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Outline

๏ Introduction to neutrino physics 

๏ The T2K Experiment 

๏ New results from anti-neutrino running 
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Why Neutrinos?
๏ Neutrino mass is a big piece of evidence of beyond-the-

Standard-Model physics 

๏ There are still many open questions about neutrino mass 

๏ Where does it come from? How does it relate to the 
Standard Model? 

๏ What does it mean for the early universe? Is it part of 
the matter-antimatter asymmetry puzzle? 

๏ We need a full understanding of neutrino behavior to 
address these questions
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Neutrinos
๏ Lightest particle in the 

standard model: <2.2 eV/c2 

(3.9x10-33 g) 

๏ Interact only via the weak 
force and gravity; interaction 
rates are very, very small 

๏ Each neutrino has a charged 
partner which determines its 
“flavor” 
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First detection by Reines 
and Cowen in 1956:     
νe + p → n + e+



Sources of Neutrinos
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Atmospheric: 
νμ, (νe)
(—)

Beams: νμ, (νe) 
(—)

Reactors: νe —

Solar: νe 

Supernovae: all! 

Nuclear Decay: νe
(—)

Big Bang: all! 



Neutrino Mixing
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Neutrino mixing 

Neutrino mixing (PMNS) matrix is: 
 
𝜈
𝜈
𝜈

=
𝑈 𝑈 𝑼𝒆𝟑
𝑈 𝑈 𝑈
𝑈 𝑈 𝑈

𝜈
𝜈
𝜈

 

 
 
• 8 large elements 
• 𝑼𝒆𝟑 is significant as the smallest 

element, and the last to be 
measured (inferred). 

• Very different from CKM matrix 

0 1     

*Plotted for 𝑈 ± 0.05i 
Neutrinos have two 
sets of eigenstates: 
mass (propagation) 

and flavor (detection)

PMNS mixing matrix tells 
us how mass and flavor 
eigenstates are related

Normal Hierarchy Inverted Hierarchy



Neutrino Oscillation
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Neutrino mixing (PMNS) matrix is: 
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Angle parameterisation 

The mixing matrix is commonly parameterised as the 
product of two rotations and a unitary transformation. 
Writing s = sin𝜃 , and c = cos𝜃 : 
 

      c s 0
−s c 0
0 0 1

      c 0 s e
0 1 0

−s e 0 c

1 0 0
0       c s
0 −s c

 

 
The choice of parameterisation is convenient as the solar 
and atmospheric disappearance amplitudes can be 
approximated as functions of 𝜽𝟏𝟐 and 𝜽𝟐𝟑, respectively. 
This approximation only works to the extent that the third 
angle 𝜽𝟏𝟑 is small. 

=

cij=cosθij	  	  	  	  	  sij=sinθij
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Detection also depends on the mass splittings: 

θ23=45.8±3.2° 
θ12=33.4±0.85° 
θ13=8.88±0.39°

∆m221 = 7.53±0.18x10-5 eV2 

|∆m232| = 2.44±0.06x10-3 eV2 

δCP = [-π–0.14π] and [0.87π–π] 
(90% interval) 

PDG 2014



Long-Baseline Neutrino Oscillation
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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Location of dip in energy: ∆m232 

Depth of dip: sin2θ23

Magnitude of peak linked to 
sin2θ13, δCP, and mass hierarchy
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T2K Measurements
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θ23=45.8±3.2° 
θ12=33.4±0.85° 
θ13=8.88±0.39°

∆m221 = 7.53±0.18x10-5 eV2 

|∆m232| = 2.44±0.06x10-3 eV2 

δCP = [-π–0.14π] and [0.87π–π] 
(90% interval) 

First measurement of flavor 
appearance with 28 νe 

candidates 
Independent measurement of θ13

First constraint of δCP

World-leading 
measurement of θ23 

Significant measurement 
of ∆m232

Abe, K., et al. Physical Review D 91.7 (2015): 072010.

Parameters measured by T2K

)13θ(2sin
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Reactor Prior Best Fit Point

FIG. 38: The marginal posterior of sin2(✓13) and �CP for T2K-only and T2K+reactor

combined analyses. The credible regions are constructed by marginalizing over both mass

hierarchies.

the T2K-only and T2K+reactor analyses. Note that the contours in Fig. 38 are marginalized1413

over the mass hierarchy; in particular, the most probable value line appears to be o↵set1414

from the center of the credible region. This is because the most probable value line is for1415

the preferred inverted hierarchy, and the credible intervals are marginalized over hierarchy.1416

Fig. 40 shows the posterior probability for �CP with 68% and 90% credible intervals for the1417

T2K+reactor combined analysis. Figure 41 shows the comparison of SK 1Rµ and 1Re best-1418

fit spectra produced from the T2K-only and T2K+reactor combined analyses. The best-fit1419

spectrum is formed by using each MCMC point to produce the corresponding spectrum.1420

Then, the best-fit value of the spectrum is considered to be the mode of the distribution1421

of predicted number of events in each energy bin; that is, finding the most probable value1422

in each bin, marginalizing over all parameters. The fit spectrum for 1Rµ events does not1423

change appreciably when the reactor prior is included, but the 1Re fit spectrum shows a1424

noticeable reduction in the number of events.1425

Figures 42 and 43 show the posterior PDFs for the oscillation parameters both singly and1426

pairwise, using MCMC points from the inverted and normal hierarchy respectively, which1427

reflects the most probable mass hierarchy in each analysis. The plots along the diagonal1428

show the posterior PDFs for each of the four oscillation parameters of interest, marginalized1429

over all other parameters, except for the mass hierarchy. The o↵-diagonal elements show1430
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Why Antineutrinos?

C
om

bined

๏ Can potentially measure δCP with 
T2K data alone 

๏ Can study any differences between 
ν and ν ̅oscillation 

๏ Comparison with reactor 
measurement gives a test of three 
flavor framework

90% C.L.  
Sensitivities 

with final T2K  
dataset

90% C.L.  
Sensitivities 

with final T2K  
dataset

90% C.L.  
Sensitivities 

with final T2K  
dataset

Prog. Theor. Exp. Phys. (2015) 043C01



νμ̅ Disappearance
๏ Physics is interesting: investigate if neutrinos and 

antineutrinos behave differently: 

๏ CPT theorem implies that neutrino and antineutrino 
disappearance probability should be the same 

๏ Nonstandard matter interactions as the neutrinos/
antineutrinos pass through the Earth could change 
disappearance probability 

๏ Practical: understand the antineutrino beam before 
doing harder appearance measurement that depends 
on disappearance measurement 
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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SK Data
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5

FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for

x

y
z

Inner 

Outer Detector

   1,000m 

Control room

Access Tunnel

Photo multipliers

41m

    Detector hall

Beam Direction

39m

Detector

FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.

n p

νl l-

Fit near detector data, far 
detector data, and model 
constraints from external 

and internal data
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J-PARC neutrino beamline overview
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Beam Operations
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Plot to be updated!

13% of expected POT
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2.5σ

Great East Japan Earthquake
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first result
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Beam Operations
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Plot to be updated!

Beam power record!

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Used for this ND analysis: ν mode, Runs 2–4; ν ̅mode, Run 5 

Used for this SK analysis: ν ̅mode, Run 5–6 (until 2015-03-12) 
ν-mode is also known as “forward horn current” (FHC) or “positive focusing” (PF) 
ν-̅mode is also known as “reverse horn current” (RHC) or “negative focusing” (NF) 

POT ND280 SK

ν mode 5.82x10 0

ν ̅mode 4.30x10 2.315x10
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Figure 122: Fractional error of Run 1-4† flux at Super-K
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νµ uncertainty at Super-K

1. Proton beam measurement

3. Horn and beam alignment

5. Beam direction
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Hadronic Uncertainties
๏ This analysis has seen significant 

improvement in hadronic uncertainties 
through new data 

๏ NA61/SHINE (at CERN) measures 
the distributions of the pions and 
kaons that are produced from 30 
GeV protons on a graphite target 

๏ T2K uses this information to tune the 
beam simulation 

๏ The new data has both improved the 
beam prediction and reduced the 
uncertainty by ~4% in the beam peak
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Why Multinucleon?
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Muon Spectrum 

• Selected far detector ʆʅ CCQE candidates 

– Fully contained and fiducial single muon-like ring 

– pʅ>200 MeV, no more than one decay e- 

– 58 events in Run 1-3 data (3.01 x1020 POT) 

 

• Neutrino energy  

from elastic  

kinematics 

 

 

– Eb is mean binding 

energy 

23 August 2013 K. McFarland: Oscillations @ T2K 43 

Recent Developments in Neutrino Interaction Modeling

• The large MA value measured by MiniBooNE has motivated theorists to revisit 
nuclear effects in CCQE-like (no final state pion) neutrino-nucleus scattering. 

• Predict a large non-QE component from nuclear effects such as scattering 
involving multiple nucleons and final state interactions of pions in the nuclear 
medium.

Martini et. al. !
Phys.Rev. D87 (2013) 013009 • Tails in the Erec distribution for a 

given energy arise from the nuclear 
effects. 

• Significant variations between 
models in the normalization and 
shape of these tails. 

• Can introduce significant systematic 
uncertainties for oscillation 
measurements.

4

Martini et. al. Phys.Rev. D87 (2013) 013009
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๏ Use CCQE-like data from the MiniBooNE and MINERVA experiments 
to select a cross section model and tune parameters 

๏ External data is somewhat in tension, so errors are inflated to account 
for that tension
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๏ Three samples allow sensitivity to different beam energies and cross 
section interaction modes 

๏ High statistics in neutrino mode provide strong constraints 

๏ CC0π and CC Other samples are underestimated by model; CC1π+ 
is overestimated

Stacked histograms are MC prefit
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ND280 ν-̅mode Samples

๏ Samples are still statistically small 
compared to ν-mode 

๏ Important look into what ND280 will do 
with ν ̅data
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8.3 True CCQE Events classified as CC-1-pion733

There is also a set of CCQE events that get mis-categorised as CC-1⇡. This happens for the734

following reasons:735

• 45% of the time because protons in the TPC are mis-identified as pions. This can happen736

because of reconstruction failures but also because the dE/dx separation between pions737

and protons becomes poor above 1 GeV/c.738

• 45% of the time there are spurious short tracks in the FGD that look pion-like. This can739

be either from mis-reconstructed protons or muons.740

• 10% of the time because of spurious Michel electrons from other magnet interactions.741

9 ND280 Detector Systematics742

This Section discusses the ND280 systematics relevant for this analysis. For some of the sys-743

tematics we defer to the details in the dedicated technical notes.744

Figure 22 give a pictorial overview of the systematics dealt with and is described in the subse-745

quent sub-Sections.746

The control samples used for estimating the systematic errors are indicated in the discussion747

of each systematics and they consist of: sand muons, cosmic muons, interactions in the P0D,748

stopping muons, etc.749

Figure 22: Sketch of the sub-detectors relevant for this analysis with the corresponding associ-
ated systematic components.
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4

tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.
We detect neutrinos at both near (280 m from the tar-

get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.
The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for
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FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.
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P (D|Mi) =

Z
P (D|~x,Mi)P (✓|Mi)d~x (8)

L = L
Poisson

⇥ L
Syst

(9)

2

Maximize a likelihood which is 
the product of a Poisson term 

comparing the predicted 
spectrum to the data and a term 

incorporating the systematics

Data is binned in muon 
candidate momentum and 
angle with respect to the 
incoming neutrino beam
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๏ Flux parameters are generally increased 

๏ Some cross section parameters—especially the carbon 
multinucleon parameter—are changed significantly 
from prior values
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๏ Clear that data is in better agreement after the analysis 

๏ Multinucleon component of distribution is noticeably increased
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3

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
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(2700mwe)
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entrance

AtotsuMozumi
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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/๏ 50 kton (22.5 kton 
fiducial volume) water 
Cherenkov detector 

๏ ~11,000 20'' PMT for 
inner detector (ID) (40% 
photo coverage) 

๏ ~2,000 outward facing 
8'' PMT for outer 
detector (OD): veto 
cosmics, radioactivity, 
exiting events
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Beam Timing at SK

๏ Fully contained 
events in the SK 
fiducial volume 
appear in time with 
the T2K beam 

๏ Both ν-mode and ν-̅
mode events have 
good beam timing

37
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Predicted SK Spectra
๏ Predict the expected 

spectrum at SK using 
neutrino-mode oscillation 
parameters 

๏ Dominated by ν ̅CCQE 
events, but many other 
contributions—this is why 
cross section model is so 
important 

๏ Predict 19.9 events with 
oscillation and 59.8 
without oscillation

38

MC prediction assumes 
neutrino-mode oscillation 

parameters: sin2θ23=0.527 

and ∆m232=2.51x10-3eV2

1. Fully contained within the fiducial volume of SK 

2. Have one and only one reconstructed ring 

3. Have μ-like PID 

4. Have muon momentum >200 MeV/c 

5. Have one or fewer decay electron
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Atmospheric ν Cosmic Muons

Toy MC

Systematic Uncertainties

๏ νe uncertainty is largest—but 
these events are rare 

๏ Neutral current uncertainty 
dominates at low energy 

๏ Effects are small elsewhere
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.
We detect neutrinos at both near (280 m from the tar-

get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.
The near detectors measure the properties of the beam

at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.
The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.

41

SK Data

ND280 
Data

Cross 
Section 
Model

Flux Model
ND280 
Detector 
Model

SK Detector 
Model

Oscillation 
Fit

Oscillation 
Parameters

NA61/SHINE 
Data

INGRID/Beam 
Monitor Data

External Cross 
Section Data

5

FIG. 2: An exploded illustration of the ND280 detector.
The description of the component detectors can be

found in the text.

The SK far detector [41], as illustrated in Fig. 3, is a
50 kt water Cherenkov detector located in the Kamioka
Observatory. The cylindrically-shaped water tank is op-
tically separated to make two concentric detectors : an
inner detector (ID) viewed by 11129 inward-looking 20
inch photomultipliers, and an outer detector (OD) with
1885 outward-facing 8 inch photomultipliers. The fidu-
cial volume is defined to be a cylinder whose surface is
2 m away from the ID wall, providing a fiducial mass
of 22.5 kt. Cherenkov photons from charged particles
produced in neutrino interactions form ring-shaped pat-
terns on the detector walls, and are detected by the pho-
tomultipliers. The ring topology can be used to iden-
tify the type of particle and, for charged current inter-
actions, the flavor of the neutrino that interacted. For
example, electrons from electron neutrino interactions
undergo large multiple scattering and induce electromag-
netic showers, resulting in fuzzy ring patterns. In con-
trast, the heavier muons from muon neutrino interactions
produce Cherenkov rings with sharp edges.

The T2K experiment uses a special software trigger to
associate neutrino interactions in SK to neutrinos pro-
duced in the T2K beam. The T2K trigger records all
the photomultiplier hits within ±500 µs of the beam ar-
rival time at SK. Beam timing information is measured
spill-by-spill at J-PARC and immediately passed to the
online computing system at SK. The time synchroniza-
tion between the two sites is done using the Global Po-
sitioning System (GPS) with < 150 ns precision and is
monitored with the Common-View method [42]. Spill
events recorded by the T2K triggers are processed o✏ine
to apply the usual SK software triggers used to search
for neutrino events, and any candidate events found are
extracted for further T2K data analysis. Spills used for
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FIG. 3: An illustration of the SK detector.

TABLE I: T2K data-taking periods and the integrated
protons on target (POT) for SK data collected in those

periods.

Run Period Dates Integrated POT by SK
Run 1 Jan. 2010-Jun. 2010 0.32⇥ 1020

Run 2 Nov. 2010-Mar. 2011 1.11⇥ 1020

Run 3 Mar. 2012-Jun. 2012 1.58⇥ 1020

the far detector data analysis are selected by beam and
SK quality cuts. The primary reason spills are rejected
at SK is due to the requirement that there are no events
in the 100 µs before the beam window, which is necessary
to reject decay electrons from cosmic-ray muons.

In this paper we present neutrino data collected during
the three run periods listed in Table I. The total SK data
set corresponds to 3.01 ⇥ 1020 protons on target (POT)
or 4% of the T2K design exposure. About 50% of the
data, the Run 3 data, were collected after T2K and J-
PARC recovered from the 2011 Tohoku earthquake. A
subset of data corresponding to 0.21 ⇥ 1020 POT from
Run 3 was collected with the magnetic horns operating
at 205 kA instead of the nominal value of 250 kA. The size
of the total data set is approximately two times that of
T2K’s previously published electron neutrino appearance
result [21].

We monitor the rate and direction of the neutrino
beam over the full data-taking period with the INGRID
detector. As illustrated in Fig. 4, the POT-normalized
neutrino event rate is stable to within 1%, and the beam
direction is controlled well within the design requirement
of 1 mrad, which corresponds to a 2% shift in the peak
energy of the neutrino spectrum.
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sin 0.527 sin 0–1
∆m 2.51x10 ∆m̅ 0–0.02 eV
sin 0.0248 sin 0.0248
sin 0.304 sin 0.304
∆m 7.53x10 ∆m̅ 7.53x10
δ -1.55 rad δ ̅ -1.55 rad

Data is binned in 
reconstructed neutrino energy 

Fix all oscillation parameters 
except sin2θ2̅3 and ∆m̅232 

using T2K neutrino data and 
PDG 2014

P (D|Mi) =

Z
P (D|~x,Mi)P (✓|Mi)d~x (8)

L = L
Poisson

⇥ L
Syst

(9)

2

Maximize a likelihood which 
is the product of a Poisson 

term comparing the 
predicted spectrum to the 

data and a term 
incorporating the systematics
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Best Fit Spectrum
๏ Data show clear 

evidence of oscillation 

๏ Clear, visible 
oscillation “dip” in the 
data
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tector data samples (Section VI and Section VIII respec-
tively). The fit to near detector data, described in Sec-
tion VII, is used to constrain the far detector rate and as-
sociated uncertainties. Finally, Section IX describes how
the far detector ⌫

e

sample is used to estimate sin22✓
13

.

II. EXPERIMENTAL OVERVIEW AND DATA
COLLECTION

The T2K experiment [31] is optimized to observe elec-
tron neutrino appearance in a muon neutrino beam. We
sample a beam of muon neutrinos generated at the J-
PARC accelerator facility in Tokai-mura, Japan, at base-
lines of 280 m and 295 km from the neutrino production
target. The T2K neutrino beam line accepts a 31 GeV/c
proton beam from the J-PARC accelerator complex. The
proton beam is delivered in 5 µs long spills with a period
that has been decreased from 3.64 s to 2.56 s over the
data-taking periods described in this paper. Each spill
consists of 8 equally spaced bunches (a significant subset
of the data was collected with 6 bunches per spill) that
are ⇠ 15 ns wide. The protons strike a 91.4 cm long
graphite target, producing hadrons including pions and
kaons, and positively charged particles are focused by a
series of three magnetic horns operating at 250 kA. The
pions, kaons and some muons decay in a 96 m long vol-
ume to produce a predominantly muon neutrino beam.
The remaining protons and particles which have not de-
cayed are stopped in a beam dump. A muon monitor
situated downstream of the beam dump measures the
profile of muons from hadron decay and monitors the
beam direction and intensity.

We detect neutrinos at both near (280 m from the tar-
get) and far (295 km from the target) detectors. The far
detector is the Super-Kamiokande (SK) water Cherenkov
detector. The beam is aimed 2.5� (44 mrad) away from
the target-to-SK axis to optimize the neutrino energy
spectrum for the oscillation measurements. The o↵-axis
configuration [32–34] takes advantage of the kinematics of
pion decays to produce a narrow band beam. The angle
is chosen so that the spectrum peaks at the first oscilla-
tion maximum, as shown in Fig. 1, maximizing the signal
in the oscillation region and minimizing feed-down back-
grounds from high energy neutrino interactions. This
optimization is possible because the value of |�m

2

32

| is
already relatively well known.

The near detectors measure the properties of the beam
at a baseline where oscillation e↵ects are negligible. The
on-axis INGRID detector [35, 36] consists of 16 mod-
ules of interleaved scintillator/iron layers in a cross con-
figuration centered on the nominal neutrino beam axis,
covering ±5 m transverse to the beam direction along
the horizontal and vertical axes. The INGRID detector
monitors the neutrino event rate stability at each mod-
ule, and the neutrino beam direction using the profile of
event rates across the modules.

The o↵-axis ND280 detector is a magnetized multi-
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FIG. 1: The muon neutrino survival probability (top)
and electron neutrino appearance probabilities (middle)

at 295 km, and the unoscillated neutrino fluxes for
di↵erent values of the o↵-axis angle (OA) (bottom).
The appearance probability is shown for two values of
the phase �

CP

, and for normal (NH) and inverted (IH)
mass hierarchies.

purpose detector that is situated along the same di-
rection as SK. It measures the neutrino beam compo-
sition and energy spectrum prior to oscillations and is
used to study neutrino interactions. The ND280 detec-
tor utilizes a 0.2 T magnetic field generated by the re-
furbished UA1/NOMAD magnet and consists of a num-
ber of sub-detectors: side muon range detectors (SM-
RDs [37]), electromagnetic calorimeters (ECALs), a ⇡

0

detector (P0D [38]) and a tracking detector. The tracking
detector is composed of two fine-grained scintillator bar
detectors (FGDs [39]) sandwiched between three gaseous
time projection chambers (TPCs [40]). The first FGD
primarily consists of polystyrene scintillator and acts as
the target for most of the near detector neutrino inter-
actions that are treated in this paper. Hence, neutrino
interactions in the first FGD are predominantly on car-
bon nuclei. The ND280 detector is illustrated in Fig. 2,
where the coordinate convention is also indicated. The
x and z axes are in the horizontal plane, and the y axis
is vertical. The origin is at the center of the magnet,
and the magnetic field is along the x direction. The z

axis is the direction to the far detector projected to the
horizontal plane.
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9 Summary561

In summary, we report the results of a simultaneous fit to the ND280 tracker ⌫
µ

562

sample from ⌫ mode running, ND280 tracker ⌫̄
µ

sample from ⌫̄ mode running, and563

SK 1R
µ

sample from ⌫̄ mode running, equating to 2.315⇥10

20 POT of data in the564

SK sample. The best fit point, assuming normal hierarchy, is shown in Table 9,565

where the errors given on the individual parameters come from the 1D 68% credible566

intervals. The 68% and 90% contours for the sin

2
¯✓23–�m̄2

32 parameter space are567

shown in Figure 42.568

|�m̄2
32| sin

2
(

¯✓23)

Normal Hierarchy 2.33+0.27
�0.23 ⇥10

�3 eV2 0.515+0.085
�0.095

Table 9: Best-fit values for ⌫̄ oscillation parameters extracted from the marginal posterior

of the Run 5c–6c data fit. The best-fit values are determined from the 2D posterior in

sin

2
¯✓23 - �m̄2

32 space, and uncertainties on those values are taken from the 1D posterior

for that parameter.
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Figure 42: The 2D contours and best fit point in sin

2
¯✓23 – �m̄2

32 space from Run 5c–6c

⌫̄ mode data fit, assuming normal hierarchy. The best fit point is at sin

2
¯✓23 = 0.515,

�m̄2
32 = 2.33⇥ 10

�3eV 2
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Best fit is near 
maximal 

disappearance
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Impact of Systematic Uncertainty
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๏ Fitting without 
including systematic 
uncertainties 
produces nearly 
identical contours 

๏ This analysis is 
statistics dominated
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๏ Antineutrino 
analysis has much 
larger contours 
than neutrino 
analysis 

๏ Two analyses are 
consistent with no 
difference between 
neutrinos and 
antineutrinos 
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Comparison to MINOS
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๏ T2K contours are 
smaller in sin2θ2̅3, 
though MINOS 
saw a non-maximal 
best fit point 

๏ Results are 
completely 
compatible

MINOS data is beam and cosmic combined 
P. Adamson et al., Phys. Rev. Lett. 110 (2013) 25, 251801 
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Future Work
๏ Anti-neutrino running is ongoing— POT 

at the end of May is 4.0x1020, nearly 
twice as large as this dataset 

๏ Anti-neutrino analysis of νe̅ appearance 
is underway 

๏ Expect to release these results in late 
summer
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Cross section measurements at INGRID
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Charged current coherent cross sections at ND280
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The range of E
reco

is from 0.2GeV to 10GeV. The oscil-353

lation amplitude sin22✓ee is restricted to the physical re-354

gion. The e↵ect of systematic uncertainties is included in355

the fit with nuisance parameters (55 in total) constrained356

by a Gaussian penalty term. The oscillation probability357

Eq. (1) a↵ects ⌫
e

signal events based on the true neutrino358

energy and flight path.359

The best-fit oscillation parameters are sin22✓ee = 1 and360

�m2
e↵ = 2.05 eV2/c4. The �2/ndf is 42.16/49. Most of361

the best-fit systematic parameters are within a 0.5� de-362

viations and always within 1� from the prior values. The363

systematic parameter corresponding to the normalization364

of the ⌫
µ

N ! ⇡0X OOFV component is reduced by 31%365

(⇠ 1�) due to the deficit at low energy in the control366

sample. If neutrino oscillations are not considered, the367

parameter is reduced by approximately the same amount,368

since the control sample contains a small fraction of elec-369

tron neutrinos and is therefore independent of oscilla-370

tions. The ratio between the best-fit and the expected371

non-oscillated MC distributions is shown as a function of372

E
reco

for both the ⌫
e

and the control samples in Fig. 4.373

The best-fit, where the nuisance parameters are allowed374

to float while the oscillation parameters are fixed to null,375

is also shown. The corresponding �2/ndf is 45.86/51.376

The two-dimensional confidence intervals in the377

sin22✓ee - �m2
e↵ parameter space are computed using378

the Feldman-Cousins method [28]. The systematic un-379

certainties are incorporated using the method described380

in [29]. The 68%, 90% and 95% confidence regions are381

shown in Fig. 5. The exclusion region at 95% CL is382

approximately given by sin22✓ee > 0.3 and �m2
e↵ >383

7 eV2/c4.384

The p-value of the null oscillation hypothesis, com-385

puted using a profile likelihood ratio as a test statistic,386

is 0.085.387

The impact of ⌫
µ

disappearance and ⌫
e

appearance388

on the present result is estimated by considering a non-389

null sin2 2✓
µµ

in the 3+1 model. For sin2 2✓
µµ

between 0390

and 0.05, approximately the region not excluded by other391

experiments [10, 30], the 95%CL exclusion on sin2 2✓
ee

392

moves by less than 0.1393

In Fig. 6 the T2K confidence region at 90% and 95%394

CL is compared with ⌫
e

disappearance allowed regions395

from the gallium anomaly and reactor anomaly. The ex-396

cluded regions from ⌫
e

+12C ! 12N+e� scattering data397

of KARMEN [31, 32] and LSND [33] experiments and so-398

lar neutrino and KamLAND data [34–46] are also shown.399

The T2K result excludes part of the gallium anomaly400

and a small part of the reactor anomaly allowed regions.401

The current T2K limit at 95% CL is contained within402

the region excluded by the combined fit of the solar and403

KamLAND data. Another analysis which combines the404

solar neutrino data with the reactor neutrino data shows405

weaker limits on sin2 2✓
ee

[47].406407

Conclusions — T2K has performed a search for ⌫
e

dis-408

appearance with the near detector. The excluded re-409

gion at 95% CL is approximately sin22✓ee > 0.3 and410

�m2
e↵ > 7 eV2/c4. The p-value of the null oscillation411
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FIG. 4. The ratio of the best fit spectrum to the expected
MC distribution, where the fit includes nuisance and oscil-
lation parameters (blue) and nuisance parameters only (red
dashed), is shown. The plots show the ⌫e sample (top) and
the control sample (bottom). The black line corresponds to
the expected non-oscillated MC before the fit. The black dots
show the data. Statistical uncertainties are shown.
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FIG. 5. 68% and 90% CL allowed regions and 95% CL ex-
clusion region for the sin22✓ee - �m2

e↵ parameters measured
with the T2K near detector.
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Conclusions
๏ T2K has performed its first analysis with anti-

neutrino data 
๏ In a study of muon anti-neutrino disappearance, 

T2K observes 17 events in the far detector and 
has set a world-leading limit on the θ2̅3 parameter
—but we are limited by statistics! 

๏ T2K continues to take data and more anti-neutrino 
results are coming soon! 

๏ Thank you to RAL for hosting Emerald, which was 
used for most of the computing for this analysis!
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