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This paper summarizes nal results of the K2K experiment which probes
neutrino oscillation on accelerator produced neutrino bean sent over
250 km baseline toward the Super-Kamiokande detector. K2K ollected
9:2 10 protons on target during its operation from 1999 to 2004. A to
tal number of 112 beam induced neutrino events have been detted while
1559115 events were expected for no oscillation scenario. Incorpating
into analysis a distortion of neutrino energy spectra an albwed region of
1:9 103< m?2< 35 10 3 eV? was obtained forsin?2 = 1:0in
agreement with atmospheric neutrino results. A limit for tr ansformation of
muon neutrino into electron neutrino has been achieved asin?2 13 < 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 obsexd by various
experiments implying that neutrinos are not massless partiles. For the
rst time the Super-Kamiokande experiment found a signi cant path-length
dependent de cit in the ux of atmospheric and announced their results
at Neutrino Conferencein 1998 [1,2]. Since then more precise measurements
were carried by the Super-Kamiokande (SK) collaboration giing the value of
1.5 10 3< m?< 34 10 3eV2andlimit sin2 > 0:92[3]. Experiments
on solar neutrinos have found de cits of electron neutrinoswith 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 . Combined
analysis of SK, SNO and KamLAND data results with7 10 ®< m3, <
9 10 %eVZand0:2< sin? 1, < 0:4 [5,6].

Two di erent scales of mass square di erences indicate exisnce of three
neutrinos. Within framework of three neutrinos their avor states are re-
lated to the three mass states by the Maki Nakagawa Sakata natrix which
can be parametrized by three mixing angles, and CP violatiorphase [7].
Measurements of atmospheric and solar neutrinos allow to dermine two
mixing angles »3 and 1, respectively. Little is known about the third mix-
ing angle 13. Non-observation of a disappearance of reactor. over a few
kilometers baseline in the CHOOZ experiment allowed to dexie a limit on

13 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. BRK was the rst
experiment which uses an accelerator produced neutrino beawith a long
baseline between the production of the neutrinos and their dtection. It
searched for neutrino oscillation by observation of disappearance in al-
most pure  beam. Thanks to ability to distinguish between muons and
electrons in the far detector also a search for electron neriho appearance is
performed. Probabilities of neutrino oscillations for thestudy done by K2K
experiment can be written in terms of the mixing angle and thedi erence
of the mass squares as (m? m3,):

2
. . m<L
1 sin?2 sin® 1.27 = :

Ly
1

2
sin?2 ¢ sin® 1.27 rEL :

)
1

whereL is the baseline in km,E neutrino energy in GeV and mixing angles
can be expressed asin®2 cod 13sin?2 23 SN2 »3 or siN?2 .
Sin2 238in22 13 1=2$in22 13.

Disappearance of the muon neutrinos is studied by taking it account
a di erence between observed and expected number of neutrininteractions
and a distortion of the neutrino spectrum, while the search ér electron
neutrino appearance is based on a number of observed eventssaciated
with electron. As a consequence of the small value ofi3 < 12 deg the ¢
appearance search is limited by statistics. However, the KR data give the
rst chance to look for the appearance of electron neutrinosn accelerator
produced neutrino beam.

This paper summarizes results from entire K2K data sample dtected
from 1999 to 2004 which corresponds to accumulate®2 10 protons on
target (p.o.t.) in total [9]. There were two running periods during the K2K
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operation: K2K-lI (4:8 10 p.o.t) during which SK was instrumented
with nominal 11,146 50 cm photomultiplier tubes. K2K-Il (4:4 10 p.o.t.)
corresponds to the period of data taking after SK was rebuiltwith 47%
remaining photomultiplier tubes following an accident.

2. Overview of K2K experiment

The neutrino beam used in K2K experiment is a wide band neutro
beam with spectrum peaked about 1 GeV. Every 2.2 s a primary pton
beam of the kinetic energy of 12 GeV is fast extracted from th&KEK Proton
Synchrotron making 1.1 s beam spill. From the proton interaction on the
aluminum target a positively charged particles, mainly * are focused by
2-horn magnet system into a 200 m long decay pipe (see Fig. 1Neutrinos

are produced following pion decay * ! + . The neutrino beam is
almost pure, 986, beam with 1.3% , 1.2% and 0.018% contamination of
e, and g, respectively [10].

Understanding of the beam composition is important, espeeily the elec-
tron neutrino component of the beam which produces the backgund for
the | . appearance search. Moreover to predict neutrino beam at the
far site an extrapolation of the measured neutrino spectrunmat the near site
to the far site is necessary. For this near to far extrapolatn the beam
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Fig. 1. Schematic view of the K2K experiment.



1938 J. Zalipska

Monte Carlo simulation is used. It is based on GEANT with desciption of
materials, magnetic eld and geometry in the target production region. As
an input it uses measurement of primary beam prole. In orderto check
the correctness of the beam Monte Carlo simulation, a pion mmentum and
divergence are measured by gas-Cerenkov pion monitor [11This detector
was inserted occasionally on the secondary beam line downsam of the
second horn. Fig. 2 shows results of the far to near ux ratio érived from
the pion monitor measurement in comparison with the ratio pedicted by
the beam Monte Carlo. Prediction of the neutrino spectrum béow energy
of 1 GeV has not been veri ed by this measurement. The refragve index
of the noble gas used by the pion monitor corresponds to the tleshold of
2 GeV/c for pions and therefore the collected data cover the region ith
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 bam by
the HARP experiment [12]. The far to near ratios calculated wsing HARP
data is presented in Fig. 2 and show an agreement within the nasurement
error with the beam Monte Carlo prediction. The HARP results are going
to be incorporated into the nal K2K analysis [10].

Energetic muons from pion decays are sampled by muon monitatetector
(MUMON) and ensure monitoring of the beam in a real-time. MUMON is
located after the beam dump, therefore only muons oP > 5:5 GeV/c can
penetrate through the iron and concrete shields.

Fig.2. The far to near ux ratio. The histograms result from t he beam Monte
Carlo simulation and the points are derived from the pion moritor (left) and HARP
(right) data.



Neutrino Oscillation in the K2K Experiment 1939

Near detectors are located in an underground experimental &l 300 m
down from the production target. At rst the neutrino beam pa sses through
one kiloton water Cerenkov detector (KT) which is a scaled dan version
of the far detector, Super-Kamiokande (SK). The KT detectoris equipped
with 680 photomultiplier tubes which ensure 4®@6 photocathode coverage.
Neutrino ux measured by KT is used to predict expected numbe of events
in the SK site in the absence of oscillation, since the same ¢bnology used
in the near and far detectors allows for partial cancellation of systematic un-
certainties. Then neutrino interactions are observed by tle set of Fine Grain
Detectors (FGD) with complementary capability to the KT. A s cintillating
ber detector (SciFi) [13,14] consisting of 6ton of water target and fully ac-
tive solid scintillator-bar array (SciBar) [15] provide a better discrimination
power between di erent types of interactions such as quasilastic or inelas-
tic. Downstream of the SciFi there was a lead glass calorimet for tagging
electromagnetic showers. It has been removed after 2001 ameplaced with
the SciBar since 2003. FGD is completed with the muon range dettor
(MRD) [16] made of 12 iron plates instrumented with drift tub es. Because
of its large mass MRD can measure momentum of the contained roms 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 aonstant neu-
trino spectrum at the far detector Super-Kamiokande locatel 250 km away
from the KEK. More details concerning equipment of SK and itsoperation
can be found in [17].

3. Measurement of neutrino ux in near detector

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

Neutrino energy spectrum is measured by analyzing two dimesional dis-
tributions of reconstructed muon momenta ( ) and angles calculated with
respect to the beam direction ( ) in the KT, SciFi and SciBar detec-
tor systems. KT provides a sample of charge current interactions down
to 200 MeV/c of muon momenta, but it has low e ciency to reconstruct
muons with momentum above 1.5 GeVE since they exit the detector. On
the contrary SciFi and SciBar have good e ciency to reconstruict muons
above 1 GeV/c and thanks to their ability to detect protons they are able to
separate QE and non-QE interactions better than KT (see [9]dr details). A

2 t method is adopted to compare data against the Monte Carlo expec-
tation [10]. Two dimensional distributions of (P , ) are prepared for eight
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Fig. 3. Reconstructed neutrino energy spectrum measured byear detectors (dots)
compared to prediction of the beam Monte Carlo (histogram).

neutrino energy bins of QE and non-QE Monte Carlo samples ofazh detec-
tor. During the t a spectrum shape and non-QE to QE ratio are changed
to nd a minimum 2. The resulting neutrino spectrum of three detectors
t is shown in Fig. 3 in comparison to the prediction based on he beam
simulation.

4. Event selection in the far detector

K2K beam induced events in SK are searched in 1.5 s time window
de ned by comparing the Global Positioning System (GPS) time stamps of
1.1 s proton beam spill at KEK. Reconstruction algorithms and sdection
criteria applied to SK events are the same as those used in awspheric
neutrino analysis [21]. Only events with total deposited errgy greater then
30 MeV and reconstructed vertex inside a ducial volume of 25 kt are
chosen for the analysis. For entire statistics of the expement 112 fully
contained events associated with the K2K beam in SK ducial wlume are
observed. 58 of them are identi ed as single ring -like events. They are
used for the spectrum analysis of disappearance.

To extract electron neutrinos from the events induced by theK2K beam
we search for charge current quasi elastic interactions. Tdrefore single ring
e-like events are used as a signature fore search. However, this sample
contains a large background of interactions, mainly with a © production
via neutral current processes. High energy° ! may mimic an electron
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event when one gamma only is found by standard reconstructoprogram. A
special dedicated program has been developed to search fodthen gammas
from © decay. It allows to reduce ° background from about 9@ to 30%
keeping the ¢ nding e ciency of 50 % (more details can be found in [22]).
As a result that only one event in the whole K2K data sample pased criteria
for selection of ¢ interaction candidates. It is consistent with the expected
background composed of 0.4 events from theg beam contamination and
1.3 e-like events originated from interactions. Contamination of ¢ in the
beam is modeled from the beam Monte Carlo simulation, which &s been
veri ed by the measurements of the lead glass calorimeter ahthe SciBar
detector at the KEK site [22 24].

5. Search for ! disappearance

A two avor oscillation analysis of  disappearance is performed adapt-
ing the maximum-likelihood method. This analysis uses two ndependent
approaches which nally are combined into the global t. The rst com-
pares the total number of beam neutrino induced events in dwial volume
of SK with the expected number of events N gx'é in the absence of neutrino
oscillation. In order to predict number of events in the far ste the KT mea-
surement is extrapolated 250 km away using the far to near sp#rum ratio.
Method of the calculation is described by the following fornula:

R
NSK = NKT R SK(E') (E )JE Mgk POTsk "sk .
ep = Nt “RT(E ) (E )dE Myr POTkr "k |

where POTsk=t IS @ number of protons on target corresponding to the
samples used in the SK/KT analysis," sk-x7 i the e ciency to detect neu-

trinos, with  SK™XT peing a neutrino energy spectrum in SK/KT of mass
M k=T ; the dependence of neutrino interaction cross section(E ) on its
energy is also taken into account. The 112 events observed the SK de-
tector in comparison to the obtained number of1559"14> expected events
shows 3.1 de cit of beam
The second approach of the analysis is based on the fact thatentrino

energy spectra are sensitive to oscillation parameters. He the measure-
ment of the neutrino energy spectra done by the near detectsris used to
predict a neutrino spectrum at the SK site. As for the calculdion of the ex-
pected number of events a far to near spectrum ratio based ondam Monte
Carlo simulation (Fig. 2) is used for spectrum extrapolation. Only the single
ring -like events are chosen in order to select charge current gsiaelastic
interactions. The neutrino energy can be easily estimatedrém the muon
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kinematics as:
myE + m2=2

E =
mp E +p cos

wheremy represents nucleon mass, wittm , E , P ,  being a muon mass,
energy, momentum and angle.

Consequently the likelihood function to be maximized conténs two terms
resulting from the event rate and the spectrum shape analysiand one ad-
ditional term which accounts for the systematic uncertainies. The results
indicate m? between1:9 10 3 and 35 10 3 eV? (90% C.L.) for the
physical region ofsin?2 = 1:0 as shown in the left plot of Fig. 4. The ob-
served distribution of reconstructed neutrino energy specum is presented
on the right plot of Fig. 4 with overlaid histograms for expeded spectrum in
no oscillation scenario and the spectrum obtained for the bst t parameters.
Taking into account information of reduced number of eventsand spectrum
shape a no oscillation hypothesis can be rejected at 99@con dence level.
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Fig.4. Left allowed region of oscillation parameters m?2 and sin®2 : right
reconstructed spectrum of neutrino energy for 58 -like selected events (dots)
compared with expectation of neutrino spectra for non-osdiation scenario (con-
tinuous histogram) and the best t parameter of m2=2:8 10 3 eV? (dashed
histogram). Both plots correspond to entire data sample of KK. All the curves

are area normalized.

6. Search for I ¢ appearance

For a study of electron neutrino appearance a two avor analgis is per-
formed based on the comparison of the number of observed evsragainst
expected background. After a series of cuts (see [22] for @) one observed



Neutrino Oscillation in the K2K Experiment 1943

event in the data has been selected while a total value aE:7*%}§ expected
background events are predicted. An appearance signal wagached for
as a function of two parameters, the mixing angle and the massquare dif-
ference, using the Poisson distribution. The systematic ucertainty in the

expectation of -originated background of 1.3 event is*%%% or for ¢ beam

contamination of 0.4 event is*32% , although this analysis is dominated by

statistical error. The resulting excluded contour is shownin Fig. 5. For the

atmospheric m2=2:8 10 3eV?a to . transformation is excluded for
sin?2 ¢ > 0:13at 90% C.L. Our limit corresponds to sin?2 13 < 0:26, while

the current most stringent limit of sin®2 13 < 0:1 comes from the reactor
CHOOZ experiment [8].

Fig.5. The upper bound on ! . 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 rst in the neutrino history fac ed an oper-
ation and understanding of collected data from an accelerar produced neu-
trinos which travel a long distance to be detected by the SupeKamiokande
detector. During its operation from 1999 to 2004 the experirant collected
9:2 10" protons on target which allow to give evidence for oscillation
in the atmospheric region by measuringl:9 10 3< m?< 35 10 3eV?
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for sinff2 = 1:0. Also the rst attempt was done toward the search for
electron neutrinos oscillated from muon neutrino beam. Hex the limit

for sin?2 13 < 0:26 has been derived. Currently many experiments, re-
actor (e.g. Double Chooz [25]) or accelerator based, with high intensyt
neutrino beam (as T2K [26] and NO A [27]) are planned to allow pre-
cise probing of oscillation parameters. The largest inters is focused on
the measurement of the less known ;3 and a chance to observe CP vi-
olation phase in the neutrino sector. Recently the MINOS cdhboration

[28], the second operating long baseline experiment prolkinthe dis-

appearance has presented their rst results based on colled 9:3 109

p.o.t. during its operation since May until December of 2005 The pa-

rameters m? = 3:05%(stat)  0:12(syst) 10 3 eV? and sin?2 =

0:88'%12(stat)  0:06(syst) measured by MINOS [29] are consistent with
Super-Kamiokande atmospheric and K2K beam induced resultand show
that more precise measurements are right a round the corner.
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Japanese Ministry of Education, Science, Sports and Cultg, the United
State s Department of Energy and the Korea Research Foundain. The
author gratefully acknowledges the support of the Polish Sate Commit-
tee for Scientic Research (KBN) under grants number 1P03B0827 and
1P03B03826. The author also thanks the University of Califonia, Irvine
for continuous support which enables her considerable coribution to K2K
experiment.
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