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We review the new results and recent progress in accelaratarino oscillation experiments. In
2010, a long-awaited tau signal of neutrino oscillatiomfra muon neutrino to a tau neutrino was
detected in the OPERA experiment. A new-generation higisitiee neutrino oscillation exper-
iment, T2K, started physics data taking successfully. IBine neutrino oscillation parameters
were measured more and more precisely in the MINOS expetimbith also presented the
first look at anti-neutrino oscillations. In addition to Seepromising progresses, there are a few
anomalies not explained in the standard model with neutmass, which makes the studies of
neutrinos more exciting.
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1. Introduction

The discovery of neutrino oscillation by Super-Kamiokaifitlegives a positive and concrete
evidence of finite neutrino mass and makes it possible toygte neutrino mass and the mixing
experimentally. After the discovery, the first long-baselaccelerator neutrino experiment, K2K,
confirmed the discovery and measured the neutrino osoifigfi2]. Now, the study of the neutrino
mass and mixing becomes a very interesting and attracthjecun particle physics. Accelerator-
based neutrino oscillation experiments play a key role twige precise information on neutrinos.

In summer 2010, we have three big news about neutrinos. , BistOPERA experiment
finds a long-awaited candidate eventwfappearance iw, — v; oscillation [3]. Second, a new-
generation high-sensitive neutrino experiment with aarigé and high-quality neutrino beam, the
T2K, launched out and collected the first physics data sgéafs[4]. T2K could provide the
most precise measurements of neutrino oscillation paematv, — v; oscillation and the most
sensitive search for, — ve appearance to probe the non-measured mixing afgdgs]. Third,
the MINOS experiment provides several new precision measents of neutrino oscillations with
both the neutrino and the anti-neutrino beams. In MINOS ,didtay may observe a different
behavior between neutrinos and anti-neutrinos with lichggtistic. So, it is an exciting time in
2010 for neutrino physics with these new results and pregM& enter a new era to reveal further
mysteries of neutrinos, especially going on the road to tingysof CP violation.

In this paper, we review the recent results and progres®afdbelerator neutrino experiments.
The physics targets of the accelerator neutrino experisremet

e Precise measurements of neutrino oscillations, espjecfi:ﬁllAmg3 and 6,3, in order to test
the standard neutrino oscillation scenario with the Makkdgawa-Sakata (MNS) neutrino
mixing matrix.

e Discovery of the last oscillation channg| — ve for 613.

e Study of CP violation in the neutrino sector, or any diffarerfbetween neutrinos and anti-
neutrinos.

e Determination of the mass ordering of neutrinos, the sighn,.

2. Observation of Tau Neutrinos

The discovery of the tau neutrino signal in the OPERA expenitrwas reported [7]. The
high energy neutrino beam in OPERA with the mean energy of &V (S produced at CERN in
Switzerland and is shot toward the OPERA detector locate@ran Sasso National Laboratory
in Italy 732 km away. The core technology of the OPERA deteist&mulsion Cloud Chamber
(ECC) by which a kiloton-scale detector could get the miderel resolution for the interaction
vertex and the particle tracks to identify the tau neutrimeractions?!

The OPERA collaboration analyzed 35 % of 2008-2009 dataespanding to B9 x 10%°
protons-on-target (POT). They detected a charged-cutaaritadronic decay candidate event which

Thecr of tau is only 87um.
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occurred in August 22nd, 2009. The event has a kink of thé&wad1 mrad and the decay length
of 1335umwhich is a feature of the tau decay. Since the event has twioplwandidates possibly
coming from ar®, the event topology is consistent with the decay ef pv; with p — rr°.

The expected number of signal events /840t 0.13(sys) with the oscillation parameters of
sin? 26,3 = 1.0 andAmg, = 2.5 x 103 eV2, while the expected number of background events is
0.045+ 0.020 (0018+ 0.007) with the selection for all kinds (1 prong) of tau decaydiogies.
The statistical significance is calculated to b@1? (2.360) for all kinds (1 prong) of tau decays.
Although the OPERA detected the first tau candidate evente signal events with more data are
expected.

In addition to the OPERA, — v signal, Super-Kamiokande also found an indicatiowof
appearance in atmospheric neutrinos with the statistigaificance of 240 [6].

3. T2K Starts

The Tokai-to-Kamioka (T2K) neutrino oscillation experini¢4, 5] is a new experiment with
an intense and high quality neutrino beam. The T2K neutrieanb is produced by the Japan-
Proton-Accelerator-Research Complex (J-PARC) whichlacates protons up to 30 GeV with the
design beam power of 750 kW. T2K adopts a so-called "off*axésitrino beam technigue by which
the narrow-band energy beam is produced and the energyeid airthe oscillation maximum. The
beam has less high energy tails contributing to the backgrgeneration. The Super-Kamiokande
(SK) detector is the far detector of T2K located 295 km awaynfthe neutrino production target.
SK is a 50 kt wateCerenkov detector with a very good performance for low enestrinos.

After a long construction period of J-PARC and T2K, the firstitino beam was produced in
April 23rd, 2009. After the commissioning period, the firgutrino events by the near detectors
in J-PARC were detected in November 22nd, 2009. T2K startggips data taking in January
2010 and the first SK event was detected in February 24th,.2010e first running period from
January to June 2010, T2K collectedd8x 10'° POT with a typical beam power of 50 kW. The
neutrino beam focusing devices, three magnetic horns, eymted at 250 kA It was also tried
to increase the beam power up to 100 kW for a short time, anttitievas successful.

The neutrino beam was measured by the near detectors Id28@esh downstream from the
target. The near detectors consist of the neutrino beamtarpnamed INGRID, and the off-axis
neutrino detector [8] which measures the neutrino beanggoinard SK and measure the neutrino
cross sections in the energy around 1 GeV. INGRID consisi$ahodular iron-scintillator sand-
wich detectors, and monitors the neutrino beam flux and ttextibon. The 14 INGRID modules
are arranged as a cross of two identical groups along thedmt&l and vertical axis and additional
two modules are arranged at the off-diagonal position. Térder of the INGRID crossing cor-
responds to the neutrino beam center defined as zero degiteeespect to the direction of the
primary proton beam line. The off-axis neutrino detectansists of two Fine-Grained detectors
(FGD), three Time-Projection-Chambers (TPC), an Electmnetic Calorimeter system (ECAL),
Side-Muon-Range detectors (SMRD) and®%detector (POD). The detectors except for SMRD are

2The design current of horns is 320 kA, but it was operated thighlower current to minimize the risk of a break
until the spare parts are available.
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located inside of the giant dipole magheperating at 0.2 T, and SMRD scintillator modules are
installed in the gaps of the magnet yoke.

In Figure 1, the neutrino event rate measured by INGRID isvshas a function of the running
time, which guarantees that the beam was stable for theeentining period. The neutrino beam
profile is also shown in the figure, and the profile center spweads to the neutrino beam direction.
The neutrino beam direction is guaranteed to be as desigitieict & mrad. In the off-axis detector,
many neutrino events were collected and we show some badarmpeances of the detectors. In
Figure 2, the energy loss versus the momentum of the tracksumed by TPC is shown. In the
positive tracks, we clearly identify the proton tracks amd@800 MeV/c with highdE /dx, which
are originated from the charged-current quasi-elastierattions,v, +n — p~ + p. From the
figure, the superior performance of TPC is demonstrated avithear separation of the particle
types. The analysis of the off-axis detector to measure gwtrino event rate and the energy
spectrum is undergoing.
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Figurel: (Top) The neutrino event rate as a function of the runnin@tainthe near detector, INGRID. (Bottom)
The vertical profile of the neutrino beam measured at INGRID.

The beam neutrino events in SK were selected by requiringitiag coincidence with the
accelerator beam time. The accuracy of the timing coinc@éds better than 100 nsec by using

3The magnet was used in the UA1 experiment and the NOMAD exyati at CERN.
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Figure2: (Left) The momentum versus the energy loss of positivegidditracks measured by TPC. (Right) The
momentum versus the energy loss of negative-charged traeisured by TPC.

GPS. The timing difference from the measurement to the éapen is shown in Figure 3. The
beam timing structure, which has 6 bunches each separaté8loysec, is clearly seen. After
requiring the fully-contained (FC) neutrino events witham activity in the outer detector, we
observed 33 beam events while the non-beam backgroundsemeniess than 16. By requiring
the events occurred in the 22.5 kton fiducial volume of SK, led 23 events. Although T2K has
no results on neutrino oscillations yet, the first resultaadtrino oscillations with this 2010 data
set is coming soon.
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Figure 3: The timing distribution of the SK beam events relative togkpected arrival time. (Left) The wide time
window of +500 usec. Three event categories are shown: LE (Low Energy evédils (Outer Detector events)
and FC (Fully Contained events). (Right) Zoomed-up timedeim from -1usec to 5usec.

The next T2K run will resume in fall 2010 and we plan to coll&éttimes more data with
the beam intensity beyond 100 kW before summer 2011. Soethdts from T2K in the next few
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years are very exciting.

4. Precision Measurements of Neutrino Oscillations

Today, the most precise measurements of neutrino osoiiaty accelerator experiments are
provided by the MINOS experiment at Fermilab. The MINOS eipent started the data taking
from 2005 and accumulated more thar 10?1 POT. The neutrino beam for MINOS, which is the
most powerful neutrino beam today, was produced by FernMlaim-Injector, and was delivered
to the MINOS far detector 735 km away. In MINOS, both the nieotand the anti-neutrino beams
were produced by reversing the horn current. Several nasltsegere presented at ICHEP2010 [9]
and we introduce some of them below.

4.1 Precision measurements of neutrino oscillation parameters

The MINOS collaboration conducted the measurements ofineutscillation parameters by
measuring the survival probability of muon neutrinos wigutrino mode data of.25x 10?° POT.
They observed 1986 events while 2451 events were expecteduvoscillations. They measured
the oscillation parametergAn?| = 2.357 031 x 1072 eV? and sirf26 > 0.91 at 90 % C.L.. Itis
one of the most precise measurements today. This measurateemxcludes some exotic models
of neutrino flavor change: the neutrino decoherence modsiavored by more than 8 and the
pure neutrino decay model is disfavored by more than(8.8 o if including the NC events).

4.2 Measurements of neutral current events

In order to confirm that the neutrinos do not disappear builla; MINOS measured the
rate of neutral current events. They observed 850 eventsthét expectation of 757 events. The
measurement also gives a constraint on the oscillatioretdesheutrinos which could not be de-
tected by the weak interactions. The upper limit on the podita of the neutrino oscillation to
the sterile neutrinos i& = % < 0.40(0.22) at 90 % C.L. in the case of (no) electron neu-
trino appearance. The neutrino oscillation frognto active neutrinos, either; or ve, is firmly
confirmed.

4.3 Search for electron neutrino appearance

Since the measurement of the last mixing arjjlgis one of the most interesting topics in neu-
trino physics, MINOS searched for electron neutrino apgeee. After the sophisticated electron
neutrino selections, they observed 54 events with the ¢afiec of 491+ 7.0+ 2.7 background
events with 701 x 10?° POT. Since the observed events were consistent with theylmakd, they
set upper limits on sf26;3 < 0.12 at 90 % C.L. for the normal hierarchy cagerg > 0) and
sin?26:3 < 0.20 at 90 % C.L. for the inverted hierarchy cagem? < 0) by assuming the other
parameters to bé&p = 0, 23 = 11/4 andAm3; = 2.43x 103 eV2. This is one of the best limits
on 6,3 today.

4.4 Measurement of anti-neutrino oscillation

In order to test the CPT invariance in neutrino oscillatjoie anti-neutrino oscillation was
measured by MINOS with the anti-neutrino beam data. 81 % 10°° POT. The anti-neutrino beam
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for MINOS consists of 39.9 % of anti-muon neutrinos, 58.1 %nofon neutrinos and 2 % of anti-
electron and electron neutrinos, while the neutrino beansists of 91.7 % of muon neutrinos,
7 % of anti-muon neutrinos and 1.3 % of electron and antitedacneutrinos. They observed
the disappearance of anti-muon neutrinos and measuredityigas probability as a function of
the reconstructed neutrino energy. They found that the fiited values of the parameters were
|ATT?| = 3.36x 103 eV? and sirf 26,3 = 0.86. Although they found that the best fitted values of the
anti-neutrino oscillation were not same as those of therimeubscillation, the current measurement
was limited by statistics. MINOS plans to collect more armgistrino data to get a conclusive result.

For the CPT test, the SK collaboration also looked for théetkhce of neutrino oscillation
parameters between neutrinos and anti-neutrinos in thespineric neutrino data [10]. Although
SK could not separate the neutrino interaction from the-@etitrino one on an event-by-event
basis, SK could statistically see the difference of kinéendistributions between neutrinos and
anti-neutrinos. They measured the oscillation paraméteatmospheric neutrinos to BJAM?| =
2.0x 1073 eV? and sirf 28,3 = 1.0 for anti-neutrinos antin?| = 2.2 x 102 eV? and sirf 26,3 =
1.0 for neutrinos. They find no evidence of CPT violation in mimat oscillations.

5. Anomaly

Among many recent results from the accelerator neutrinemxgnts, there are a few in-
teresting anomalies which could not be explained in thedstahmodel with a standard neutrino
oscillation scenario. One of them is the anti-neutrinol@@n measurements by MINOS reported
in Section 4.4 although the statistical significance is righh Another one is the so-called "low
energy excess" observed by the MiniBooNE experiment [1$hiort baseline neutrino oscillation
search for the largAn¥ region. In MiniBooNE, they do not confirm the LSND anti-néuatr oscil-
lation in the neutrino beam at 90 % C.L., but they observe tiexpected excess of electron-like
events in the lower energy region witha3significance. They do not find the source of the excess
and the excess remains as an anomaly. No other experimamtebshe excess nor the similar phe-
nomena. MiniBooNE also searched for the phenomena of thelL&iti-neutrino oscillation in the
anti-neutrino beam, and they find the signal of oscillatibhe signal is consistent with the LSND
result at 99.4 % C.L. relative to null. Since no other experiiriooks for the LSND anomaly, the
MiniBooNE proposes to collect more anti-neutrino data torgere conclusive results.

6. Future Prospects

Today, we live in the very exciting stage where we wait for iev discovery just around the
corner. Twelve years after the discovery of the neutrindllation and the neutrino mass, we get
precise information on neutrino oscillation parametersunhand: the mixing angle and the mass
square difference. Now, we are eager to find the last of théngnigarameter#®,3, the ordering
of the neutrino mass and the CP violation effect. Especitiily CP violation is one of the most
fascinating phenomena in science, which we discoveredrsBégause no anti-matter exists in our
universe, nature tells us that CP violation is the key todoailr universe. So far, we only know one
source of CP violation in the Kobayashi-Maskawa model witiohld not explain the asymmetry
between matter and anti-matter in our universe. So, we khatthere are definitely more sources
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of CP violation, but we do not find them yet. Since the phenam@&imneutrino oscillation could
provide the testing ground of CP violation in neutrino sedtre study of CP violation in neutrinos
may give a hint on the asymmetry between matter and antiemdator these purposes, there are
several new experiments discussed, designed and proplbsedrahe world. Soon, we will enter
the new era to study CP violation in neutrinos.
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