
T 2 K :  L AT E S T  R E S U LT S
H .  A .  TA N A K A  ( U N I V E R S I T Y  O F  T O R O N T O / I P P / T R I U M F )  

O N  B E H A L F  O F  T H E  T 2 K  C O L L A B O R AT I O N



N E U T R I N O  O S C I L L AT I O N S
• Neutrinos produced in weak 

decays are linear combinations 
of mass/energy eigenstates

• Time evolution: flavour content “oscillates” in L(distance)/E(neutrino)

• Amplitudes determined by mixing matrix Uij 

• Wavelengths determined by mass2 differences Δm2ij

in vacuum

additional effects 
in the presence 
of matter

in vacuo
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M I X I N G  O F  T H R E E  N E U T R I N O S

• Three rotation angles (θ12, θ13, θ23) 

• θ12: solar and reactor experiments 

• θ13: reactor and long-baseline experiments 

• One complex phase δCP 
• additional phases if neutrinos are “Majorana” 

• CP-odd: changes sign for antineutrino oscillations 
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“standard” parametrization
sij = sin θij 
cij = cos θij
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T 2 K :

• Intense muon (anti)neutrino beam from J-PARC to Super-K to study: 

• muon (anti) neutrino disappearance (νµ↛νµ ,  νµ↛νµ)  

• electron (anti)neutrino appearance (νµ→νe , νµ→νe) 

• rich program of  

• neutrino-nucleus interaction studies with near detectors 

• “exotic” physics: Lorentz violation, sterile neutrinos, heavy leptons, etc. 

• Will not be able to discuss these other interesting topics. 

TokaiKamioka

J-PARC
Super-Kamiokande 

“far” detector

295 km

ND280 
“near” detectors

~400 collaborators 
  59 institutions 
  11 nations
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P O S T E R S

more details and topics! Please see!

AAdvertise T2K posters here
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T. HAYASHINO Anti-neutrino beam direction and intensity measurement  . . . . . P1.036 MON.
A. KNOX Estimating the pion and kaon contributions to the T2K neutrino beam P1.037 MON.
M. POSIADALA Recent T2K flux predictions with NA61/SHINE thin graphite target measurements P1.038 MON.
C. RICCIO Muon neutrino and antineutrino selection in the tracker of ND280 P1.039 MON.
A. MISSERT Improving T2K oscillation analyses using fiTQun  . . . . P1.040 MON.
R. SHAH Muon antineutrino disappearance and electron antineutrino appearance searches P1.041 MON.
D. SHAW A CCPi0 inclusive analysis at the T2K near detector P1.042 MON.
L. ZAMBELLI Towards T2K neutrino flux predictions using replica target measurements by NA61/SHINE P1.043 MON.
B. QUILAIN The WAGASCI detector as an off-axis near detector of the T2K and HK experiments P3.025 WED.
L.  KOCH Measurement of neutrino interactions in gaseous argon with T2K P3.029 WED.
P. LASORAK A search for neutral-current single photons with the ND280 at T2K P3.031 WED.
W. MA Current status of final state interactions models . . . P3.032 WED.
P. MARTINS Charged-current coherent pion production on oxygen nuclei in the T2K near detector P3.033 WED.
J. ZALIPSKA Reconstruction of low momentum protons with FGD of the T2K experiment P3.034 WED.
D. COPLOWE Resonance production cross-section measurement in neutrino-H interactions . . P3.035 WED.
S. BORDONI CCmuon neutrino shape and rate analysis at the T2K off-axis near detector P3.074 WED.
T. VLADISAVLJEVIC Probing Nuclear Effects at the T2K Near Detector Using Transverse Kinematic Variables P3.097 WED.
A. IZMAYLOV Search for heavy neutral leptons with the near detector complex  . . . P4.014 FRI.
M. FRIEND Physics sensitivity of a possible extended T2K Run -- T2K phase 2 P4.022 FRI.
K. DUFFY First joint analysis of neutrino and antineutrino oscillation at T2K P4.023 FRI.
J. LAGODA Probing K-originated neutrinos with the muons produced outside of ND280 P4.024 FRI.
G. CHRISTODOULOU Measurement of electron (anti-)neutrinos at the T2K near detector P4.025 FRI.
C. WRET Single-pion production in the NEUT neutrino interaction generator P4.029 FRI.



ν  O S C I L L AT I O N S  AT  T 2 K

• sin22θ13 dependence of leading term 
• θ23 dependence of leading term: “octant” dependence (θ23=/>/<45°?) 
• CP odd phase δ: asymmetry of probabilities P(νµ→νe) ≠ P(νµ→νe) if sin δ ≠ 0 
• Matter effect through x:  νe (νe) enhanced in normal (inverted) hierarchy
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• Precision measurement of 2θ23 and Δm2
31  

• CPT tests with antineutrino mode ( νµ→νµ )
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Q U I C K  S U M M A RY

“normal”  hierarchy (NH):  
• enhance νµ→νe 

• suppresses νµ→νe

• CP violating parameter δCP 

• δCP=0,π: no CP violation: vacuum oscillation probabilities equal 

• δCP ~-π/2: enhance νµ→νe, suppress νµ→νe 

• δCP ~+π/2: suppress νµ→νe, enhance νµ→νe

• sin2θ23, sin22θ13 

• enhance/suppress both νµ→νe and νµ→νe

“inverted”  hierarchy: (IH) 

• suppress νµ→νe 

• enhance νµ→νe
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up to ±30% effect at T2K 

±10% effect at T2K 



P R O D U C I N G  T H E  B E A M

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

Decay Area
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Commissioning(of(the(neutrino(beam(facility(for(the(first(
superbeam experiment,(T2K
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Target

Primary(proton(beam(line

Horn(Neutrino(monitor(building

Near(detector(
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Beam(dump
Target(station
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Horn(current(is(stable(enough.

primary beamline

3.3. Muon Monitor

The neutrino beam intensity and direction can be monitored
on a bunch-by-bunch basis by measuring the distribution pro-
file of muons, because muons are mainly produced along with
neutrinos from the pion two-body decay. The neutrino beam
direction is determined to be the direction from the target to
the center of the muon profile. The muon monitor [18, 19] is
located just behind the beam dump. The muon monitor is de-
signed to measure the neutrino beam direction with a precision
better than 0.25 mrad, which corresponds to a 3 cm precision
of the muon profile center. It is also required to monitor the
stability of the neutrino beam intensity with a precision better
than 3%.

A detector made of nuclear emulsion was installed just down-
stream of the muon monitor to measure the absolute flux and
momentum distribution of muons.

3.3.1. Characteristics of the Muon Flux
Based on the beamline simulation package, described in Sec-

tion 3.5, the intensity of the muon flux at the muon monitor, for
3.3 × 1014 protons/spill and 320 kA horn current, is estimated
to be 1 × 107 charged particles/cm2/bunch with a Gaussian-like
profile around the beam center and approximately 1 m in width.
The flux is composed of around 87% muons, with delta-rays
making up the remainder.

3.3.2. Muon Monitor Detectors
The muon monitor consists of two types of detector arrays:

ionization chambers at 117.5 m from the target and silicon PIN
photodiodes at 118.7 m (Fig. 8). Each array holds 49 sensors
at 25 cm × 25 cm intervals and covers a 150 × 150 cm2 area.
The collected charge on each sensor is read out by a 65 MHz
FADC. The 2D muon profile is reconstructed in each array from
the distribution of the observed charge.

The arrays are fixed on a support enclosure for thermal insu-
lation. The temperature inside the enclosure is kept at around
34◦C (within ±0.7◦C variation) with a sheathed heater, as the
signal gain in the ionization chamber is dependent on the gas
temperature.

An absorbed dose at the muon monitor is estimated to be
about 100 kGy for a 100-day operation at 750 kW. Therefore,
every component in the muon pit is made of radiation-tolerant
and low-activation material such as polyimide, ceramic, or alu-
minum.

3.3.3. Ionization Chamber
There are seven ionization chambers, each of which contains

seven sensors in a 150×50×1956 mm3 aluminum gas tube. The
75 × 75 × 3 mm3 active volume of each sensor is made by two
parallel plate electrodes on alumina-ceramic plates. Between
the electrodes, 200 V is applied.

Two kinds of gas are used for the ionization chambers ac-
cording to the beam intensity: Ar with 2% N2 for low intensity,
and He with 1% N2 for high intensity. The gas is fed in at ap-
proximately 100 cm3/min. The gas temperature, pressure and
oxygen contamination are kept at around 34◦C with a 1.5◦C

Figure 8: Photograph of the muon monitor inside the support
enclosure. The silicon PIN photodiode array is on the right side
and the ionization chamber array is on the left side. The muon
beam enters from the left side.

gradient and ±0.2◦C variation, at 130 ± 0.2 kPa (absolute), and
below 2 ppm, respectively.

3.3.4. Silicon PIN Photodiode
Each silicon PIN photodiode (Hamamatsu® S3590-08) has

an active area of 10 × 10 mm2 and a depletion layer thickness
of 300 µm. To fully deplete the silicon layer, 80 V is applied.

The intrinsic resolution of the muon monitor is less than
0.1% for the intensity and less than 0.3 cm for the profile center.

3.3.5. Emulsion Tracker
The emulsion trackers are composed of two types of mod-

ules. The module for the flux measurement consists of eight
consecutive emulsion films [20]. It measures the muon flux
with a systematic uncertainty of 2%. The other module for the
momentum measurement is made of 25 emulsion films inter-
leaved by 1 mm lead plates, which can measure the momentum
of each particle by multiple Coulomb scattering with a preci-
sion of 28% at a muon energy of 2 GeV/c [21, 22]. These films
are analyzed by scanning microscopes [23, 24].

3.4. Beamline Online System
For the stable and safe operation of the beamline, the online

system collects information on the beamline equipment and the
beam measured by the beam monitors, and feeds it back to the
operators. It also provides Super-Kamiokande with the spill
information for event synchronization by means of GPS, which
is described in detail in Section 3.6.2.

3.4.1. DAQ System
The signals from each beam monitor are brought to one of

five front-end stations in different buildings beside the beam-
line. The SSEM, BLM, and horn current signals are digitized
by a 65 MHz FADC in the COPPER system [25]. The CT and
ESM signals are digitized by a 160 MHz VME FADC [26].

9

horn/target assembly

horn

He decay volumeMuon monitors

Beam dump

• 30 GeV protons extracted from J-PARC MR to carbon target 

• secondary π+ focussed by three magnetic “horns” 

• primarily νµ beam from π+→ µ++ νµ 

• reverse polarity for antineutrino beam: π-→ µ-+ νµ 

• spectrum peaked at 600 MeV 2.5º “off axis” towards SK 

• expected oscillation “maximum” for L=295 km

3

production, from the interaction of primary beam protons in the T2K target, to the decay of hadrons
and muons that produce neutrinos. The simulation uses proton beam monitor measurements as
inputs. The modeling of hadronic interactions is re-weighted using thin target hadron production
data, including recent charged pion and kaon measurements from the NA61/SHINE experiment.
For the first T2K analyses the uncertainties on the flux prediction are evaluated to be below 15%
near the flux peak. The uncertainty on the ratio of the flux predictions at the far and near detectors
is less than 2% near the flux peak.

PACS numbers: 24.10.Lx,14.60.Lm

I. INTRODUCTION

Predicting the neutrino flux and energy spectrum is an
important component of analyses in accelerator neutrino
experiments [1–4]. However, it is di�cult to simulate
the flux precisely due to uncertainties in the underly-
ing physical processes, particularly hadron production
in proton-nucleus interactions. To reduce flux-related
uncertainties, neutrino oscillation experiments are some-
times conducted by comparing measurements between a
near detector site and a far detector site, allowing for
cancellation of correlated uncertainties. Therefore, it is
important to correctly predict the relationship between
the fluxes at the two detector sites, described below as
the far-to-near ratio.

T2K (Tokai-to-Kamioka) [5][6] is a long-baseline neu-
trino oscillation experiment that uses an intense muon
neutrino beam to measure the mixing angle ✓13 via the
⌫

e

appearance [7] and the mixing angle ✓23 and mass dif-
ference �m

2
32 via the ⌫

µ

disappearance [8]. The muon
neutrino beam is produced as the decay products of pi-
ons and kaons generated by the interaction of the 30 GeV
proton beam from Japan Proton Accelerator Research
Complex (J-PARC) with a graphite target. The prop-
erties of the generated neutrinos are measured at near
detectors placed 280 m from the target and at the far
detector, Super-Kamiokande (SK) [9], which is located
295 km away. The e↵ect of oscillation is expected to be
negligible at the near detectors and significant at SK.

The T2K experiment employs the o↵-axis method [10]
to generate a narrow-band neutrino beam and this is the
first time this technique has been used in a search for neu-
trino oscillations. The method utilizes the fact that the
energy of a neutrino emitted in the two-body pion (kaon)
decay, the dominant mode for the neutrino production,
at an angle relative to the parent meson direction is only
weakly dependent on the momentum of the parent. The
parent ⇡

+(�)’s are focused parallel to the proton beam
axis to produce the (anti-)neutrino beam. By position-
ing a detector at an angle relative to the focusing axis,
one will, therefore, see neutrinos with a narrow spread

⇤

also at J-PARC Center

†

also at Institute of Particle Physics, Canada

‡

also at JINR, Dubna, Russia

§

deceased

¶

also at BMCC/CUNY, New York, New York, U.S.A.

in energy. The peak energy of the neutrino beam can be
varied by changing the o↵-axis angle as illustrated in the
lower panel of Fig. 1. In the case of T2K, the o↵-axis
angle is set at 2.5� so that the neutrino beam at SK has
a peak energy at about 0.6 GeV, near the expected first
oscillation maximum (Fig. 1). This maximizes the e↵ect
of the neutrino oscillations at 295 km as well as reduces
background events. Since the energy spectrum changes
depending on the o↵-axis angle, the neutrino beam di-
rection has to be precisely monitored.
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FIG. 1: Muon neutrino survival probability at 295 km
and neutrino fluxes for di↵erent o↵-axis angles.

To determine the oscillation parameters, the expected
observables at the far detector are predicted based on
the flux prediction and the neutrino-nucleus interaction
model. To reduce the uncertainty of the prediction, they
are modified based on the near detector measurements.
For example, the absolute normalization uncertainty is
e�ciently canceled by normalizing with the event rate at
the near detector. Then, it is important to reduce the
uncertainty on the relation between the flux at the near
detector and that at the far detector.
The physics goals of T2K are to be sensitive to the val-

ues of sin2 2✓13 down to 0.006 and to measure the neu-
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N E U T R I N O  A N D  A N T I N E U T R I N O

• <1% impurity from νe(νe) at energy peak; important background for νe(νe)appearance 

• “wrong sign” component: neutrinos contaminating antineutrino beam, vice versa.

neutrino beam antineutrino beam

⇡+ ! µ+ + ⌫µ ⇡� ! µ� + ⌫̄µ

9

P4.025 G. ChristodoulouP1.037 A. Knox
P4.024 J. Łagoda



N E A R  D E T E C T O R S

ND280: 
• off-axis detector systems 

comprised of tracking, 
calorimetry and muon detectors 

• 0.2 T field from UA1 magnet 

• scintillator and water targets

INGRID 
• 7x7 grid of scintillator/

Fe neutrino detectors 
spanning beam axis 

• monitor beam 
direction and rate

ν

ν
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P1.036 T. Hayashino

P1.042 D. Shaw

P3.029 L. Koch

P3.031 P.  Lasorak
P3.033 P.  Martins
P3.035 D. Coplowe

P3.034 J. Zalipska

P3.097 D. Vladisavljevic

P3.074 S. Bordoni P4.014 A. Izmaylov

ν-int studies

Exotics

Reconstruction



µ

e/γ

multi ring

• Single μ/e-like ring 

• Erec by energy/direction of lepton, 2-body kinematics

�� + n� ⇥� + p

�� + (n/p)� �� + (n/p) + ⇥0

• π0 → γ + γ: ring counting, 2-ring reconstruction 
• γ misidentified as e from νe CCQE 
• powerful rejection capabilities reduce this by O(102) 

• Ring counting, decay electron cut to reject nCCQE

SK MC

�� + (n/p)� ⇤� + (n/p) + ⇥

Signal “CCQE”

Backgrounds

“NC 1π”

�� + n� ⇥� + p �� + p� �� + p + ⇥0

�� ��

n p

W“CCQE”

p

�� ��

p�+

�0

Z

Signal

N E U T R I N O S  AT  T 2 K - S K
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• Pure νe samples (S/B~10 at peak) obtained with high efficiency
P1.040 A. Missert

⌫̄ + p ! `+ + n



A N A LY S I S  S T R AT E G Y

Far  (L=295 km)

νµ→νe (θ23 , θ13, δCP)

νµ→νµ/τ  (2θ23, Δm2

32)

νµ, νe backgrounds

N =φν · σν · εFAR · Posc

φν

MC simulation of neutrino beamline 
tuned with external data (NA61) + 
beam monitor measurements

σν

NS61CH15-Gallagher ARI 17 September 2011 7:22

4.3. Experimental Results
With a known neutrino flux, having selected the QE events, assessed the efficiency of their iden-
tification, and removed backgrounds, an experiment can then obtain physics results. Such mea-
surements include a value for MA from the observed Q2 distribution of the events, the neutrino
QE interaction cross section, and differential cross sections. A comparison between modern mea-
surements of these quantities and the theory discussed in Section 3 immediately reveals several
discrepancies.

4.3.1. Low Q2. The first discrepancy is a suppression of events at low Q2 (Q2 < 0.2 GeV2)
when the events’ Q2 shape is compared with standard predictions. This effect is best illustrated
in MiniBooNE data because of their high statistics (Figure 4b), but it has also been observed
in multiple low-energy neutrino experiments (7, 8). Because neutrino oscillation experiments
typically collect a large fraction of their data at low Q2, discrepancies in this region naturally draw
much attention. An initial attempt to better describe the experimental data at low Q2 included
rescaling the amount of Pauli blocking in the impulse-approximation calculations (25). Although
naı̈ve Pauli blocking adjustments were successful, recently improved modeling of the non-QE
backgrounds, which are large in this region, also greatly improves the agreement at low Q2 (26).
Regardless of the chosen remedy, the discrepancy at low Q2 should not have been surprising, given
that at these low values of Q2, the exchanged boson probes a region significantly larger than a
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Figure 4
Quasi-elastic (QE) scattering results. (a) Measurements of the absolute νµ QE scattering cross section on carbon as a function of
neutrino energy from the MiniBooNE (26) and NOMAD (27) experiments. Also shown is a representative collection of theoretical
calculations from a recent complication (66). The theoretical curves are from References 46, 48, and 89 (spectral functions) and from
References 67 and 76 (Martini et al.). (b) An earlier measurement of the Q2 distribution of νµ QE events from the MiniBooNE
experiment (25). The dotted line indicates the contribution from non-QE backgrounds to the sample. The dashed line is the prediction
of a relativistic Fermi Gas Model (RFG) (57) with MA = 1.03 GeV as input. The solid line is the same prediction but with
MA = 1.23 GeV and an adjustment to the amount of Pauli blocking in the simulation (25). Both predictions have been relatively
normalized to the data.
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N E U T R I N O  M O D E  D ATA

• 28 νe candidates observed 

• 5.0 expected in absence of oscillation effects 

• definitive observation of νµ→νe oscillations 

• 120 νµ candidates observed 
• 446 expected in absence of oscillation effects 

• Most precise determination of νµ disappearance

sin2 ✓23 = 0.514+0.055
�0.056

2013

Osc. No osc.
νµ 0 . 9 1 . 4
νµ 0 . 1 0 . 1
νe/νe 3 . 3 3 . 5
νµ→νe 1 6 . 6 0 . 0
νµ→νe 0 . 2 0 . 0
Total 2 1 . 1 5 . 0

expected number of νe candidates 
 for δCP = 0, sin2θ23 = 0.5, NH14

|�m2
32| = (2.51± 0.11)⇥ 10�3eV2/c4



J O I N T  νµ+ νe A N A LY S I S

• With θ13 from reactor experiment, 
large νe appearance slightly prefers: 
• Normal Hierarchy, θ23 > π/4 

• δCP ~ -π/2, 

π / CPδ
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⇤
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T2K Only 68% Credible Region

T2K Only 90% Credible Region

T2K Only Best Fit Line

T2K+Reactor 68% Credible Region

T2K+Reactor 90% Credible Region

T2K+Reactor Best Fit Point

sin2θ13 =0.0243±0.0026 

PDG 2013

sin2θ13 =0.0243±0.0026 

PDG 2013

disfavoured  

at 90% credibility

N H I H S U M

sin2θ23≤0.5 0 . 1 7 9 0 . 0 7 8 0 . 2 5 7

sin2θ23>0.5 0 . 5 0 5 0 . 2 3 8 0 . 7 4 3

S U M 0 . 6 8 4 0 . 3 1 6 1 . 0 0 0
Bayesian posterior probabilities15
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F I R S T  A N T I N E U T R I N O  R E S U LT S

• 2015 νµ disappearance analysis 

• Competitive measurement of antineutrino 
disappearance parameters with 1 year of data. 

• Phys.Rev.Lett. 116 (2016) no.18, 181801  

• νe appearance results 

• 3 events observed 

• 3.2 expected with current best-fit values (δCP~ -π/2)

17
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M O R E  D ATA

• Continuous rise in beam power from ~225 kW (2014) to 420 kW (2016) 

• Stable beam operations from muon monitor and INGRID measurements 

• Total of 15.1x10
20

 POT accumulated as of end of May 

• Results presented today with: 

• ν-mode: 7.00 x 10
20

 POT 

• ν-mode: 7.47 x 10
20

 POT (~2 x previous ν-mode results)

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021
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-Jun.2014
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prefit prefit

prefitprefit

prefitprefitprefit

prefit• 6 ν-mode  samples (FGD1,2) 5.8x1020 POT 

• νµ CC0π, CC1π, CCnπ 

• 8 ν-mode samples (FGD1,2) 2.8x1020 POT 

• νµ CC 1-track, CC N-track + νµ “wrong sign” 

• simultaneous fit of μ momentum/angle: 

• FGD1 (all plastic) and  FGD2 (water+plastic)  

• Flux parameters increase by ~15%  

• Cross sections ~consistent with input 

• P-value = 8.6% 

• Reduce uncertainties from 12-15% to 5-8%

ν-mode

postfit postfit postfit

postfitpostfit

postfit postfit

19

N E A R  D E T E C T O R  S A M P L E S

ν-mode

µ+ 1-track µ+ N-track

µ- 1-track µ- N-track

CC0π CC1π CCNπ

P1.036 C. Riccio



Analysis frameworks 

• Frequentist with Δχ2  fit to 

• Erec/θlep for νe/νe 

• Erec for νµ/νµ  

• Bayesian with likelihood fit to 

• plep/θlep for νe/νe 

• Erec for νµ/νµ 

• Bayesian with Markov Chain MC 

• Erec for all samples 

• simultaneous fit with near 
detector

E V E N T S  AT  S U P E R - K A M I O K A N D E
O B S . EXP. (NH, sin2Θ23=0.528, NH)

δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νµ 1 2 5 1 2 7 . 9 1 2 7 . 6 1 2 7 . 8 1 2 8 . 1

νe 3 2 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νµ 6 6 6 4 . 4 6 4 . 3 6 4 . 4 6 4 . 6

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

νµ candidates

νe candidates

νe candidates
νµ candidates

Erec distributions assuming 2-body (“QE”) kinematics
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T2K Run1-7b PRELIMINARY T2K Run1-7b PRELIMINARY

T2K Run1-7b PRELIMINARYT2K Run1-7b PRELIMINARY

P1.041 R. Shah



s i n 2θ 2 3  A N D  Δm 2 3 2

• Results continue to be consistent 
with maximal mixing/oscillation

N H I H

sin2θ23

|Δm2
32|  (/10-3eV2)

0.532+0.044
�0.060

0.534+0.041
�0.059

2.545+0.084
�0.082 2.510+0.082

�0.083

23θ 2sin
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δ C P V S .  θ 1 3

• Left: δCP vs. θ13 (fixed Δχ2
, fixed hierarchy) 

• T2K-only 

• T2K with reactor sin
2
2θ13= 0.085±0.005 

• Below: δCP with Feldman-Cousins critical 
values and reactor θ13

δCP = [-3.02, -0.49] (NH),  [-1.87, -0.98] (IH)  @90% CL

T2K Run1-7b 
PRELIMINARYT2K Run1-7b 

PRELIMINARY

T2K Run1-7b 
PRELIMINARY
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T2K Run1-7b preliminary

sensitivity assumptions: 
•  sin22θ13= 0.085 (PDG 2015) 
•  sin2θ23 = 0.528 
•  NH, δCP = -1.601
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Figure 44: The contours at 68% and 90% CL with reactor constraint for the Asimov data sets A and B of table 12 corresponding
to the Run 1-7 statistics is shown. Normal and inverted hierarchy contours are independent.
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(a) Asimov A with T2K data only.
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Figure 45: The contours at 68% and 90% CL for sin2 ◊13 Vs ”
CP

for the Asimov data sets A and B of table 12 corresponding
to the Run 1-7 statistics is shown. Normal and inverted hierarchy contours are independent. Only T2K data are used.
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Figure 44: The contours at 68% and 90% CL with reactor constraint for the Asimov data sets A and B of table 12 corresponding
to the Run 1-7 statistics is shown. Normal and inverted hierarchy contours are independent.
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D I S C U S S I O N
• Observe 

• more νe candidates than predicted 

• fewer νe candidates than predicted 

in the case of NH, δCP = -π/2 that induces 
the largest asymmetry

TRUE PARAMETERS
δCP=-π/2, NH δCP=0, NH

90% 0 . 1 8 7 0 . 1 0 2

2 σ 0 . 0 8 9 0 . 0 4 7

EXPECTED  (NH, sin2Θ23=0.528)

O B S . δCP=-π/2 δCP=0 δCP=+π/2 δCP=π

νe 3 2 2 7 . 0 2 2 . 7 1 8 . 5 2 2 . 7

νe 4 6 . 0 6 . 9 7 . 7 6 . 8

• Toy MC run to assess probability of outcome 
given a set of “true” parameters 

• Below: fraction where δCP =0 excluded at  90% 
or 2 σ CL for NH, δCP = -π/2, 0

observed vs. expected number of νe and νe candidates

23

δCP = -π/2, NH



B AY E S I A N  P O S T E R I O R  P R O B A B I L I T I E S
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T2K Run1-7b Preliminary MCMC  

with Erec

plep/θlep 

flat δCP prior

• Left: posterior probability distribution in δCP 
marginalizing over all other parameters 

• negligible dependence on priors except for δCP  

• (flat in δCP vs. sin δCP) 

• Bottom: posterior probability distributions for 
θ23 octant and hierarchy with MCMC analysis 

• mild preference for θ23 >π/4 and normal hierarchy

N H I H S U M

sin2θ23 ≤ 0.5 0 . 2 1 8 0 . 0 7 2 0 . 2 9 0

sin2θ23 > 0.5 0 . 5 2 9 0 . 1 8 1 0 . 7 1 0

S U M 0 . 7 4 7 0 . 2 5 3 1 . 0 0 0

P4.023 K. Duffy
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N E X T  T I M E  O N  T 2 K
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P R O S P E C T S

• 1st stage of J-PARC MR power supply upgrades approved 

• reduce cycle from 2.48 s to 1.3 s: 420 kW (current) → ~800 kW 

• Now aiming for > 1 MW capability  

• “T2K-II”  

• extension of T2K run to 20x1021 POT on the time scale of 2026 

• currently approved for 7.8x1021 POT (~2021) 

• accelerator and beam line upgrades to reach 1.3 MW

      !-mode POT: 7.57×1020 (50.14%)
      !-mode POT: 7.53×1020 (49.86%)

27 May 2016
POT total: 1.510×1021

2011    2012    2013    2014    2015    2016

Mid-term plan of MR�

JFY� 2014� 2015� 2016� 2017� 2018� 2019� 2020�

Li. current 
upgrade�

New PS 
buildings�

FX power [kW] (study/trial)�

SX power [kW] (study/trial)�

320

-�

> 360 

33 - 40�

400

50�

450

50-70�

700

50-70�

800

~100�

900

~100�

Cycle time of main magnet PS
New magnet PS�

2.48 s}
�

1.3 s
�

1.3 s
�

1.2 s
�

High gradient rf system
2nd harmonic rf system
VHF cavity

Ring collimators�
Add.collimato
rs (2 kW)�

Add.collimat
ors (3.5kW)�
�

Injection system
FX system�

SX collimator / Local shields�

Ti ducts and SX devices with 
Ti chamber�

Beam ducts� ESS�
�

R&D�
Mass production 
installation/test�

R&D, manufacture, installation/test�

ajgkhpVcdVjlopnthlhmrXVdhorfVlfmsifgrsphVYrhqr�

ajgkhpVcdVjlopnthlhmrXVb_VqhorslXV`_VqhorfVlfmsifgrsphVYrhqr�

Local shields�

FXÌThe high repetition rate scheme is adopted to achieve the design beam intensity, 750 kW. Rep. rate will be 
increased from ~ 0.4 Hz to ~1 Hz by replacing magnet PS’s, RF cavities and some injection and extraction devices.�
SXÌ Parts of stainless steel ducts are replaced with titanium ducts to reduce residual radiation dose. The beam 
power will be gradually increased toward 100 kW watching the residual activity. �

Manufacture, installation/test�

Large scale  
1st PS�

R&D�
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T 2 K - I I :  P H Y S I C S  P O T E N T I A L

• Assumes ~50% increase in effective statistics/POT 

• increase horn current to design (320 kA): ~+10% 

• SK multi-ring samples and fiducial volume increase: ~+40% 

• reduction of systematic errors 

• ~3 σ sensitivity to CP violation for favourable (and 
currently favoured) parameters 

• Precise measurement of θ23: 

• octant resolution if θ23 at edge of currently allowed values 

• otherwise, measure θ23 to ~1.7° or better

38

that the T2K-II data is taken in roughly equal alternating periods of ⌫-mode and ⌫̄-mode932

(with true normal MH and �
CP

= �⇡/2) is given in Fig. 22.933
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FIG. 22: Sensitivity to CP violation as a function of POT with a 50% improvement

in the e↵ective statistics, assuming the true MH is the normal MH and the true value

of �
CP

= �⇡/2. The plot on the left compares di↵erent true values of sin2 ✓23, while

that on the right compares di↵erent assumptions for the T2K-II systematic errors with

sin2 ✓23 = 0.50.

Above study assumes that the ⌫-mode and the ⌫̄-mode share the same running time.934

The running time configuration would be optimized to enhance the significance for the CP935

violation resolving. However the CP violation resolving depends on the capability to solve936

other degeneracies such as the mass hierarchy and the ✓23 octant. Thus optimal option937

requires a meticulous consideration over the large space of neutrino oscillation parameters.938

Here the study is to validate that the configuration of ⌫ : ⌫̄ = 50 : 50 running time ratio is939

not worse choice after all. Figure 23 shows the sensitivity to the CP violation plotted as a940

function of POT with seven values of sin2 ✓23 mixed with seven options of the ⌫ : ⌫̄ running941

time ratios (in percentage). In this study, only the statistic uncertainty is considered and942

no e↵ective statistics improvement is applied. It can be observed that the configuration in943

which the ⌫-mode is dominant, gives the worst sensitivity to the CP violation if the true944

value of ✓23 is in the low octant. This is explained by the fact that the ⌫-mode running945

alone has limited power to resolve the ✓23 octant. On other hand, the ⌫̄-mode running has946

higher power to resolve the ✓23 octant. However, this running mode su↵ers a decrease of947

statistics. After all, taking data equally in ⌫-mode and ⌫̄-mode is not the most optimal948

configuration for every true value of sin2 ✓23 but gives high sensitivity to the CP violation949

in overall range of sin2 ✓23.950
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(a) Assuming true sin2 ✓23 = 0.43.
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(b) Assuming true sin2 ✓23 = 0.60.

23θ2sin
0.4 0.5 0.6

322
 m

∆

2.2

2.4

2.6

2.8

3
3−10×

POT by 2014 , 90% C.L

 POT, 90% C.L217.8x10

 POT w/improvement, 90% C.L2120x10

Stat. only
Systematics

T2K Preliminary

(c) Assuming true sin2 ✓23 = 0.50.

FIG. 25: Expected 90% C.L. sensitivity to �m2
32 and sin2 ✓23 with the 2016 systematic

error. The POT exposure accumulated by 2014 corresponds to 6.9 ⇥ 1020 POT ⌫- +

4.0 ⇥ 1020 POT ⌫̄-mode. For the ultimate T2K-II exposure of 20 ⇥ 1021 POT, a 50%

increase in e↵ective statistics is assumed.

As observed, the octant degeneracy of ✓23 mixing angle can be resolved by the proposed968

T2K-II data at some levels if ✓23 is not maximum. More specifically, Fig. 26 shows that969

the octant degeneracy can be solved by more than 3� if the ✓23 is in the high octant,970

sin2 ✓23=0.6. For the lower octant case, sin2 ✓23=0.43, the significance of resolving octant971

degeneracy is also close to 3�. Fig. 26 also shows uncertainty on sin2 ✓23 as function of972

POT. If sin2 ✓23 is maximum, the expected 1� precision of sin2 ✓23 determined by the973

proposed T2K-II is 1.7�. For the case of sin2 ✓23 = 0.43, 0.6 the uncertainty is 0.5�, 0.7�974

respectively. The uncertainty of ✓23 in the case of maximum is much higher than the other975

cases since the survival probability close to sin2 ✓23 ⇠ 0.5 is basically independent of ✓23.976
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(a) Assuming the MH is unknown.
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.

)°(CPδTrue 
200− 100− 0 100 200

=0
CPδ

 to
 e

xc
lu

de
 s

in
2 χ 

∆

0

5

10

15

20

=0.4323θ2True sin
=0.5023θ2True sin
=0.6023θ2True sin

  90% C.L.

  99% C.L.

 C.L.σ  3

 POT w/ eff. stat. & sys. improvements2120x10
 POT w/ 2016 sys. errs.217.8x10

T2K Preliminary

(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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(b) Assuming the MH is known – measured by

an outside experiment.

FIG. 20: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20⇥ 1021 POT with a 50% improvement in the e↵ective statistics, 2016 systematics are

employed, and assuming that the true MH is the normal MH. The left plot is with assump-

tion of unknown mass hierarchy and the right is with known mass hierarchy. Sensitivities

at three di↵erent values of sin2 ✓23 (0.43, 0.5 and 0.6) are shown.
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(a) Assuming the MH is unknown.
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FIG. 21: Sensitivity to CP violation as a function of true �
CP

for the full T2K-II exposure

of 20 ⇥ 1021 POT with a 50% improvement in the e↵ective statistics, a reduction of the

systematic uncertainties to 2/3 of their current size, and assuming that the true MH is the

normal MH. The left plot is with assumption of unknown mass hierarchy and the right is

with known mass hierarchy. Sensitivities at three di↵erent values of sin2 ✓23 (0.43, 0.5 and

0.6) are shown.

The expected evolution of the sensitivity to CP violation as a function of POT assuming931
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C O N C L U S I O N S
• Steadily improving beam power with 420 kW achieved at end of FY 2015 

• Accumulated ~15x10
20

 POT split equally in ν- and ν-mode 

• First fully joint analysis across all modes of oscillation 

• νµ/νµ disappearance, νe/νe appearance 

• incorporate water target and “wrong sign” constraints from near detector 

• data continues to prefer maximal θ23 mixing, δCP ~-π/2,  normal hierarchy 

• “maximal” νµ/ νµ disappearance, “large” νe appearance, “small” νe appearance 

• δCP = [-3.02, -0.49] (NH),   [-1.87, -0.98] (IH)   @  90% CL 

• First stage of upgrades for >700 kW operations approved. 

• Propose to extend T2K with 

• accelerator and beamline upgrades to support 1.3 MW beam 

• running to ~2026 to accumulate 20x1021 POT (3x currently approved POT) 

• Primary goals aimed at >3 σ sensitivity to CPV, θ23 measured to <1.7° 

• T2K physics program is very broad: many new developments not discussed here 

• Please see our extensive (23) poster program

28



P O S T E R S

more details and topics! Please see!
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