 1π”
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Neutrino flux

Neutrino flux predicted by detailed MC 
simulation tuned with:

• Preliminary NA61 π± production data 

• Other external data for K, hadron 
interaction cross sections.

• Measurements from beam monitors, 
neutrino beam direction.
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On-axis: (INGRID)

“GRID” of neutrino detectors:

• Fe/Scintillator trackers

• event rate allows ~daily monitor of profile

• Measure center of beam with profile of 
interaction rate module-to-module

• Beam axis within 1 mrad of nominal 
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Off-axis detectors
Tracker: 3 TPC/2 FGD
FGD=Fine Grained Detector (1 ton)

   scintillator tracker with ~1x1 cm2 bars
TPC: Precise kinematic reconstruction of νμ CC
         with 0.2 T magnetic field
         Particle ID for beam νe  (~103 rejection)

ECAL
Pb/scintillator tracking calorimeter 
for photon detection and e/µ/π 
identification of tracks

P0D
scintillator/(brass/Pb) tracker 
optimized for π0 detection via 
photon shower identification

SMRD:
scintillator planes instrumenting 
magnet yoke for muon detection

UA1 magnet 0.2 T
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Scintillation Detectors
Multi-pixel Photon Counter (MPPC)

• array of silicon photodiodes 
operated in in limited Geiger mode 

• 1.3 x 1.3 mm2 with 667 pixels
1.3 mm

>50000 devices in first large scale use

Cross section of 
scintillator bar

MPPC coupled 
to fibers
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TPCs

h

1. Introduction

Over the past decade, the phenomenon of neutrino oscillation
has been firmly established from observations of neutrinos pro-
duced by cosmic rays in the atmosphere [1], by the sun [2], by
nuclear reactors [3], and by accelerators [4,5]. The goals of the T2K
experiment [6] are to improve the measurements of the atmo-
spheric (2–3) mixing parameters by an order of magnitude by
studying nm disappearance, and to increase the sensitivity to 1–3
mixing by studying ne appearance, possibly observing this for the
first time. If the experiment finds evidence for 1–3 mixing, this will
open the possibility of measuring leptonic CP-violation in the future.

1.1. T2K and the off-axis near detector

The T2K experiment is designed with an off-axis neutrino
beam configuration [7,8], providing a relatively narrow band
beam peaked at about 700 MeV, so that the far detector is located
at the first oscillation maximum. Near detectors, located 280 m
downstream of the production target, are designed to ensure that
the neutrino beam properties are well understood so that the
experiment can reach its ultimate sensitivity. On the neutrino
beam axis, the INGRID detector monitors the neutrino beam
profile. Along the off-axis direction towards the far detector, the
ND280 detector measures the interaction rates, neutrino spectra,
and neutrino interaction kinematics.

The ND280 detector consists of several detector systems
contained within the former UA1/NOMAD dipole magnet which
provides a magnetic field of approximately 0.2 T. Innermost are
the PiZero detector, specifically designed to study neutral current
interactions that produce p0 particles and a tracker, consisting of
two fine-grained scintillator detectors (FGDs) that act as active
neutrino targets interleaved with three time projection chambers
(TPCs). Electromagnetic calorimeters surround these detectors
within the magnet coil and planes of scintillators are inserted
within the magnet yoke to act as a muon range detector.

1.2. ND280 tracker

The ND280 tracker is designed to study charged current neutrino
interactions. At 700 MeV, a sizable fraction of neutrino interactions
are charged current quasi-elastic (CCQE), in which the neutrino
energy can be determined by measuring the momentum of the
charged lepton. For 2–3 mixing studies, the spectrum of nm inter-
actions observed in the near detector will be used to estimate the
unoscillated spectrum at the far detector, and nm interaction kine-
matics will be studied to help model background from non-CCQE
interactions in the far detector. For 1–3 mixing studies, the near
detector will measure the ne contamination in the beam, an
important and irreducible background at the far detector.

1.3. Tracking performance requirements

At 700 MeV, neutrino energy estimation in CCQE events is
limited at about the 10% level due to the Fermi motion of the
struck nucleons. For this reason, a relatively modest momentum
resolution goal is set to be d(p?)/p?o0:1p? [GeV/c] (perpendi-
cular to the magnetic field direction). The overall momentum
scale, however, needs to be known at the level of 2%, in order not
to limit the precise determination of Dm2

23. The ionization energy
loss of electrons in 1 atm argon gas is roughly 45% larger than for
muons over the momentum range of interest. To measure the ne

contamination of the beam, the resolution in ionization energy
loss needs to be better than 10%.

1.4. TPC system design overview

The tracker performance goals can be reached with time
projection chambers [9] operated in a magnetic field of 0.2 T
with a sampling length of 700 mm and pad segmentation of
70 mm2, providing space point resolution of about 0.7 mm. For
gas-amplified readout of the ionization electrons, the collabora-
tion decided to use bulk micromegas detectors [10]. To fit the
geometry of the UA1/NOMAD magnet, a rectangular design for
the TPCs was required.

A double box design was selected, in which the walls of the
inner box form the field cage, and the walls of the outer box are at
ground potential, with CO2 acting as an insulator between. The
walls are made from composite panels, and the inner box panel
surfaces are machined to form a copper strip pattern, in order to
produce a uniform electric drift field. A simplified drawing of the
TPC design is shown in Fig. 1.

The gas system is designed to maintain a stable mixture in the
inner volume and a constant positive pressure with respect to the
outer volume. The inner gas mixture, Ar:CF4:i C4H10 (95:3:2)
referred to as ‘‘T2K TPC gas’’ in this document, was chosen for its
high speed, low diffusion, and good performance with microme-
gas detectors. There are 12 micromegas modules that tile each
readout plane in two offset columns, so that inactive regions are
not aligned. Front-end electronics cards that plug into the back of
the micromegas modules digitize buffered analog data and send
zero suppressed data out of the detector with optical links. A
photoelectron calibration system is incorporated into the design
to generate a control pattern of photoelectrons from the cathode.

The next six sections describe these TPC subsystems in detail,
followed by a report on the overall performance of the TPCs.

2. Mechanical structure

A TPC module consists of two gastight boxes, one inside the
other. The inner box (Fig. 2) is subdivided by the cathode located
at its midpoint, and supports the 12 micromegas modules that are
located in a plane parallel to the cathode at each end. The walls
joining the cathode and the micromegas are covered with a series
of conducting strips joined by precision resistors, forming
a voltage divider that creates the uniform electric field along

Outer wall

Inner wall and
field cage

E B,
directions

beam
direction

Central cathode

Central
cathode HV

Front end
cards

Micromegas
detector

Fig. 1. Simplified cut-away drawing showing the main aspects of the TPC design.
The ND280 off-axis detector uses a right handed coordinate system with z in the
horizontal plane along the neutrino beam direction, and y in the vertical direction.

N. Abgrall et al. / Nuclear Instruments and Methods in Physics Research A 637 (2011) 25–4626

y

z

3 Large volume TPCs with MicroMegas amplification/readout

• Ionization measurement for >3 σ separation between e/µ

• <10% momentum resolution at p=1 GeV/c

• scale uncertainty < 2%
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Completed Product:
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Event:

• High energy deep-inelastic scattering event with 
muon from upstream interaction

P0D TPC1 TPC2 TPC3

DSECALFGD1 FGD2
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Beam Delivery

O(1014)/pulse delivered in 6(8) 
bunches in 3.5(3.2) sec cycle.

145 kW operation achieved 
(goal 750 kW)

3.23x1019 POT from 2010 
analyzed thus far

2011/3/11KEK Physics Seminar 19

Accumulated # of protons so far

T2K physics run: 2010, Jan~
Now: ~9.3 1013[p/pulse], 3.04[s] cycle

Beam power = 145kW
Integrated POT reaches 1.45 1020.

Physics results shown in this report
Analysis of the data taken from Jan. 2010 to Jun. 2010.

Cycle: 3.52[s]

6 bunch / pulse

Cycle: 3.20[s] 3.04[s]
8 bunch / pulse

near detector far detector
15Thursday, May 12, 2011



νµ CC interactions
“inclusive” νµ CC selection

• forward negative muon in TPC

• match to FGD to determine vertex

• veto on upstream TPC1

Near detector “normalization” 
measurement corrects predicted 
far detector event rates

Observed rate relative to 
expectation is

R = 1.061± 0.027(stat)+0.044
−0.038(det. sys.)± 0.039(phys. model)

compared to the expected curves for muons, electrons, pions and
protons: the different particle species are clearly visible in the
TPC. For negatively charged particles, mainly muons with few low
momentum electrons are observed while in the positively
charged sample protons, pions and positrons are seen.

8. Conclusion

Over the period between 2005 and 2009, the T2K near detector
TPCs and its subsystems were designed, constructed, operated in

TRIUMF test-beam, transported to JPARC, installed and brought
into operation. Prior to the construction, prototypes of the TPCs
and subsystems had been built for verification of design and
performance. The TPCs were ready for the first physics data-
taking of the T2K experiment in 2010, and the spatial and energy
loss resolution goals have been achieved. In the years to come, the
TPCs and the near detector tracker will make important contribu-
tions to detailed studies of neutrino interactions and the under-
standing of neutrino oscillations.
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Cherenkov Radiation
• EM radiation by charged particles with v > cn

• Detected by >10K photomultiplier tubes

• sensitive to single photons (40% coverage)

• O(ns) time resolution

• Particle can be identified by ring profile

• “muon” vs. e/γ (EM shower)

µ e/γ multi ring

Θ=cos-1(1/nβ)

SK MC SK MC SK MC
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Signal/Background
• CCQE appears as single µ or e ring

• Eν by energy/direction relative to beam.
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FIG. 9: The invariant mass distribution of fully-contained events with
two e-like rings and no muon-decay electron, for SK data (points)
and atmospheric neutrino Monte Carlo (histogram). A peak from
neutrino induced !0 is clearly observed.
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FIG. 10: The determination of the absolute energy scale of Super-
Kamiokande based on in situ calibration with µ-decay electrons,
!0 → "" invariant mass, and the Cherenkov light of stopping cosmic
ray muons.

was uniform over all zenith angles within ±0.6%. Figure
12–(b) shows the azimuthal angle dependence of the recon-
structed momentum. Again, the detector gain is uniform over
all azimuthal angles within ±1%. Finally, Figure 13 shows
the zenith angle dependence of the reconstructed !0 mass.
This figure also suggests that the detector gain was uniform
over all zenith angles within ±1%.

0.95
0.96
0.97
0.98
0.99

1
1.01
1.02
1.03
1.04
1.05

0 250 500 750 1000 1250 1500 1750 2000

µ
 m

o
m

e
n

tu
m

/t
ra

c
k

±1%

0.95
0.96
0.97
0.98
0.99

1
1.01
1.02
1.03
1.04
1.05

0 250 500 750 1000 1250 1500 1750 2000

Elapsed days from Apr.-1-1996

e
le

c
tr

o
n

 m
o

m
e
n

tu
m

±1%

FIG. 11: The mean reconstructed energy of cosmic ray stopping
muons divided by their range (upper) and muon-decay electron
(lower) as a function of elapsed days. Vertical axes in both figures
are normalized to mean values and each data point corresponds to
two month period. The variation is within ± 2%.
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FIG. 12: The gain uniformity of the Super-Kamiokande detector as
determined by the mean value of the reconstructed decay electron
momentum (a) as a function of zenith angle, and (b) as a function of
azimuthal angle. Vertical axes in both figures are normalized to the
mean values.

IV. ATMOSPHERIC NEUTRINOMONTE CARLO

The result published in this paper relies heavily on detailed
comparison of the experimental data with the theoretical ex-
pectation. An important element of this is to simulate the
interaction of neutrinos from 10 MeV to 100 TeV with the
nuclei of water, or in the case of upward muons, the nuclei
of the rock surrounding the detector, assumed to be “stan-
dard rock”(Z=11, A=22). Therefore, we have developed two
Monte Carlo models designed to simulate neutrino interac-

ν� + n→ �− + p

ν� + (n/p)→ ν� + (n/p) + π0

multi ring

SK atmospheric
data

• Rings from π0→γ + γ rejected via 2-ring 
reconstruction and invariant mass cut

• π+ rejected by decay electron requirements

SK MC

µ e/γ

SK MC SK MC
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Event Selection
νe selection νµ selection

Fully contained, vertex in fiducial volume

Visible energy > 100 MeV Visible energy > 30 MeV

Number of Rings = 1

Ring is e-like Ring is μ-like

No decay electrons 0 or 1 decay electrons

γγ mass < 105 MeV/c2 -

Eν<1250 MeV -

- μ momentum > 200 MeV/c

multi ring

SK MC

µ e/γ

SK MC SK MC
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Far Detector Prediction:
Neutrino flux prediction

• external input (primary beam parameters, 
muon/neutrino profile, π/K measurements) 

• MC accounts to simulate focussing, geometry.

     Final NA61 Pion Spectra from the 2007 Data  

23 

Polar angle bins 180-240, 240-300, 300-360, 360-420 mrad not shown here 

!+ !- 

-! Final spectra were obtained from the different methods (dE/dx, dE/dx + ToF, h-) by selecting the  

   measurement with the smallest total error 

-! For comparison to models spectra were normalized to the mean !± multiplicity in production interactions 

-! Models used in T2K as well as for the interpretation of cosmic ray data were selected 

-! Gheisha (not shown here) qualitatively fails to describe the data at all production angles and momenta 

-! FLUKA and VENUS models follow the data trend in all measured polar angle intervals 

As published by NA61 

beam simulation

neutrino 
event generator

ν� + A→ � + X
ν� + A→ ν� + X

detector 
simulation 

Neutrino interaction model

• encapsulate accumulated knowledge of 
neutrino interactions data and modelling

Near Detector data:

• Correct prediction based on observed rate
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Systematic Uncertainties
• Far detector systematics 

determined from control samples 
(atmospheric neutrinos, “hybrid” 
π0, etc.)

• Cross section uncertainties 
dominated by FSI and CCQE 
modelling-

-

Error source Signal (%) Background (%)

Normalization 1.4 1.4
Energy Scale 0.3 0.5
Ring counting 3.9 8.4
Muon PID - 1.0
Electron PID 3.8 8.1
π0 mass cut 5.1 8.7
Decay electron 0.1 0.3
π0 rejection - 5.9

Error source NBKGSK (%) NND (%) NBKGSK/NND (%)

SK Efficiency ±15.8 - ±15.8

Cross Section ±13.9 ±8.4 ±14.3

Beam Flux ±18.1 ±19.8 ±8.9

ND efficiency - +5.6
-5.2

+5.6
-5.2

Overall Norm - - ±2.7

Total ±27.8 +22.2
-22.1

+23.9
-23.8

Far detector 
uncertainties

Total background 
systematics
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µ Events in Far Detector
νµ CCQE selected by requiring

• contained event in fiducial 
volume of detector

• one muon-like Č ring

• at most one decay electron

Data
MC ExpectationMC Expectation Acc. Bg

12μs window
Data

no oscillation w/oscillation
Acc. Bg

12μs window

Fully-ContainedFully-ContainedFully-Contained 33 54.5 24.6 0.0094

Fiducial Volume, 
Evis > 30MeV

Fiducial Volume, 
Evis > 30MeV 23 36.8 16.7 0.0011

Single-ring μ-like

Pμ>200MeV/c 8 24.5±3.9 7.1±1.3 -

 decay-e <=1 & 
Erec<10 GeV 8 22.8±3.2 6.3±1.0 -

“w/oscillation”:
Δm223 = 2.4x10-3 eV2

sin22θ23 = 1

data consistent with previously measured Δm223, θ23
22Thursday, May 12, 2011



νe Selection
Data

MC ExpectationMC Expectation Acc. Bg
12μs window

Data
no oscillation w/oscillation

Acc. Bg
12μs window

Fully ContainedFully ContainedFully Contained 33 54.5 24.6 0.0094

Fiducial Volume, 
Evis > 30MeV

Fiducial Volume, 
Evis > 30MeV 23 36.8 16.7 0.0011

Single-ring e-like

Ee>100MeV/c
2 1.5±0.7 1.3±0.6 -

“w/oscillation”:
Δm223 = 2.4x10-3 eV2

sin22θ23 = 1
sin22θ13 = 0.1
δCP = 0
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νe candidate event
Source MC Expectation

 Beam νµ (CC+NC) 0.13

 Beam νµ (CC+NC) 0.01

 Beam νe (CC) 0.16

Total background 0.30 ± 0.07 (syst.)

Total sig.+background 1.20 ± 0.23 (syst.)

1 event remains with 
expected background 
of 0.30±0.07 events
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Result

Exclusion versus oscillation parameters (θ13, δCP, mass hierarchy) 

For δCP = 0 

• Feldman Cousins method: sin22θ13< 0.50 (normal) / 0.59 (inverted)

• 1-sided upper limit:         sin22θ13 < 0.44 (normal) / 0.53 (inverted)

90% 
Sensitivity

90% Limit

90% 
Sensitivity

90% Limit

“Inverted” Hierarchy“Normal” Hierarchy

n3 Solar

AtmosphericM
as
s

ne nm nt

“Normal” “Inverted”

n3

n1

n1

n2

n2

ν3

ν2
ν1

ν2
ν1

ν3

νe νµ ντ
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Current Status

Since November 2010
• Accumulated 1.45x1020 POT till March 2011

• ~4 times data presented here (3.23x1019 POT)

• analysis in progress

2011/3/11KEK Physics Seminar 19

Accumulated # of protons so far

T2K physics run: 2010, Jan~
Now: ~9.3 1013[p/pulse], 3.04[s] cycle

Beam power = 145kW
Integrated POT reaches 1.45 1020.

Physics results shown in this report
Analysis of the data taken from Jan. 2010 to Jun. 2010.

Cycle: 3.52[s]

6 bunch / pulse

Cycle: 3.20[s] 3.04[s]
8 bunch / pulse
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Looking Ahead:
Neutrino flux prediction

• improved π± measurements

• K production measurements
• full target measurement

Near Detector:
• νe and νμ spectrum measurement

• π0 production

• ν interaction properties

Far Detector
• Improved selection and systematics

Ultimate sensitivity: 
sin22θ13 ~ 0.006 (δCP = 0)
δ sin22θ23 ~0.01
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Conclusions
• T2K has produced its first neutrino oscillation results

• 3.23 x 1019 POT taken in first half of 2010

• 8 νµ CCQE candidates at far detector consistent with past νµ 
disappearance experiments

• 1 νe candidate with expected background of 0.30±0.07

• 1.45x1020 POT taken before March earthquake

• expect θ13 sensitivity better than CHOOZ limit

• analysis underway

• Tsunami from March earthquake did not reach J-PARC

• all T2K collaborators safe

• recovery assessments continue

• We thank you for support and solidarity
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