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This paper summarizes final results of the K2K experiment which probes
neutrino oscillation on accelerator produced neutrino beam sent over
250 km baseline toward the Super-Kamiokande detector. K2K collected
9.2 x 109 protons on target during its operation from 1999 to 2004. A to-
tal number of 112 beam induced neutrino events have been detected while
155.97 155 events were expected for no oscillation scenario. Incorporating
into analysis a distortion of neutrino energy spectra an allowed region of
1.9 x 1073 < Am? < 3.5 x 1073 eV? was obtained for sin?20 = 1.0 in
agreement with atmospheric neutrino results. A limit for transformation of
muon neutrino into electron neutrino has been achieved at sin? 2615 < 0.26
from one detected shower like data event.

PACS numbers: 14.60.Pq, 12.15.Ff

1. Introduction

Existence of neutrino oscillations have already been observed by various
experiments implying that neutrinos are not massless particles. For the
first time the Super-Kamiokande experiment found a significant path-length
dependent deficit in the flux of atmospheric v, and announced their results
at Neutrino Conference in 1998 [1,2]. Since then more precise measurements
were carried by the Super-Kamiokande (SK) collaboration giving the value of
1.5x107% < Am? < 3.4x1073 eV? and limit sin® 20 > 0.92 [3]. Experiments
on solar neutrinos have found deficits of electron neutrinos with respect to
the prediction of the Solar Model. Thanks to the SNO results [4] electron
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neutrinos from the Sun have been proved to transform to v,,. Combined
analysis of SK, SNO and KamLAND data results with 7 x 107> < Am?, <
9 x 107° eV? and 0.2 < sin? 19 < 0.4 [5,6].

Two different scales of mass square differences indicate existence of three
neutrinos. Within framework of three neutrinos their flavor states are re-
lated to the three mass states by the Maki-Nakagawa—Sakata matrix which
can be parametrized by three mixing angles, and CP violation phase [7].
Measurements of atmospheric and solar neutrinos allow to determine two
mixing angles fo3 and 619 respectively. Little is known about the third mix-
ing angle 613. Non-observation of a disappearance of reactor U, over a few
kilometers baseline in the CHOOZ experiment allowed to derive a limit on
013 to be smaller than 12 degrees [8].

The KEK to Kamiokande (K2K) experiment was designed to verify the
nature of oscillation observed in the atmospheric sector. K2K was the first
experiment which uses an accelerator produced neutrino beam with a long
baseline between the production of the neutrinos and their detection. It
searched for neutrino oscillation by observation of v, disappearance in al-
most pure v, beam. Thanks to ability to distinguish between muons and
electrons in the far detector also a search for electron neutrino appearance is
performed. Probabilities of neutrino oscillations for the study done by K2K
experiment can be written in terms of the mixing angle and the difference
of the mass squares as (Am? > Am2,):

P,,—y, = 1—sin®20sin® (1.27

Am2L>

Am2L>

Py, v, = sin®20,,sin’ (1.27

where L is the baseline in km, E neutrino energy in GeV and mixing angles
can be expressed as sin? 20 ~ cos? 013 sin? 2053 ~ sin® 2093 or sin? 20, ~
sin? B3 sin? 2013 ~ 1/2sin? 26,3.

Disappearance of the muon neutrinos is studied by taking into account
a difference between observed and expected number of neutrino interactions
and a distortion of the neutrino spectrum, while the search for electron
neutrino appearance is based on a number of observed events associated
with electron. As a consequence of the small value of 613 < 12 deg the v,
appearance search is limited by statistics. However, the K2K data give the
first chance to look for the appearance of electron neutrinos in accelerator
produced neutrino beam.

This paper summarizes results from entire K2K data sample collected
from 1999 to 2004 which corresponds to accumulated 9.2 x 10 protons on
target (p.o.t.) in total [9]. There were two running periods during the K2K
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operation: K2K-I (4.8 x 10! p.o.t.) during which SK was instrumented
with nominal 11,146 50 cm photomultiplier tubes. K2K-II (4.4 x 10'Y p.o.t.)
corresponds to the period of data taking after SK was rebuilt with 47%
remaining photomultiplier tubes following an accident.

2. Overview of K2K experiment

The neutrino beam used in K2K experiment is a wide band neutrino
beam with spectrum peaked about 1 GeV. Every 2.2 s a primary proton
beam of the kinetic energy of 12 GeV is fast extracted from the KEK Proton
Synchrotron making 1.1 ps beam spill. From the proton interaction on the
aluminum target a positively charged particles, mainly 7 are focused by
2-horn magnet system into a 200 m long decay pipe (see Fig. 1). Neutrinos
are produced following pion decay 7t — v, + . The neutrino beam is
almost pure, 98% , v, beam with 1.3% , 1.2% and 0.018% contamination of
Ve , Uy and T, respectively [10].

Understanding of the beam composition is important, especially the elec-
tron neutrino component of the beam which produces the background for
the v, — v, appearance search. Moreover to predict neutrino beam at the
far site an extrapolation of the measured neutrino spectrum at the near site
to the far site is necessary. For this near to far extrapolation the beam
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Fig. 1. Schematic view of the K2K experiment.
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Monte Carlo simulation is used. It is based on GEANT with description of
materials, magnetic field and geometry in the target production region. As
an input it uses measurement of primary beam profile. In order to check
the correctness of the beam Monte Carlo simulation, a pion momentum and
divergence are measured by gas-Cerenkov pion monitor [11]. This detector
was inserted occasionally on the secondary beam line downstream of the
second horn. Fig. 2 shows results of the far to near flux ratio derived from
the pion monitor measurement in comparison with the ratio predicted by
the beam Monte Carlo. Prediction of the neutrino spectrum below energy
of 1 GeV has not been verified by this measurement. The refractive index
of the noble gas used by the pion monitor corresponds to the threshold of
2 GeV/c for pions and therefore the collected data cover the region with
higher pion momenta only. To verify the pion production in lower energy re-
gion the KEK target was measured on the CERN 12.9 GeV proton beam by
the HARP experiment [12]. The far to near ratios calculated using HARP
data is presented in Fig. 2 and show an agreement within the measurement
error with the beam Monte Carlo prediction. The HARP results are going
to be incorporated into the final K2K analysis [10].

Energetic muons from pion decays are sampled by muon monitor detector
(MUMON) and ensure monitoring of the beam in a real-time. MUMON is
located after the beam dump, therefore only muons of P, > 5.5 GeV /c can
penetrate through the iron and concrete shields.
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Fig.2. The far to near flux ratio. The histograms result from the beam Monte
Carlo simulation and the points are derived from the pion monitor (left) and HARP
(right) data.
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Near detectors are located in an underground experimental hall 300 m
down from the production target. At first the neutrino beam passes through
one kiloton water Cerenkov detector (KT) which is a scaled down version
of the far detector, Super-Kamiokande (SK). The KT detector is equipped
with 680 photomultiplier tubes which ensure 40% photocathode coverage.
Neutrino flux measured by KT is used to predict expected number of events
in the SK site in the absence of oscillation, since the same technology used
in the near and far detectors allows for partial cancellation of systematic un-
certainties. Then neutrino interactions are observed by the set of Fine Grain
Detectors (FGD) with complementary capability to the KT. A scintillating
fiber detector (SciF1i) [13,14] consisting of 6ton of water target and fully ac-
tive solid scintillator-bar array (SciBar) [15] provide a better discrimination
power between different types of interactions such as quasi elastic or inelas-
tic. Downstream of the SciFi there was a lead glass calorimeter for tagging
electromagnetic showers. It has been removed after 2001 and replaced with
the SciBar since 2003. FGD is completed with the muon range detector
(MRD) [16] made of 12 iron plates instrumented with drift tubes. Because
of its large mass MRD can measure momentum of the contained muons and
monitor stability of their directions. Direction of the beam was measured
to be stable within 1 mrad during the whole period of data taking, while
3 mrad precision in the beam direction is required to ensure a constant neu-
trino spectrum at the far detector Super-Kamiokande located 250 km away
from the KEK. More details concerning equipment of SK and its operation
can be found in [17].

3. Measurement of neutrino flux in near detector

Near detectors provide valuable information about cross sections of inclu-
sive single pion production measured by various sub-detectors and published
in [18-20]. However, they are mainly dedicated to measure v, spectrum be-
fore neutrinos oscillate.

Neutrino energy spectrum is measured by analyzing two dimensional dis-
tributions of reconstructed muon momenta (P,) and angles calculated with
respect to the v beam direction (6,) in the KT, SciFi and SciBar detec-
tor systems. KT provides a sample of charge current v, interactions down
to 200 MeV /¢ of muon momenta, but it has low efficiency to reconstruct
muons with momentum above 1.5 GeV /c since they exit the detector. On
the contrary SciFi and SciBar have good efficiency to reconstruct muons
above 1 GeV /¢ and thanks to their ability to detect protons they are able to
separate QE and non-QE interactions better than KT (see [9] for details). A
x? fit method is adopted to compare v data against the Monte Carlo expec-
tation [10]. Two dimensional distributions of (P,,0,) are prepared for eight
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Fig. 3. Reconstructed neutrino energy spectrum measured by near detectors (dots)
compared to prediction of the beam Monte Carlo (histogram).

neutrino energy bins of QE and non-QE Monte Carlo samples of each detec-
tor. During the fit a spectrum shape and non-QE to QE ratio are changed
to find a minimum x2. The resulting neutrino spectrum of three detectors
fit is shown in Fig. 3 in comparison to the prediction based on the beam
simulation.

4. Event selection in the far detector

K2K beam induced events in SK are searched in 1.5 us time window
defined by comparing the Global Positioning System (GPS) time stamps of
1.1 ps proton beam spill at KEK. Reconstruction algorithms and selection
criteria applied to SK events are the same as those used in atmospheric
neutrino analysis [21]. Only events with total deposited energy greater then
30 MeV and reconstructed vertex inside a fiducial volume of 22.5 kt are
chosen for the analysis. For entire statistics of the experiment 112 fully
contained events associated with the K2K beam in SK fiducial volume are
observed. 58 of them are identified as single ring pu-like events. They are
used for the spectrum analysis of v, disappearance.

To extract electron neutrinos from the events induced by the K2K beam
we search for charge current quasi elastic interactions. Therefore single ring
e-like events are used as a signature for v, search. However, this sample
contains a large background of v, interactions, mainly with a 79 production
via neutral current processes. High energy 7° — ++ may mimic an electron
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event when one gamma only is found by standard reconstruction program. A
special dedicated program has been developed to search for hidden gammas
from ¥ decay. It allows to reduce 7° background from about 90% to 30%
keeping the v, finding efficiency of 50% (more details can be found in [22]).
As a result that only one event in the whole K2K data sample passed criteria
for selection of v, interaction candidates. It is consistent with the expected
background composed of 0.4 events from the v, beam contamination and
1.3 e-like events originated from v,, interactions. Contamination of v, in the
beam is modeled from the beam Monte Carlo simulation, which has been
verified by the measurements of the lead glass calorimeter and the SciBar
detector at the KEK site [22-24].

5. Search for v,, — v, disappearance

A two flavor oscillation analysis of v, disappearance is performed adapt-
ing the maximum-likelihood method. This analysis uses two independent
approaches which finally are combined into the global fit. The first com-
pares the total number of beam neutrino induced events in fiducial volume
of SK with the expected number of events, Nes)f;, in the absence of neutrino
oscillation. In order to predict number of events in the far site the KT mea-
surement is extrapolated 250 km away using the far to near spectrum ratio.

Method of the calculation is described by the following formula:

NSK _ VKT J #°%(E,) o(E,)dE, Mgk POTsk esk
e T it [ gKT(E,) 0(E,)dE, Mgt POTkr ekt

where POTgg gt is a number of protons on target corresponding to the
samples used in the SK/KT analysis, egk /k is the efficiency to detect neu-

trinos, with ®5K/KT being a neutrino energy spectrum in SK/KT of mass
Mgy kT3 the dependence of neutrino interaction cross section o(E,) on its
energy is also taken into account. The 112 events observed in the SK de-
tector in comparison to the obtained number of 155.91%6:3 expected events
shows 3.1c deficit of beam v,.

The second approach of the analysis is based on the fact that neutrino
energy spectra are sensitive to oscillation parameters. Here the measure-
ment of the neutrino energy spectra done by the near detectors is used to
predict a neutrino spectrum at the SK site. As for the calculation of the ex-
pected number of events a far to near spectrum ratio based on beam Monte
Carlo simulation (Fig. 2) is used for spectrum extrapolation. Only the single
ring p-like events are chosen in order to select charge current quasi-elastic
interactions. The neutrino energy can be easily estimated from the muon
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kinematics as:
mNEu + mi/Z

my — E, 4+ p, cosb,’

E, =

where my represents nucleon mass, with m,, £,, P, 6, being a muon mass,
energy, momentum and angle.

Consequently the likelihood function to be maximized contains two terms
resulting from the event rate and the spectrum shape analysis and one ad-
ditional term which accounts for the systematic uncertainties. The results
indicate Am? between 1.9 x 1073 and 3.5 x 1073 eV? (90% C.L.) for the
physical region of sin?26 = 1.0 as shown in the left plot of Fig. 4. The ob-
served distribution of reconstructed neutrino energy spectrum is presented
on the right plot of Fig. 4 with overlaid histograms for expected spectrum in
no oscillation scenario and the spectrum obtained for the best fit parameters.
Taking into account information of reduced number of events and spectrum
shape a no oscillation hypothesis can be rejected at 99.8% confidence level.
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Fig.4. Left — allowed region of oscillation parameters Am? and sin®26; right

— reconstructed spectrum of neutrino energy for 58 u-like selected events (dots)
compared with expectation of neutrino spectra for non-oscillation scenario (con-
tinuous histogram) and the best fit parameter of Am? = 2.8 x 103 eV? (dashed
histogram). Both plots correspond to entire data sample of K2K. All the curves
are area normalized.

6. Search for v, — v, appearance

For a study of electron neutrino appearance a two flavor analysis is per-
formed based on the comparison of the number of observed events against
expected background. After a series of cuts (see [22] for details) one observed
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event in the data has been selected while a total value of 1.7J_r8:2 expected
background events are predicted. An appearance signal was searched for
as a function of two parameters, the mixing angle and the mass square dif-
ference, using the Poisson distribution. The systematic uncertainty in the
expectation of v,-originated background of 1.3 event is fgz% or for v, beam

contamination of 0.4 event is f;’%% , although this analysis is dominated by
statistical error. The resulting excluded contour is shown in Fig. 5. For the
atmospheric Am? = 2.8x 1072 eV? a v, to v, transformation is excluded for
sin? 26, > 0.13 at 90% C.L. Our limit corresponds to sin? 26013 < 0.26, while
the current most stringent limit of sin?26;3 < 0.1 comes from the reactor
CHOOZ experiment |8].
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Fig.5. The upper bound on v, — v, oscillation parameters obtained from K2K
at 90% C.L. compared to the CHOOZ results. Region on the right from the curve
corresponds to the excluded parameters values.

7. Summary

The K2K collaboration as the first in the neutrino history faced an oper-
ation and understanding of collected data from an accelerator produced neu-
trinos which travel a long distance to be detected by the Super-Kamiokande
detector. During its operation from 1999 to 2004 the experiment collected
9.2 x 10! protons on target which allow to give evidence for v,, oscillation
in the atmospheric region by measuring 1.9 x 1073 < Am?2 < 3.5 x 1072 eV?
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for sin®20 = 1.0. Also the first attempt was done toward the search for
electron neutrinos oscillated from muon neutrino beam. Here the limit
for sin?260;3 < 0.26 has been derived. Currently many experiments, re-
actor (e.g. Double Chooz [25]) or accelerator based, with high intensity
neutrino beam (as T2K [26] and NOvA [27]) are planned to allow pre-
cise probing of oscillation parameters. The largest interest is focused on
the measurement of the less known 613 and a chance to observe CP vi-
olation phase in the neutrino sector. Recently the MINOS collaboration
[28], the second operating long baseline experiment probing the v, dis-
appearance has presented their first results based on collected 9.3 x 10
p.o.t. during its operation since May until December of 2005. The pa-
rameters Am? = 3.0570 % (stat) + 0.12(syst) x 1073 eV? and sin?20 =
0.881512(stat) & 0.06(syst) measured by MINOS [29] are consistent with
Super-Kamiokande atmospheric and K2K beam induced results and show
that more precise measurements are right a round the corner.

The K2K experiment has been built and operated with support from the
Japanese Ministry of Education, Science, Sports and Culture, the United
State s Department of Energy and the Korea Research Foundation. The
author gratefully acknowledges the support of the Polish State Commit-
tee for Scientific Research (KBN) under grants number 1P03B08227 and
1P03B03826. The author also thanks the University of California, Irvine
for continuous support which enables her considerable contribution to K2K
experiment.
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