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Abstract The development of long baseline neutrino oscil-
lation experiments with accelerators in Japan is reviewed.
Accelerator experiments can optimize experimental condi-
tions, such as the beam and the detector, as needed. The
evidence of neutrino oscillations observed in atmospheric
neutrinos was confirmed by the K2K experiment. The T2K
experiment discovered the oscillation channel from a muon
neutrino to an electron neutrino with the squared mass dif-
ference Δm2 ∼ 2.5 × 10−3 eV2, and presents a full anal-
ysis with all three flavor states of both neutrinos and anti-
neutrinos. The three mixing angles, which quantify the mix-
ing of the three neutrino states, have been measured. They
are large compared to those of quarks, especially the mixing
of the second and third generation which is nearly maximal.
The T2K experiment has an ongoing program producing new
results, and recently has shown a hint of CP violation in neu-
trinos. Future generation long baseline neutrino experiments
beyond T2K are expected to clarify the relationship between
flavor and mass, as well as measure possible CP violation in
neutrino oscillations.

1 Introduction

1.1 Historical overview

The question of whether neutrinos are massless or massive
has fascinated physicists for many years, for several rea-
sons. Neutrino mass must be very small compared to other
fermions, such as quarks and charged leptons. It has been
known for decades that their masses had tight upper limits,
but there was no compelling reason for them to be massless.
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On the contrary, the See–Saw mechanism naturally explains
the extremely small neutrino mass by introducing ultra-high
energy physics. Even further, without Grand Unification,
finite Majorana neutrino masses are required for Baryoge-
nesis in the universe [1].

From the point of view of Cosmology, a large mass of dark
matter is required in the universe. In the 1990s, neutrinos
with mass near the eV scale were thought to be a candidate
of dark matter; due to the large number of primordial neutri-
nos expected in the Big Bang, massive neutrinos could have
made up the critical mass of the universe. Later precision
measurements of cosmic background radiation have shown
that the dominant part of dark matter cannot be neutrinos
[2,3].

From the point of view of flavor physics, finite neutrino
masses imply relationships between mass and flavor in anal-
ogy to the quark sector. In the quark sector, the correspond-
ing studies have led to the Kobayashi–Maskawa theory of CP
violation in neutral kaons.

During the late 1980s until early 1990s, there was a long-
standing puzzle of deficiency of solar neutrinos, reported by
the Homestake chlorine experiment [4]. The cause of the
observed deficiency was not clear: it could have been due to
problems in solar physics or problems in neutrino physics. In
solar physics, the expected solar neutrino flux detected in the
chlorine experiment was not from the main pp-chain fusion,
but resulted from several nuclear reactions in the Sun. The
prediction of neutrino rate depended on aspects of solar mod-
els and nuclear physics which might have missing pieces. The
puzzle initiated a huge activity [5] with many experiments
launched to study the solar neutrino flux in various energy
regions, especially those from the main pp-chain fusion,
where the neutrino flux can be predicted from thermal energy
production with far fewer ambiguities. Neutrino oscillations
were another possibility in neutrino physics. Finite neutrino

0123456789().: V,-vol 123

http://crossmark.crossref.org/dialog/?doi=10.1140/epjc/s10052-020-7906-x&domain=pdf
mailto:t.nakaya@scphys.kyoto-u.ac.jp


  344 Page 2 of 43 Eur. Phys. J. C           (2020) 80:344 

mass introduces mass eigenstate of neutrinos in addition to
the flavor eigenstates (νe, νμ, and ντ ), which correspond to
the three kinds of charged leptons (e, μ, τ ). Co-existence
of mass- and flavor-eigenstates causes neutrino oscillation,
an analogous situation to the neutral kaon system, where
co-existence of strangeness eigenstates (K 0, K̄ 0) and mass
eigenstates (KL , KS) causes K 0 − K̄ 0 oscillation. If νe states
from the sun change to other types of neutrinos (νμ, ντ ), the
flux of νe is reduced and νμ and ντ can only interact with elec-
trons by neutral current interaction which has a much smaller
rate, thus the observed deficiency of νe can be explained. The
solar neutrino deficiency suggests, if it is due to neutrino
oscillation, the neutrino mass scale is much smaller than the
eV scale. To study this mass scale, the experiment needs to
have a long distance from the neutrino creation to its detec-
tion, due to slow oscillation. On the other hand, a neutrino
scenario of dark matter requires masses near the eV scale.
Because of the short oscillation length (∼ km scale for the
mass square difference of eV2 with neutrino energy of GeV),
studies near the eV scale require high rejection power of νμ to
look for small components of oscillation production in a νμ

beam, since the wrong flavor components (other than νμ) in
an accelerator neutrino beam are already known to be small.
Short baseline experiments have been pursuing this direction
[6,7].

In 1988, the Kamiokande collaboration reported their first
result on the atmospheric neutrino flux and showed a defi-
ciency of the muon neutrinos (νμ), compared to the electron
neutrino (νe) events [8]. This could be interpreted as an indi-
cation of neutrino oscillation or could be due to an unknown
cosmic ray process in the atmosphere, such as a process to
produce more νe than ordinary π and K production. Fur-
ther studies were reported showing that the deficiency of νμ

exists for neutrinos [9,10], which comes from the direction
below the horizon, which corresponds to a neutrino flight
path between their creation and detection is on the order of
100 km. One of the critical measurements is to see that νμ

from an accelerator shows the deficiency under similar con-
ditions. This requires about 100 km baseline with a GeV
neutrino beam, looking for the disappearance of νμ.

The concept of a long baseline neutrino oscillation exper-
iment with an accelerator neutrino beam was discussed by
Masatoshi Koshiba at “A workshop for High Intensity facil-
ity in 1988” at Breckenridge, Colorado. This workshop was
primarily concerned with the physics program at Fermilab in
1990, using the high intensity Main Injector accelerator. He
discussed a large area water Cherenkov detector to extend
high energy neutrino astronomy after discovering neutrinos
from Supernova 1987A and using this detector as a far detec-
tor of a long baseline experiment with the FNAL Main Injec-
tor [11].

In Japan, construction of Super-Kamiokande started in
1991, with commissioning expected to begin in 1996, to

extend various physics topics which were pioneered by the
Kamiokande experiment. Super-Kamiokande has been one
of the most massive detectors in the world with excellent
detection capability of muons and electrons. There was also
a 12 GeV proton synchrotron at KEK in Tsukuba, which was
250 km away from Kamioka. It was built in 1976 and the first
high energy proton accelerator built in Japan after World War
II. The 12 GeV proton energy was achieved through strong
hard efforts by pioneering Japanese high energy physicists.
Yoji Totsuka was leading the studies of neutrinos at Super-
Kamiokande also with an accelerator beam, in addition to
the cosmic neutrinos. He was the central figure of the K2K
and T2K experiments from the very beginning as spokesper-
son of Super-Kamiokande and later as Director General of
KEK. This was the starting point of the neutrino oscillation
experiments with accelerator beams in Japan.

1.2 Neutrino oscillation formalism

Before introducing the long baseline neutrino oscillation
experiments, we show the general formalism of neutrino
oscillations assuming three flavors. Three types of neutri-
nos are assumed to have flavor eigenstates denoted by (νe,
νμ, ντ ) and mass eigenstates denoted by (ν1, ν2, ν3). The
flavor eigenstates are related to mass eigenstates by the 3x3
unitary matrix U ,
⎡
⎣

νe

νμ

ντ

⎤
⎦ =

⎡
⎣

Ue1 Ue2 Ue3

Uμ1 Uμ2 Uμ3

Uτ1 Uτ2 Uτ3

⎤
⎦

⎡
⎣

ν1

ν2

ν3

⎤
⎦ (1)

The neutrino mixing matrix U can be parameterized by three
angles (θ12, θ13, θ23) and one CP violation phases (δC P )
assuming a neutrino as a Dirac particle:
⎡
⎣

c12c13 s12c13 s13e−iδC P

−s12c23 − c12s23s13eiδC P c12c23 − s12s23s13eiδC P s23c13

s12s23 − c12c23s13eiδC P −c12s23 − s12c23s13eiδC P c23c13

⎤
⎦ ,

where ci j = cos θi j and si j = sin θi j .
Long baseline neutrino oscillation experiments with accel-

erators use a muon neutrino beam from a proton synchrotron.
We study neutrino oscillation probabilities from muon neu-
trinos: P(νμ → νμ) in the disappearance channel and
P(νμ → νe) in the appearance channel.

In the disappearance channel, the probability is expressed
as

P(νμ → νμ) = 1 − 4 sin2 θ23 cos2 θ13(1 − sin2 θ23 cos2 θ13)

× sin2
Δm2

e f f L

4E
(2)

where L is the travel distance of the neutrino (baseline), E is
the neutrino energy, and Δm2

e f f incorporates effective lead-

ing dependences on the additional parameters Δm2
21, θ13, and

δC P as
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Δm2
e f f = Δm2

32 + Δm2
21 sin2 θ12

+Δm2
21 cos δC P sin θ13 tan θ23 sin 2θ12

Equation 2 can be rewritten to yield a form appropriate
for the K2K and T2K experiments,

P(νμ → νμ) � 1 − (cos4 θ13 sin2 2θ23 + sin2 2θ13 sin2 θ23)

× sin2 Δm2
31L

4E
(3)

When a neutrino travels in the earth, it feels the potential
of matter, by which the oscillation probability is affected.
The matter effect serves to determine the so-called neutrino
mass hierarchy, which is related to the sign of Δm2

32(1). In a
long baseline experiment, the matter effect is not detectable
in the disappearance channel, but in the appearance channel.

In the appearance channel, the oscillation probability in
an approximate condition with energy Eν of O(1) GeV trav-
eling a distance of O(100) km is expressed [12,13] as

P(νμ → νe) � sin2 θ23 sin2 2θ13
sin2((1 − A)Δ31

(1 − A)2

∓ 8α JC P sin Δ31
sin(1 − A)Δ31

1 − A

sin AΔ31

A

+ 8α JC P
cos δC P

sin δC P
cos Δ31

sin(1 − A)Δ31

1 − A

sin AΔ31

A

+ α2 cos2 θ23 sin2 2θ12
sin2 AΔ31

A2 , (4)

where Δi j = Δm2
i j L

4Eν
, α = Δm2

12
Δm2

31
∼ 0.03, A = ± 2Eν V

Δm2
31

∼
Eν [GeV]ρ[g/cm3]

30 , V is a matter potential, and ρ is the earth
density. With large θ13 the dominant contribution is due to
the first term, which depends also on sin2 θ23. This dominant
term can be calculated with θ13 from reactor measurements
and the sin2 2θ23 value from disappearance measurements.
There is a two-fold ambiguity in sin2 θ23, unless θ23 = π/4.
The sign of the second term changes between neutrinos and
anti-neutrinos, governing CP violation. The magnitude of CP
violation is determined by the Jarlskog invariant [14]

JC P = I m(Uμ3U∗
e3Ue2U∗

μ2)

= 1

8
sin 2θ12 sin 2θ23 sin 2θ13 cos θ13 sin δC P .

The CP violating term is the interference of the oscilla-
tion amplitudes of Δm2

23 and Δm2
12. With the current best

knowledge of oscillation parameters, the CP violation (sec-
ond term) can be as large as ∼ 30% of the first term.

The matter effects generate A dependence. The matter
effect induces an effective neutrino mass to the νe component
and modifies the effective mixing angle for neutrinos propa-
gating in matter. As a result, the oscillation length and effec-
tive mixing angle depend on the baseline. We call Δm2

32 > 0
as the normal mass hierarchy and Δm2

32 < 0 as the inverted

one. The effect is an increased oscillation probability with
the normal mass hierarchy for neutrinos. In the case of anti-
neutrinos, it happens with the inverted hierarchy. In princi-
ple, measurements of the νe appearance probability at two
distances with the same L/E can isolate the matter effect.

2 The K2K experiment

2.1 Atmospheric neutrino anomaly observed in water
Cherenkov detectors

Results on atmospheric-neutrinos available before K2K are
summarized in Table 1. The quantity (μ/e)exp is the ratio
of muons to electrons produced by atmospheric neutrinos
with energies of the order of a GeV, and measures the flux
ratio of νμ to νe to be compared with the Monte Carlo pre-
diction, (μ/e)MC . In addition to the Kamiokande result [9],
the IMB experiment [15], which used a water Cherenkov,
has also an indication of the νμ deficit. On the other hand,
results of tracking detectors FREJUS [16] and NUSEX [17]
are consistent with the predictions, though they suffered from
low statistics. The results from SOUDAN [18,19] were still
preliminary in 1995.

One explanation of the anomaly was that there was a prob-
lem with water Cherenkov separation of muons and electrons.
For this reason, before proposing a long baseline neutrino
experiment, the particle identification capability in the water
Cherenkov detector was tested by a charged particle beam
at KEK. The lepton identification is based on the sharpness
(or fuzziness) of the Cherenkov ring image. Figure 1 shows
a sample of single Cherenkov-ring events in K2K. The parti-
cle identification capability of the water Cherenkov detector
was addressed by a test experiment with a charged particle
beam at KEK-PS [20]. The investigated momentum region
was between 100 and 500 MeV/c.

A prototype water Cherenkov detector was set at the KEK
PS K6 beamline in which charged particles were provided.
Figure 2 shows the K6 beamline and the location of the
detector. The K6 beamline consists of two bending mag-
nets (D2, D3) and focusing quad magnets (Q7, Q8) with
TOF and gas Cherenkov detectors for particle identifica-
tion of the charged beam. This beamline provided the low
energy secondary charged particles: pions, muons, and elec-
trons with energies between 100 and 500 MeV, for the test
of the water Cherenkov detector. An electron was identified
by the time of flight (TOF) and gas Cherenkov detectors. A
muon was identified by setting the second bending magnets to
about 1/2 of the first bending magnet since the muon, which
was emitted backward in the π rest frame, has an energy of
m2

μ/m2
π ×Eπ ∼ 0.5Eπ . Figure 3 shows the TOF distribution

at 500 MeV/c.
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Table 1 Results on atmospheric
neutrino observations around
1990

Experiment (μ/e)exp
(μ/e)MC

Exposure Detector
(kt year) type

Kamiokande 0.60 ± 0.06 ± 0.05 7.7 Water C

IMB III 0.54 ± 0.02 ± 0.07 7.7 Water C

Frejus 0.87 ± 0.13 2.0 Tracking

Soudan II 0.64 ± 0.19 1.01 Tracking

NUSEX 0.99 ± 0.29 0.5 Tracking

Fig. 1 An event with a single μ-like Cherenkov ring (top) and an event
with an electro-magnetic shower-like ring (bottom) observed in K2K.
The detector is a cylinder, lined with photomultiplier tubes. The center
projection (unrolled cylinder) is the inner tank surface, and the projec-
tion in the upper left corner is the outer detector

Fig. 2 KEK PS K6 beamline and prototype water Cherenkov detector

Figure 4 shows e-likelihood and μ-likelihood at similar
total Cherenkov light and Fig. 5 shows the result of misiden-
tification probabilities for e → μ and μ → e. It is evident
that the mis-identification probabilities of about 1% level,
are much smaller than the reported anomaly in atmospheric
neutrino observations.

2.2 The oscillation physics to be explored by K2K

Kamiokande also measured the zenith angle dependence
of the ratio (μ/e)exp/(μ/e)MC for high energy neutrinos,
where knowledge of the absolute initial flux was not nec-
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Fig. 3 Charged particle ID in the beam line by TOF at 500 MeV/c
before the second bending magnet (a) and after (b)

essary [10]. This is consistent with the picture where the
different path lengths of the upward- and downward-going
neutrinos produce different oscillation length. Figure 6 shows
the path length of the neutrino from the creation in the atmo-
sphere to the detection as a function of the zenith angle. The
upward events are the interactions of neutrinos, which travel a
substantial fraction of the earth diameter. On the other-hand,
the downward events corresponding to neutrinos, which
travel a distance on the order of an atmosphere thickness of
several km. Figure 7 shows the ratio of (μ/e)exp/(μ/e)MC as
a function of the cosine of the zenith angle. Assuming 2-flavor
mixing, the oscillation probability (P) from one neutrino to
the other type is given by

P = sin2 2θ × sin2 1.27 · L(km) · Δm2(eV 2)

E(GeV )
, (5)

where E is the neutrino energy and L is the travel distance of
the neutrino (baseline). Considering the fact that the dom-
inant part of the atmospheric neutrinos are between sub-
GeV and several GeV and the fact that the indicated defi-
ciency starts near the horizon, the parameter region to be
explored was in the Δm2 region between 10−2 and 10−3 eV2.
Also, the amount of the deficit increased as the zenith angle
increased, to almost 0.5; this indicates a large neutrino mix-
ing angle, sin2 2θ ∼ 1. The allowed parameter region under
the assumption of neutrino oscillation is shown in Fig. 8 by
Kamiokande [10]. The proposed accelerator-based experi-
ment must be sensitive to small Δm2 and look for a rather
large effect, as opposed to accelerator programs searching

Fig. 4 The e-likelihood and μ-likelihood at similar total Cherenkov
lights of (top) 100 MeV electron energy, (middle) 200 MeV, and (bot-
tom) 300 MeV

for eV mass scales which require high background rejection.
Instead, it required the highest possible intensity and the high-
est possible detector mass, since the event rate decreases as
1/L2.

A feasibility study of the KEK-PS upgrade was performed
in 1992–1993 [21]. The most critical aspect of the upgrade
was to decrease beam losses, especially at the injection point
and crossing transition energy point, to ensure sufficiently
low radio-activity of the beam line. An important improve-
ment was the introduction of white noise at the injection to
ease the space charge effect. The planned upgrade of KEK-
PS was achieved by rigorous efforts of the KEK accelerator
department. Figure 9 shows the performance of the KEK-PS
during the K2K experiment. The proton intensity per pulse
was increased in the upgrade by more than a factor of two
and the repetition rate was shortened to 0.5 Hz as shown in
the feasibility study. In 5 years, it was possible to accumulate
1020 protons on target.

In the proposal, the flux was estimated, using the Sanford-
Wang parametrization for the pion production cross sec-
tion. The GHEISHA [23] package has been used for sec-
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Fig. 5 The misidentification probabilities for e → μ (top) and μ → e
(bottom)

Earth

Fig. 6 Zenith angle and path length of neutrinos before interaction in
the detector

Fig. 7 Zenith angle distribution and comparison with an expectation
without oscillation [10]

Fig. 8 The 90% CL allowed neutrino-oscillation parameters as
obtained from the multi-GeV data (thick curves). The allowed regions as
obtained from the sub-GeV data are also shown by thick-dotted curves.
The allowed regions as obtained by combining the sub- and multi-GeV
data are also shown (shaded region). The best fit values are also shown
by dash-crosses (sub-GeV data), full-crosses (multi-GeV data) and stars
(sub- and multi-GeV data combined). The 90% CL excluded regions
from the other experiments are also shown [10]

ondary interactions of produced pions in the material (target,
horn, and air, etc.). This calculation was compared with the
observed neutrino flux at BNL E734 [24] simulating their
experimental setup. Without oscillation effects, 500 charged-
current (CC) events were expected in the 22.5 kton fidu-
cial volume of the Super-Kamiokande detector with 1020

protons-on-target (POT), while in the near detector with a
1.7 ton fiducial volume, 8000 CC events were expected.
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Fig. 9 The number of protons delivered to the production target in the
period from June 1999 to November 2004. The horizontal axis corre-
sponds to the date. The upper figure shows the total number of protons
on target (POT) accumulated since June 1999, and the lower figure
shows the per spill averaged in a day. In total, 104.90 × 1018 protons
were delivered during the entire period [22]

The KEK to Kamioka long-baseline neutrino oscillation
experiment (K2K) was proposed in April 1995 [25,26] and
approved in 1996 at KEK as cooperation of three organiza-
tions: KEK, ICRR, and INS. The K2K collaboration started
with three countries: Japan, the USA and Korea, and later
included Canada, France, Italy, Poland, Russia, Spain, and
Switzerland. The construction completed in 1999. Data were
accumulated from 2000 to 2005. The complete description of
the experiment can be found in the K2K final paper [22]. The
experiment was proposed to be sensitive to the oscillations,
Δm2 ≥ 3×10−3eV2 and sin2 2θ ≥ 0.1, at more than the 3σ

confidence level. The goals were: (1) confirm the disappear-
ance of νμ in accelerator neutrinos with similar distance and
energy as Kamiokande atmospheric neutrino results and (2)
to show the deficiency is due to neutrino oscillation. This
could be shown by the energy dependence of the disap-
pearance rate. The neutrino energy could be reconstructed
by using charged current quasi-elastic neutrino interaction
νμ + n → μ + p with two-body kinematics. With proper
beam monitoring, it can be shown that either the νμ flux is
decreased and/or the νe flux is increased. If the νμ → νe

oscillation causes the atmospheric neutrino anomaly, the νμ

flux will be decreased and the νe flux will be increased. With
νμ → ντ oscillation, the νμ flux would reduce while keeping
the νe flux unchanged.

2.3 K2K experimental design principle and challenges

The experimental principle of long baseline neutrino exper-
iments with an accelerator beam and Super-Kamiokande, is
summarized in this section.

Super-Kamiokande is the most massive neutrino detector
in the world. The cosmic-ray background, which is espe-
cially difficult in a low counting-rate experiment, is negligi-

ble thanks to the underground site of the detector; there is
no need for sending timing signals over long distances. The
synchronization with the accelerator is required only in the
analysis stage in terms of a common timing signal recorded
at KEK and at Super-Kamiokande by a GPS time stamp at
both locations.

The neutrino beam energy expected from KEK-PS is well
suited to the Water-Cherenkov detector technique. Since the
neutrino beam energy is typically 1 GeV, a large fraction of
the neutrino reactions are either quasi-elastic or single-pion
production, which are easily identified in a water-Cherenkov
detector. An electron, which is the signal for νμ → νe oscil-
lations, can be identified in the low-energy region, thanks to
the small π0 energy and low multiplicity of the events. Also,
we do not expect hadronic jets that would otherwise swamp
the electron signal.

In an accelerator beam compared to atmospheric neutrino
production, the decay volume to produce neutrinos from π

and K decays is much smaller than that of atmospheric neu-
trinos (on the order of 10 km, the thickness of earth atmo-
sphere). This reduces the μ decay probability, suppresses the
νe component to the order of percent level and makes an
almost pure (∼ 99% purity) νμ beam. The other advantage
compared to atmospheric neutrinos is that the initial neutrino
beam, before the oscillation, can be measured by placing a
detector just after its production, which can monitor the νμ

flux and the νe contamination and measure the neutrino spec-
trum.

The experimental challenges are as follows. The oscilla-
tion effect to be searched for is the change of the neutrino
spectrum over a long distance. One of the main points of the
experiment is how precisely we predict the observed quan-
tities at a far distance with and without oscillation effects.
Then, the predictions should be compared with the observa-
tion.

Three pieces of information are needed. First, the neutrino
spectrum at Super-Kamiokande must be predicted reliably.
Second, the cross sections for low energy neutrinos in water
must be modeled properly. Figure 10 shows the compila-
tion (by the SOUDAN collaboration) of neutrino cross sec-
tion measurements (see also the recent data in [27]). Finally,
the detector response to the neutrino interactions must be
taken into account due to different spectrum shapes that are
expected in the near and far detectors.

In principle, the neutrino spectrum can be calculated, once
the π± and K ± momentum and angular distributions in the
decay volume are known. However, at the time of design-
ing K2K, π production data at the relevant energy regions
were only available for a thin target in a limited kinematic
range. The Cho model [28] (a pion production model) with
the Sanford–Wang formula [23,29] is used to parameter-
ize data . In addition, substantial effects must be taken into
account to predict the neutrino flux. First, the production tar-
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Fig. 10 A compilation of neutrino cross section data at the beginning
of K2K. The compilation was done by the SOUDAN 2 collaboration.
Data was not precise enough to use in K2K data analysis. The quasi-
elastic interaction dominates below ∼ 1 GeV

get (two interaction lengths of aluminum in K2K) is thick,
that causes sizeable secondary interactions. Second, the horn
focusing efficiency depends on the position of meson produc-
tion along the beam axis. This depends on the proton beam
profile, divergence, and attenuation of proton beam due to
the total absorption cross section of 12 GeV proton and the
target material.

Another difficulty is that the neutrino flux at two different
locations does not scale as (1/L)2 where L is the distance.
This is because the acceptance of the two detectors are func-
tions of the parent meson energy (angular divergence in the
decay process), decay point (geometrical acceptance), and
direction (focusing is not perfect, production of mesons is
via strong interaction with ∼100MeV energy spread). Thus,
the ratio of the neutrino fluxes at the far and near detectors
(Far/Near ratio) depends on the energy of the neutrinos.

Furthermore, in the neutrino experiment, the observable is
event rates, i.e. the product of neutrino flux and cross section
as a function of the reconstructed neutrino energy. The pre-
dicted neutrino cross sections suffer from ambiguities due to
low energy hadronic effects of target nucleons and cannot be
calculated from first principles. Both cross section and flux
must be determined simultaneously in a self-consistent way
as described in Sect. 2.8.

2.4 K2K experimental setup

A schematic view of the K2K experiment is shown in Fig. 11.
The figure shows the π and K production target, horn, pion
monitor, decay volume, muon monitor and near detectors
(ND). After 250 km of baseline, Super-Kamiokande (SK)
locates and detects the neutrino events. Figure 12 shows the

 K2K experiment 

 monitor 
μμ monitor Near  detectors 

(ND) 

+ 
μ+

Target+Horn 
200m 

decay pipe 

SK 

100m ~250km 

μ12GeV protons 

~1011 μ/2.2sec 
(/10m 10m)

~106 μ/2.2sec 
(/40m 40m)

(monitor the beam center) 

Fig. 11 Schematic view of the K2K experiment

neutrino beam flux at ND and SK predicted by the MC sim-
ulation. The GPS information was used for identifying the
accelerator produced events in SK. The fully contained events
in the fiducial volume, which are used in the oscillation anal-
ysis of K2K, are selected and reconstructed by using the
same methods as have been used in the atmospheric neutrino
analysis. The GPS was also used for the alignment of the
250 km long experimental setup by a long-baseline GPS sur-
vey between KEK and Kamioka. The estimated precision of
the beam orientation was 0.01 mrad, based on the accuracy
(1 mm) of the GPS position survey.1 The construction preci-
sion of the beam line and detectors at the near site were about
10 mm, that resulted in a precision of the beam orientation
better than 0.1 mrad.

2.4.1 Beam line components

For studies in a wide range of Δm2, a wideband beam is
most suitable. K2K adopted a horn magnet system to obtain
the wideband beam with the highest possible intensity. A
schematic view of the horn magnets is shown in Fig. 13.

First, the horn focuses a wide angular and momentum
range of pions. At low energy, the production target must be
inside of the horn magnet, because of the large angular distri-
butions of produced pions. K2K used a 2 interaction length
aluminum rod as the production target of the first horn. The
aluminum target was used as the inner conductor of the horn,
which reduced the radial size of the horn while maintaining
a high magnetic field and containing the proton beam.

A large number of secondary charged particles, mainly
pions, focused by the horn system enter the decay volume
and decay to muons and neutrinos (π+ → μ+ + νμ). The
momentum distributions of the pions, muons and neutrinos
are shown in Fig. 14.

The muon profile from π → μ + ν decay is measured by
the muon monitor (MUMON) at the end of the decay vol-
ume after the beam dump. The muons measured by MUMON

1 The precision of the beam orientation was estimated with the position
accuracy of two locations with the distance of about 100 m for the K2K
neutrino beam line at KEK.
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Fig. 12 K2K neutrino beam
flux at ND (left) and SK (right)
predicted by the MC simulation
[22]
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after the beam dump have energies above 5.5 GeV, thus their
parents have more than 6 GeV. The muon profile measured
by MUMON is used to monitor the neutrino beam direction.
There are two methods to monitor the neutrino beam. One
is by MUMON as mentioned and the other is the neutrino
event distribution profile in ND. The reason for having two
measurements of profiles is because of the two horn system.
Low energy π ’s are emitted at relatively large angles and are
most efficiently focussed by the first horn. On the contrary,
high energy π ’s are emitted preferably in the forward direc-

tion, thus the second horn focusing effect is larger for higher
energy pions. The relative alignment of the two horns must
be monitored at both low and high energy. Otherwise, the
possible misalignment of the two horns produces an artifi-
cial distortion of the neutrino spectrum, which may mimic
neutrino oscillation.

The π± and K ± momentum and angular distributions in
the decay volume were estimated based on two methods in
K2K: an in-situ measurement by the pion monitor (PIMON)
and from hadron production measurements by the CERN
HARP experiment [31]. The in-situ measurement of the π±
and K ± momentum and angular distribution was performed
in PIMON. A schematic view of PIMON is shown in Fig. 16.
The original idea was adapted from a technique used in the
high energy γ ray astronomy. In some of the high γ ray
searches from stars, the direction and the angular divergence
of the air shower are measured, using air Cerenkov radiation
with spherical mirror and array of photo-sensors at the focal
plane of the mirror. Secondary particles from the production
target are proton, π , K and e±. Since the secondary proton
energy must be below 12 GeV (incident energy) in K2K, a
gas Cherenkov detector can be used, which is sensitive only
to π± above 2 GeV/c (same β as 12 GeV proton) and e±.
Furthermore, by changing the refractive index of the gas, a
large part of the π± direction and momentum distribution
can be extracted. Unfortunately, with a higher proton beam
energy like T2K, where secondary particles contain much
high energy proton up to 30 GeV, the PIMON approach is
not possible.

2.4.2 Near detectors

Neutrinos are detected first by a set of near detectors (ND)
located approximately 300 m from the neutrino production
target and then by SK 250 km away. The ND consists of a
1 kton water Cherenkov detector (1KT) and a fine-grained
detector system. The schematic view of ND is shown in
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Fig. 15 The K2K-IIb near neutrino detectors. In K2K-I, the Lead–
Glass calorimeter was located at the position of the SciBar detector for
measurement of νe contamination in the beam

Fig. 15. By having a water Cherenkov detector at the near
site, the neutrino interaction cross section, nuclear final state
interactions in the detector medium, the detector response to
neutrino events, such as the muon identification efficiency
and event type selection criteria, will cancel to first order in
the far detector measurements. (There will remain effects due
to the size of the detector, environment, etc.) The effects due
to different spectrum shape in the near and the far detectors
are estimated by having a fine grain tracking detector, which
has a better capability of counting multiplicity of the high
energy event component. A complete description of ND is in
[22].

2.5 Neutrino flux prediction and the far-to-near flux ratio
with hadron production data

2.5.1 Pion monitor: a in-situ measurement of the pion beam

The pion monitor (PIMON) was a gas Cherenkov imaging
detector that consists of a gas vessel, a spherical mirror, and
an array of 20 photo-multiplier tubes. The Cherenkov pho-
tons emitted by pions passing through the gas vessel are
reflected toward and focused onto the PMT array by the
spherical mirror. Then, the PMT array on the focal plane
detects the image of Cherenkov photons. Thanks to the char-
acteristics of the spherical mirror, photons propagating in the
same direction are focused on the same position on the focal
plane. Thus the spatial distribution is that of the direction of
the Cherenkov light. The pion momentum distribution is also
obtained from the size of the Cherenkov ring. Furthermore,
a momentum scan can be done by modifying the refractive
index of the inner gas at several points.

PIMON was operated periodically just downstream the
horn magnets to measure the momentum (pπ ) versus diver-
gence (θπ ) 2-dimensional distribution of pions entering the
decay volume. As shown in Fig. 16, a pie-shaped mirror is
used as the spherical mirror to measure only 1/30 part of the
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Fig. 16 A schematic view of the pion monitor (PIMON). PIMON
consists of a gas vessel, a spherical mirror, and an array of 20 photo-
multiplier tubes. The gas vessel is filled with freon gas R-318 (C4F8). A
pie-shaped spherical mirror is set inside the gas vessel and Cherenkov
right reflected by the mirror is directed to the array of photo-multiplier
tubes which are set on the focal plane of the spherical mirror

beam assuming azimuthal symmetry of the distribution. The
top was aligned to be on the beam center. The reflection angle
with respect to beam direction is 30◦.

An array of 20 PMTs (modified R5600-01Q made by
Hamamatsu Corporation) is set 3 m away from the beam
center to avoid beam associated radiation. The reflected pho-
tons are focused on the plane of the PMT array and detected
by PMTs. They are arranged vertically with 35 mm intervals.
The array can be moved by a half pitch of the interval along
with the array, and hence 40 data points (one point for every
1.75 cm) are taken for Cherenkov light distribution. The rel-
ative gain among 20 PMTs was calibrated using a Xe lamp
before the measurements. The gain ratio between neighbor-
ing PMTs was also checked using Cherenkov photons during
the run. The error on the relative gain calibration is estimated
to be 10% for June 1999 run and 5% for November 1999 run.
The larger uncertainty in June 1999 was due to a saturation
effect of PMTs, which was corrected by a 2nd polynomial
function.

The gas vessel is filled with freon gas R-318 (C4F8). Its
refractive index n is varied by changing the gas pressure
using an external gas system. The data are taken at several
refractive indices ranging between n = 1.00024−1.00242 to
make PIMON sensitive to different pion momenta. Beyond
n = 1.00242, the primary protons also emit Cherenkov pho-
tons which are a significant background. This corresponds
to setting a momentum threshold of 2 GeV/c for pions.2

The absolute refractive index is calibrated by the Cherenkov

2 The corresponding kaon flux above the 2 GeV/c pion threshold is
negligible.

123



Eur. Phys. J. C           (2020) 80:344 Page 11 of 43   344 

data vs. MC

0

5

10

15

20

PMT number (n=1.00041 meas.)

A
D

C
 c

ou
nt

s

0

10

20

PMT number (n=1.00048 meas.)

A
D

C
 c

ou
nt

s

0
10
20
30
40

PMT number (n=1.00058 meas.)

A
D

C
 c

ou
nt

s

0

20

40

60

PMT number (n=1.00074 meas.)
A
D

C
 c

ou
nt

s

0
25
50
75

100

PMT number (n=1.00095 meas.)

A
D

C
 c

ou
nt

s

0

50

100

150

PMT number (n=1.00129 meas.)

A
D

C
 c

ou
nt

s

0

100

200

PMT number (n=1.00176 meas.)

A
D

C
 c

ou
nt

s

0

100

200

300

10 20 30 10 20 30

10 20 30 10 20 30

10 20 30 10 20 30

10 20 30 10 20 30
PMT number (n=1.00242 meas.)

A
D

C
 c

ou
nt

s

Fig. 17 Cherenkov light distributions for various refractive indices
measured in November 1999 run. Dots show data and the histograms
show the prediction by the Beam Monte Carlo simulation. The refractive
index for each plot is as written in the figure

photon distribution from 12 GeV primary protons with the
refractive index set at n = 1.00294.

For the background subtraction, beam associated radiation
and electro-magnetic showers, which mainly come from the
decay of neutral pions, π0 → 2γ , are considered. For the
first category of background, a measurement with the mirror
directed off from the direction of the PMT array is performed.
For the electro-magnetic shower category, the subtraction is
done by using the distribution measured at the lowest refrac-
tive index. After all the backgrounds are subtracted, the distri-
bution of the Cherenkov light emitted from pions is obtained
as shown in Fig. 17. The prediction of the beam Monte Carlo
(MC) simulation is superimposed as well.

Aχ2-fitting is employed to extract (pπ , θπ )2-dimensional
distributions with various reflective indices. The (pπ , θπ )-
plane is binned into 5 × 10 bins; 5 bins in pπ above
2 GeV/c with 1 GeV/c slice (the last bin is integrated over
pπ > 6 GeV/c) and 10 bins in θπ from −50 to 50 mrad
with 10 mrad slice. Templates of the Cherenkov light distri-
butions emitted by pions in these bins are produced for each
refractive index using an MC simulation. The weight of con-
tribution from each bin was the fitting parameter. Figure 18
show the fit result.

The neutrino energy spectra at ND and SK are derived
from the sum of the contributions of pions in each (pπ , θπ )

bin in neutrino energy bins, which depend mainly on the
pion kinematics and the geometry of the decay volume. The
resulting ratio of the neutrino spectra at SK to that at the ND
yields the far-to-near ratio correction. The shape of flux ratio
reflects the profile of the neutrino flux
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Fig. 18 The fit result of pion (pπ , θπ ) distribution in November 1999
run. The top figure shows the resulting central value of the weighting
parameters, and the bottom figure shows the estimated uncertainty on
from the fit. The neutrino beam direction to SK from the target is defined
as 0◦ (θπ = 0). The above pion angular distribution (and energy distri-
bution) is affected by the detector acceptance (PIMON acceptance for
the Cherenkov photons from the pions by using the pie-shaped spheri-
cal mirror in Fig. 16) that is not uniform over the angular distribution.
It is the reason why the values in positive θπ is larger than ones in the
negative θπ although they should be symmetric

2.5.2 Neutrino flux prediction with the HARP
measurements

The HARP experiment [31] was conducted in 2001 and 2002
in the CERN PS T9 beam-line, in order to study in a system-
atic and accurate way hadron production. The experiment
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studied a variety of produced hadrons (pions and kaons in
particular) and with large phase space coverage, as a func-
tion of incident beam particle type (protons, pions), beam
momentum (from 1.5 to 15 GeV/c), nuclear target mate-
rial (from hydrogen to lead), and nuclear target thickness
(from 2% to more than 100% hadronic interaction length
fraction). Secondary tracks are efficiently reconstructed in
the HARP forward spectrometer via a set of drift chambers
located upstream and downstream with respect to a dipole
magnet. Particle identification for forward tracks is obtained
with a time-of-flight system, a Cherenkov threshold detector,
and an electromagnetic calorimeter.

In particular, as part of the HARP program, the pion pro-
duction measurement at the beam energy of 12 GeV on alu-
minum target was performed. In the forward region, the kine-
matical region of 30 < θπ < 210 mrad and 0.75 < pπ < 6.5
GeV/c was covered, which matches well with the pion pro-
duction phase space to be responsible for the dominant frac-
tion of the K2K neutrino beam flux.

The HARP results are adopted in the beam MC simulation
to estimate the neutrino spectra at ND and SK. The calculated
neutrino flux at the far and near sites in the absence of neutrino
oscillation is shown in Fig. 19.

The uncertainties in the flux prediction using HARP data
are from primary interactions, primary proton beam optics,
thick target effects such as secondary interactions of pro-
duced mesons, and the horn magnetic fields.

First, primary beam optics affect the effective interaction
length of the target and material to be transversed by pro-
duced mesons before getting into the horn magnetic field.
An uncertainty of 1.2 mm and 2.0 mrad in the mean trans-
verse impact point on the target and in the mean injection
angle, respectively, are assumed based on long-term beam
stability studies [30].

Second, the contributions due to uncertainties in the mul-
tiplicity and kinematics of π+ production in the proton-
aluminum hadronic interactions, its interaction length, and
the overall normalization of charged and neutral kaon pro-
duction are considered as sources of the systematic uncer-
tainties in the primary hadronic interactions. The HARP
data were incorporated in terms of Sanford–Wang param-
eters. The uncertainties and correlations measured in HARP
are propagated into flux uncertainties using standard error
matrix propagation methods. An uncertainty of about 30% is
assumed for the uncertainty in the proton-aluminum hadronic
interaction length. The uncertainty in the overall charged and
neutral kaon production normalization is assumed to be 50%.

Third, given the two-interaction length production tar-
get and other material present in the target area, such as
the magnetic horns, re-interaction effects of the secondaries
produced in primary hadronic interactions (e.g., π+ absorp-
tion in aluminum) have an impact on the neutrino flux pre-
diction. The systematic uncertainty is estimated by chang-

0

0.1

0.2

0.3

0.4

0.5

0

0.1

0.2

0.3

0.4

0.5

E (GeV)

N
D
 (

ar
b

it
ra

ry
 u

n
it

s)
0

0.1

0.2

0.3

0.4

0.5

0

0.1

0.2

0.3

0.4

0.5

0 3

0

1 2

1 2 3

HARP Measurement

Pion Monitor

Cho-CERN Compilation

E (GeV)

S
K
 (

ar
b

it
ra

ry
 u

n
it

s)

Fig. 19 Relatively-normalized muon neutrino flux predictions at the
near (top) and far (bottom) detectors. The empty circles with error bars
show the central values and shape-only errors based on the HARP π+
production measurement, the empty squares with shaded error boxes
show the central values and errors from the pion monitor (PIMON)
measurement, and the dotted histograms show the central values from
the Cho-CERN compilation of older (non-HARP) π+ production data.
The PIMON predictions are normalized such that the integrated fluxes
above 1 GeV neutrino energy match the HARP ones, at both the near
and far detectors

ing the hadron interaction models to describe secondary
hadronic interactions in the beam MC simulation. In partic-
ular, we consider that the relatively large differences in the
GCALOR/GFLUKA [32–34] and GHEISHA [35] models
assumptions, also in comparison to available experimental
data, are representative of the uncertainties associated with
secondary hadronic interactions.

Finally, we estimate the uncertainties due to the imper-
fect knowledge of the magnetic field in the horn system.
The uncertainties related to the magnetic field strength
and to the field homogeneity in azimuth are taken into
account. We assume a 10% uncertainty in the absolute field
strength, which is well within the experimental uncertainty
on the magnetic field strength and the horn current mea-
sured using inductive coils during the horn testing phase
[36]. Furthermore, a periodic perturbation in azimuth of up to
±15% amplitude with respect to the nominal field-strength is
assumed as the uncertainty in the field homogeneity, which is
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Fig. 20 Prediction for the K2K muon neutrino far-to-near flux ratio
in absence of oscillations. The empty circles with error bars show the
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errors from the pion monitor measurement, and the dotted histograms
show the central values from the Cho-CERN compilation of older (non-
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also based on the experimental accuracy achieved in the mea-
surement of the magnetic field mapping in azimuth during
horn testing [37].

2.5.3 Far-to-near flux ratio

The far-to-near flux ratio, ΦSK/ΦND, predicted by the HARP
π+ production measurement for primary hadronic inter-
actions with the systematic error evaluation discussed in
Sect. 2.5.2 in the absence of neutrino oscillations, is shown in
Fig. 20 as a function of neutrino energy. The energy depen-
dence of the far-to-near flux ratio is due to the acceptance dif-
ference between ND and SK with the divergence of the pion
and neutrino beams. The ND has a larger acceptance for the
off-axis beam described in Sect. 3.3, resulting in more low
energy flux. In addition, the ND has a larger acceptance for
the forward emitted neutrinos (θ = 0 in Eq. 15) in the pion
decay where the pion beam has a divergence. This results
in the more high energy neutrino flux at ND. We estimate
that the flux ratio uncertainty in this analysis is at the 2–3%
level below 1 GeV neutrino energy, while it is of the order
of 4–9% above 1 GeV. As mentioned above, we find that the
dominant contribution to the uncertainty in the far-to-near
ratio comes from the HARP π+ measurement itself. In par-
ticular, the uncertainty in the flux ratio prediction integrated
over all neutrino energies is 2.0%, where the contribution of
the HARP π+ production uncertainty is 1.4%.

Table 2 Predictions for the far-to-near muon neutrino flux ratio as a
function of neutrino energy, with the HARP measurement for π+ pro-
duction in primary hadronic interactions. The neutrino energy binning
is also indicated

Energy bin number i Eν [GeV] Ri (×10−6)

1 0.0–0.5 1.204

2 0.5–1.0 0.713

3 1.0–1.5 0.665

4 1.5–2.0 0.988

5 2.0–2.5 1.515

6 2.5– 1.720

Figures 19 and 20 show the results of the extracted neu-
trino spectra and the far-to-near flux ratio from the PIMON
data taken in November 1999. In the figures, the results from
the HARP measurements and the predictions of the Beam-
MC are also overlaid. The results of PIMON measurements
are consistent with both of them, confirming the validity of
the far-to-near estimations.

All three predictions on the far-to-near ratio are consistent
with each other within their uncertainties. Among them, K2K
used the one predicted by the HARP measurements in the
neutrino oscillation analysis described in this paper. It gives
the most accurate measurements on the hadron production.

The central values for the far-to-near flux ratio as a func-
tion of neutrino energy obtained from the HARP results of
π+ production, Ri , is given in Table 2, where the index i
denotes an energy bin number. The total systematic uncer-
tainties on the far-to-near flux ratio as a function of neutrino
energy are given in Table 3, together with the uncertainty
correlations among different energy bins, expressed in terms
of the fractional error matrix 〈δRiδR j 〉/(Ri R j ), where i, j
label neutrino energy bins. The far-to-near central values and
its error matrix are used in the analysis for neutrino oscilla-
tion.

2.6 Prediction of neutrino events at SK based on the
measurements at ND

As already mentioned, knowledge of the neutrino flux itself
is not precise enough to predict the events observed at SK.
So, we use the combination of the far-to-near flux ratio
(ΦSK /ΦN D) and the flux measurements at the near detec-
tor (ΦN D) for a prediction of the SK events. The neutrino
spectrum at the near detector can be extracted from ND data
with neutrino interaction models implemented in the NEUT
library [38]. The expected events in SK will be generated by
the same neutrino interaction models in NEUT, where some
parameters were tuned in the ND measurements.

The near detector complex consists of a 1 kton water
Cherenkov detector (1KT) and a fine-grained detector sys-
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Table 3 Fractional error matrix 〈δRi δR j 〉/(Ri R j ) obtained from the systematic uncertainties on the far-to-near flux predictions. The neutrino
energy binning is same as in Table 2. The values are written in the unit of 10−3

1 2 3 4 5 6

1 0.187 0.002 −0.036 −0.372 −0.281 0.240

2 0.002 0.728 0.868 1.329 0.698 −1.398

3 −0.036 0.868 1.304 2.122 1.041 −2.040

4 −0.372 1.329 2.122 4.256 2.165 −3.799

5 −0.281 0.698 1.041 2.165 1.779 −2.678

6 0.240 −1.398 −2.040 −3.799 −2.678 7.145

tem. The schematic view of ND in K2K-IIb3 is shown in
Fig. 15. The 1KT has the same neutrino interaction target as
that in SK, water. The detection efficiency is also similar to
that in SK. At the same time, to complement the weaknesses
of the water Cherenkov detector (such as detection of multi-
particle final states), two tracking detectors were constructed
(SciFi and SciBar).

The signatures of neutrino oscillation appear as a reduc-
tion in the number of observed νμ events and distortion in the
νμ energy spectrum. To study the νμ energy spectrum, 1 ring
μ-like events (1Rμ) are used. The νμ energy can be recon-
structed as E rec

ν for Charged-Current Quasi-Elastic (CC QE,
νμ + n → μ + p) events. Neglecting Fermi momentum:

E rec
ν = m N Eμ − m2

μ/2

m N − Eμ + Pμ cos θμ

, (6)

where m N , Eμ, mμ, Pμ and θμ are the nucleon mass, muon
energy, the muon mass, the muon momentum and the scat-
tering angle relative to the neutrino beam direction, respec-
tively. The CCQE events have a signature of 1 ring μ-
like events (1Rμ), because most of the recoil protons are
below the Cherenkov threshold of water. The background to
this selection is due to charged current inelastic events (CC
nonQE, νμ + N → μ + N + π ′s, where π ’s are missed).
Obviously, Eν with the CCQE assumption will be under-
estimated for CC nonQE events. The issue is how to estimate
the neutrino spectrum from the observed neutrino events in
the presence of some contamination from CC nonQE events.

The event selection used to extract the spectrum is as fol-
lows. Figure 21 shows the likelihood distribution of the num-
ber of Cherenkov rings in K2K for both data and the MC sim-
ulation. The selection of a single ring is well reproduced by
MC. Figure 22 shows the comparison of the distributions of
the particle identification likelihood for data and the MC sim-
ulation for single ring events. The lepton identification capa-
bility is well understood. To measure the μ energy, the events
are required to be contained in the detector. The definition of
the containment is checked as follows. Figure 23 shows the
comparison of the distributions of the largest charge in a PMT

3 K2K-IIb is defined in Table 5.
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Fig. 21 The likelihood of the number of Cherenkov rings. Those events
that have a likelihood less than or equal to 0.0 are corresponding to have
one ring; those above 0.0 are to be multi-ring. Data are the circles and
MC is the histogram. The shaded histogram is for CC QE events in MC

for an event for data. Events that have a charge less than 200
photo-electrons (p.e.) are considered as Fully Contained (FC)
events. The rest are partially contained (PC) events, because
exiting particles emit Cherenkov light near the PMT around
the exit point, which is likely to produce a large amount of
light recorded by one PMT. Figure 24 shows the selection
efficiency between all fiducial volume events and FC1Rμ

events as a function of momentum.
The spectrum can be decomposed into overall normaliza-

tion and its shape. The spectrum shape was obtained by fitting
the observed two-dimensional distributions of pμ versus θμ

for 1 ring μ-like events (1Rμ) by a weighted sum of tem-
plates of CC QE and of CC nonQE, which were generated by
the MC simulation for eight energy bins. The neutrino ener-
gies are divided into eight bins as shown in Table 4. Figure 25
shows the (pμ, θμ) distribution for FC1Rμ events in the 1KT
detector. For the MC expectation, the (pμ, θμ) distribution is
prepared for each Eν bin and separately for CC QE and CC
nonQE interactions; 8 × 2 distributions are prepared in total
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Fig. 23 The largest charge in a PMT for an event. Events that have
a charge less than 200 p.e. are considered FC events. The rest are PC
events. Data are the circles and MC is the histogram. The data have only
statistical errors

for each event sample. Some of the templates are shown in
Fig. 26.

The spectrum shape is obtained by fitting the observed
(pμ, θμ) distribution with sixteen templates that are prepared
for eight neutrino energy bins and separately for QE and
non-QE interactions. The fitting parameters are the neutrino
energy spectrum parameters for eight energy bins ( f φ

1 ∼
f φ
8 ), and a parameter, RnQE , representing the cross section

ratio of CC nonQE to CC QE.
The contents in each (pμ, θμ) bin, N MC

i, j , are expressed
with the 16 templates and the fitting parameters as,
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Fig. 24 Relative selection efficiency of FC1Rμ to all events in the
fiducial volume as a function of momentum

N MC
m,n ≡ Cnorm ·

8∑
i=1

f φ
i ·

[
N MC(QE)

m,n,i + RnQE · N MC(nQE)
m,n,i

]
, (7)

where Cnorm , N MC(QE)
m,n,i and N MC(nQE)

m,n,i are a normalization
parameter, the number of expected contents in (m,n)-th bin
for QE interaction and nonQE interaction for i-th neutrino
energy bin. Theχ2 between the observed distributions, N data

m,n
, and the MC expectation, N MC

m,n , is calculated as:

χ2 ≡
∑
m,n

(N obs
m,n − N MC

m,n )2

σ 2
m,n

+ (1 − ε)2

σ 2
energy

(8)

where ε is the fitting parameter for energy scale (nominally
∼ 1), σenergy is the estimated uncertainty of the energy scale
(+3/-4%).

The measurements of other near detectors, SciFi and
SciBar, are also included to calculate the total χ2. Finally, the
set of fitting parameters ( f φ

i , RnQE ) is found by minimizing
the χ2 function. The best fit values, their error sizes and the
correlations between them are listed in [22].

2.7 SK data

The SK events in K2K are collected from June 1999 to
November 2004 as shown in Fig. 9. There is a gap of data
taking period in 2002 because the SK detector had an acci-
dent of PMT explosion and the following repairing work. We
called the former period as K2K-I and the latter as K2K-II.
More detailed definitions are found in Table 5. In the periods
of K2K-I and K2K-II, sub-periods (a, b, and c) are further
defined with the experimental conditions. SK has full PMT
photo-coverage of 40% (SK-I) in K2K-I and only 19% in
K2K-II (SK-II).

123



  344 Page 16 of 43 Eur. Phys. J. C           (2020) 80:344 

Table 4 The Eν interval of
each flux bin f φ

1 f φ
2 f φ

3 f φ
4 f φ

5 f φ
6 f φ

7 f φ
8

Eν [GeV] 0.0–0.5 0.5–0.75 0.75–1.0 1.0–1.5 1.5–2.0 2.0–2.5 2.5–3.0 3.0–
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Fig. 25 The observed pμ, θμ distribution for FC1Rμ events in 1KT
detector
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Fig. 26 MC expectation of (pμ, θμ) distribution

The accelerator produced events in the SK detector are
selected by using GPS information. The fully contained
events in the fiducial volume, which are used in the oscil-
lation analysis in K2K, are selected and reconstructed by
using the similar methods used in the atmospheric neutrino
analysis at SK.

Neutrino interactions from the accelerator are selected
by comparing two Universal Time Coordinated time stamps
from GPS, TK E K for the KEK-PS beam spill start time and
TSK for the SK trigger time. The time difference ΔT =

Table 5 Summary of the number of protons on target for each period.
All the numbers are in units of 1018 protons on target (POT)

Periods Ia Ib IIa IIb IIc Total

Delivered 6.21 49.85 24.91 20.15 3.78 104.90

For physics 3.10 44.83 22.57 18.61 3.12 92.23

Table 6 SK event reduction summary

Reduction step K2K-I K2K-II

|�T| < 500 µs 107892 470469

No pre-activity

Total number of p.e. within 36560 16623

300 ns timing window

> 200(K2K-I),94(K2K-II)

Fully contained event 153 99

Flasher cuts 97 88

Visible Energy > 30 MeV 95 85

Fiducial volume cut 56 59

|�T| = −0.2 − 1.3 µs 55 57

TSK − TK E K − T O F , where T O F is a time of flight, is
distributed from 0 and 1.1 µs to match the width of the beam
spill of the KEK-PS. The uncertainty of the synchronization
for two sites is measured to be less than 200 nanosecond by
using the atomic clock. Thus, ΔT for the K2K events are
required to be from −0.2 to 1.3 µs.

In addition, the following cuts are required;

(1) no pre-activity within 30 µs before the event to remove
the decay electron events from cosmic muons which
stopped in the detector before the beam window,

(2) no activity in the outer detector (Fully Contained event),
(3) no flashing PMT. A PMT sometimes begins to flash

because of discharge around the dynode. These events
have unique characteristics such as a timing distribu-
tion which is much broader than neutrino events and a
repeated ring pattern,

(4) at least 30 MeV energy deposited assuming to be elec-
tron events in the inner detector,

(5) a reconstructed vertex point in the 22.5 kton fiducial
volume, at least 2 m inside from the inner detector wall.

Table 6 shows the event reduction summary for K2K-I
and K2K-II. The difference in the number of events after
|�T| < 500μs cut comes from the difference of the detector

123



Eur. Phys. J. C           (2020) 80:344 Page 17 of 43   344 

Table 7 SK event summary

K2K-I K2K-II

Fully contained event 55 57

1-ring 33 34

μ-like 30 28

e-like 3 6

Multi-ring 22 23

Tdiff(μs)

1

10

10 2

10 3

10 4

-500 -400 -300 -200 -100 0 100 200 300 400 500

Fig. 27 ΔT distribution for each reduction steps. Clear, hatched and
shaded histograms are after pre-activity cut, Evis > 30Mev cut and
fiducial volume cut, respectively

trigger threshold for SK-1 and SK-2. In total, 112 accelerator-
produced fully contained events are observed in the K2K
experiment and 58 events are reconstructed as 1-ring μ-like.
Table 7 shows the event summary of observed events. Effi-
ciency for these cuts is 77.2% for K2K-I and 77.9% for K2K-
II. A major contribution of inefficiency comes from NC inter-
action events.

Figure 27 shows the ΔT distribution at each of the reduc-
tion steps. A clear peak at ΔT = 0 is seen after the fidu-
cial volume cut. Three off-timing fully contained events are
observed within ±500μs timing window while two back-
ground events are expected from atmospheric neutrinos. Nine
micro bunch structures can be seen clearly in the ΔT distribu-
tion with finer binning for all fully contained events in SK as
shown in Fig. 28. Figure 29 shows the event rate as a function
of POT. The event rate is consistent with the assumption that
it is proportional to POT. A Kolmogorov–Smirnov (KS)-test
to that assumption has a probability of 79%.

Systematic uncertainties on the estimation of NSK and
reconstructed neutrino energy in SK are evaluated using the
atmospheric neutrinos as a control sample. Table 8 shows the
systematic errors for NSK. The dominant uncertainty for NSK

     SK event timing (1bin=125/2 (nsec))

125nsec

event timing (nsec)

0
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Fig. 28 ΔT distribution for fully contained events. Nine micro bunch
structures caused by the beam are clearly seen
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Fig. 29 Event rate as a function of POT. If the event rate was propor-
tional to POT, the KS-test probability to observe this event rate was 79%

Table 8 Systematic errors for NSK

K2K-I (%) K2K-II (%)

Reduction < 1 < 1

Fiducial volume cut 2 2

Decay electron background 0.1 0.1

MC statistics 0.6 0.6

Total 3 3
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Table 9 Systematic errors for
reconstructed neutrino energy
spectrum

0–0.5 (%) 0.5–1.0 (%) 1.0–1.5 (%) 1.5–2.0 (%) 2.0– (%)

K2K-I

Ring counting 3.4 2.7 3.0 4.5 4.5

Particle ID 0.9 0.3 0.5 0.4 0.4

Vertex 2.0 2.0 2.0 2.0 2.0

Total 4.1 3.4 3.6 4.9 4.9

K2K-II

Ring counting 5.3 4.1 3.7 3.8 3.8

Particle ID 2.6 0.4 0.3 0.6 0.6

Vertex 2.0 2.0 2.0 2.0 2.0

Total 6.2 4.6 4.2 4.3 4.3

Ring Counting likelihood
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Fig. 30 Ring counting likelihood distribution for SK-2 atmospheric
fully contained neutrino events. Closed circle is data and histogram
is the MC expectation normalized live time with neutrino oscillation.
Events with Likelihood < 0 are assigned to be 1 ring

comes from the vertex reconstruction in a fiducial volume.
It is evaluated by comparing the number of events for atmo-
spheric neutrino data with the MC expectation in the fiducial
volume using the two different vertex reconstruction pro-
grams. Uncertainties in the neutrino interaction model from
events in the different acceptances between ND and SK are
also taken into account in the oscillation analysis. System-
atic errors for the reconstructed neutrino energy spectrum
from event reconstruction are shown in Table 9. Uncertain-
ties coming from the ring counting and particle identification
are evaluated by comparing the likelihood distribution for
data and MC. Figures 30 and 31 show the ring counting and
particle identification likelihood distributions of atmospheric
neutrino data compared with the MC expectation in SK-II.
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Fig. 31 Particle identification likelihood distribution for SK-2 atmo-
spheric fully contained 1 ring events. Closed circle is data and histogram
is MC expectation normalized live time with neutrino oscillation. Events
with Likelihood < 0 are assigned to be e-like

The MC expectation reproduces the data well. The uncer-
tainties for the energy scale are also estimated by using cos-
mic ray muon, π0 invariant mass, and decay electron sam-
ples. They are taken into account in the oscillation analysis
(2.0% for K2K-I and 2.1% for K2K-II).

2.8 Oscillation analysis

The K2K data were taken over the period from June 1999
to November 2004, which is divided into five periods corre-
sponding to different experimental configurations as shown
in Table 5. The horn current was 200 kA (250 kA) and the
diameter of the production target was 2 cm (3 cm) in the Ia
(other) period. The SK PMTs were full density for Ia and Ib,
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but were half density for IIa, IIb, and IIc. The Lead–glass
calorimeter was placed between the SciFi and MRD in Ia
and Ib, which was replaced by the SciBar for IIa, IIb, and IIc
periods. Only the first four layers of the SciBar detector were
installed for IIa while it was complete for IIb and IIc. Fur-
thermore, the water target in SciFi was replaced by aluminum
rods during IIc. The numbers of protons delivered to the tar-
get and for the physics analysis are summarized in Table 5.
In total, 92.23 × 1018 POT are used in physics analysis.

Neutrino oscillation causes both a suppression in the total
number of events observed at SK and distortion of the energy
spectrum. Therefore, all of the beam-induced neutrino events
observed within the fiducial volume of SK are used to mea-
sure the overall suppression and the subset of these events
for which the incoming neutrino energy can be reconstructed
(FC1Rμ events) are separately studied in order to study the
spectral distortion.

The likelihood function is defined as the product of the
likelihoods for the observed number of events in the SK fidu-
cial volume (Lnorm), the shape of the Erec spectrum (Lshape)
and a systematic constraint likelihood term (Lsyst ) where
they are varied within their uncertainties as,

L = Lnorm × Lshape × Lsyst (9)

We perform neutrino oscillation analysis in an assumption
of two-flavor mixing. The oscillation parameters, (sin2 2θ,

Δm2), are obtained by maximizing the likelihood function.
One-hundred twelve FC events and 58 FC1Rμ events

are used in Lnorm and Lshape, respectively. The system-
atic parameters consist of the neutrino energy spectrum at
ND, the far-to-near ratio, the neutrino cross section uncer-
tainties, and SK energy scale and overall normalization. The
expected number of events in SK with neutrino oscillation
(Nexp) is calculated from the number of observed events in
1KT (N obs

1K T ) for oscillation parameters (sin2 2θ,Δm2);

Nexp(sin2 2θ,Δm2) = N obs
1K T · N SK

MC

N 1K T
MC

· MSK

M1K T
· P OTSK

P OT1K T
· Cνe ,

where N SK (1K T )
MC is the expected number of events in MC as

N SK (1K T )
exp =

∑
i

∫
d EνΦ

SK (1K T )(Eν) · σ i (Eν) · εSK ,1K T (Eν).

The neutrino flux at SK (ΦSK ) is predicted from ND analysis
based on the flux at 1KT (Φ1K T ) as

ΦSK = RF/N (Eν) · Φ1K T (Eν) · (1 − P(Eν, sin2 2θ, Δm2)).

In the above expression, the neutrino oscillation probability
is

P(Eν, sin2 2θ,Δm2) = sin2 2θ × sin2 1.27 · L(km) · Δm2(eV 2)

Eν(GeV )
,

and, RF/N (Eν) is the near-to-far flux ratio based on HARP
and Pion Monitor analysis,σ i (Eν) is interaction cross section
with water, ’i’ runs for CC QE, CC nonQE, and NC interac-
tions constrained by ND data. The εSK (ε1K T ) is SK (1KT)
detection efficiency of FC events, MSK (M1K T ) is the fidu-
cial mass of SK (1KT), P OTSK (P OT1K T ) is the number of
protons on target which corresponds to the analyzed data in
SK (1KT) and Cνe is the correction for the electron neutrino
component in the neutrino beam estimated to be 0.996 by the
MC simulation.

The normalization term, Lnorm , is expressed in terms of
a Poisson probability of the observe events (Nobs) where the
expected number of events is Nexp:

Lnorm = (Nexp)
Nobs

Nobs ! e−Nexp (10)

The shape term Lshape is defined as the product of the
probability for each FC1Rμ event to be observed at a recon-
structed energy Erec

ν . The expected spectrum shape of recon-
structed energy at SK is

φSK
exp =

∫
d EνΦ

SK (Eν) · σ(Eν) · εSK
1Rμ(Eν) · r(Eν; Erec

ν )

(11)

where εSK
1Rμ(Eν) is the detection efficiency of 1Rμ events

and r(Eν; Erec
ν ) is the probability of reconstructing an event

with true energy Eν as Erec
ν , based on neutrino interaction

and detector simulation. The probability density function is

Lshape =
N1Rμ∏

φSK
exp(Erec

ν , sin2 2θ,Δm2)).

(12)

The systematic parameters are treated as fit parameters which
are assumed to follow a Gaussian distribution and are con-
strained within the associated uncertainties. Details on the
systematic errors are discussed in [22].

The number of FC events without neutrino oscillation is
estimated to be 158.4+9.4

−8.7. The major contribution to the
uncertainty on the normalization (4.8%), is due to the fidu-
cial volume uncertainty from the vertex reconstruction at both
1KT and SK.

2.9 Result

The results are summarized as follows;

– The maximum likelihood points in the sin2 2θ – Δm2

space for all or physical regions are summarized in
Table 10 with full and partial data sets.
The best fit point in the physical region is found to be
at (sin2 2θ,Δm2) = (1.00, 2.8 × 10−3eV 2). With the
oscillation parameters, the expected number of events is

123



  344 Page 20 of 43 Eur. Phys. J. C           (2020) 80:344 

Table 10 Summary of the
oscillation parameters at the best
fit point for each fit condition

All region Physical region

sin2 2θ Δm2 [eV2] sin2 2θ Δm2 [eV2]
K2K Shape + norm. 1.19 2.55×10−3 1.00 2.75×10−3

Shape only 1.25 2.77×10−3 1.00 2.95×10−3

K2K-I Shape + norm. 1.08 2.77×10−3 1.00 2.89×10−3

K2K-II Shape + norm. 1.35 2.36×10−3 1.00 2.64×10−3

107.2, which agrees well with 112 observed within sta-
tistical uncertainty.

– The observed Erec distribution is shown in Fig. 32 with
the expected distributions for the best-fit parameters, and
the expectation without oscillations.
The consistency between the observed and fitted Erec

distributions is checked using a KS test. For the best fit
parameters, the KS probability is 37%, while that for the
null oscillation hypothesis is 0.07%. Thus, the observa-
tion is consistent with the oscillation hypothesis.

– Although the point with the highest likelihood is outside
of the physical region, (sin2 2θ,Δm2) = (1.2, 2.6 ×
10−3eV 2), the probability that sin2 2θ ≥ 1.2 if the
true parameters are at the best fit physical parameters
is 26.2%, based on MC virtual experiments.

– The probability that the observations are due to a statisti-
cal fluctuation instead of neutrino oscillation is estimated
by computing the log-likelihood ratio of the null oscilla-
tion case to the best fit point. The null oscillation prob-
ability is calculated to be 0.0015% (4.3σ ). When only
normalization (shape) information is used, the probabil-
ity is 0.06% (0.42%).

– The null oscillation probability was calculated separately
for two periods of K2K-I and K2K-II. The probabilities
for each sub-sample is summarized in Table 11.
Table 12 shows the effect of each systematic uncertainty
on the null oscillation probability.
The effect is tested by applying each uncertainty individ-
ually. As shown in the table, the dominant contribution to
the probabilities with the normalization information are
from the far-to-near flux ratio and normalization error,
while energy scale is the dominant error source for the
probability with the E rec

μ shape information.

Allowed region of oscillation parameters are evaluated
based on the difference of log-likelihood between each point
and the best fit point as

ΔlnL(sin2 2θ,Δm2) ≡ ln

(
Lphys

max

L(sin2 2θ,Δm2)

)

= lnLphys
max − lnL(sin2 2θ,Δm2),

(13)
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Fig. 32 The reconstructed Eν distribution for the SK 1-ring μ-like
sample. Points with error bars are data. The solid line is the best fit
spectrum and the dashed line is the expectation without oscillation.
These histograms are normalized by the number of events observed
(58)

Table 11 Summary of the null oscillation probability. Each row is clas-
sified by used likelihood, and each column represents the data set

K2K-I + II K2K-I only K2K-II only

Shape + Norm. 0.0015% 0.18% 0.56%

(4.3σ ) (3.1σ ) (2.8σ )

Shape only 0.42% (2.9σ ) 7.7% 5.2%

Norm. only 0.06% (3.4σ ) 0.6% 2.8%

where Lphys
max is the best fit point and L(sin2 2θ,Δm2) is

the likelihood at (sin2 2θ,Δm2) with systematic parame-
ters that maximize the likelihood at that point. Figure 33
is the allowed region corresponding to the 68%, 90% and
99% confidence levels (CL). They are defined to be lnL =
lnLphys

max − 1.37,−2.58 and − 4.91, respectively. These
intervals are derived by using the 2-dimensional Gaussian
approximation from the maximum in the unphysical region
[39]. The 90% CL contour crosses the sin2 2θ = 1 axis
at Δm2 = 1.9 and 3.5 × 10−3 eV 2. Figure 34 shows the
lnLphys

max − lnL(sin2 2θ,Δm2) distributions as a function of
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Table 12 Effect of each systematic uncertainty on the null oscillation
probability. The numbers in the table are null oscillation probabilities
with only the systematic uncertainty in the first column applied, and
“stat” means when all systematic sources are turned off

Norm-only (%) Shape-only (%) Combine (%)

Stat. 0.01 0.22 0.0001

FD specrum 0.01 0.24 0.0002

nQE/QE, NC/CC 0.01 0.23 0.0002

Far/near 0.01 0.23 0.0003

ε1Rμ – 0.23 0.0003

Energy scale – 0.38 0.0002

Normalization 0.03 – 0.0005

All errors 0.06 0.42 0.0015

K2K full data
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Fig. 33 Allowed regions of oscillation parameters. The horizontal axis
shows sin2 2θ and the vertical axis shows Δm2. Three contours corre-
spond to the 68% (dotted line), 90% (solid line) and 99% (dashed line)
CL. allowed regions, respectively

sin2 2θ and Δm2, with a slice at Δm2 = 2.8 × 10−3eV 2

and sin2 2θ = 1.00. Another consistency check was per-
formed, by comparing the analyses using only the total num-
ber of events and only with shape analysis (Fig. 35). Also,
the allowed regions calculated with only K2K-I/K2K-II data
was checked for the consistency.

In conclusion, the K2K experiment, by using a neutrino
beam derived from an accelerator proton beam, confirms neu-
trino oscillations first observed in atmospheric neutrinos.

3 The T2K experiment

T2K [40] is a second generation neutrino oscillation exper-
iment, utilizing the new high-intensity proton accelerator in
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Fig. 34 ln Lphys
max − ln L(Δm2, sin2 2θ) distribution as a function of

Δm2 (top) and sin2 2θ (bottom), in which ln Lphys
max is the maximum

value of L in physical parameter region. The sin2 2θ is set to be 1.00
in the top figure and Δm2 is set to be 2.76 × 10−3eV2 in the bottom
figure. Three horizontal lines correspond to the 68%, 90% and 99% CL
interval from the bottom one, respectively

Japan: J-PARC. The name T2K comes from the initials of the
“Tokai to (2) Kamioka” neutrino experiment. The neutrino
program has been one of the main motivations of building
a high-intensity proton synchrotron since the JHF (former
name of J-PARC [41]) was first proposed in 1995. Possible
neutrino experiments were first discussed in 1996 at the INS4

symposium, and at JAERI5 in 1997 at the JAERI workshop.
Due to the rapid worldwide progress of neutrino physics, it

4 INS is Institute of Nuclear Study in the University of Tokyo. It became
a part of KEK in 1997.
5 JAERI is Japan Atomic Energy Research Institute. It became a part
of JAEA (Japan Atomic Energy Agency) in 2005.
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Fig. 35 Allowed region of oscillation parameters evaluated with the
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ν shape-only (bottom). Both infor-
mation allow the consistent region on the parameters space

became necessary to re-evaluate the physics goals for the
next generation neutrino oscillation experiment. The JHF
neutrino experiment-working group was formed in 1999 to
formulate our strategy. The Expression of Interest was sub-
mitted to the JHF project team in January 2000. The first
Letter of Intent was published in 2001 [42]. In 2002, two
international workshops were held. The attendants included
physicists from Canada, France, Italy, Korea, Russia, Spain,
Switzerland, UK, and the USA, and an international working
group was formed. The experiment was approved by MEXT
(Ministry of Education, Culture, Sports, Science and Tech-
nology in Japan) in 2003 and the design and the construction
started in 2004. This experiment is an international collabo-

ration of Japan, Canada, France, Italy, Korea, Poland, Russia,
Spain, Switzerland, UK, and the USA.

The main goals of T2K are to measure electron neutrino
appearance in a predominantly νμ beam and to improve the
precision of νμ disappearance parameters. The experiment
has the following well-defined goals.

The mixing angle θ13 is the last of the mixing angles in the
three neutrino scheme as explained in Sect. 1.2. We already
know that the other two mixings are large. One of the most
burning questions was whether the third mixing angle is on
the same order of magnitude or smaller by many orders of
magnitudes. The observation of νμ → νe in the first stage of
the experiment proved that θ13 is not extremely small so that
a future CP violation search becomes possible. The νμ →
νe oscillation is an appearance channel driven by the sub-
leading oscillation of νμ involving Δm2

13. New developments
in solar and reactor neutrino experiments (see reviews in [43,
44] and the SNO result [45]) indicate that νμ oscillates to νe

with a rather large mixing angle and Δm2
12. This oscillation

can compete with the νμ to νe involving the mass squared
difference of Δm2

13. The former oscillation is suppressed by
a small Δm2 and the latter is suppressed by the small mixing
angle, θ13. Hence, the two processes can compete. This is
one of the necessary conditions for a CP violation effect to
be observable.

Before T2K and the new reactor experiments [46–48],
the best upper limit was given by the CHOOZ experiment
[49]. Figure 36 shows the spectrum and the comparison with
expectation. Figure 37 shows the excluded region before
T2K.

An upper limit of sin2 2θ13 < 0.10 with Δm2 = 2.5 ×
10−3 eV2 with 90% CL was set. A global analysis of neutrino
oscillation data showed a hint of θ13 > 0 with 90% CL [50].

Figure 38 shows the excluded region of νe appearance
in K2K [51]. The upper limit was sin2 2θ13 < 0.26 at
90% CL at Δm2 = 2.8 × 10−3 eV2 with the assump-
tion of no CP violation, no matter effect and θ23 = π/4
(sin2 2θ13 = 2 sin2 2θμe). The observed number of electron
appearance candidates was 1 with 1.7 expected background,
mainly from the high energy part of the neutrino spectrum.
The reduction of background was crucial for the second gen-
eration experiment, in addition to increasing the intensity of
the neutrino beam.

Also, precision measurements of oscillation parameters in
the νμ disappearance channel test how close to maximal the
mixing between the second and third generations is.

3.1 Lessons from K2K

There are two major items to be improved in the second gen-
eration experiment, T2K. First is the beam power to search
for the sub-leading oscillation channel as shown in Eq. 4.
K2K already reached the radiation limit in the accelerator and
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Fig. 36 Measured spectrum by the CHOOZ experiment at the distance
of 1 km with 425 GWth. [49]

beamline. The design of the new facility requires minimum
beam loss and radio-activity generation in the accelerator
and beamline. The second improvement is the suppression
of backgrounds to the νe appearance signal. The experiment
must emphasize the capability of rejecting π0 and multi-π ’s,
which fake the electron signal. Also, it is essential to be able
to distinguish oscillated νe signal from νe contamination in
the beam, which is expected at the few % level due to muon
and kaon decays.

The contamination of FC1Rμ events in K2K due to inelas-
tic (CC nonQE) is shown in Fig. 39. The hatched histogram is
for CC nonQE in the MC simulation. We noticed that a large
fraction of FC1Rμ are from CC nonQE where the π (mainly
π±) is missed in the event reconstruction. For the νe appear-
ance search, neutral current π0 production and multi-pion
events constitute the main backgrounds. Figure 40 shows a
schematic representation of low energy neutrino interactions.
A major fraction of inelastic interactions is due to neutrinos
with energy above 1 GeV. The new beam design should aim
at suppressing the high energy part of the neutrino spectrum.

Fig. 37 Excluded region of νe disappearance in reactor experiment by
CHOOZ [49]

Fig. 38 Excluded region of νe appearance in K2K. The total observed
number of electron appearance candidates is 1 with 1.7 expected
background mainly from high energy neutrinos. The upper limit of
sin2 2θμe < 0.13 at 90% CL with � m2 = 2.8 × 10−3 eV2

3.2 Design of T2K

The following are the design goals of T2K.
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Fig. 39 The reconstructed neutrino energy distribution for single
Cherenkov ring events in K2K. The hatched histogram shows the MC
simulation of CC nonQE events. There is a non-negligible contribu-
tion from inelastic charged current events (CC nonQE), where pions
produced in the neutrino interaction are not recognized

Fig. 40 A schematic representation of various channels of low energy
neutrino interactions by the neutrino interaction model NEUT. Above
1 GeV, a large fraction of interactions are inelastic interactions

Eν reconstruction: The charged current interaction is
dominated by the CC QE interaction in the energy region
below 1 GeV. This enables us to make a precise deter-
mination of the neutrino energy of both νμ and νe. The
energy is calculated by the formula:

Eν = m N El − m2
l /2

m N − El + pl cos θl
, (14)

where m N and ml are the masses of the neutron and lepton
(= e or μ), El , pl , and θl are the energy, momentum, and
angle of the lepton relative to the neutrino beam direction,
respectively.

Neutrino beam energy The optimum sensitivity of the
oscillation measurement can be achieved by tuning the
neutrino beam energy to the oscillation maximum. The
oscillation maximum will occur at neutrino energy, Eν ,
about 0.6 GeV for the 295 km baseline, which is the
distance between the new J-PARC accelerator and SK,
with �m2 ∼ 2.5 × 10−3eV2.
Background suppression The most efficient suppres-
sion may be achieved with a nearly monochromatic
energy spectrum peaking around 0.6 GeV. This spectrum
has another advantage, namely, the νe appearance signal
should be confined to a known energy region, which sup-
presses the background contribution from νe contamina-
tion in the νμ beam. The small high energy component of
the off-axis beam also improves the accuracy of the dis-
appearance parameters. This is because the backgrounds
in the νμ disappearance are small, leading to small Eν

reconstruction bias.
Beam power The new accelerator is designed to have
minimum beam loss in the injection and during accel-
eration through large aperture magnets and the “imagi-
nary transition design” of the accelerator lattice [52]. The
beamline, especially the entire area from target to decay
volume must be carefully designed to use a high-intensity
beam for a long period.
Basic principle The general T2K design follows the
basic principles of K2K. This includes alignment and
directional control/monitoring of the beam by μ from
π → μ decay and neutrino profile measurements. Near
detectors are also placed in the direction of SK to nor-
malize and to monitor the neutrino beam.

3.3 Off-axis beam

T2K uses an off-axis beam to accomplish the highest possi-
ble intensity of low energy neutrinos with only a small high-
energy component in the spectrum. This idea was first pro-
posed for the BNL long-baseline experiment [53]. Figure 41
shows the principle of the off-axis beam. The horn-focused
secondary beam of π and K is pointed toward but not exactly
to the detector, so that there is a small angle between the cen-
ter of the beam and the detector location. The beam energy
can be set by tuning the beam angle. The neutrino energy at
an angle θ relative to the π direction is

Eν(π → μνμ decay) = 0.49Eπ

1 + γ 2θ2 , (15)

where Eπ , γ , and θ are the pion energy, the Lorentz factor
of the pion ,and the angle between the direction of the sec-
ondary beam and the direction of the detector, respectively.
The spectrum at the angle θ has a Jacobian peak. Figures 42
and 43 show the expected neutrino energy spectra of charged
current interactions in SK. In T2K, the angle is 2.5◦, the resul-
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Fig. 42 Neutrino energy spectra of charged current interactions. Thick
solid (black), dashed (red), and dash-dotted (blue) histograms are the
spectra with the off-axis angles of 1◦, 2◦, and 3◦, respectively

tant peak energy is around 0.6 GeV. A small high energy tail
remains as a result of imperfect focusing of the secondary
particles.

The suppression of the high energy tail by the T2K off-axis
beam is demonstrated in Fig. 44 as compared with the K2K
case in Fig. 39, where the reconstructed νμ energy distribu-
tions for single muon events without oscillation are shown
from simulated data. A feature of the off-axis beam is that
pions with almost any energy contribute to neutrinos with

(b)

Fig. 43 Comparison of νe and νμ spectra for the 2◦ off-axis beam.
The solid (black) histogram is νμ and the dashed (red) one is νe. The
hatched area is a contribution from the kaon decay. The low energy νe
component is due to μ from π decay

a given energy Eν . This is an advantage for the oscillation
signal search with the higher neutrino flux. However, a disad-
vantage is caused by the feature that different energy pions
contribute differently to the near and far detector neutrino
flux. The secondary particle distribution must be known in
a wide energy range to calculate the flux at the near and far
detectors. Another issue is that neutrino oscillation leads to a
major fraction of the νμ beam disappearing at the far detector
due to the kinematics of the narrowband beam and the large
mixing of νμ to ντ oscillations with negligible cross section
of τ production in CC interactions. T2K relies on the data
from the CERN NA61 experiment that measures π and K
production from 30 GeV protons on Carbon [54].

3.4 New accelerator at J-PARC and neutrino beamline

A high power proton accelerator complex was constructed by
a collaboration of JAEA (Japan Atomic Energy Association)
and KEK (High Energy Accelerator Research Organization)
in Tokai village, Ibaraki, Japan. The name J-PARC stands for
the Japanese Proton Accelerator Research Complex.

Figure 45 shows the layout of the J-PARC facility con-
sisting of a 400 MeV linac, 3 GeV 1 MW rapid cycling
(25 Hz) synchrotron (RCS), and 0.75 MW 50 GeV proton
synchrotron main ring (MR). The research at J-PARC covers
a wide range of fields from biology to high energy physics.
The design intensity of the MR is 3.3 × 1014 protons/pulse
(ppp) at a repetition rate of 0.285 Hz (3.5 s period) at 50 GeV
and higher repetition rate at lower energy, resulting in a beam

123



  344 Page 26 of 43 Eur. Phys. J. C           (2020) 80:344 

Fig. 44 The reconstructed neutrino energy of single muon events in
the simulation for T2K without oscillation. Comparing with the K2K
case in Fig. 39, the inelastic contamination is much smaller with the
T2K off-axis beam due to the reduced high energy tail

Fig. 45 The layout of J-PARC accelerator complex

power of 0.75 MW. The spill width is ∼5.2 µs. The distance
is 295 km between J-PARC at Tokai and Super-Kamiokande
at Kamioka. Given the 295 km baseline, the neutrino energy
is tuned to a peak at ∼ 0.6 GeV, which corresponds to Δm2

at 2.5×10−3 eV2. The facility started with 180 MeV energy
in the linac and 30 GeV proton energy in the MR. The com-
missioning of RCS started in September 2007, and the MR
commissioning completed in 2009. The linac was upgraded
to 400 MeV in 2014, the RCS achieved 1 MW operation
for a short time (not physics run), and the power of the MR
reached 500 kW with 30 GeV proton energy for neutrino
experiments.

The proton beam is fast-extracted from the MR in a single
turn and transported to the production target. The layout of
the neutrino beamline in the J-PARC facility is illustrated in
Fig. 46. The protons are extracted toward the inside of the MR
ring and are bent by 90◦ to the SK direction by the transport
line with a radius of curvature of 110 m. Superconducting
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Fig. 46 The layout of the neutrino facility in J-PARC

magnets are used for the transport line. The secondary pions
and kaons from the target are focused by horns, and decay
in flight into neutrinos in a decay volume (DV) 110 m long.
The DV is designed to accommodate the beam of 2.5 ∼ 3◦
off-axis angle. The beam dump is placed at the end of the
DV and stops particles other than neutrinos and muons. The
dump consists of graphite blocks of about 3.15 m thickness
followed by iron plates with 2.5 m total thickness. The muons
penetrating the DV are absorbed in the soil in front of the near
detector.

The whole volume from target to beam dump is filled with
helium gas. Figure 47 shows a cut-out view of the beamline.
The design of the beamline is dictated by the beam power
(thermal shock and high radiation). Examples of the critical
issues of the operation of a high power beam facility include
thermal shock wave, heat generation by ionization losses of
charged particles, and generation of radio-activity.

The thermal shock and heat generation in the target forced
us to use graphite for the target and the beam dump core. The
production target is a graphite rod of 26 mm diameter and
90 cm long (corresponding to 2 interaction lengths). About
80% of incoming protons interact in the target. At the design
intensity, the target receives 58 kJ/spill energy deposit by
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Fig. 47 Side view of the neutrino beamline components from the target
to beam dump followed by the Muon Monitor. The whole volume is
filled with helium gas

ionization losses of charged particles and it causes a thermal
shock stress of ∼7 MPa. The heat is removed by forced-flow
helium gas and the stress is confirmed to be a factor 3 less
than the strength of the graphite. The helium cooling is used
because of the expected high energy deposit and to avoid
boiling vapor. The target is followed by three electromagnetic
horns operated at ±250 kA6 pulsed current to focus either
positively or negatively charged secondaries in the forward
direction. They are cooled by water spray to remove the Joule
heat and deposited energy by charged particles.

The operation also generates radioactive water and air.
The expected radioactive water is 13 GBq/(3 weeks) and has
to be diluted to less than 30 Bq/cc for disposal. This requires
many tanks, ion exchange filters, and a backup loop. The
cooling of the target by helium generates 7 GBq /(3 weeks)
radioactive He (must be diluted <5 mBq/cc to dispose of).
The production cross-section of tritium in He is 1/10 of air.
The air contamination in the He vessel needs to be less than
10 ppm. Temperature rise and thermal shock limit the beam
power to approximately 2 MW proton beam. Another limit
comes from the aluminum horn, the graphite target, and the
Ti vacuum window mechanical stability. Substantial R&D
and experience are needed to go substantially beyond this
limit.

3.5 Monitoring of secondary particles

A muon monitor is placed just after the beam dump to moni-
tor the intensity and the profile of muons which pass through
the beam dump spill-by-spill, just like in K2K. High energy
muons of > 5.5 GeV can penetrate the beam dump and reach
the muon monitor. The secondary π beam direction was mon-
itored to better than 1 mrad. accuracy.

6 The design value is 320 kA.

Fig. 48 An array of iron-scintillator sandwich detectors (INGRID)
monitors the neutrino beam profile; a wide area to monitor mainly low
energy neutrinos is required

T2K also uses a multi-horn system, so the direction of
both high energy and low energy secondary particles should
be monitored. As in K2K, the low energy part is monitored by
detecting the neutrino event profile distribution with a large
lever arm. Figure 48 shows the array of iron-scintillator sand-
wich detectors (INGRID) used to monitor the neutrino pro-
file. The secondary beam direction and efficiency of generat-
ing neutrinos/protons are measured much better than 1 mrad
and 0.7%, respectively.

3.6 Near detector at 280 m from the target (ND280)

To minimize the uncertainty of neutrino cross-sections and
event selection in the oscillation analysis, a water Cherenkov
detector in ND is an ideal detector, as in K2K. In T2K, we can-
not use a water Cherenkov detector for the following reasons.
Since there is no division in the detector and the Cherenkov
angle is typically as large as 42◦, a single event occupies a
large fraction of the detector. This limits the neutrino rate to
be less than 1 event/pulse. Also, since the vertex must be a
few meters away from the front surface of the PMT array, the
usable fiducial volume inside the total volume is small in a
small detector. In K2K, 50 tons in a total mass of 1000 tons
were used for the fiducial. The only solution may be to place
it at a relatively large distance (about a km away from the
target). At the starting time at least, T2K decided not to put
a near detector outside of the J-PARC site.

Instead, T2K has a fine grain tracking detector as its near
detector (Fig. 49), measuring neutrino interactions at 280 m
from the target [55]. This off-axis detector aims to measure
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Fig. 49 Fine-Grained scintillator detector (FGD) and TPC comprise
the tracking system. The π0 detector (P0D) is a sandwich of water bag,
lead, and scintillator tracking system. The whole detector is inside a
large aperture magnet, which is instrumented with scintillators. This
magnet was used for the UA1 and NOMAD experiments and donated
by CERN

the muon neutrino energy spectrum, contamination of elec-
tron neutrinos, and neutrino interactions with a similar energy
spectrum at SK. The detector consists of two fine-grained
scintillator trackers (FGDs), three Time Projection Cham-
bers (TPCs), Pb/Scintillator Sandwich π0 detector (P0D) and
Electro-magnetic calorimeter (ECal) inside the large volume
dipole magnet with a 0.2 T magnetic field. The Muon Range
detectors (SMRD) are also inserted in the iron yoke of the
magnet. The interaction points of neutrinos are measured by
FGD and P0D; charged particles from the interaction are
measured by the TPCs; electrons and γ rays measured by
the ECal; muons are identified by SMRD. One FGD (FGD1)
consists of only the scintillator modules and the other (FGD2)
contains the water modules in addition to scintillator. FGD2
is used to study neutrino interactions on water. The identifi-
cation of charged particles is performed by FGDs and TPCs.
A typical event display of ND280 is shown in Fig. 50. For a
demonstration of the performance, the dE/dX measurement
as a function of the momentum by TPCs is shown in Fig. 51.

3.7 T2K results

In this section we describe the performance of the T2K exper-
iment and the results obtained. The major result is the discov-
ery of electron neutrino appearance from the muon neutrino
beam. In addition, many neutrino cross section results are
provided as well as the precise measurements of oscillation
parameters. At present, an investigation of CP violation is
focused more.

Fig. 50 A typical events display of neutrino interaction in ND280 [55]

Fig. 51 Distribution of the energy loss as a function of the momentum
for negatively (top) and positively (bottom) charged particles produced
in neutrino interactions, compared to the expected curves for muons,
electrons, protons and pions [55]

3.7.1 Neutrino beam production and Beam data-taking

T2K physics data-taking started in January 2010 and contin-
ues in 2020 and beyond. The data-taking history is shown in
Fig. 52. A maximum beam power of 500 kW was recorded
in 2018. Data-taking was interrupted twice for about a year:
once on March 11, 2011 by the Great East Japan Earth-
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quake, and once on May 23, 2013 due to an incident at the
J-PARC Hadron Experimental Facility. The neutrino event
rate and neutrino beam directions were carefully monitored
by MUMON and INGRID as shown in Fig. 53. The long-
standing beam monitoring guarantees a high quality of the
neutrino beam for analysis.

T2K can be operated with both neutrino and anti-neutrino
beams by changing the polarity of the horn current. Figure 54
shows the prediction of the neutrino and anti-neutrino beam
flux [56] at SK. In neutrino beam production, the flux is domi-
nated by muon neutrinos with a small irreducible contamina-
tion of electron neutrinos (a few % level), referred to as “beam
νe”. The beam νe component is a major background when
searching for electron neutrino appearance. In anti-neutrino
beam production, the flux is dominated by anti-muon neu-
trinos with a ∼ 10% fraction of muon neutrinos called the
“wrong-sign component”. The fraction of electron neutrinos
is small.

Fig. 54 Prediction of the T2K flux for neutrinos (top) and antineutrinos
(bottom) at SK [56]. The flux above Eν = 10 GeV is not shown; the
flux is simulated up to Eν = 30 GeV

3.7.2 Discovery of electron neutrino appearance from
muon neutrinos

In the initial data set of 1.43 × 1020 POT accumulated by
March 2011 corresponding to 6.5% of the present data, the
first time evidence of non-zero θ13 was reported [57] by
observing νμ → νe appearance. The probability of νμ → νe

oscillation is dominated by the leading term of sin2 2θ13 as
shown in Eq. 4, and it is affected by the term with JC P where
the CP violation phase δCP and the mass ordering are impor-
tant.

Six electron neutrino events were observed in SK, com-
pared to 1.5 ± 0.3 expected events assuming θ13 = 0.
The probability to observe six or more candidate events is
7 × 10−3, corresponding to a 2.5σ significance. The event
display of an electron neutrino candidate event is shown in
Fig. 55.
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Fig. 55 The event display of an electron neutrino candidate

Fig. 56 The reconstructed neutrino energy of six electron neutrino
events

The reconstructed neutrino energy of six events is shown
in Fig. 56. Six observed electron neutrino events are con-
sistent with the appearance of electron neutrinos due to non-
zero θ13. To be precise, the result corresponds to a confidence
interval of 0.03(0.04) < sin2 2θ13 < 0.28(0.34) at the 90%
CL for sin2 2θ23 = 1.0, |Δm2

23| = 2.4 × 10−3 eV2, and
δC P = 0 for normal (inverted) mass hierarchy. This was the
first evidence of non-zero θ13 at 2.5σ significance.

By collecting more data, νμ → νe oscillation was well
established in 2013 with 6.57 × 1020 POT [58]. Twenty-
eight electron candidate events were observed in SK with
4.92 ± 0.55 expected background events, corresponding to a
7.3σ significance. As an analysis update, a newly developed
algorithm was applied to suppress the background events
which contain π0 → 2γ decays, where one of the photons is
not reconstructed. The details of the new event selection are

Table 13 The number of observed electron events and the MC expecta-
tion for 6.57×1020 POT [58]. The oscillation parameters are assumed to
be sin22θ13 = 0.1, sin2 θ23 = 0.5, |Δm2

32| = 2.4×10−3 eV2, δCP = 0,
and Δm2

32 > 0

Data MC CC CC CC Beam NC
Total νμ → νe νμ + νμ νe + νe

28 21.6 17.3 0.1 3.2 1.0
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Fig. 57 The electron momentum versus angle distribution for 28
single-ring electron events with the MC expectation in [58]. The best
fit value of sin2 2θ13 = 0.140 in the normal hierarchy case is used for
the expectation

found in [59]. The number of observed and expected events
is shown in Table 13.

The observed number of events, 28, is consistent with or
slightly higher than the expectation of 21.6 with sin2 2θ13 =
0.10 and δCP = 0. The higher number may indicate CP vio-
lation (δCP 
= 0). The best fit value of θ13 is evaluated to
be sin2 2θ13 = 0.140 ± 0.038(0.170 ± 0.045) in the case of
normal (inverted) hierarchy with a 68% C.L. by fixing the
other oscillation parameters: sin2 2θ12 = 0.306, Δm21 =
7.6 × 10−5 eV2, sin2 θ23 = 0.5, |Δm2

32| = 2.4 × 10−3 eV2,
and δCP = 0. The electron momentum versus angle distri-
bution is shown in Fig. 57, and is used to extract the best fit
values of the oscillation parameters sin2 2θ13 and δCP.

The allowed regions for sin2 2θ13 as a function of δCP are
evaluated as shown in Fig. 58, where the values of sin2 θ23

and Δm2
32 are varied in the fit with the constraint from [60].

In order to be sensitive to δCP, we adopt the PDG2012 value
of θ13 = 0.098±0.013 from reactor experiments [61]. The fit
−2Δ ln L as a function of δCP is extracted as shown in Fig. 59.
The T2K measurement together with the reactor θ13 value
prefers δCP = −π/2 with an exclusion of 0.19π < δCP <

0.80π (−π < δCP < −0.97π and − 0.04π < δCP < π)

with normal (inverted) hierarchy at the 90% CL. This may
be the first hint of CP violation in neutrinos.
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3.7.3 Oscillation analysis

a. Introduction Hereafter, we present the full oscillation
analysis results mainly using data from T2K Run 1-7 [62].

In addition, we also show the recent CP violation result with
data from T2K Run 1-8 [63].

The oscillation analysis is conducted by comparing the
observations at the far detector with the predictions includ-
ing the oscillation effects. We precisely predict the neutrino
event rate and the energy spectrum at the far detector from the
measurements by ND280. We explain the ND280 measure-
ments and how the measurements constrain the uncertainties
on the neutrino beam flux and cross sections. The neutrino
interaction generator libraries NEUT [38] is used to simulate
neutrino interactions in both ND280 and SK. The uncertain-
ties of neutrino interactions in NEUT is primarily determined
by external data. Similarly, the neutrino beam flux is simu-
lated by the T2K library with external data introduced in
Sect. 3.3. Both uncertainties of neutrino interactions and the
beam flux are further constrained by the ND280 measure-
ments. Then, we describe the SK selection to make the event
samples in the oscillation analysis. We explain the extraction
of the oscillation parameters by fitting the observables with
the predictions where all types of uncertainties are properly
taken into account. We summarize the final results at the end.

b. ND280 measurements with flux and cross-section tuning
The ND280 measurements have mainly two purposes. One is
for the oscillation analysis where the uncertainties on the neu-
trino beam flux and cross sections are constrained. For this
purpose, neutrino and anti-neutrino CC interaction events
with a muon are selected since the oscillation effects appear
only in the CC interaction with neutrino flavor identifica-
tion.7 The other ND280 purpose is to measure the neutrino
cross sections precisely.

ND280 is a magnetized tracking detector as introduced
in Sect. 3.6. Neutrinos interacting in FGDs are detected and
the tracks from the interaction vertices are reconstructed in
TPC operated with the 0.2 T magnetic field. The momenta
of charged particles are measured from the track curvatures.
We identify a negative muon (μ−) as the highest negative
momentum track in each event originating in FGDs. A posi-
tive muon (μ+) is identified as the highest positive momen-
tum track only in anti-neutrino beam mode. The energy loss
of the muon candidate track in TPC is required to be consis-
tent with a muon (see Fig. 51). The energy loss of the charged
track in TPC is also used to identify a pion and a proton. The
TPC PID and TPC performance are described in more detail
in [64].

The events are categorized by the number of pions accom-
panying the interaction. In the neutrino beam mode, three
sample categories containing a negative muon are used: CC-
0π , CC-1π+ and CC-other. The CC-0π sample is domi-

7 Although the NC interaction is important to understand the back-
ground events in the oscillation analysis, external data are used to con-
strain the NC interaction.
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Table 14 The number of observed events for ND280 samples in neu-
trino and anti-neutrino beam modes

Beam mode Sample FGD1 FGD2

Neutrino CC-0π 17354 17650

CC-1π+ 3984 3383

CC-other 4220 4118

Anti-neutrino CCμ+-1-track 2663 2762

CCμ+-N-track 775 737

CCμ−-1-track 989 980

CCμ−-N-track 1001 936

nated by CC QE interactions, the CC-1π+ sample by CC
single-π production, and the CC-other sample by CC multi-
π production and deep inelastic scattering (DIS). In anti-
neutrino beam mode, four sample categories are selected
using the charge of the muon and the number of tracks:
CCμ−-1-track, CCμ−-N-track, CCμ+-1-track and CCμ+-
N-track. The CCμ−-1-track sample is dominated by CC QE
neutrino interactions, the CCμ+-1-track by CC QE anti-
neutrino interactions, the CCμ−-N-track by neutrino CC
inelastic scattering, and CCμ+-N-track by anti-neutrino CC
inelastic scattering. The events are further categorized by
the interactions at FGD1 consisting of scintillators only and
FGD2 with a water target between scintillator trackers. By
using FGD2, we extract the neutrino cross sections on water,
while cross sections on scintillator are measured by FGD1.
For each of the selected samples, the numbers of observed
events are summarized in Table 14. The small number of
events is observed in anti-neutrino beam mode because of
the small cross section and the small data set.8 In the anti-
neutrino beam mode the contamination of wrong-sign neutri-
nos is expected to be approximately 30%, while the wrong-
sign contamination in neutrino mode is only about 4%. The
momentum distributions of the CC-0π samples in neutrino
beam mode are shown in Fig. 60. More distributions are
found in [62]

By using the ND280 measurements, the flux and cross-
section models are constrained. A sophisticated analysis
is developed to fit the flux and cross-section parameters
using the muon momentum and angular distribution data of
14{= (3+4)×2} ND280 samples, which correspond to the 3
samples in neutrino mode and the 4 samples in anti-neutrino
mode for both FGD1 and FGD2 summarized in Table 14.
The flux parameters are for νμ, νμ, νe and νe fluxes for both
neutrino and anti-neutrino beam modes. The cross-section
parameters are used in the modeling of CC QE, multi-nucleon
CC interactions, CC single π resonance production, CC/NC
coherent π production, NC γ production, Fermi momentum

8 The ND280 data in neutrino beam mode is 5.81×1020 POT, and data
in anti-neutrino is 2.84 × 1020 POT.
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Fig. 61 The fitted νμ flux parameters at SK in neutrino mode. The
values of the parameters are set to 1 in the simulation before tuning.
The values are used as a weight to the predicted flux

and nucleon binding energy, and final state interactions. The
details of the parameterization are found in [62]. Figure 61
shows the result of the flux tuning and Fig. 62 shows that
of the cross section parameters. The neutrino cross sections
as a function of energy, with an error band corresponding to
the uncertainty on the neutrino cross sections due to the error
parameters, are shown in Fig. 63. The T2K ND280 measure-
ments improved considerably the understanding of neutrino
cross sections in low energy (∼1 GeV). The flux parameters
at ND280 are fitted together with the cross-section param-
eters and are used to produce a full correlation matrix with
the flux parameters at SK. The correlation matrix of the SK
flux and cross-section parameters is shown in Fig. 64. The
parameters and uncertainties from Fig. 64 are used in the
oscillation analysis described in the following sections.
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Fig. 63 Energy-dependent neutrino cross-sections divided by energy.
The bands are the uncertainties of the model predictions after fitting
to the ND280 data. The dashed lines are the prediction of the original
model before fitting. Neutrino cross-sections (top) and anti-neutrino
cross-sections (bottom) are shown

Fig. 64 The correlation matrix of the SK flux and cross section param-
eters. Parameters 1 ∼ 25 correspond to the νμ flux (1–11), νμ flux
(12–16), νe flux (17–23), and νe flux (24–25) in neutrino beam mode,
parameters 26 ∼ 50 correspond to νμ flux (26–30), νμ flux (31–41),
νe flux (42–43), and νe flux (44–50) in anti-neutrino beam mode, and
parameters 51 ∼ 65 are cross section parameters

c. SK measurements The analysis of SK events continues and
improves the analyses in the past. T2K events are selected
by requiring the coincidence of the event time at SK with the
accelerator spill timing added to the time of flight (TOF) of
neutrinos from Tokai to Kamioka. Figure 65 shows the time
difference (ΔT0) between the neutrino observation and pro-
duction with the TOF offset. In Fig. 65, we observe the beam
events at ΔT0 = 0 by a simple selection of Fully-Contained
(FC) events with visible energy greater than 30 MeV. The
events with ΔT0 
= 0 are background from atmospheric neu-
trinos. Figure 66 shows the ΔT0 distribution around 0, where
we observe eight bunches due to the accelerator timing struc-
ture. From these figures, we can imagine the small number
of non-beam background events.

After the timing cut, we select Fully-Contained (FC)
Fiducial-Volume (FV) events with a single Cherenkov ring
reconstructed. The Cherenkov ring is identified as either an
electron-type or a muon-type ring.

Electron neutrino events are further selected by requiring
one electron-type ring, a visible energy greater than 100 MeV,
no decay electron observed, a reconstructed energy less than
1250 MeV, and not π0-like. The not π0-like cut is designed
to remove events with two photons from a π0 decay. The
details of this cut, called fiTQun, are found in [65]. With
7.48 × 1020 POT neutrino data and 7.47 × 1020 POT anti-
neutrino data, we find 32 electron neutrino events with the
expected efficiency of 65.6% and 4 anti-electron neutrino
events with the efficiency of 70.8%. The predicted numbers
of events with δC P = −π/2 were calculated to be 28.55
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events for neutrinos and 6.28 events for anti-neutrinos in the
case of normal mass hierarchy. In addition, a new event sam-
ple using electron neutrino events with one decay electron is
added in neutrino beam mode. The single electron-ring selec-
tion predominantly consists of electron neutrino CC interac-
tions. One decay electron could come from a π → μ → e
pion decay where the pion Cherenkov ring is invisible due to
low pion momentum. So, electron neutrino events with one
decay electron are predominantly electron neutrino CC single
π production events. This sample is called e-like+1π+. We

observe 5 e-like+1π+ events in neutrino beam mode, with an
expectation of 3.14 events. Figure 67 shows the reconstructed
neutrino energy distributions of electron neutrino events for
both neutrino and anti-neutrino beams. The energy distribu-
tions are consistent with electron neutrino appearance.

Muon neutrino events are selected by requiring one muon-
like ring, a momentum greater than 200 MeV/c and the num-
ber of decay electrons to be less than or equal to 1. We observe
135 muon neutrino events with the expectation of 137.76
in neutrino beam mode, and 66 muon neutrino events with
the expectation of 68.26 in anti-neutrino beam mode. The
selection efficiency after requiring FCFV is calculated to be
90.5% for neutrinos in neutrino beam mode and 95.6% for
anti-neutrinos in anti-neutrino beam mode. Figure 68 shows
the reconstructed neutrino energy distributions of muon neu-
trino events in neutrino beam mode and anti-neutrino beam
mode. As a result of neutrino oscillations, the energy spectra
of muon neutrinos deviate greatly from the original off-axis
beam spectra. The observation is consistent with the maxi-
mum disappearance of muon neutrinos.

In summary, we use five samples in SK for the oscilla-
tion analysis. The numbers of observed events and the MC
expectations are summarized in Table 15.

d. Results In the oscillation analysis, we extract the oscilla-
tion parameters by comparing the observations at SK with
the expectations. The expected number of events in SK in
each lepton momentum and angular bin (pk, θk) for all five
samples are expressed as

N (pk, θk; θ13, θ23,Δm2
32, δC P , . . .)

=
Eνbins∑

i

f lavor∑
j

Pν j →νk (Eν,i ; θ13, θ23,Δm2
32, δC P , . . .)

×ΦSK
j (Eν,i )σk(Eν,i , pk .θk)ε(pk .θk)MSK ,

where Pν j →νk is the oscillation probability, ΦSK
j is the

expected neutrino flux at SK, σk is cross-section, ε is the
detector efficiency and MSK is the mass of SK. ΦSK

j and
σk are predicted based on near detector measurements. The
oscillation parameters θ12 and Δm2

12 are fixed to the val-
ues given in PDG2015 [66]: sin2 2θ12 = 0.846, Δm2

12 =
7.53 × 10−5 eV2. The oscillation parameters are extracted
by simultaneously fitting all νe and νμ data samples in neu-
trino beam mode and anti-neutrino beam mode, summarized
in Table 15. The comparison of the observations with the
expectations is evaluated by the Δ log L method. Another fit
based on a Markov Chain Monte Carlo (MCMC) is also used
as an alternative analysis method.

The predictions of the number of SK events and their
uncertainties are calculated based on ND280 constraints. Fig-
ure 69 shows the expected energy spectra of electron neutrino
events and anti-neutrino events in SK. The original prediction
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Table 15 The number of observed events from (7.48[ν] + 7.47[ν]) ×
1020 POT [62]. The MC prediction is based on the oscillation param-
eters: sin2 θ23 = 0.528, sin2 2θ12 = 0.846, sin2 2θ13 = 0.085,
Δm2

12 = 7.53×10−5 eV2, |Δm2
32| = 2.51×10−3 eV2, δCP = −1.601,

and Δm2
32 > 0 from the PDG [66]

Beam mode Neutrino Anti-neutrino

Sample e-like e-like+1π+ μ-like e-like μ-like

Observation 32 5 135 4 66

Prediction 28.55 3.14 137.76 6.28 68.26

before the constraints by near detector data and the size of the
uncertainties are also shown. Figure 70 shows the expected
energy spectra of muon events in SK for both neutrino and
anti-neutrino beams with the original predictions before the
constraints by near detector data and the size of the uncer-
tainties. Table 16 shows the systematic uncertainties on the
predicted event rates at SK. The size of the systematic error
on the number of events for each sample is 5–6% except for
the e-like+1π+ sample (∼15%). The largest error source is
the uncertainty due to the flux+cross sections, even after the
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Fig. 69 The expected energy spectra of electron events in SK in neu-
trino beam mode (top) and anti-neutrino beam mode (bottom). The
dashed histograms represent the ±1σ error without near detector con-
straints, while the solid histogram shows the error with near detector
constraints

ND280 constraint. Without constraints by the ND280 mea-
surements, the error size increases up to 12–14%.

By minimizing −Δ ln L , we measure the oscillation
parameters δCP, sin2 θ13, sin2 θ23, and Δm2

32(13). The best fit

values and 1D confidence intervals of δCP and sin2 θ13 under
the constant Δχ2(≡ −2Δ ln L) approximation are shown in
Table 17. The result of sin2 θ13 is consistent with the more
precise value measured by reactor θ13 experiments as given
in PDG 2015 [66]. Figure 71 shows one-dimensional Δχ2

distributions of δCP and sin2 θ13. Figure 72 shows the two-
dimensional Δχ2 contour of sin2 θ13 versus δCP.

Hereafter, we constrain the value of θ13 to sin2 2θ13 =
0.085 ± 0.005 from [66] measured by reactor experiments
because it is more precise than the measurement by T2K.
We perform an oscillation analysis with this θ13 constraint.
The best fit values of the parameters are obtained as shown
in Table 18. With the θ13 constraint, we obtain more precise
measurements, especially for δCP.

Figure 73 shows the 90% constant Δχ2 surface in the
sin2 θ23 − Δm2

32 plane in the case of normal mass order-
ing. The measurements of the parameters sin2 θ23 and Δm2

32
by T2K are one of the most precise today. The T2K result

Fig. 70 The expected energy spectra of muon events in SK in neutrino
beam mode (top) and anti-neutrino beam mode (bottom). The dashed
histograms represent the ±1σ error without near detector constraints,
while the solid histogram shows the error with near detector constraints

is consistent with other measurements as shown in Fig. 73,
although the MINOS and NOvA measurements [69,70] have
some tension with T2K. The NOvA and T2K collaborations
are jointly investigating the source of the tension.

In 2018, we updated the CP violation result by adding
the T2K Run 8 data-set, using data corresponding to a total
exposure of 14.7×1020 POT in neutrino mode. With the new
data-set, we observed 89 electron neutrino candidate events
in total, while 67.5 are expected for δCP = 0 and normal
mass ordering. Figure 74 shows one-dimensional Δχ2 dis-
tributions of δCP. The Feldman-Cousins method with critical
Δχ2 values is used to calculate the 2σ confidence level. The
improved measurement of δCP shows an indication of CP
violation, and the obtained 2σ confidence interval for δCP

does not include the CP-conserving cases (δCP = 0, π ).
The primary oscillation results presented so far are based

on the frequentist approach. We also adopt the Bayesian
approach by using a MCMC technique where we evaluate
the posterior probability marginalized over nuisance param-
eters. The results by the MCMC are consistent with the pri-
mary results [62]. Figure 75 shows the marginal posterior
probability in each two-parameter space, together with the
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Table 16 The systematic uncertainties on the predicted event rates (δN/N ) at SK. FSI stands for “Final State Interactions”, SI is “Secondary
Interactions” and PN is “Photo-Nuclear effect” (Data from [68])

Beam mode Neutrino Anti-neutrino

Sample e-like (%) e-like+1π+ (%) μ-like (%) e-like (%) μ-like (%)

Flux + Cross section 4.2 5.0 2.9 4.7 3.5

(Flux only) 3.7 3.6 3.6 3.8 3.8

(Cross section only) 5.1 4.9 4.0 5.5 4.2

FSI+SI+PN 2.5 10.5 1.5 3.0 2.1

SK detector 2.4 9.3 3.9 2.5 3.4

All 5.5 14.8 5.1 6.5 5.3

(All w/o ND280 constraint) 12.7 21.9 12.0 14.5 12.5

Table 17 The best fit values of
δCP and sin2 θ13 with 1D
confidence intervals

Parameters Normal ordering Inverted ordering

Best-fit ±1σ Best-fit ±1σ

δCP −1.79 [−2.79; −0.76] −1.38 [−2.30; −0.52]
sin2 θ13 0.027 [0.021; 0.034] 0.030 [0.023; 0.038]
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one-dimensional posterior probability densities. The poste-
rior probabilities for the mass orderings and sin2 θ23 octant
are also evaluated as shown in Table 19. The results slightly
prefer the normal mass ordering with sin2 θ23 > 0.5.

3.7.4 Other measurements

In addition to neutrino oscillation studies, T2K conducts
various measurements of neutrino-nucleus cross-sections by
using both the ND280 and SK detectors. The measurements
are important to understand neutrino-nucleus interactions
and to model them better, which would impact on a reduc-

123



  344 Page 38 of 43 Eur. Phys. J. C           (2020) 80:344 

Table 18 The best fit values of
oscillation parameters and 1D
confidence intervals with the
reactor θ13 constraint. Δm2

32 is
given in units of 10−3 eV2

Parameters Normal ordering Inverted ordering

Best-fit ±1σ Best-fit ±1σ

δCP −1.73 [−2.54; −0.88] −1.45 [−2.17; −0.77]
sin2 θ23 0.550 [0.465; 0.601] 0.553 [0.470; 0.601]

Δm2
32 2.54 [2.46; 2.62] 2.51 [2.43; 2.59]
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tion of the systematic uncertainties of neutrino oscillation
measurements shown in Table 16.

The cross-sections measured in T2K are summarized in
Table 20. In the beginning, T2K measured the muon neu-
trino Charged Current (CC) inclusive cross sections with
the T2K off-axis near detector (ND280) [73] and the on-
axis near detector (INGRID) [74] as a first step. Later, these
analyses became more sophisticated and were able to mea-

Fig. 75 Two-dimensional histograms of the marginal posterior prob-
ability with a 90% (1σ ) credible interval given by the white solid
(dashed) lines [62]. The one-dimensional histograms represent the pos-
terior probability density where all other parameters are marginalized.
The blue areas are the 1σ (dark), 90% (medium), and 95% (light) cred-
ible intervals

Table 19 Posterior probabilities for the mass orderings and sin2 θ23
octant

sin2 θ23 < 0.5 sin2 θ23 > 0.5 Line Total

Inverted ordering 0.060 0.152 0.212

Normal ordering 0.235 0.553 0.788

Column total 0.295 0.705 1

sure exclusive channels, such as CC-QE [75,76], CC with
no pion [77], CC 1π production [78], and CC-coherent π

[79] including the energy-dependence of some cross sections.
The nuclear-dependence was also intensively studied. At the
position of the on-axis near detector, two new detectors, one
with a plastic (CH) target and the other with a water (H2O)
target, were installed to measure cross sections on differ-
ent target materials. By using these detectors with INGRID,
which has an iron target, the CC inclusive cross sections
on iron, plastic, and water targets, and the ratios of cross
sections were measured. With ND280, the electron neutrino
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Table 20 Neutrino and antineutrino cross-section measurements in
T2K for Charged Current (CC) and Neutral Current (NC) processes.
The cross-section measurements are given in units of cm2 per nucleon

on Carbon unless otherwise stated. The first error is statistical and the
second is systematic. The ratio of the cross section to the MC model
prediction (σMC ) is also shown for some measurements

Mode Results ( cm2

nucleon [or 12C,16 O] or the ratio) Additional information References

νμ CC inclusive (6.91 ± 0.13 ± 0.84) × 10−39 < Eν >= 0.85 (GeV) [73]

νμ CC inclusive on C H (1.379 ± 0.009+0.178
−0.147) × 10−38 < Eν >= 1.51 (GeV) [74]

νμ CC inclusive on C H (0.817 ± 0.007+0.11
−0.08) × 10−38 < Eν >= 1.5 (GeV) [88]

νμ CC inclusive (6.950 ± 0.662) × 10−39 Double-differential cross-sections [89]

νμ CC-QE (flux integrated) (0.83 ± 0.12) × 10−38 M QE
A = 1.26+0.21

−0.18 GeV/c2 [75]

νμ CC-QE on C H (11.95 ± 0.19+1.82
−1.47) × 10−39 < Eν >= 1.94 (GeV) [76]

νμ CC-QE on C H (10.64 ± 0.37+2.03
−1.65) × 10−39 < Eν >= 0.93 (GeV) [76]

νμ CC without pions (0.417 ± 0.005 ± 0.047) × 10−38 full phase space [77]

(0.202 ± 0.0026 ± 0.0359) × 10−38 cos θμ > 0.6 and pμ > 200 MeV/c

νμ CC inclusive on H2 O (0.840 ± 0.010+0.10
−0.08) × 10−38 < Eν >= 1.5 (GeV) [88]

νμ CC without pions on H2 O (0.95 ± 0.08 ± 11) × 10−38 [90]

νμ CC 1π on water (4.25 ± 0.48 ± 1.56) × 10−40 < Eν >∼ 0.8 (GeV) [78]

νμ CC coherent π (3.9 ± 1.0+1.5
−1.4) × 10−40/12C Rein-Sehgal model [79]

νμ CC ratio of H2 O/C H 1.028 ± 0.016 ± 0.053 < Eν >= 1.5 (GeV) [88]

νμ CC inclusive on Fe (1.444 ± 0.002+0.189
−0.157) × 10−38 < Eν >= 1.51 (GeV) [74]

νμ CC inclusive on Fe (0.859 ± 0.003+0.12
−0.10) × 10−38 < Eν >= 1.5 (GeV) [88]

νμ CC inclusive on Fe (1.10 ± 0.15) × 10−38 < Eν >= 1.1 (GeV) [91]

(2.07 ± 0.27) × 10−38 < Eν >= 2.0 (GeV)

(2.29 ± 0.45) × 10−38 < Eν >= 3.3 (GeV)

νμ CC ratio of Fe/C H 1.047 ± 0.007 ± 0.035 < Eν >= 1.51 (GeV) [74]

νμ CC ratio of Fe/C H 1.049 ± 0.010 ± 0.043 < Eν >= 1.5 (GeV) [88]

νμ CC ratio of Fe/H2 O 1.023 ± 0.012 ± 0.058 < Eν >= 1.5 (GeV) [88]

νe CC inclusive (1.11 ± 0.09 ± 0.18) × 10−38 < Eν >∼1.3 (GeV) [80]

νe CC ratio σνeCC/σMC = 1.01 ± 0.10 [81]

σνe(K )CC/σMC = 0.68 ± 0.30

σνe(μ)CC/σMC = 1.10 ± 0.14

νμ CC inclusive (0.900 ± 0.029 ± 0.088) × 10−39 Eν < 1.5 (GeV) [84]

(νμ CC inclusive) (2.41 ± 0.022 ± 0.231) × 10−39 θμ < 32◦ and pμ > 400 MeV/c

R(
σ(ν)
σ (ν)

) = 0.373 ± 0.012 ± 0.015

νμ CC without pions (1.11 ± 0.18) × 10−38/water molecule cos θμ > 0.84 and pμ > 400 MeV/c [85]

νμ NC Nuclear γ (1.35+0.59
−0.29) × 10−38/16 O < Eν >= 0.63 (GeV) [82]

(1.70 ± 0.17+0.51
−0.38) × 10−38/16 O < Eν >= 0.82 (GeV) [83]

νμ NC Nuclear γ (0.98 ± 0.16+0.26
−0.19) × 10−38/16 O < Eν >= 0.68 (GeV) [83]

νμ NC γ < 0.114 × 10−38(90%C.L .) < Eν >∼ 0.6 (GeV) [92]

νμ NC 1π0 ratio σNCπ0 /σMC = 0.68 ± 0.26 ± 0.44 σMC = 7.63 × 10−39 [93]

CC inclusive cross sections were measured [80,81] using the
powerful particle identification performance of the TPC and
ECal. In the analysis described in [81], the electron neutrino
contamination in the beam is measured relative to the pre-
diction by simulation. The measurement is also divided into
two contributions: electron neutrinos from kaon decays and
from muon decays. The Neutral Current (NC) nuclear de-
excitation gamma-ray production cross-section in neutrino-

oxygen interactions was also studied [82,83] using the far
detector, Super-Kamiokande. The NC nuclear de-excitation
gamma-ray production process is considered a serious back-
ground from atmospheric neutrinos when we search for a
signal of Supernova relic neutrinos. From year 2014 onward,
an anti-neutrino beam was available to study CP violation in
neutrino oscillations. The anti-neutrino beam was also uti-
lized to measure anti-neutrino cross sections [84,85].
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As an advanced analysis, final-state proton multiplici-
ties, muon and proton kinematics, and their correlations in
charged-current pion-less neutrino interactions are measured
by the ND280 detector in its plastic scintillator (C8H8) tar-
get [86]. Thanks to the exploration of the proton kinematics
and imbalances between the proton and muon kinematics,
the results offer a novel probe of the nuclear-medium effects
most pertinent to (sub-)GeV neutrino-nucleus interactions.

All of the results are compared to predictions by the neu-
trino interaction generator libraries NEUT [38] and GENIE
[87], and are used to improve the models in those libraries.
T2K advanced the measurements of neutrino and anti-
neutrino cross sections and contributed to improving the the-
oretical models useful for future CP violation measurements.

3.7.5 Search for new physics

Besides measurements of neutrino oscillations and neutrino-
nucleus cross sections, T2K has performed searches for
physics beyond the standard model.

Most data from the studies of neutrino oscillations are
consistent with the three flavor paradigm. However, some
experiments have reported deviations from the three flavor
scheme that could be explained by a fourth neutrino with a
mass difference Δm2 ∼ 1 eV2 from the three standard neutri-
nos. A search for light sterile neutrinos was carried out using
the long-baseline T2K beam data at SK [94]. In addition to
the standard samples described in Sect. 3.7.3, neutral-current
interaction samples are also used to enhance the sensitivity
to sterile mixing. No evidence of sterile neutrino mixing in
the 3 + 1 model was found from a simultaneous fit to the CC
muon, electron, and NC samples. We set the most stringent
limit on the sterile oscillation amplitude sin2 θ24 for the ster-
ile neutrino mass splitting Δm2

41 < 3 × 10−3 eV2. Another
search for sterile neutrinos was also conducted using short-
baseline data from ND280 with a limited sensitivity [95].

Motivated by neutrino mass generation mechanisms such
as the see-saw mechanism, right-handed heavy neutrinos are
predicted. In the T2K beam, heavy neutrinos can be produced
from kaon decays and then subsequently decay in ND280.
The decays of N → l±α π∓ and N → l±α l∓β ν (α, β = e, μ)
are searched for using the ND280 TPC, where the back-
ground was reduced to less than two events [96]. No excess
was observed, setting the upper limits on the mixing elements
of heavy neutrinos to electron-, muon-, and tau- flavored cur-
rents (U 2

e , U 2
μ, U 2

τ ), e.g., U 2
e < 10−9 at the 90% C.L. for a

heavy neutrino mass of 390 MeV/c2.
An extension of the Standard Model allows Lorentz

and CPT violations. The effect of such violations could
be observed as sidereal modulations in the neutrino event
rate. Using a large amount of neutrino data collected by
INGRID, sidereal modulations were checked [97]. No sig-

nal was observed and T2K sets limits on associated Lorentz
and CPT-violating terms from the extension of the Standard
Model. The results imply Lorentz and CPT violations are
suppressed by a factor of more than 1020 at the GeV scale.

3.7.6 Summary of T2K results

A new oscillation channel, νμ → νe, with a mass differ-
ence Δm2 ∼ 2.5 × 10−3 eV2 was discovered by T2K. The
νμ → νe oscillation is a consequence of nonzero θ13 and
affects the CP violation phase δCP in the three-generation
scheme. The T2K results indicate CP violation at 2 σ con-
fidence level and prefer the normal mass ordering. The
most precise measurements of neutrino oscillation parame-
ters θ23 and Δm2

23 are also reported. In addition to the three-
generation neutrino oscillation, T2K provides many mea-
surements of neutrino-nucleus cross-sections and search for
new physics beyond the standard model such as a heavy neu-
tral lepton, fourth-generation scheme, CPT violation, etc..

At the time beginning of 2020 when writing this summary,
T2K has collected 22.3 × 1020 POT data (14.7 × 1020 POT
in neutrino beam mode and 7.6 × 1020 POT in anti-neutrino
beam mode) [63], which corresponds to 29% of the approved
POT goal (7.8 × 1021 POT). We continue data taking and
keep producing interesting physics results until the next-
generation experiment, Hyper-Kamiokande, comes in oper-
ation.

4 Prospect of T2K

The future T2K running focusses on investigating the issue
of CP violation. There is a plan to upgrade the J-PARC accel-
erator in order to increase the repetition rate of the acceler-
ation cycle by installing a new power supply system. With
the upgrade scheduled in 2021, the beam power of J-PARC
will reach 750 kW or higher. The J-PARC accelerator has
the potential to achieve an even higher beam power, up to
1300 kW. The T2K collaboration proposes to search for neu-
trino CP violation with a sensitivity of 3σ in the case of max-
imum CP violation by extending the T2K run with a total of
20×1021 POT [98]. The T2K neutrino beamline will also be
upgraded to accept the 1300 kW high-power beam [99]. Fig-
ure 76 shows the expected POT for T2K with the J-PARC and
T2K beamline upgrades. With the upgraded accelerator and
improvements to the analysis, T2K could reach 3σ sensitiv-
ity to neutrino CP violation with ∼ 15 × 1021 POT as shown
in Fig. 77. The T2K near detector is also being upgraded to
extend and improve its acceptance for particles produced in
neutrino interactions [100]. There is a great chance to investi-
gate the existing hint of neutrino CP violation and to establish
its existence in the near future.
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5 Summary and outlook

The discovery of neutrino oscillations has opened a new
field and has generated a great impact both experimentally
and theoretically. The series of experiments, SK [43], SNO
[101], KamLAND [44], K2K, MINOS [102], and T2K con-
firmed the existence of neutrino oscillations and unraveled
several outstanding properties. The neutrino oscillations are
described by three mixing angles, CP phase and mass squared
differences with the three-generation neutrino scheme. There
are two distinct values for the mass difference, showing that
neutrino mass has at least two, most likely three nonzero
values. As presented in this review, the K2K experiment dis-
covered neutrino oscillations in the KEK neutrino beam and
precisely determined one of the mass squared difference,
Δm2

23 = m2
3 − m2

2 ∼ 2.5 × 10−3 eV2. The succeeding
T2K experiment discovered oscillations between νμ and νe.
This is evidence of non-zero θ13. The νμ → νe oscillation
involves all three mass eigenstates, and the study of possible
CP violation in the lepton sector becomes reality. At present
(2020), the T2K experiment sees a hint of CP violation in
neutrino oscillations at 2σ confidence level.

We face new and urgent questions in neutrino physics:
Mass hierarchy, Octant ambiguity, Unitarity, and CP vio-
lation. Addressing these questions requires new experi-
ments with higher precision. In fact, this will be achieved
by two new large projects: the recently approved Hyper-
Kamiokande (Hyper-K) project [103] in Japan, the succes-
sor of the SK and T2K experiments, and the new experiment
DUNE [104] in the USA. The Hyper-K has a 260 kton water
tank in which the 190 kton of fiducial volume, ten times
larger than that of SK is used for the detection of neutrinos.
With the larger mass and improving instruments, Hyper-K
has much better sensitivity to neutrino oscillations, neutrino
astronomy, nucleon decay, etc. With the upgraded J-PARC,
we explore neutrino CP violation with more than 5 σ sensi-
tivity and search for new physics beyond the three-generation
scheme. To probe the GUT, the sensitivity of the proton decay
will be improved by a factor of 10 up to the lifetime of 1035

years or longer for the p → e+π0 decay mode and 3 × 1034

years for p → ν̄K +. Hyper-K has a great discovery potential
of the proton decay with many decay channels. Hyper-K is
also a unique observatory of neutrino astronomy and studies
of astroparticle physics, such as dark matter, using neutrinos.

In conclusion, neutrino research has a rich future program
and promises a major impact on particle physics and cosmol-
ogy.
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