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Detection of accelerator-produced neutrinos at
a distance of 250 km

S.H. Ahnh, S. Anh, S. Aokig, H.G. Bernst, H.C. Bhango, S. Boydt, D. Casperb,
T. Chikamatsuf,1, J.H. Choic, S. Echigog, M. Etohq,2, K. Fujii g, S. Fukudar,

Y. Fukudar, W. Gajewskib, U. Golebiewskas, T. Harag, T. Hasegawap, Y. Hayatof,
J. Hill j, S.J. Hongh, M. Ieiri f, T. Inadan, T. Inagakii, T. Ishidaf, H. Ishii f, T. Ishii f,

H. Ishinof,3, M. Ishitsukar, Y. Itow r, T. Iwashitag, H.I. Jangc,4, J.S. Jangc, E.J. Jeonf,
E.M. Jeongc, C.K. Jungj, T. Kadowakin, T. Kajitar, J. Kamedar, K. Kaneyukir,

I. Katoi, Y. Katof, E. Kearnsa, S. Kenmochik, B.H. Khango, A. Kibayashie,
D. Kielczewskas, B.J. Kimo, C.O. Kimh, H.I. Kim o, J.H. Kimo, J.Y. Kimc, S.B. Kimo,
S. Kishin, M. Kitamurag, K. Kobayashir, T. Kobayashif, Y. Kobayashir, M. Kohamag,
D.G. Kooh, Y. Koshior, W. Kroppb, G. Kumeg, E. Kusanof, J.G. Learnede, H.K. Leec,

J.W. Leeh, S.B. Leef, I.T. Lim c, S.H. Limc, H. Maesakai, K. Martensj,5,
T. Maruyamap,6, S. Matsunoe, C. Maugerj, C. McGrewj, M. Minakawaf, S. Mineb,
M. Miura r, S. Miyamotof, K. Miyanok, S. Moriyamar, S. Mukaii, M. Nakahatar,

K. Nakamuraf, M. Nakamurak, I. Nakanol, T. Nakayai, S. Nakayamar, K. Nakayoshif,
K. Nishijimaq, K. Nishikawai, S. Nishiyamag, S. Nodag, H. Noumif, Y. Obayashir,

J.K. Ohh, A. Okadar, M. Onchig, T. Otakig, Y. Oyamaf, M.Y. Pacd, H. Parkf,
S.H. Parkh, S.K. Parkh, A. Sakaif, M. Sakudaf, N. Sakurair, N. Sasaoi, K. Satog,

K. Scholberga,7, E. Seoo, E. Sharkeyj, K. Shiinof, A. Shimai, M. Shiozawar, H. Soo,
H. Sobelb, A. Stachyrat, J.L. Stonea, L.R. Sulaka, A. Suzukig, Y. Suzukif, Y. Suzukir,
M. Takasakif, M. Takatsukig, K. Takenakag, H. Takeuchir, Y. Takeuchir, N. Tamurak,

K.H. Tanakaf, Y. Tanakag, K. Tashirog, K. Tauchif, T. Toshitor, Y. Totsukar,
V. Tumakovf, T. Umedal, M. Vaginsb, C.W. Waltera, R.J. Wilkest, S. Yamadar,

T. Yamaguchil, Y. Yamanoif, C. Yanagisawaj, H. Yokoyamai, H. Yokoyaman, J. Yooo,
M. Yoshidam, S.Y. Youc

a Department of Physics, Boston University, Boston, MA 02215, USA
b Department of Physics and Astronomy, University of California, Irvine, CA 92697-4575, USA

c Department of Physics, Chonnam National University, Kwangju 500-757, South Korea
d Department of Physics, Dongshin University, Naju 520-714, South Korea

e Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA
f Institute of Particle and Nuclear Studies, KEK, Tsukuba, Ibaraki 305-0801, Japan

g Kobe University, Kobe, Hyogo 657-8501, Japan
h Department of Physics, Korea University, Seoul 136-701, South Korea

i Department of Physics, Kyoto University, Kyoto 606-8502, Japan

0370-2693/01/$ – see front matter 2001 Published by Elsevier Science B.V.
PII: S0370-2693(01)00647-5



K2K Collaboration / Physics Letters B 511 (2001) 178–184 179

j Department of Physics and Astronomy, State University of New York, Stony Brook, NY 11794-3800, USA
k Department of Physics, Niigata University, Niigata, Niigata 950-2181, Japan

l Department of Physics, Okayama University, Okayama, Okayama 700-8530, Japan
m Department of Physics, Osaka University, Toyonaka, Osaka 560-0043, Japan

n Department of Physics, Science University of Tokyo, Noda, Chiba 278-0022, Japan
o Department of Physics, Seoul National University, Seoul 151-742, South Korea

p Research Center for Neutrino Science, Tohoku University, Sendai, Miyagi 980-8578, Japan
q Department of Physics, Tokai University, Hiratsuka, Kanagawa 259-1292, Japan

r Institute for Cosmic Ray Research, University of Tokyo, Kashiwa, Chiba 277-8582, Japan
s Institute of Experimental Physics, Warsaw University, 00-681 Warsaw, Poland

t Department of Physics, University of Washington, Seattle, WA 98195-1560, USA

Received 22 March 2001; accepted 15 May 2001
Editor: W. Haxton

Abstract

The KEK to Kamioka long-baseline neutrino experiment (K2K) has begun its investigation of neutrino oscillations suggested
by atmospheric neutrino observations. Twenty-eight neutrino events have been detected in coincidence with the expected arrival
time of the beam in the 22.5 kt fiducial volume of Super-Kamiokande, the far detector at 250 km distance. The expectation is
37.8+3.5

−3.8, derived using measurements of neutrino interactions in a near detector and extrapolation using a beam simulation

validated by a measurement of pion kinematics after production and focusing. The background is of order 10−3 events. 2001
Published by Elsevier Science B.V.

PACS: 14.60.Pq; 13.15.+g; 23.40.Bw; 95.55.Vj

The Standard Model of electroweak interactions has
been tested with exceptional precision. The model,
however, does not address the question of the origin
of generations and their mixing. The existence of
neutrino oscillations implies that neutrinos are massive
and that lepton flavors are not conserved quantum
numbers. It enables us to study relations between mass
and flavor eigenstates in the lepton sector. Experiments
on atmospheric neutrinos have found a significant
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deficit in the flux of νµ which have travelled an
earth scale distance[1–3]. The interpretation of these
results provides not only strong evidence ofνµ → ντ

(or νµ → νsterile) oscillations [4,5] but also evidence
for different mixing properties in the lepton and
quark sectors. For a neutrino energyEν (GeV) and
a distance from the sourceL (km), the oscillation
probability can be written in terms of the mixing
angle θ and the difference of the squared masses
	m2 (eV2) in two flavor approximation asP(νµ →
νx) = sin2 2θ sin2(1.27	m2L/Eν).

The KEK to Kamioka long-baseline neutrino exper-
iment (K2K) is the first accelerator-based experiment
with hundreds of km neutrino path length. The intense,
nearly pure neutrino beam (98.2%νµ, 1.3%νe , and
0.5% ν̄µ) has an averageL/Eν ≈ 200 (L = 250 km,
〈Eν〉 ≈ 1.3 GeV). The neutrino beam properties are
measured just after production, and the kinematics
of parent pions are measuredin situ to extrapolate
the measurements at the near detector to the expec-
tation at the far detector. K2K focuses on the study of
the existence of neutrino oscillations inνµ disappear-
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ance that is observed in atmospheric neutrinos, and
on the search forνµ → νe oscillation with well un-
derstood flux and neutrino composition in the	m2 �
2 × 10−3 eV2 region. In this Letter, the first results
on the event rates with 100 days of data taken from
June 1999 to June 2000 corresponding to 2.29× 1019

protons on target, and the performance of the critical
components of the long-baseline neutrino experiment
are described.

The K2K neutrino beam [6,7] is a horn-focused
wide bandνµ beam. The primary beam for K2K
is 12 GeV kinetic energy protons from the KEK
proton–synchrotron (KEK–PS) [8]. Every 2.2 s, ap-
proximately 6× 1012 protons in nine bunches are fast-
extracted in a single turn, making a 1.1 µs beam spill.
These protons are focused onto a 30 mm diameter,
66 cm long aluminum target which is a current car-
rying element in the first of a pair of horn magnets
operating at 250 kA [9]. This design maximizes the
efficiency of the toroidal magnetic field to focus posi-
tive pions produced in proton–aluminum interactions,
while sweeping out negative secondary particles.

Downstream of the horn system, before the 200 m
long decay volume where the pions decay toνµ and
muons, a gas-Cherenkov detector (PIMON) [10] is oc-
casionally put in the beam to measure the kinemat-
ics of the pions after their production and subsequent
focusing. After the decay volume, an iron and con-
crete beam dump stops essentially all charged particles
except muons with an energy greater than 5.5 GeV.
Downstream of the dump there is a “muon moni-
tor” (MUMON) [10] consisting of a segmented ion-
ization chamber and an array of silicon pad detec-
tors. This monitors the residual muons spill-by-spill
to check beam centering and muon yield. The ioniza-
tion chamber consists of 5 cm wide strips covering
roughly 2× 2 m2 area with separate planes for hori-
zontal and vertical read-out. The 26 silicon pads, each
of ∼ 10 cm2 transverse area, are distributed through a
3× 3 m2 area.

Neutrino interactions near the production site are
measured by a set of detectors with complemen-
tary abilities. The detectors are located approximately
300 m from the pion production target with approxi-
mately 70 m of earth eliminating virtually all prompt
beam products other than neutrinos. A one kiloton
water Cherenkov detector (1 kt) uses the same tech-
nology and analysis algorithms as the far detector,

Super-Kamiokande (SK). It has 680 20′′ photomulti-
plier tubes (PMTs) on a 70 cm grid lining a 8.6 m
diameter, 8.6 m high cylinder. The PMTs themselves
and their arrangement are the same as in SK, giv-
ing the same fractional coverage by photo-cathode
(40%). A scintillating fiber detector (SciFi) [11] with
a 6 ton water target has tracking capability, and al-
lows discrimination between different types of inter-
actions such as quasi-elastic or inelastic. Downstream
of the SciFi there is a lead glass array for tagging elec-
tromagnetic showers. A muon range detector (MRD)
[12], measures the energy, angle, and production point
of muons from charged current (CC)νµ interactions.
It covers 7.6× 7.6 m2 transverse area with four 10 cm
iron plates, followed by eight 20 cm iron plates, all in-
terleaved with drift tubes. The total mass is 915 tons.
The 6632 drift tubes each has 5× 7 cm2 cross sec-
tion, and are arranged in horizontal and vertical read-
out planes.

The far detector for K2K is the SK detector lo-
cated in the Kamioka Observatory, Institute for Cos-
mic Ray Research (ICRR), University of Tokyo, which
has been taking data since 1996. Its performance and
results have been documented in the literature [4].
Event selection for this detector uses timing synchro-
nization with the KEK–PS via the Global Positioning
System (GPS) [13].

The beam-line was aligned by GPS position sur-
vey [6]. The precision of this survey for the line from
the target to the far detector is better than 0.01 mr and
the construction precision for the near site alignment
is better than 0.1 mr. The predicted neutrino spectrum
at 250 km is approximately the same over nearly 1 km,
giving a required accuracy of 3 mr for the pointing of
the beam.

The steering and the monitoring of theνµ beam
are carried out based on the MUMON measurement.
Theνµ and muons in the decay volume originate from
the same pion decays, so the measured center position
of the muon profile is correlated with theνµ beam
direction. The r.m.s. muon profile width is∼ 90 cm
for both the horizontal and vertical directions. These
measurements are used in tuning the beam direction at
the start of every beam period, usually once per month.
Since there is a magnetic field in and around the target,
the direction of the secondary pions, which determines
the direction of decayνµ and muons, is sensitive
to the position of the primary proton beam at the
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target. A 1 mm displacement of protons at the target
face causes roughly 0.5 mr deflection to the opposite
direction for muons observed by the MUMON [14].
During beam tuning, the primary proton position at the
target is adjusted so that the muon profile is centered
on the SK direction within 0.1 mr. The center of the
muon profile is measured to be stable spill-by-spill
within ±1 mr in each dimension throughout the whole
experimental period. The stability of the muon yield
is directly related to the stability of the horn-focused
νµ beam. The yield normalized to proton intensity
measured by a current transformer is stable spill-by-
spill within a measurement uncertainty of 2%.

The characteristics and stability of theνµ beam
itself are directly monitored at the near site by the
MRD using νµ interactions with iron. The large
transverse area of MRD makes it possible to measure
the beam direction and width (profile), and the large
mass makes it possible to measure the time stability of
the νµ event rate, profile and spectrum. The location
of the center of the profile gives the beam direction.
For the profile measurement, the starting point of a
reconstructed muon track is regarded as the vertex
of the νµ-iron interaction. The data reduction for the
profile measurement requires: (a) Only tracks around
the time of the beam spill are accepted. (b) Tracks
with a common vertex are taken as a single event with
the longest track assumed to be a muon. (c) Muons
entering or exiting the detector are rejected. (d) Any
muons with reconstructed energy lower than 0.5 GeV
or higher than 2.5 GeV are rejected in order to avoid
regions of small acceptance. The vertex distribution
is corrected for geometrical acceptance to obtain the
beam profile. As shown in Fig. 1(a), the horizontal
profile is well centered on the SK direction. The profile
width is well reproduced by the beam simulation
which is described below. The profile center is plotted
as a function of time in Fig. 1(b). Theνµ direction has
been stable within±1 mr throughout all data-taking
periods. The vertical profile is also well centered on
the SK direction and stable. For the event rate and
kinematic distribution analyses no energy cut is made,
but only events with vertices inside the fiducial volume
defined by a cylinder of 3 m radius in the upstream
9 iron plates are accepted. The measured rate of
νµ-iron events is typically 0.05 events/spill and can
be monitored on a daily basis with good statistics.
The event rate normalized to proton intensity is stable

Fig. 1. (a) Horizontal profile of theνµ beam measured by MRD in
a one month period (points with error bars), and simulated (boxes;
size corresponds to error). Errors include statistics and uncertainty
of the acceptance correction. The normalization is by the area under
the histograms. (b) Stability of theνµ beam direction. The fitted
center of the horizontal profile is plotted for five day periods, with
error bars from the fits. The dashed lines show±1 mr directions
to SK.

within the statistical error of the MRD measurement.
The muon energy and angular distributions are also
continuously monitored. They show no change as a
function of time, implying theνµ energy spectrum is
stable throughout this period.

Comparison between expected and observed num-
bers ofνµ events at the far site is done with this knowl-
edge of measured beam stability. To predict theνµ

beam characteristics at the far site, a normalization
measurement at the near site and the extrapolation of
the information from near to far are necessary. For the
rate normalization, the 1 kt is used so that any de-
tector or analysis bias is suppressed. For the extrap-
olation, the beam simulation is used, which is vali-
dated by the PIMON measurement as described be-
low. This simulation is based on GEANT [15] with
detailed description of materials and magnetic fields
in the target region and decay volume. It uses as in-
put a measurement of the primary beam profile at the
target. Primary proton interactions on aluminum are
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modeled with a parameterization of hadron production
data [16]. Other hadronic interactions are treated by
GEANT–CALOR [17].

Once the kinematic distribution of pions after pro-
duction and focusing is known, it is possible to pre-
dict theνµ spectrum at any distance from the source.
The pion momentum and angular distribution is mea-
sured by the PIMON. Cherenkov photons generated
by pions in the detector are focused by a pie-shaped
spherical mirror to an array of PMTs of 8 mm ef-
fective diameter in its focal plane. Photons emitted
by particles with the same velocity and incident an-
gle with respect to the mirror arrive at the same posi-
tion in the focal plane. This is independent of photon
incident position with respect to the mirror. The pho-
ton distribution on the PMT array is a superposition
of slices of the Cherenkov rings from particles of var-
ious velocities and angles. Measurements are made at
seven indices of refraction, controlled by gas pressure,
to give additional information on the velocity distri-
bution of the particles. The indices of refraction are
chosen so that the corresponding pion momentum in-
terval is 400 MeV/c. The pion two-dimensional dis-
tribution of momentum versus angle is derived by un-
folding the photon distribution data with various in-
dices of refraction. The binning of extracted pion mo-
mentum and angular distributions are 1 GeV/c and
10 mr, respectively. To avoid background from 12 GeV
primary protons, the index of refraction is adjusted
below the Cherenkov threshold of 12 GeV protons
(1 − β ≈ 2.6 × 10−3). As a consequence, analysis is
done for Pπ � 2 GeV/c, giving theνµ energy spectral
shape above 1 GeV. Fig. 2 shows the inferredνµ en-
ergy spectral shape at the near site and the far to near
νµ flux ratio along with the beam simulation result.
The beam simulation is well validated by the PIMON
measurement without any tuning.

Theνµ interaction rate at the near site is measured
in the 1 kt by detecting Cherenkov light emitted from
produced charged particles. The vertices and direc-
tions of Cherenkov rings are reconstructed with the
same methods as in SK [2]. In the 1 kt, however, an
analog sum of signals from all PMTs is recorded by an
FADC to select beam spills with only one event. The
definition of events per spill is the number of peaks
of the FADC signal with> 1000 collected photo-
electrons (p.e.) (≈ 100 MeV deposited energy). The
average number of events observed in the full detec-

Fig. 2. The top figure shows theνµ energy spectral shape at the
near site and the bottom figure shows the far to nearνµ flux ratio.
The histograms are from the beam simulation results. The data
points are derived from the PIMON measurement. For the top figure,
normalization is done by area above 1 GeV. The vertical error bars
for the data points reflect the total uncertainty.

tor is about 0.2/spill including entering background
events due to cosmic rays orνµ induced muons from
upstream (about 1.5% of events in the fiducial volume
defined below). Thus� 2 events occur in about 10%
of those spills with� 1 event. Neutrino interactions
are selected by requiring: (a) There is no detector ac-
tivity in the 1.2 µs preceding the beam spill. (b) Only
a single event is observed in the FADC peak search
for that spill. (c) The reconstructed vertex is inside the
25 t fiducial volume defined by a 2 m radius, 2 m long
cylinder along the beam axis, in the upstream side of
the detector. The detection efficiency of the 1 kt detec-
tor for detecting CC interactions is 87% and for neutral
current inelastic (NCinel) interactions it is 55%. The
expected ratio of CC to NCinel gives an overall effi-
ciency of 72%. The main source of inefficiency is the
1000 p.e. threshold of the peak search in the FADC
signal. The neutrino interaction simulator used for ef-
ficiency calculations is the same as that used in all SK
analyses. Finally the number ofνµ events in 1 kt is cor-
rected for spills with multiple events. The averageνµ

event rate per proton hitting the target is 3.2× 10−15.
Correcting for efficiencies, relative target masses, and
detector live times, the expectedνµ signal at the far
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site is estimated by applying the extrapolation from
the experimentally validated beam simulation.

Accelerator-produced neutrino interactions at the
far site, SK, are selected by comparing two Univer-
sal Time Coordinated (UTC) time stamps from the
GPS system,TKEK for the KEK–PS beam spill start
time andTSK for the SK trigger time. The time differ-
ence between two UTC time stamps,	(T ) ≡ TSK −
TKEK −TOF, whereTOF is the time of flight of a neu-
trino, should be distributed around the interval from 0
to 1.1 µs to match the width of the beam spill of the
KEK–PS. Since the measured uncertainty of the syn-
chronization accuracy for the two sites is< 200 ns,
beam-induced events are selected in a 1.5 µs window.
Data reduction similar to that used in atmospheric neu-
trino analyses at SK [2,3] is applied to select fully
contained (FC) neutrino interactions. The criteria are:
(a) There is no detector activity within 30 µs before
the event. (b) The total collected p.e. in a 300 ns
time window is> 200 (≈ 20 MeV deposited energy).
(c) The number of PMTs in the largest hit cluster in
the outer-detector is< 10. (d) The deposited energy is
> 30 MeV. Finally, a fiducial cut is applied accepting
only events with fitted vertices inside the same 22.5 kt
volume used for SK atmospheric neutrino analysis.
The detection efficiency of SK is 93% for CC inter-
actions and 68% for NCinel interactions, for a total
of 79%. Similarly to the 1 kt, the inefficiency is mainly
due to the energy cut. Fig. 3 shows the	(T ) distribu-

Fig. 3. Far site timing analysis: (top)	(T ) distribution over a
±500 µs window for events remaining after cuts (a) (unfilled
histogram) and (b) (hatched), and after all cuts except timing
(shaded). The cuts are described in the text (bottom)	(T ) for a
± 5 µs window for FC events with vertices in the fiducial volume.

tion at various stages of the reduction. A clear peak in
time with the neutrino beam from the KEK–PS is ob-
served in the analysis time window. Twenty-eight FC
events are observed in the fiducial volume. The arrival
rate of neutrinos observed by the far detector is con-
sistent with constant within statistical fluctuation. The
1.5 µs selection window gives an expected background
from atmospheric neutrino interactions of order 10−3

events.
The systematic uncertainty of the 1 kt measurement

is 5%, for which the leading terms are due to ver-
tex fitting and its effect on the fiducial cut (4%), and
the treatment of multiple events in a spill (3%). Other
sources such as energy scale uncertainty are relatively
small. The statistical uncertainty of the 1 kt measure-
ment is< 1%. The systematic uncertainty of the ex-
trapolation from the near site measurement is esti-
mated to be+6

−7% based on the PIMON measurement
uncertainty and beam simulation uncertainty for low
energy neutrinos. The systematic uncertainty in the SK
measurement is 3%, mainly due to the fiducial cut. The
systematic uncertainty term coming from uncertainty
in the neutrino energy spectrum and cross section is
small due to cancellations. The quadrature sum of all
known uncertainties for the far site event rate predic-
tion is +9

−10%. The resulting expectation is 37.8+3.5
−3.8

events in the absence of neutrino oscillations. The ob-
served and expected numbers for various categories
are summarized in Table 1. The number of Cherenkov
rings and particle identification are reconstructed by
the same algorithms as those used at SK [2], and the
event category definitions are also the same. The ex-
pected number of events for analyses of CC interac-
tions in the other near detectors are 41.0+6.0

−6.6 for MRD

(iron target) and 37.2+4.6
−5.0 for SciFi (water target) [18],

Table 1
Summary of the observed and expected numbers of FC events in the
fiducial volume at the far site

Event category Observed Expected

Single ringµ-like 14 20.9

Single ringe-like 1 2.0

Multi ring 13 14.9

Total 28 37.8+3.5
−3.8
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each of which is consistent with the value based on
1 kt analysis.

The crucial principles of K2K have been proven
to work: the beam direction has been continuously
monitored and controlled within±1 mr for several
months duration by controlling the proton position
on target with millimeter accuracy and operating the
horn magnet stably. Pion kinematics have successfully
been measuredin situ allowing prediction of the
neutrino beam at the distance of 250 km with six to
seven percent accuracy. Events at the far site have
been identified by means of GPS timing, reducing
backgrounds to a negligible level. Twenty-eight FC
neutrino events have been observed where 37.8+3.5

−3.8
are expected. The experiment expects to accumulate
1020 protons on target, providing sufficient statistics
to study neutrino oscillations by spectral analysis for
νµ disappearance.
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