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This Letter reports the results of a search for neutron-antineutron transitions in oxy-
gen, using a water Cherenkov detector of fiducial mass 3300 metric tons located 1570 m
(water equivalent) underground. Two independent methods yield 90% -confidence lower
limits of 1.7x 103 and 2.4x 10 ' yr, respectively, for the partial lifetime of this pro-
cess. According to recent calculations the latter result corresponds to a lower limit in
the range 2.7 x 107 to 1.1 x 10 sec for the free-neutron oscillation time.

PACS numbers: 14.20.Dh, 23.90.+w

Recent theories unifying the basic forces of
nature admit the possibility of both nucleon decay
(&8=1) and neutron-antineutron transition (&B=2)
processes. To take two examples, the standard
SU(5) model' predicts nucleon decay and forbids
n to n transitions, whereas the partial unification
scheme of Mohapatra and Marshak' forbids nu-
cleon decay and allows nn transitions, albeit at
an uncertain rate. The phenomenology of nn

oscillations in nuclei has recently been reviewed
by Mohapatra. '

The Irvine-Michigan-Brookhaven (IBM) detec-
tor has been briefly described in previous Let-
ters. 4 For the purposes of this report it is suf-
ficient to recall that the detector consists of a
large rectangular volume of purified water (17
x18x 23 m') viewed from its six faces by 2048
photomultiplier tubes (PMT), each of 12.5 cm
diameter, located on a rectangular grid of -1 m
spacing. The mass of the detector inside the
PMT planes is 7000 metric tons (tonnes) and the
fiducial volume in which nn transitions are
searched for is inset by 2 m from these planes
and contains 3300 tonnes of water.

Relativistic charged particles traversing the
detector produce Cherenkov photons which fire
the photomultiplier tubes. The arrival time (T, )
and the pulse height (Q) for each hit tube are re-
corded. This information allows the reconstruc-
tion of position, direction, and energy of parti-
cles moving in the detector. Furthermore, the
decay electron from the & —p'-e decay chain,

or more rarely from &" decay in flight, where
the p

' comes to rest, can be detected on a sepa-
rate slow time scale (T,). The detection efficien-
cy for such muon decays is 62%, obtained by re-
quiring five or more lit tubes in a 60-ns coinci-
dence window on the slow time scale. The con-
tamination caused by accidentals in this case is
about 1.5' per event. These numbers are deter-
mined from a sample of cosmic-ray muons and
are consistent with a Monte Carlo simulation.

Since nn and Pn annihilation events in oxygen
are expected to have several pions in the final
state, two methods have been used to detect such
events in the HVlB detector. The first looks sim-
ply for two or more decay electrons in the 1',
scale from multiple &' decays arid requires the
event to consist of more than one track identified
in the &, scale by a scanning by a physicist. The
second method looks for events which produce
significant isotropic light, as discussed later in
more detail. Both methods required that the num-
ber of prompt (T, ) hits be greater than fifty.
Events can be simulated in the detector with
Monte Carlo techniques which have been calibrat-
ed by use of the known properties of through-go-
ing and stopping muons.

In order to estimate the detection efficiency of
these methods, which will be described in detail
in a future paper, two calculations are required:

Firstly, nn and Pn annihilations must be gener-
ated in the oxygen nucleus. Use was not made of
P or n annihilation data in nuclei since the pub-
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lished data are meager, annihilation occurs at
the nuclear periphery, and the n data' are for n

annihilation at 600 MeV rather than at rest. In-
stead, PP and Pd data' ' from hydrogen and deuter-
ium bubble chambers were used to determine the
branching ratios for the various multipion modes.
The kinematics were determined by relativistic
phase-space distributions with some modifica-
tions for ~ production at the 13'%%uo level. Since
the (u meson is comparatively long lived and 71/o
of them emerge from the nucleus, its decay pro-
ducts can escape nuclear reinteraction effects.
(Pions around 200 MeV strongly excite the first
& resonance at 1232 MeV with a mean nucleon
cross section as high as 135 mb. ) The calculat-
ed charged-pion momentum spectrum and the
charged- and neutral-pion multiplicities are in
good agreement with the data of Horwitz etal. '

Annihilation events within the nucleus were gen-
erated according to the comparatively peripheral
distribution predicted by Dover, Gal, and Rich-
ard."

Secondly, pions from the annihilation must be
propagated through the nucleus and through the
water of the detector. A detailed understanding
of the pion-nucleus interactions in the & region
does not exist." Indeed, reasonably detailed and
complete measurements of the elastic (0„), in-
elastic (v;„,~), charge-exchange (&, h„), and ab-
sorption (a, b, —where no pion emerges) cross
sections in nuclei have become available only re-
cently.

It is accepted that the & resonance dominates,
such that inelastic scattering proceeds by the
pion interacting with a bound nucleon to make a
& resonance. The resonance then propagates
through nuclear matter. Provided that the & is
not absorbed, the final result will be inelastic
or charge-exchange scattering depending on the
decay mode of the &. The cross section for
these processes can be reasonably related to the
corresponding elastic and charge-exchange cross
sections off free protons, provided that the ef-
fects of Fermi motion and Pauli blocking are tak-
en into account. If the & interacts with another
nucleon in the nucleus to produce two nucleons,
then no pion is emitted. If we assume that a di-
nucleon process is involved, it is reasonable to
assume that the absorption probability in the nu-
cleus is proportional to the square of the local

No nuclear or N~O effects
H&O effects only
Nuclear and H20 effects

200+47
185 +55
150 +55

With nuclear and H, O effects included 25'%%uo and
7% of the events will have two- and three-muon
decays, respectively. This stopping rate leads
to the overall efficiency of 14/o for event signa-
tures with two or more decays. (If the distribu-
tion of annihilation events follows the matter dis-
tribution in the nucleus and ~ production is also
neglected, the efficiency would be reduced to
11%.) The annihilation events pass through the
complete analysis chain with an efficiency of 85%.

Since none of the 109 contained events found in
the 132 d of live time has two-decay signatures
and at the same time satisfies the number-of-
tubes and multitrack requirements, this method
gives the following lower lifetime limit:

nucleon density. Since single-nucleon processes
depend linearly on this density, inelastic scatter-
ing dominates in the nuclear periphery, and ab-
sorption in the central region of the nucleus.

The above assumptions have been taken as rea-
sonable starting hypotheses in a pion cascade
model in which the oxygen matter density is taken
from electron- scattering data. " Its predictions
for the scattering of an incoming pion are then
compared with pion-oxygen data interpolated
from the pion-nucleus cross sections reported by
Ashery" for a range of nuclei from lithium to
bismuth. As a first approximation, the absorp-
tion probability is taken to be &o,„p', where & is
an adjustable parameter, o,„ is the &d cross sec-
tion, and p is the local nuclear matter density.
Since the use of 7t'd cross section is at best a
first guess, its energy dependence is then dis-
torted so as to improve the agreement the model
predictions and the data.

Figure 1 shows that the model can be adjusted
to agree reasonably well with the data. The mod-
el is also run in the nn mode with the same as-
sumptions used in analyzing the pion-scattering
mode. The same oxygen data and pion-nucleon
data allow the prediction of the fate of charged
pions in the water.

The expected mean number of tube hits N(T, ),
and their standard deviations (S.D.), obtained
from the simulation of ni events in water are
summarized below:

(8.9 && 10"neutrons) (0.36 yr) (0.14 && 0.85 efficiency)Tin-n )
2.3 events (90/O-C. L. upper limit)
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FIG. 1. Comparison of interpolated data for pion-
oxygen cross sections with predictions of the nuclear
model. The "datum point» at 400 MeV is obtained from
the interpolated value of the reaction cross section
and with subtraction of 120 mb for 0», + O, h~.

I ~ I 1
I

I I I I
I I I ~ ~

I I I I0
0 50 100 150

ISOTROPY ANGLE ( DEG. )

FIG. 2. Cherenkov energy vs isotropy angle for 109
contained events. The horizontal error bars which are
typical indicate the uncertainty in angle due to the
uncertainty in the vertex position. Vertical error bars
represent our +15% (systematic plus statistical) un-
certainty in energy. The dotted lines indicate the re-
gion of acceptance for gg events.

The second method of searching for nn oscilla-
tion in oxygen relies on the significant amounts
of Cherenkow light emitted isotropically by multi-
body annihilations, followed by the reinteraction
effects in the nucleus and water described above.
A variable, isotropy 'angle, " is defined which
distinguishes these events from the neutrino back-
ground events which predominantly produce light
in only one hemisphere.

Neutrino, nucleon decay, and nn events origin-
ating in the fiducial volume are approximately
point sources of Cherenkov light in the detector.
For multitrack events with significant light in
more than a hemisphere the position and timing
of the lit tubes are sufficient to locate the vertex
to -70 cm. Single-track events require the addi-
tional constraint of the Cherenkov angle to
achieve a comparable precision.

The recorded PMT hits are extrapolated to a
sphere centered on this vertex, and an axis is
found about which these hits would have the least
moment of inertia, were they mass points. The
hits are weighted by photoelectron count (Q) and
inversely by absorption in the water. This axis
is a good approximation to the true event axis
for both single-track and back-to-baek events.

A second axis is then found which points along
the average direction of all the PMT hits, again
weighted for the photoelectron and water absorp-
tion, as seen from the vertex. For single-track

events this second axis is highly correlated to
the first axis whereas for wide-angle multitrack
events the two axes are uncorrelated. The
isotropy angle is defined as the angle between the
first and second axes.

In Fig. 2 the event energy is plotted versus
isotropy angle for the 109 data events. (The
event energy &, represents a lower limit on the
energy released in the interaction, based on the
assumption that all particles are showering and
massless. The true energy of the event requires
the addition of - 250 MeV for each charged pion
or muon in the event. ) If the isotropy angle and
event energy are required to be greater than 20'
and 500 MeV, respectively, then 50% of the simu-
lated n~ events are accepted and pass through the
analysis chain. Three data events fall within
these cuts. Monte Carlo simulations of the ex-
pected background from atmospheric neutrino in-
teractions are consistent with the data in Fig. 1.
However, until this background is understood in
more detail no background subtraction is made
from the three events. Thus, with 6.7 events
(90%-C.L. upper limit) and a detection efficiency
of 50% the lifetime limit is 2.4x 10" yr.

This result is consistent with the above limit
of 1.7&10" yr based on the same data sample,
and so it is used as the best estimate of the limit.

The calculations of Dover, Gal, and Richard"
show that in oxygen a bound lifetime & 10" yr
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leads to a limit of T„„-&5.7x10' sec on the free-
spaee oscillation time. With this result, the
bound-lifetime limit of 2.4x10" yr translates te
a lower limit on the free-neutron oscillation time
of 8.8&10' sec.

These calculations are dependent on current
knowledge of the antineutron potential in oxygen.
Very recently Kong et«.' found that three po-
tentials are consistent with the P-nucleus data in

oxygen. The corresponding lower limits on 7„„—
range from 2.7x10' to 1.06x10' sec. Also the
connection between the bound lifetime and the
free oscillation time could be affected by any
change in the n-n transition amplitude caused by
the nuclear environment, as pointed out by Ka-
bir." Further, Baseeq and Wolfenstein" sug-
gest that dinucleon to pion transitions can occur
in nuclei.

These results should be compared with the pre-
liminary result of T„„—&1.0x10' sec for the free
nS transition at the Grenoble reactor, "and the
result of Cherry etal. ' of 7„„—&1.4x10 yr for
neutrons bound in oxygen.
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tion, especially the employees of Morton-Thiokol,
Inc. , who operate the Fairport mine. The com-
paratively peripheral distribution predicted by
Dover, Gal, and Richard" was pointed out to us
by G. T. Condo.
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