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Neutral current singleπ0 production induced by neutrinos with a mean energy of 1.3 GeV is measured using
a 1000 ton water Cherenkov detector in the K2K long baseline neutrino experiment. The cross section for this
process relative to the total charged current cross section is measured to be 0.064±0.001(stat.)±0.007(sys.).
The momentum distribution of neutral currentπ0s from a water target is measured with high statistics for the
first time.

PACS numbers: 13.15.+g, 14.60.Lm, 25.30.Pt

After the discovery of atmospheric neutrino oscillations
by Super-Kamiokande in 1998 [1], the primary aim of cur-
rent and future long baseline (LBL) experiments using an
accelerator-based neutrino beam is the accurate determination
of oscillation parameters. The uncertainties on the knowledge

∗For current affiliations see
http://neutino.kek.jp/present-addresses0408.ps .

of the neutrino-nucleus cross sections and subsequent nuclear
effects in the GeV neutrino energy region could become a se-
vere limitation in future oscillation studies. Near detectors of
LBL experiments can provide neutrino interaction data with
much higher statistics and better quality to reduce these sys-
tematic uncertainties.

Single π0 events are a good signature of neutral current
(NC) neutrino interactions in the GeV region, and in a water
Cherenkov detector a decay of theπ0 can be clearly identified
as two electromagnetic-showering Cherenkov rings. Under-
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standing this rate will make several significant contributions.
The singleπ0 production rate by atmospheric neutrinos could
be used to distinguish between theνµ ↔ ντ andνµ ↔ νs os-
cillation hypotheses. The NC rate is attenuated in the case
of transitions ofνµ ’s into sterile neutrinos, while it does not
change in theνµ ↔ ντ scenario. In addition, understanding
singleπ0 production is important for electron neutrino appear-
ance searches at LBL experiments using a water Cherenkov
far detector. In these experiments, the most serious back-
ground comes from events with a singleπ0 where only one
ring is found due to highly asymmetric energies, or a small
opening angle between theγ-rays of the decay [2]. These sin-
gle π0s in the GeV neutrino energy region are mainly pro-
duced via the∆ resonance asν + N → ν + ∆, ∆ → N′ + π0,
whereN andN′ are nucleons. Because of nuclear effects such
as Fermi motion, Pauli blocking, nuclear potential and final
state interactions,∆ production and its decay could be differ-
ent from a simple picture of neutrino-nucleon interactions. In
addition, final state interactions of nucleons and mesons dur-
ing propagation inside of nuclear matter could substantially
modify the number, momenta, directions and charge states of
produced particles. Though there are several theoretical ap-
proaches for modeling these processes, their uncertainties are
large and there exist very few experimental data for NC single
π0 production with no measurements using a water target, the
target material used in the far detector of some LBL experi-
ments [3, 4]. It is clear that good knowledge of the NC single
π0 production cross section andπ0 momentum distribution is
required for the above studies. In this letter, we present the
first high statistics measurement of “ NC1π0 interactions in
water ” defined as a neutral current neutrino interaction where
a singleπ0 and no other mesons are emitted in the final state
from the target nucleus.

The KEK to Kamioka long baseline neutrino oscillation
experiment (K2K) uses an almost pure muon neutrino beam
(98.2 %νµ , 1.3 %νe and 0.5 %νµ ) with a mean neutrino en-
ergy of 1.3 GeV. This intense wide-band beam is produced
by the KEK proton synchrotron (KEK-PS). Protons extracted
from the KEK-PS with 12 GeV kinetic energy are bent toward
the far detector, Super-Kamiokande, located 250 km away
from KEK and interact with an aluminum target. Positively
charged secondary particles, mainlyπ+’s, are focused with a
pair of magnetic horns and then decay to produce a neutrino
beam. Figure 1 shows the energy spectrum of the K2K neu-
trino beam at 300 m downstream from the target with a1020

protons on target (POT) exposure as predicted by a beam sim-
ulation [3]. The beam simulation is validated by a pion moni-
tor (PIMON), which measures the momentum and divergence
of pions just behind the second horn [3]. The flux shape is
also measured through neutrino interactions by the K2K near
detectors [5]. The absolute neutrino flux is not estimated for
the measurement of the NC1π0 cross section because it is dif-
ficult to verify the proton beam intensity, profile and targeting
efficiency uncertainties. Instead of deriving the absolute cross
section, we measure the relative cross section of NC1π0 inter-
actions to the total charged current (CC) cross section.

As one of the near detectors for K2K, a 1,000 ton water
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FIG. 1: The energy spectrum of the K2K neutrino beam at 300 m
downstream from the target with a 1020 protons on target exposure as
predicted by a neutrino beam simulation. The spectrum is averaged
within 2 m from the beam center.

Cherenkov detector (1kt) is located about 300 m downstream
of the pion production target. The 1kt detector is a minia-
ture of Super-Kamiokande using the same interaction target
material and instrumentation. The inner volume of the 1kt de-
tector is a cylinder of 8.6 m in diameter and 8.6 m in height.
This volume is viewed by 680 photomultiplier tubes (PMTs)
of 50 cm diameter, facing inward to detect Cherenkov light
from neutrino events. The PMTs and their arrangement are
identical to those of Super-Kamiokande, giving a 40 % pho-
tocathode coverage. The primary role of the 1kt detector is to
measure theνµ interaction rate and theνµ energy spectrum.
The 1kt detector also provides a high statistics measurement
of neutrino-water interactions. The analysis in this letter is
based on 1kt data taken between January 2000 and July 2001,
corresponding to3.2×1019 POT.

The 1kt detector data acquisition (DAQ) system is also sim-
ilar to that of Super-Kamiokande. The signal from each PMT
is processed using custom electronics modules called ATMs,
which were developed for the Super-Kamiokande experiment
and are used to record digitized charge and timing informa-
tion for each PMT hit over a threshold of about1/4 photo-
electron [6]. The DAQ trigger threshold is about 40 PMT hits
within a 200 nsec time window in a 1.2µsec beam spill gate.
This is roughly equivalent to the signal of a 6 MeV electron.
The analog sum of all 680 PMTs’ signals (PMTSUM) is also
recorded for every beam spill by a 500 MHz FADC to iden-
tify multiple interactions in a spill gate. We determine the
number of interactions in each spill by counting the peaks in
PMTSUM greater than a threshold equivalent to a 100 MeV
electron signal.

The physical parameters of an event in the 1kt detector such
as the vertex position, the number of Cherenkov rings, par-
ticle types and momenta are determined by using the same
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algorithms as in Super-Kamiokande [7, 8]. First, the vertex
position of an event is determined from the PMT timing infor-
mation. With knowledge of the vertex position, the number
of Cherenkov rings and their directions are determined by a
maximum-likelihood procedure. Each ring is then classified
ase-like, representing a showering particle (e±, γ), or µ-like,
representing a non-showering particle (µ±, π±), using its ring
pattern. On the basis of this particle type information, the
vertex position of a single-ring event is further refined. The
momentum corresponding to each ring is determined from the
Cherenkov light intensity.

In the 1kt detector, the gain and timing of each PMT are
calibrated using a Xe lamp and a N2 laser as light sources, re-
spectively. The absorption and scattering coefficients of wa-
ter are measured by a laser calibration, and the coefficients
in the detector simulation are further tuned to reproduce the
observed charge patterns of cosmic ray muon events. The
number of photoelectrons per unit track length is calibrated
by cosmic ray muons passing through the detector. The en-
ergy scale is checked by cosmic ray muons stopping inside the
detector for which the track length is determined by the vertex
position of subsequent decay electron events. The accuracy of
the energy scale is estimated to be+2

−3 %. The performance
of vertex reconstruction is experimentally studied by special
cosmic ray muon data utilizing a pipe inserted vertically into
the tank. Cosmic ray muons going through the pipe emulate
the neutrino-induced muons whose vertex position is defined
at the bottom end of the pipe. This study demonstrates the
vertex reconstruction works as we expected from the Monte
Carlo simulation.

Neutrino interaction candidates are selected by the follow-
ing requirements : (i) An event is triggered within a 1.2µsec
beam spill gate. (ii) There is no detector activity within a
1.2µsec window preceding the beam spill. (iii) Only a single
event is found by the PMTSUM peak search in that spill. (iv)
The vertex is reconstructed in the 25 ton fiducial volume de-
fined as a 4 m diameter and 2 m long cylinder along the beam
axis. (v) The visible energy is larger than 30 MeV. A total of
60,545 events are selected by requirements (i) to (v).

Single π0 events are extracted from the sample of fully
contained (FC) neutrino events, which deposit all of their
Cherenkov light inside the inner detector. An exiting particle
deposits a large amount of energy at the PMT of the exiting
position. Therefore, the FC events are selected by requiring
the maximum number of photoelectrons on a single PMT at
the exit direction of the most energetic particle to be less than
200. The events with the maximum number of photoelectrons
greater than 200 are identified as a partially contained (PC)
event. Becauseπ0s mostly decay into twoγ-rays, the fol-
lowing cut criteria are further applied to select the singleπ0

events in the FC sample : (1) The number of reconstructed
rings is two. (2) Both rings have a showering type (e-like)
particle identification. (3) The invariant mass is in the range
of 85−215MeV/c2. Figure 2 shows the invariant mass distri-
bution of the events which satisfy cuts (1) and (2). Aπ0 mass
peak is clearly observed. The peaks for both the observed data
and the neutrino Monte Carlo events are slightly shifted to-
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FIG. 2: The invariant mass of twoe-like ring events for the exper-
imental data (black dots) and the neutrino Monte Carlo simulation
(box histogram). The Monte Carlo histogram is normalized to the
area of the data histogram. The error bars are statistical only. The
hatched portion and the black portion in the Monte Carlo histogram
show the non-NC1π0 component and the non-π0 component, respec-
tively. A pair of arrows shows the invariant mass cut (3) (see text).

Data NC1π0 efficiency

FC 45317 97 %

Two rings 11117 57 %

Bothe-like 3150 48 %

Invariant mass 2496 47 %

TABLE I: The number of events after each selection to make the
singleπ0 sample in 1kt data. The Monte Carlo efficiencies are cal-
culated for NC1π0 interactions whose real vertex is in the fiducial
volume.

wards higher values compared to the nominal value of theπ0

mass, 135 MeV/c2. This shift is due to∼20 cm bias of vertex
reconstruction forγ-rays fromπ0 decay and energy deposited
by de-excitationγ-rays from the oxygen nucleus. The differ-
ence in peak position between the data distribution and the
Monte Carlo prediction is within our quoted+2

−3 % systematic
uncertainty for the absolute energy scale. A total of 2,496 sin-
gle π0 events are found by these criteria as shown in Table I.

Figure 3 -(a) shows the reconstructedπ0 momentum distri-
bution for the singleπ0 sample. The momentum resolution
is estimated to be 15 MeV/c for π0s with the momentum of
200 MeV/c. As shown by the hatched histograms in Figures 2
and 3 -(a), the singleπ0 sample containsπ0s which do not
fulfill our NC1π0 criteria (non-NC1π0 events). The non-π0

background due to mis-reconstruction is very small as shown
by the black portion in Figures 2 and 3 -(a). The background
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FIG. 3: (a) The reconstructedπ0 momentum distribution for the sin-
gle π0 sample, comparing 1kt data (black dots) and the neutrino
Monte Carlo simulation (box histogram). The Monte Carlo his-
togram is normalized to the area of the data histogram. The error
bars are statistical only. The hatched portion and the black portion
in the Monte Carlo histogram show the non-NC1π0 component and
the non-π0 component, respectively. (b) The detection efficiency for
NC1π0 interactions as a function of realπ0 momentum. The highest
momentum bin in each figure integrates the events above 800 MeV/c.

contamination is estimated by the neutrino Monte Carlo sim-
ulation and is subtracted.

The neutrino interactions with water are simulated by the
NEUT program library. A detailed description of NEUT can
be found in Ref. [9]. Quasi-elastic scattering is simulated
based on the Llewellyn Smith’s model [10]. The Rein and
Sehgal’s model [11] is used to simulate single meson produc-
tion mediated by a baryon resonance. The decay kinematics
of the∆(1232) resonance is also determined by the Rein and
Sehgal method. For the decays of the other resonances, the
generated mesons are assumed to be emitted isotropically in
the resonance rest frame. A 20 % suppression of pion pro-
duction is adopted for simulating pion-less∆ decay, where
the event contains only a lepton and a nucleon in the final
state [12]. The axial vector mass,MA, is set to 1.1 GeV/c2

for both the quasi-elastic scattering and the single meson pro-
duction models. Coherent pion production is simulated using
the Rein and Sehgal’s model [13] with modified cross section
according to a description by Marteau et al. [14]. For deep
inelastic scattering, GRV94 nucleon structure function [15]
with a correction by Bodek and Yang [16] is used to calculate
the cross section. In order to generate the final state hadrons,
PYTHIA/JETSET [17] package is used for hadronic invariant
mass,W, larger than 2.0 GeV/c2. A custom program [18] is
used forW in the range of1.3−2.0GeV/c2. Nuclear effects

for ν−16O scattering are also taken into account. Fermi mo-
tion of nucleons is simulated using the relativistic Fermi gas
model. Pauli blocking effect is considered in the simulation
of quasi-elastic scattering and single meson production. Pi-
ons generated in16O are tracked taking into account their in-
elastic scattering, charge exchange and absorption. The pion
generation point in the nucleus is set according to Woods and
Saxon’s nucleon density distribution [19]. The mean free path
of each pion interaction is calculated using the model by Sal-
cedo et al. [20]. The direction and momentum of pions after
inelastic scattering or charge exchange are determined based
on the results of a phase shift analysis obtained fromπ −N
scattering experiments [21]. Emission of de-excitation low
energyγ-rays from a hole state of residual nuclei is also taken
into account [22]. Outside the nucleus, particles are tracked
using GEANT and CALOR packages except pions with mo-
menta below 500 MeV/c, which are tracked with a custom
program [18] including the effect of the∆ resonance.

The NC1π0 fraction in the singleπ0 sample is estimated
to be 71 % using the neutrino Monte Carlo simulation (52 %
from singleπ0 production via resonance decay, 3 % from sin-
gleπ± production via resonance decay and subsequent charge
exchange intoπ0 in the target nucleus, 10 % from coherent
π0 production and 4 % from neutrino deep inelastic scatter-
ing where the rest of the mesons are absorbed inside the nu-
cleus). The non-NC1π0 background component accounts for
26 % of the singleπ0 sample as shown in Figures 2 and 3. The
non-NC1π0 sample contains NCπ0 production where outgo-
ing mesons except a singleπ0 have low momenta (7 %), CC
π0 production where accompanying muon and mesons have
low momenta (9 %), andπ0 production by a recoil nucleon or
mesons outside the target nucleus (10 %). The non-π0 compo-
nent caused by mis-reconstruction accounts for the remaining
3 % of the singleπ0 sample.

The NC1π0 fraction and the background fraction are esti-
mated for each of the nineπ0 momentum bins shown in Fig-
ure 3. The number of NC1π0 events is extracted from the
number of observed singleπ0 events multiplied by the NC1π0

fraction bin by bin. The systematic errors of this background
subtraction are estimated based on the uncertainties of neu-
trino interactions as listed in Table II -(A). The error due to
the uncertainty on the deep inelastic scattering cross section
is evaluated by comparing the two models in Refs. [15] and
[16]. For coherent pion production, the difference between
the two models in Refs. [13] and [14] is assumed to be the
uncertainty. The systematic error in the CC component sub-
traction is estimated by considering the uncertainty on the CC
cross section relative to the NC cross section [23]. The sys-
tematic errors due to uncertainties on pion nuclear effects in
the target nucleus are evaluated by varying the probabilities of
pion absorption and inelastic scattering (including charge ex-
change) in the16O nucleus independently by±30%[9]. The
uncertainty on the cross section ofπ−16O interactions outside
the target nucleus is taken from Refs. [24] and [25].

For the number of NC1π0 events, we apply a 2 % fidu-
cial correction, estimated using the Monte Carlo simulation,
to account for the difference between the number of events
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Sources Systematic Errors (%)

(A) Background Subtraction

MA in quasi-elastic and single meson (±10%) 0.2

Quasi-elastic scattering (total cross section,±10%) 0.0

Single meson production (total cross section,±10%) 0.9

Coherent pion production (model dependence) 1.6

Deep inelastic scattering (model dependence) 5.1

Deep inelastic scattering (total cross section,±5%) 0.5

CC/NC cross section ratio (±20%) 3.2

Nuclear effects in16O (pion absorption,±30%) 1.5

Nuclear effects in16O (pion inelastic scattering,±30%) 0.7

Pion interaction outside the target nucleus (±20%) 2.3

(B) Fiducial Volume Correction

Fiducial cut 1.6

(C) Efficiency Correction

Ring counting 5.4

Particle identification 4.2

Energy scale 0.3

TABLE II: Summary of the systematic errors on the measurement of
the number of NC1π0 interactions.

in the true 25 ton fiducial volume and the number in the re-
constructed fiducial volume. The vertex distribution of the
π0 events is in good agreement with that of the Monte Carlo
events. The systematic error due to the uncertainty of the fidu-
cial volume is estimated to be 1.6 % as shown in Table II -(B)
by varying the boundary of the fiducial volume by±30 cm
along the beam direction, which is the vertex resolution of the
π0 events.

Finally, the number of NC1π0 interactions in the true 25 ton
fiducial volume is corrected for the detection efficiency bin by
bin. Figure 3 -(b) shows the detection efficiency for NC1π0

interactions as a function of realπ0 momentum. The ineffi-
ciency for higher momentumπ0s results from the reconstruc-
tion of only one ring of aπ0 decay with highly asymmetric
energies or a small opening angle between the twoγ-rays.
The overall detection efficiency for NC1π0 interactions, es-
timated by the Monte Carlo simulation, is 47 % as shown in
Table I. The systematic errors from the efficiency correction
are due to uncertainties of reconstruction algorithms such as
ring counting, particle identification and energy scale as listed
in Table II -(C).

After corrections for background subtraction, the
true/reconstruction fiducial difference and the detection
efficiency, the true number of NC1π0 interactions is mea-
sured to be(3.61± 0.07± 0.36)× 103 in the 25 ton fiducial
volume. Figure 4 shows the measured momentum distribution
of NC1π0 after all corrections, compared with the distribution
predicted by the neutrino Monte Carlo simulation. The
Monte Carlo histogram is normalized by the total number of
neutrino events in the fiducial volume after all the cuts. The
size of inner boxes for the Monte Carlo histogram represents
the statistical errors of Monte Carlo events. There exists
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FIG. 4: The momentum distribution of NC1π0 events in the 25 ton
fiducial volume (black dots). The inner and outer error bars attached
to data points show statistical errors and total errors including sys-
tematic errors, respectively. The distribution predicted by the neu-
trino Monte Carlo simulation is also shown as a box histogram for
comparison. The size of inner boxes represents the statistical errors.
The size of outer boxes includes uncertainties on nuclear effects of
pions in16O.

small discrepancy between the measured distribution and
the Monte Carlo expectation in theπ0 momentum around
300 MeV/c and 600 MeV/c. The size of outer boxes includes
the error in the shape of theπ0 momentum distribution due
to the uncertainties of nuclear effects, where the largest
source is inelastic scattering of pions in the target16O
nucleus. Considering these uncertainties, the discrepancy
in the momentum distribution can be explained. The effect
from this discrepancy is not significant in the cross section
measurement.

As previously described, we use CC interactions for nor-
malization in order to derive the relative cross section for
NC1π0 interactions. To make a CC enriched sample, FCµ-
like events and PC events are selected in the same period.
By using the CC enriched sample as a normalization, the un-
certainty of the neutrino energy spectrum [5] is almost can-
celed in the measurement since the expected mean energy
of neutrinos producing the CC sample, 1.45 GeV, is almost
same as that of neutrinos producing theπ0 sample, 1.50 GeV.
The sample consists of 22,612 FC single-ringµ-like events,
12,386 FC multi-ring events with the most energetic ring iden-
tified asµ-like and 15,228 PC events, resulting in a total of
50,226 events. TheνµCC fraction in this sample is estimated
to be 96 % by the Monte Carlo simulation (96.5 % for the
FC single-ringµ-like sample, 91.2 % for the FC multi-ring
µ-like sample and 98.5 % for the PC sample). The remain-
ing 4 % of the sample is mostly composed of NC interactions
with an outgoing charged pion above its Cherenkov threshold.
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The fiducial volume correction factor is estimated to be 1.02.
The detection efficiency forνµCC interactions by this selec-
tion is estimated to be 85%. The inefficiency mainly comes
from mis-identification of the ring type in multi-ring events
and∼ 100MeV visible energy threshold by peak counting of
the PMTSUM signal.

By applying non-νµCC background subtraction, fiducial
volume correction and detection efficiency correction, the
number ofνµCC neutrino interactions during the analysis pe-
riod is measured to be(5.65±0.03±0.26)×104 in the 25 ton
fiducial volume. The systematic errors are estimated to be
4 % from the uncertainty of vertex reconstruction, 1 % from
the uncertainty of neutrino interaction models, 1 % from the
uncertainty of particle identification and 1 % from the uncer-
tainty of absolute energy scale.

By taking the ratio, the relative cross section for NC1π0 in-
teractions to the totalνµCC cross section is measured to be
0.064±0.001(stat.)±0.007(sys.). Since the systematic er-
rors on the NC1π0 measurement and theνµCC measurement
have almost no correlation, errors are added in quadrature.
Our neutrino interaction model predicts the ratio to be 0.065,
which is in good agreement. For reference, the totalνµCC
cross section is calculated to be1.1× 10−38 cm2/nucleon in
the neutrino Monte Carlo simulation averaged over the K2K
neutrino beam energy.

In summary, we have measured the cross section and the
π0 momentum distribution of NC singleπ0 production for
neutrinos with a mean energy of 1.3 GeV using the K2K
1kt water Cherenkov detector. The ratio of cross sections
for NC1π0 to the totalνµCC interaction is measured to be
0.064±0.001(stat.)±0.007(sys.), showing good agreement
with the prediction by our neutrino interaction model. This
measurement provides essential information to understandπ0

production in water in the 1 GeV neutrino energy region, and
is relevant to present and future neutrino oscillation experi-
ments.
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