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Neutrino Oscillations  （ニュートリノ振動）

Fundamental Questions（根源的な問題）

Neutrino Mass（質量）
m1, m2, m3

Neutrino Mixing（混合）

θ12, θ23, θ13

3 generations? （ニュートリノは３つか？）

Particle-Antiparticle (CP) Symmetry（粒子と反粒
子 CP）

Kobayashi-Maskawa like phase in neutrino 
oscillations（小林・益川位相のようなものが
ニュートリノ振動にも寄与）

addressed by an accelerator neutrino beam experiment. 
（加速器ニュートリノビーム実験で研究できる）
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Neutrino Beam: ニュートリノビーム

 Well-known muon neutrinos produced by protons （陽子ビームを使ってよく分かったミューオンニュー
トリノビームを生成する）

The number of muon [electron] neutrinos in Super-K　（スーパーカミオカンデでミューオン[電子]

ニュートリノの数）

The energy of muon (electron) neutrinos in Super-K　（スーパーカミオカンデでミューオン[電子]

ニュートリノのエネルギー）

proton beam 
（陽子ビーム）

π
μ

νμ
νμ

νμνe
Target + horns
（標的とホーン）

Decay volume
（崩壊領域）

Near detector
（前置測定器）

Far detector (後置測定器)

muon monitor
（ミューオン測定器）
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K2K Experiments　（K2K実験） 

　KEK to(2) Kamioka  (KEKから神岡へ)

The world-first long baseline [~100km] 
neutrino oscillation experiment （世界
初の長基線 [数100km] 加速器ニュー
トリノ振動実験）

Proposal in 1995 （実験提案1995年）

Data taking from 1999（1999年からデ
ータ取得開始）

Data taking completed in 2004（2004

年ﾆデータ収集終了）
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K2K Results （K2K実験の結果）

νμ→νμ and νμ→ντ

112 events observed （112個観測）

158.4 events expected without oscillation 
（振動がなければ158.4個予想）

νμ disappearance （ミューニュートリ
ノ消失）

The energy distribution is consistent with 
the prediction with oscillation（エネルギー
分布は振動がある場合の予想と一致）

Atmospheric neutrino oscillations were first 
confirmed by artificial neutrinos（大気ニュー
トリノ振動を人工ニュートリノで初めて確
認）

Nobs=112((
Nexp=158.4((

+9.4(
28.7(
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More Neutrinos!   T2K/J-PARC  
（もっとニュートリノを！）

J-PARC加速器

750 kW design beam power（750kWの設計ビームパ
ワー）

T2K [Tokai-to(2)-Kamioka] （東海から神岡へ）

500 collaborators from 11 countries （11カ国から500
名の共同研究者）

High quality Neutrino beam with an off-axis 
technique（オフアクシス法を使った高品質ニュート
リノビーム）

LOI in 2000　（2000年に実験草案）

Construction starts in 2004（2004年から建設開始）

The first beam in 2009（2009年に最初のビーム）

Data taking starts in 2010（2010データ収集開始）6

T2K$Collabora6on�
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~500 members, 59 Institutes, 11 countries 



Appearance Signal　（出現事象）

νμ→νe （ミューニュートリのから電子ニュー
トリノへの振動）

6 events in 2011（2011年に6 事象観測）

The first hint of non-zero θ13（最初にθ13

がゼロでない兆候を発見）

28 events in 2013 [Observation]（2013年に
28 事象観測 [確定]）

The first appearance signal in neutrino oscillations
　（ニュートリノ振動で最初の出現信号）

The signal for CP violation study（CPの破れを研
究するための信号） 7

Discovery!



T2K Results　（T2K実験の結果）

νμ disappearance （ミューニュートリノ
消失）
νe appearance （電子ニュートリノ出現）
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C. Results

Both the M1 and M2 analyses find the point estimates
sin2 θ23 ¼ 0.514 and Δm2

32 ¼ 2.51 × 10−3 eV2=c4 when
assuming the normal mass hierarchy and sin2θ23 ¼ 0.511
and Δm2

13 ¼ 2.48 × 10−3 eV2=c4 when assuming the
inverted mass hierarchy. Table XXI summarizes these
results from the M1 and M2 analyses. Likewise, the

confidence intervals produced by M1 and M2 are similar.
Since the M1 and M2 analyses are consistent with each
other, only results from M1 are given below. Figure 27
shows the best-fit values of the oscillation parameters, the
two-dimensional confidence intervals calculated using the
Feldman and Cousins method, assuming normal and
inverted hierarchy, and the sensitivity at the current
exposure. The size of the confidence interval found by
the fit to the data is smaller than the sensitivity. This arises
because the best-fit point is at the physical boundary
corresponding to maximum disappearance probability.
The amount by which the region is smaller is not unusual
in an ensemble of toy MC experiments produced under the
assumption of maximal disappearance. The best-fit spec-
trum from the normal hierarchy fit compared to the
observed spectrum is shown in Fig. 28, showing as well
the ratio of the number of observed events to the predicted
number of events with sin2θ23 ¼ 0. The observed oscil-
lation dip is significant and well fit by simulation. The
calculated one-dimensional Feldman and Cousins confi-
dence intervals are given in Table XXII. Figure 29 shows
the -2Δ lnL distributions for sin2 θ23 and jΔm2j from the
data, along with the 90% C.L. critical values.

D. Multinucleon effects study

Recently, experimental [67,113–115] and theoretical
[24,25,116–129] results have suggested that the charged-
current neutrino-nucleus scattering cross section at T2K
energies could contain a significant multinucleon compo-
nent. Such processes are known to be important in
describing electron-nucleus scattering (for a review, see
[130]), but have not yet been included in the model of
neutrino-nucleus interactions in our muon neutrino dis-
appearance analyses. If such multinucleon effects are
important, their omission could introduce a bias in the
oscillation analyses. Since low energy nucleons are not
detected in SK, such events can be selected in the QE
sample and assigned incorrect neutrino energies.
A Monte Carlo study was performed in order to explore

the sensitivity of the analysis to multinucleon effects. The
nominal interaction model includes pion-less delta decay
(PDD), which can be considered to be a multinucleon
effect. As an alternative, we turn off PDD and use a model
by Nieves [24] to simulate multinucleon interactions for
neutrino energies below 1.5 GeV. Pairs of toy Monte Carlo
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FIG. 27 (color online). The 68% (dashed) and 90% (solid) C.L.
intervals for the M1 νμ -disappearance analysis assuming normal
and inverted mass hierarchies. The 90% C.L. sensitivity contour
for the normal hierarchy is overlaid for comparison.
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FIG. 28 (color online). Top: Reconstructed neutrino energy
spectrum for data, best-fit prediction, and unoscillated prediction.
Bottom: Ratio of oscillated to unoscillated events as a function of
neutrino energy for the data and the best-fit spectrum.

TABLE XXII. The 68% and 90% confidence level intervals for
the νμ-disappearance analysis.

MH 68% C.L. 90% C.L.

sin2 θ23 NH [0.458, 0.568] [0.428, 0.598]
sin2 θ23 IH [0.456, 0.566] [0.427, 0.596]
Δm2

32ð10−3 eV2=c4Þ NH [2.41, 2.61] [2.34, 2.68]
Δm2

13ð10−3 eV2=c4Þ IH [2.38, 2.58] [2.31, 2.64]
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value of 7.3σ. These significances were calculated using a
test statistic having fixed values for θ23 and δCP. For any
values for these parameters, consistent with their present
uncertainties, the significance remains above 7σ.
As the precision of this measurement increases, the

uncertainty from other oscillation parameters becomes
increasingly important. The uncertainties on θ23 and
Δm2

32 are taken into account in the fit by adding a Lconst
term and marginalizing the likelihood over θ23 and Δm2

32.
The Lconst term is the likelihood as a function of sin2θ23 and
Δm2

32, obtained from the T2K νμ disappearance measure-
ment [30]. The value of δCP and the hierarchy are held
fixed in the fit. Performing the fit for all values of δCP,
the allowed 68% and 90% C.L. regions for sin22θ13 are
obtained as shown in Fig. 5. For δCP ¼ 0 and normal
(inverted) hierarchy case, the best-fit value with a 68% C.L.
is sin22θ13 ¼ 0.136þ0.044

−0.033 (0.166þ0.051
−0.042). With the current

statistics, the correlation between the νμ disappearance and
νe appearance measurements in T2K is negligibly small.
Constraints on δCP are obtained by combining our results

with the θ13 value measured by reactor experiments. The
additional likelihood constraint term on sin22θ13 is defined
as expf−ðsin22θ13 − 0.098Þ2=½2ð0.0132Þ&g, where 0.098
and 0.013 are the averaged value and the error of sin22θ13
from PDG2012 [9]. The −2Δ ln L curve as a function of
δCP is shown in Fig. 6, where the likelihood is marginalized
over sin22θ13, sin2θ23, and Δm2

32. The combined T2K and
reactor measurements prefer δCP ¼ −π=2. The 90% C.L.
limits shown in Fig. 6 are evaluated by using the Feldman-
Cousins method [31] in order to extract the excluded
region. The data exclude δCP between 0.19π and 0.80π
(−π and−0.97π, and−0.04π and π) with normal (inverted)
hierarchy at 90% C.L.
The maximum value of −2Δ ln L is 3.38 (5.76) at

δCP ¼ π=2 for the normal (inverted) hierarchy case. This
value is compared with a large number of toy MC experi-
ments, generated assuming δCP ¼ −π=2, sin22θ13 ¼ 0.1,

sin2θ23 ¼ 0.5, and Δm2
32 ¼ 2.4 × 10−3 eV2. The MC aver-

aged value of −2Δ ln L at δCP ¼ π=2 is 2.20 (4.10) for the
normal (inverted) hierarchy case, and the probability of
obtaining a value greater or equal to the observed value is
34.1% (33.4%). With the same MC settings, the expected
90% C.L. exclusion region is evaluated to be between
0.35π and 0.63π (0.09π and 0.90π) radians for the normal
(inverted) hierarchy case.
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FIG. 4 (color online). The Erec
ν distribution for νe candidate

events with the MC prediction at the best fit of sin2 2θ13 ¼ 0.144
(normal hierarchy) by the alternative binned Erec

ν analysis.
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FIG. 6 (color online). The −2Δ ln L value as a function of δCP
for normal hierarchy (solid line) and inverted hierarchy (dotted
line). The likelihood is marginalized over sin22θ13, sin2θ23, and
Δm2

32. The solid (dotted) line with markers corresponds to the
90% C.L. limits for normal (inverted) hierarchy, evaluated by
using the Feldman-Cousins method. The δCP regions with values
above the lines are excluded at 90% C.L.
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FIG. 5 (color online). The 68% and 90% C.L. allowed
regions for sin22θ13, as a function of δCP assuming normal
hierarchy (top) and inverted hierarchy (bottom). The solid line
represents the best fit sin22θ13 value for given δCP values. The
values of sin2θ23 and Δm2

32 are varied in the fit with the constraint
from [30]. The shaded region shows the average θ13 value from
the PDG2012 [9].

PRL 112, 061802 (2014) P HY S I CA L R EV I EW LE T T ER S week ending
14 FEBRUARY 2014

061802-7

Energy （エネルギー）[GeV]

Energy （エネルギー）[GeV]

Energy （エネルギー）[GeV]

νμ→νμ νμ→νe



Anti-Neutrinos（反ニュートリノ）

First anti-neutrino beam in 2014（最初の反ニュートリノ
ビームが2014年）

Search for （探索）

Difference of anti-neutrino oscillations from neutrinos　
（反ニュートリノ振動とニュートリノ振動の違い）

The first appearance of anti-electron neutrinos（反電
子ニュートリノ出現の）

　Direct test of neutrino CP violation（ニュートリノに
おけるCPの破れの試験）
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CP Violation　CPの破れ

First constrain the CP violating 
parameter δCP by using the T2K 
νμ→νe probability and the reactor 
θ13 values. 　　　　　　　　　
(T2Kでのνμ→νe 振動確率と原子
炉θ13の値からCPの破れの変数
δCPに初めて制限をつけた)

More protons are expected from   
J-PARC （もっとたくさんの陽子
がJ-PARCから期待）

Stay tuned!　乞うご期待
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dimensions of interest. The Gaussian width of the smearing
was set to be variable, and inversely proportional to the
local density of MCMC points; this technique counters
potential undersmoothing in low-density regions and
potential over-smoothing in high density regions. The
maximum of the PDF produced by the KDE was then
maximized using MINUIT to find the most probable value.
In the case of using only T2K data, there is little sensitivity
to the δCP parameter, and so a line of most probable values
was created by finding the three-dimensional density of the
MCMC at a series of values of δCP.

2. Samples

Unlike the frequentist analyses described above, the joint
near-far analysis does not use the covariance matrix
produced by the ND280 analysis described in Sec. V.
Instead, this analysis is performed simultaneously with the
three ND280 νμ CC samples, and the SK νμ CC, and SK νe
CC samples. By fitting all samples simultaneously, this
analysis avoids any error coming from neglecting nonlinear
dependencies of the systematic parameters constrained by
ND280 analysis on the oscillation parameters.
The systematic uncertainties used for the ND280 sam-

ples are nearly identical to those in Sec. V with the
following exceptions: the uncertainties on the cross-section
ratios σνe=σνμ and σν̄=σν are applied and the NC normali-
zation uncertainties are divided into NC1π0, NC1π!, NC
coherent, and NCOther for all samples. Additionally, the
number of bins in the ND280 detector systematic covari-
ance matrix is reduced to 105, in order to reduce the total
number of parameters. There are no differences in the
systematic uncertainties for the SK samples. Ignoring
constant terms, the negative log of the posterior probability
is given by,

− lnðPÞ ¼
XND280bins
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FIG. 36 (color online). The 68% (dashed) and 90% (solid) C.L.
regions for normal (top) and inverted (bottom) mass hierarchy
combined with the results from reactor experiments in the
(sin2 θ23, Δm2

32) space compared to the results from the Super-
Kamiokande [131] and MINOS [132] experiments.
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FIG. 37 (color online). Profiled Δχ2 as a function of δCP with
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The vector ~θsr contains the solar oscillation parameters
and for combined fits with reactor data sin2 2θ13, with
priors described in Sec. VII B. The priors on the other
oscillation parameters of interest are uniform in sin2 θ13
between 0 and 1, sin2 θ23 between 0 and 1, jΔm2

32j
between 0.001 and 0.005 eV2=c4, and δCP between −π
and π. Additionally, the prior probability of the normal
hierarchy and inverted hierarchy are each 0.5. Priors for
the systematic parameters are the multivariate Gaussian
terms shown, with the exception of the cross-section
spectral function parameters which are given a uniform
prior between 0 and 1.
In this analysis, both ND280 and SK MC sample events

are weighted individually for all parameters in the

analysis. This means that each PDF is rebuilt from the
MC at every iteration of the MCMC. This has the
advantage of retaining shape information within each
bin of the PDF, especially desirable for the oscillation
parameters, and also allows a more natural treatment of
certain parameters such as the SK energy scale uncertainty
which may cause events to migrate between bins. The
increase in computational load was offset by performing
certain calculations on GPUs, including the event-by-
event calculation of oscillation probability [136].

3. Results

The MCMC was run with 5.6 × 107 steps using only
T2K data, and for 1.4 × 108 steps for T2K data combined

TABLE XXV. Most probable values for oscillation parameters from Bayesian analysis.

Analysis Hierarchy jΔm2
32j 10−3 eV2=c4 sin2 θ23 sin2 θ13 δCP

T2K-only Inverted 2.571 0.520 0.0454 0 (fixed)
T2Kþ reactor Normal 2.509 0.528 0.0250 −1.601

TABLE XXVI. 68% Bayesian credible intervals for oscillation parameters.

Analysis jΔm2
32j 10−3 eV2=c4 sin2 θ23 sin2 θ13

T2K-only [2.46, 2.68] [0.470, 0.565] [0.0314, 0.0664]
T2Kþ reactor [2.40, 2.62] [0.490, 0.583] [0.0224, 0.0276]
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FIG. 39 (color online). Credible regions for sin2 θ23 and Δm2
32

for T2K-only and T2Kþ reactor combined analyses. The normal
hierarchy corresponds to positive values of Δm2

32 and the inverted
hierarchy to negative values.
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K2K（1999～2004）：Confirmed Neutrino Oscillations by a neutrino beam                     
（ニュートリノビームでニュートリノ振動を確認） 
T2K（2009～2026）：Discovery of νe appearance（電子ニュートリノ出現を発見） 

toward a discovery of neutrino CP violation（ニュートリノCPの破れの発見を目指す） 
→ Hyper-Kamiokande (2026～   ) 11

Figure 1: Anticipated MR beam power and POT accumulation vs. calendar year.

in this document, including further improvements to the MR beam power, neutrino beam
line upgrades, and analysis developments to improve statistical and systematic uncertain-
ties. We then discuss the physics potential resulting from these combined developments.

2 Data accumulation Plan and Improvement of e↵ective
Statistics

Projected MR beam power and POT accumulation The MR beam power has
steadily increased since the start of the operation. In June 2015February2016, 360390 kW
beam with 1.682.0⇥1014 protons-per-pulse (ppp) every 2.48 seconds was successfully pro-
vided to the neutrino beamline. Discussions with the J-PARC Accelerator Group have
resulted in a plan to achieve the design intensity of 750 kW by reducing the repetition
cycle to 1.3 seconds. This requires an upgrade to the power supplies for the MR main
magnets, RF cavities, and some injection and extraction devices by January 2019. Stud-
ies to increase the ppp are also in progress, with 2.73 ⇥ 1014 ppp equivalent beam with
acceptable beam loss already demonstrated in a test operation with two bunches.

Based on these developments, MR beam power prospects were updated and presented
in the accelerator report at the last PAC in July 2015[12] and anticipated beam power
of 1.3 MW with 3.2⇥1014 ppp and a repetition cycle of 1.16 seconds arewere presented
at international workshops[13, 14]. A possible data accumulation scenario is shown in
Fig. 1, where 5 months of neutrino beam operation each year and realistic running time
e�ciency are assumed. We expect to accumulate 20⇥1021 POT by JFY2026 with 5 months
operation each year and by JFY2025 with 6 months operation each year as requested by
T2K.

Beamline upgrade The beam intensity in the current neutrino beam facility is limited
to 3.3 ⇥ 1014 ppp by the thermal shock induced by the beam on the target and beam
window. The MR power upgrade plan allows 1.3 MW beam operation without increasing
the ppp. However, the beamline cooling capacity for components like the target and
helium vessel is su�cient for up to 750 kW; these would need to be upgraded to accept
1.3 MW beam operation.

The T2K horns were originally designed to be operated at 320 kA current, but so far
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Summary and Prospect まとめと展望

K2K

T2K
T2K-II

ハイパーカミオカンデ 
(2026~  )


