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Observation of B Solar Neutrinos in the Kamiokande-II Detector
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Neutrinos from the decay of 8 in the Sun have been observed in the Kamiokande-II detector. Based
on 450 days of data in the time period January 1987 through May 1988, the measured Aux obtained
from data with E, ~ 9.3 MeV is 0.46 ~0.13(stat. ) + 0.08(syst. ) of the value predicted by the standard
solar model. Within experimental errors, the Kamiokande-II value is in agreement with the correspond-
ing value obtained in the 'Cl radiochemical detector in essentially the same time period.

PACS numbers: 96.60.Kx, 95.85.Qx, 96.40.Qr

Our knowledge of the Sun is formulated in a quantita-
tive description known as the standard solar model
(SSM). ' Central to that model is the assumption that
the energy source of the Sun is nuclear fusion. The
series of nuclear reactions in the various fusion chains in-
volve the emission of electron-type neutrinos (v, ) from
several of the nuclear P-decay or electron-capture reac-
tions, the energies of the v, extending up to approxi-
mately 14 MeV. These neutrinos are of particular in-

terest because, unlike the photons emitted by the Sun,
they probe the interior of the Sun, and thereby are a sen-
sitive test of the standard solar model. But, also, of spe-
cial importance to elementary-particle physics, the solar
neutrinos provide a means of studying the intrinsic prop-
erties of the neutrinos themselves because of the chang-
ing density and high magnetic field of the Sun, and the
long Sun-Earth distance.

The observation of solar neutrinos was initiated in

about 1970, in a detector utilizing Cl as the neutrino
target. Cl is especially sensitive to the 0.86-MeV v,
from e + Be Li+ v, . and the 0-14-MeV contin-
uous-spectrum v, from the two processes p+ Be

"B+y and B Be*+e + + v, . The average total

rate of v, interactions in the detector from 1970 to the
end of 1985 was 2.1+0.3 SNU, ' where a solar neutri-
no unit (SNU) is 10 interactions per target atom per
second. The discrepancy between the value of 2. 1 ~0.3
SNU from the Cl experiment and the value of
7.9+'2.6 (3o) SNU predicted by the SSM has persist-
ed for more than a decade, and is often referred to as the
solar neutrino puzzle.

In this Letter we report on the first observation in real
time of the flux of B solar neutrinos using the Kamio-
kande-II detector. Kamiokande-II is an imaging water
Cherenkov detector which detects B solar neutrinos by
neutrino-electron scattering, v, e v,e, and yields
information on the neutrino arrival time, the direction,
and the energy spectrum.

The Kamiokande-II detector has been operating since
the beginning of 1986. It is described in detail else-
where. The detector volume containing 2140 tons of
water is viewed by an array of 20-in. -diam photomulti-
plier tubes (PMT's) on a 1 x 1-m lattice on the surface.
The photocathode coverage amounts to 20% of the total
inner surface. The attenuation length of the water for
Cherenkov light averaged over the data-taking period is
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48 m. The inner detector is completely surrounded by a
water Cherenkov counter of thickness ~ 1.4 m to ensure
the containment of low-energy events. The outer counter
also is an absorber of y rays from the surrounding rock
and a monitor of cosmic-ray muons.

The detector is triggered by at least 20 (18) hit PMT's
within 100 nsec. The trigger accepts 7.6- (6.7-) MeV
electrons with 50% efficiency and 10- (8.8-) MeV elec-
trons with 90% efTiciency over the fiducial volume of the
detector. The numbers in the parentheses are the corre-
sponding values after October 1987. Charge and time
information for each channel above threshold is recorded
for each trigger. The raw trigger rate is 0.6 (1.2) Hz of
which 0.37 Hz is cosmic-ray muons. The remaining rate
is due to radioactive contamination in the detector and
external y rays.

The energy calibration is performed with y rays of en-
ergy up to 9 MeV from the reaction Ni(n, y)Ni, with
electrons from muon decays, and with the P decays from
spallation products of cosmic-ray-muon interactions.
From these calibrations, the absolute energy normaliza-
tion is known to be better than 3%. The rms energy
resolution for an electron is expressed by 22%/[E, /(10
MeV)) '~ . The rms angular resolution is 28' for an elec-
tron of 10 MeV. These numbers are obtained by Monte
Carlo calculations, which reproduce well the calibration
data of y rays from the Ni(n, y)Ni reaction.

The search for B solar neutrinos was carried out on
the 450 days of data with relatively low radioactive
background which were taken from January 1987
through May 1988. Events that satisfy the following
three criteria were selected: (1) The total number of
photoelectrons (PE) per event in the inner detector had
to be less than 100, corresponding to a 30-MeV electron;
(2) the total number of photoelectrons in the outer
detector had to be less than 30, ensuring event contain-
ment; and (3) the time interval from the preceding event
had to be longer than 100 psec, to exclude electrons
from muon decays.

The vertex positions and the directions of the selected
events are reconstructed with an algorithm based on the
time and position of hit PMT s. The rms vertex-position
resolution is 1.7 m for 10-MeV electrons. Most of the y
rays which come from the rock have vertex positions
near the wall of the detector, and are rejected by limiting
the fiducial volume to 680 tons, which is 2 m inside the
barrel and bottom PMT layers and 3.14 m inside the top
PMT layer. The fiducial-volume cut reduces the event
rate by an order of magnitude as shown in curves a and b
in Fig. 1.

A number of remaining events are found to be due to
unstable spallation products of throughgoing muons in
the detector. These P-decay events have time and spatial
correlation with the preceding cosmic-ray muons. Spal-
lation products with long lifetime (r~p=0. 6-8 sec) are
observed, with likely assignment to 8, Li, and ' N, to-
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FIG. 1. Differential energy distribution of low-energy
events: curve a, in the total mass of 2140 tons; b, in the fidu-
cial mass of 680 tons; c, after the type-1 spallation cut; d, after
the y-ray cut. Curve e, Monte Carlo prediction of the standard
solar model after all the cuts; the exact curve depends on the
specific cuts applied.

gether with short-lifetime products (r ~y2
—20 msec),

probably from ' B and ' N. The relative contribution
from long- and short-lifetime products is approximately
0.55:0.45. To reduce events due to P decays from
spallation-produced nuclei, two types of criteria were
considered. In the first type, events are cut if they have a
small time gap (hT) from and spatial correlation (AR)
with the preceding muons, which are mostly accom-
panied by energetic showers. The pulse heights of these
muon events are divided into the following three
ranges:' (1) 10000-20000 PE; (2) 20000-40000 PE;
and (3) ~ 20 000 PE. Rejection criteria for (5T,hR )
are for (1), (~0.1 sec, ~ 3 m); for (2), (~ 3 sec, ~ 3
m) and (3-15 sec, ~ 2 m); for (3), (~ 0. 1 sec, no con-
straint on AR), (0.1-6 sec, ~ 3 m), and (6-15 sec, ~ 2
m). In addition, any event in the time interval of 30 sec
following a muon which produced a spallation product is
eliminated. In the second type, the requirement is im-
posed that the time of any low-energy event relative to
the time of the previous cosmic-ray muon be greater
than 100 msec; additionally, low-energy events are re-
moved which occur within 40 sec of each other because
of multiple P-decaying nuclei produced by a single in-
teracting muon. The criteria of the first (second) type
reduce the event sample with E, ~ 10 MeV by 70%
(51%), and introduce a dead time of 10.4% (3.2%); the
eSciency to remove spallation events is about 90%
(70%%uo). In the following we present the results with the
first type of spallation cut imposed.

The energy spectrum of the resultant events after the
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FIG. 2. Distributions in cosOs„„, the cosine of the angle be-
tween the trajectory of an electron and the direction of the Sun
at a given time. The data are in the 680-ton fiducial region (a)
with E, ~ 9.3 MeV and (b) with E, ~ 10. 1 MeV, respectively.
Events identified as spallation products or remaining y rays
have been excluded.

spallation cut is given by curve c in Fig. 1. The spectrum
consists of two components, arising from energetically
"soft" and "hard" events. The soft component is due to
radioactivity in the water, especially ' Bi, a decay prod-
uct of Rn. The hard component is due, to spallation
products and to external y rays which are not completely
eliminated by the present cuts. To reduce the soft com-
ponent we use only the data sample with E, ~ 9.3 MeV
in what follows.

To reduce the remaining y rays in the region of the
hard component of the background, events were also re-
jected which had vertex positions near the edge of the
fiducial volume (outer 1-m layer) and directions inward
(cosine of the angle relative to the normal to the nearest
wall )0.67). This "y-ray" cut further reduced the
event rate by -40%, and introduced an additional dead
time of 13%. The event rate as a function of electron en-

ergy after this cut is also shown, as curve d, in Fig. 1. To
test whether the y-ray cut is biased by the directional
criteria, the analysis was repeated with various smaller
fiducial volumes without the y-ray cut. Within statistics,
the observed solar neutrino signals were the same as the
corresponding result for the larger (680 tons) fiducial re-
gion with the y-ray cut.

The event sample was then tested for a directional
correlation with the Sun. This test provides an addition-
al order-of-magnitude discrimination against the back-
ground rate of curve d in Fig. 1. Figure 2 shows the dis-

where SSM is the central value predicted by a Monte
Carlo calculation based on the standard solar model
and subject to the same event criteria and experimental
resolution as the data. Only the relative result is given in

Eq. (1) because the flux below E, (9.3 MeV is not
determined in this observation. The systematic error of
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FIG. 3. Energy distribution of the solar neutrino signal (see
text). The histogram is the distribution predicted by the SSM.
The highest bin corresponds to E, ~ 14 MeV. The dotted line
shows the best fit to the data (0.46 SSM).

tribution in cosOq„„ for E, & 9.3 MeV and E, & 10.1

MeV, in which cosOs„„=1 corresponds to the expected
direction to the Earth from the Sun. A clear enhance-
ment around cosOq„„=1 with an isotropic background is
evident. The solid histogram in the figure gives the sig-
nal expected from a Monte Carlo simulation based on
the SSM. The analysis was repeated with the detector
location assigned to other, incorrect, latitudes and longi-
tudes. The signal peaks only when the true Kamiokande
coordinates are assigned.

Two independent analyses were performed on the
same data. Each analysis obtained the final sample us-
ing totally independent programs for the event recon-
struction and applied different cuts (see, for example, the
description of two types of spallation cuts above). The
results of the two analyses were carefully compared in

many ways after each cut. The agreement on the mea-
sured signal between the two analyses is within the ex-
perimental errors.

To obtain the energy distribution of the solar neutrino
signal, a fit of the cosOg„„distribution with a flat back-
ground plus an expected angular distribution of the sig-
nal was performed for each energy bin. The resulting E,
spectrum is shown in Fig. 3, where it is compared with
the corresponding spectrum predicted by the standard
solar model.

The measured value of the 8 solar neutrino flux for
E, ~ 9.3 MeV from the Kamiokande-II detector in the
time period January 1987 through May 1988 (450 live
detector days) is given by

Kam -II data =0.46 ~ 0.13(stat. ) + 0.08(syst. ), (1)
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the measured flux is mainly due to the uncertainties in

energy calibration (+ 3%) and in angular resolution
(~4 )

The result in Eq. (I) may be compared with that ob-
tained by the Cl detector, 4.2 ~ 0.8 SNU, in essentially
the same time interval. Two limiting cases may be con-
sidered as responsible for any discrepancy between the
' Cl data and the SSM. (i) In one limit, all contribu-
tions to the total flux observed by and predicted for the
' Cl detector may be reduced, and (ii) in the other limit,
a suppression of B solar neutrino flux alone may cause
the discrepancy. For the B solar neutrino flux, one finds
in case (i) Cl data/SSM = (4.2+' 0.8)/7. 9 =0.53 ~ 0.1,
and for case (ii) Cl data/SSM=[(4. 2+'0.8) —1.8]/
(7.9 —1.8) =0.39 ~0.1, where 1.8 SNU is the expected
rate due to nuclear processes other than B. According-
ly,

0.39+0. 1~, s 0.53+ 0.1.
SSM B

Thus, the result from the Cl detector is consistent
with the Kam-II value in Eq. (I) within the errors of the
two measurements.

In conclusion, the B solar neutrino flux measured by
Kamiokande-II is 0.46 ~ 0.13(stat. ) ~ 0.08(syst. ) of the
value predicted by the standard solar model. This result
is consistent with the value obtained by the Cl experi-
ment in essentially the same time period.
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