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Abstract: Super-Kamiokande (SK) is a 50 kton ring imaging water cherenkov counter located in Mozumi
Japan and designed to study neutrino physics and baryon number violation. Here we summarize a search
for neutron-antineutron oscillations using the full 1489.2 day SK-I data set. The results of our search
include a 90 % confidence level (CL) lower limit on the lifetime for neutron oscillation in �� O of �����
��

�����, a factor of 4 improvement over the previous best � � �� oscillation limits for neutrons bound
inside nuclei. Using a nuclear suppression factor of � � ���� ��

�� , our new limit corresponds to a free
neutron oscillation limit of ����� ��

� seconds, an improvement of a factor of 2.7 over the previous best
free neutron limit of ��	�� ��

� seconds, as reported by the ILL reactor experiment (at Grenoble). These
new results may constrain some theories involving grand unification and supersymmetry particularly those
inolving right-left symmetry and the see-saw mechanicsm such as SO(10)

Introduction

In the twenty-five years that have gone by since the
first large (several kton) water cherekov and fined
grained nucleon decay experiments appeared in the
early 1980’s the impetus for studying �� � �� vi-
olating interactions such as neutron oscillation and
double beta decay has steadily grown. Improved
experimental limits on � � ���� and � � ����

have already ruled out the simplest �� � �� con-
serving GUT models, minimal SU(5) and MSSM
SU(5). Also it has been shown that the triangle
anomolies involving electro-weak bosons would
wash out any �� � �� conserving baryon asym-
metry above the 10 TeV scale. Thus the search for
�� � �� violating reactions has become increas-
ingly important as a potential explanation of the
observed baryon asymmetry of the universe.

The discovery of neutrino oscillations has renewed
interest in theories with Majorana spinors which
yield B and L symmetry breaking by allowing
���� � ��� � � with ����=2, as in neutrino-
less double beta decay and ����=2 as in neutron-
antineutron oscillations. These models include a

large class of supersymmetric and R-L symmet-
ric �	���� � �	���� � �	���� theories[?][0].
Neutron-antineutron oscillations have also been
predicted by recent grand unification theories with
large extra space-time dimensions [?][?]

It is notable that 
 � �
 oscillation involves a six
quark operator, which scales like ��� instead of
��� in the case of the charged X and Y bosons that
mediate nucleon decay in minimal SU(5). Thus,
an observable 
 � �
 oscillation signal in Super-
Kamiokande would imply new physics at a scale of
about 100 TeV, in a complementary energy range
to that which will be probed for new physics at the
Large Hadron Collider.

The previous best 90 % CL neutron oscillation lim-
its are from Kamiokande II, ����	
�� yrs in water;
Soudan 2, ���� 	
�� yrs in iron; and ILL (Greno-
ble), ��� � 	
� seconds for unbound (free) neu-
trons. limit of The ���� 	
�� neutron-year expo-
sure of the SK I data set is a factor of 50 higher than
all previous experiments, allowing us to improve
neutron oscillation limits in nuclei by a factor of
4.4.
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Our 
��
 simulations consist of five stages 1.spon-
taneous oscillation of an antineutron (
�) in �	 2.
annihilation of the 
��with one of the remaining
15 nucleons (7 neutrons (n) and 8 protons (p) )re-
sulting in an excited �� or ��� nucelus 3. The
production of multiple (2-6 or more)annihilation
products including an occasional gamma and un-
decayed omega meson and two to six pions(the pi-
onic phase). 4.propagation of the products of the
pionic phase through the excited nucleus (the nu-
clear propagation phase) 5. and fragmentation of
the excited nucleus to n, p, Helium, Hydrogen and
to to a larger nucleus (the fragmentation phase).

In general��

 oscillation events in the SK detec-
tor before reconstruction include an average of 4-
4.5 pion tracks with one pion track having been
absorbed in the �	 nucleus. The pionic and nu-
clear fragments that make up the event might be
expected to have nearly zero total momentum, ex-
cept for the Fermi momentum of the annihilation
�
 and nucleon (n or p) and to have total energy
equal to about twice the mass of a nucleon (about
1877 MeV). Since only about 60 % of the pionic
rings are reconstructed due to inelastic pion inter-
actions such as scattering and absorption during
nuclear propagation and the lack of perfect effi-
ciency in ring reconstruction (due to weak or over-
lapping rings and imperfections in ring fitting) and
the fact that almost all of the nuclear fragments
are below Cherenkov threshold, the average total
energy is about 60 % of the mass of the annihi-
lating nucleons.Since each of the annihilating nu-
cleons is assumed to have Fermi momentum with
a maxium magnitude of about 250 MeV/c the to-
tal momentum of a prefectly reconstructed event
might be expected to be about 250 MeV/c (1/2 of
the maximum Fermi Momentum).Since only a por-
tion of the Cherenkov rings are reconstructed the
average momentum of a simulated 
 � �
 events
is expected to be much higher due to the con-
tributions made to the total momentum vector by
the 40 % of the tracks that we fail to reconstruct,
yielding an expected mean momentum from recon-
structed Monte Carlo events of about 550 MeV/c.
Therefore an average �

 event in the SK detec-
tor is expected to have a reconstructed total energy
and total momentum of about 1100 MeV and 550
Mev/c, repsectively.Our simulations show that be-
low cherenkov threshold nuclear fragments carry

about 600 MeV of Kinetic energy (that is invisible
in SK).

As stated above, an �
 that is the product of the
spontaneous oscillation phase quickly annihilates
with one of the remaining (
 or �)nucleons in the
nucleus with equal likelihood (of 7/15 and 8/15 re-
spectively) and produces multiple (pionic phase)
anihilation secondaries with a total energy of about
twice the mass of a nucleon.

The Super-Kamiokande (SK) detector is located in
Kamioka-town in Gifu prefecture Japan. It con-
tains 50,000 tons of ultra-pure water that serves as
a source of nucleons, a target for neutrinos, and
as a medium for generation of Cherenkov radi-
ation from relativistic charged particles. Super-
K was designed to search for spontaneous baryon
number violation due to nucleon decay or neutron-
antineutron oscillation, and to study cosmic ray
neutrinos as well as neutrinos from accelerator
beams.Descriptive overviews of Super-K and tech-
nical details are given in the literature [?] Super-
Kamiokande-I(SK-I), took data from May 31st,
1996 to July 15th, 2001, using the nominal SK
fiducial volume of 22.5 kton.In the 
�����
 anal-
ysis described in this paper,the complete SK-I data
set, having a livetime of 1498.2 days, was used.

The n-nbar Monte Carlo simulations

Since the literature on �
 annihilation in nuclei
is meager, ��� and ��� data from hydrogen and
deuterium bubble chambers are used to deter-
mine the branching ratios for the annihilation final
states. The kinematics are determined by relativis-
tic phase-space including the Fermi motion of the
parent nucleons. The energy of the system is the
mass of the original nucleons minus their approxi-
mate binding energies.

Produced pions from the ��
�����
 annihilations
are propagated through the residual nucleus in 0.2
fermi steps. The pion-residual nucleus interaction
cross sections are based on an interpolation from
measured pion-carbon and pion-aluminum cross
sections to �	 . Excitation of the � (1232) res-
onancesis the most important effect in the nuclear
propagagion phase. As the pions move outward,
it is assumed that the cross sections scale linearly
with the density which decreases as the pions move
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away from the annihilation point.. The Fermi mo-
tion of the interacting nucleon and the possibil-
ity of Pauli blocking are included in the simula-
tion. We find that 49% of the pions do not interact,
while 24% are absorbed and 3% interact with a nu-
cleon to produce an additional pion or occasionally
multiple pions; the rest of the pion interactions in-
volve scattering. This gives us total and charged
pion multiplicities of 3.5 and 2.2, respectively, and
an average charged pion momentum of 310 Mev/c
with an RMS deviation of 190 MeV/c. There is
also a % probability of an �� escaping the nucleus
without decaying for each event.

In events in which a pion interactions occur, the
residual nucleus, ��N� after �
 � � and ��O� af-
ter �
�
 annihilation respectively,fragments to �H,
�H, �He, �He, n, p and a remaining large nucleus.
The final state of the nuclear fragments is simu-
lated using an algorithm that we developed bsed
upon a previous ��
� Monte Carlo used briefly in
the past at Oak Ridge National Laboratory.. Nu-
clear fragments containing more than one nucleon
are removed before the SK detector simulation
since they are below Cherenkov threshold and thus
produce no Cherenkov light.

Data reduction and reconstruction

Our analysis starts with the atmospheric neutrino
and nucleon decay data sample (collected by the
SK atmospheric neutrino and proton decay group,
ATMPD)consisting of events of total energy rang-
ing from 50 MeV to 10 GeV that are fitted in the
fiducial volume and are fully contained within the
SK inner detector. Events are selected from a com-
plete sample of SK high energy triggers and a com-
mon data filtering and reduction process used for
isolating atmospheric neutrinos and proton decay
candidate events[?]. The trigger threshold is based
on PMT hit multiplicity and gives about 10 Hz of
events above an energy threshold of about 10 MeV.
Rejection of events with significant outer detec-
tor activity or inner detector hit patterns indicative
of radioactivity or PMT afterpulsing reduces the
sample to about eight events per day, almost all of
which are atmospheric neutrinos.

Events in this sample with energies of 50 MeV
or greater are processed through the full recon-

struction program, yielding an overall event ver-
tex, the number of Cherenkov rings, and the di-
rection, particle identification, and momentum for
each ring. The vertex resolution is approximately
25 cm for events with only a single muon ring.
Each ring is identified as “showering” (�� �) or
“non-showering” (�� �� �) based on the pattern of
hits and the opening angle of its Cherenkov ring.
Momentum is subsequently determined using the
assigned particle type and the number of collected
photo-electrons in the ring after corrections for ge-
ometric effects and light attenuation.

Data Analysis

The 
 � �
 candidate events are extracted using
three criteria (’cuts’) based upon the number of
reconstructed Cherenkov rings, the visible energy,
and the total momentum and total invariant mass.
The visible energy is defined as the energy of a
showering electron that would have given the same
number of photoelectrons as seen in the event. The
total momentum is defined as ���� � �����	


���� �
and the total invariant mass is defined using���� ��

���	
 �
��
���.

FIG. 1. compares distributions for our recon-
structed kinematical variables for the 
 � �
 MC,
atmospheric neutrino MC and the data. FIG. 2
shows our signal box after all previous cuts have
been made. Requiring more than one reconstructed
ring eliminate about 64% of the background (atmo-
spheric neutrino) events. The other cuts reduce the
atmospheric neutrino background to .16%, while
retaining 10.4% of the signal events.

For an assumed upper limit on the number of ob-
served signal events S, the oscillation lifetime is
given by

���
� �
��� � �

�
� (1)

where � is signal detection efficiency, � is num-
ber of neutrons inside of fiducial volume, and � is
detector livetime.

The cuts in FIG. 1 were chosen to maximize ��
�
� ;

As mentioned in the introduction of this paper,the
average total momentum is higher (about 450
MeV/c as opposed to 250 MeV/c) and the total en-
ergy lower (about 1000 MeV as opposed to about
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Figure 1: The distributions of variables: (a) Num-
ber of rings, (b) Visible energy after passing (a), (c)
Total momentum (Ptot) after passing (a) and (b),
and (d) To tal invariant mass (Mtot) after passing
(a) and (b).

twice the mass of the nucleon or about 1877 MeV)
for the simulated (Monte Carlo) 
 � �
 events.
These kinematic differences have two casues pion
interactions during the nuclear propagation phase
which on average results in the conversion of about
600 MeV of pion energy to nuclear fragments that
are below cherenkov threshold and because our
analysis is only able to reconstructs about 60 % of
the cherenkov rings in an event.

Background Events

The most significant source of background events
for 
 � �
 oscillations is the interactions of at-
mospheric neutrinos.. We studied backgrounds
by using a Monte Carlo simulation that contained
as many atmospheric neturino interactions as one
would expect from a 100 year exposure of the SK
detector. A detailed description of our background
simulations is given in [?]. This 100 yr background
sample indicates that we should expect 21.6 at-
mospheric neutrino interactions in the 1489.2 day
SK-I data set (and exposure)and includes the ef-

Figure 2: Total mometum vs. invariant mass.

fects of atmospheric muon neutrino oscillations.
The main contribution to our background sample
comes from neutrino interactions that produce sin-
gle pions via (delta and other nucleon) resonances
and through multi-hadron production. The rea-
son that these single pion production events are
such an important source of background is that
produced hadrons and their secondaries yield mul-
tiple Cherenkov rings, that can easily mimic the
multi-ring events that we expect from �
 annihila-
tion. This conclusion is in agreement with Fig.1 (b)
which shows that the average �
 annihilation event
produces about 3.5 rings.

Systematic errors

The sources of the systematic uncertainties of de-
tection efficiency and background rate are listed
in Table II and III. The main source of the sys-
tematic uncertainty of detection efficiency is the
pion-nucleon cross section in nucleus. We esti-
mated the uncertainty by changing�-nucleon cross
sections, and found the corresponding error to be
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about 12.5%. The uncertainty of the detection ef-
ficiency is 15.2%, in total. The systematic uncer-
tainty of the background rate largely comes from
neutrino cross sections(18%), and energy scale of
the Super-Kamiokande (12%). The uncertainty is
32.1% in total.

Uncertainty (�)
Detection Efficiency 14.9
fermi momentum 4.2
annihilation branching ratio 5.2
un-uniformity of detector gain 4.0
energy scale 1.7
ring counting 0.6
nucl prop (model dependence) 1.7
nucl prop (cross section) 12.5
Exposure  3.2
detector livetime  0.1
fiducial volume 3.2
Total  15.2

Table 1: Systematic uncertainties in efficiency and
exposure.

Results

We find 20 candidate events in the signal box
which agrees very well with the expected num-
ber of background events of 21.6. Using Bayesian
statistics with a flat prior for the 
�
 lifetime and
including all systematic errors our 90% !� limit
for the oscillation lifetime is 	���� 	
�� years.

The lifetime of a neutron bound in a nucleus is
much larger than that of a free neutron ("����) due
to the different potentials experienced by n and �
.
The relation between the two lifetimes is

� �#
$��
������� � % � "��
��&���� (2)

where R is estimated to be 	�
� 	
���.

Thus our result corresponds to "���� � ����� 	
�

seconds compared to "���� � ��� � 	
� seconds
measured at ILL/Grenoble.

Uncert.(�)
Neutrino Flux 21.5
flux absolute normalization 20
flavor ratios 0.1
������ ratio 0.9
���� ratio 0.8
up/down ratio -
horizontal/vertical ratio -
��� ratio 5.2
energy spectrum 5.8
Neutrino Cross Section 18
'� in quasi-elastic and single-� 4.4
QE scatttering 0.4
single-�production 2.8
multi-� production 15.9
coherent � production 0.1
NC/CC ratio 6.2
mean free path in �	O 2.7
Un-uniformity of Detector Gain 9.0
Energy Scale 12.0
Ring Counting 4.3
Total 32.1

Table 2: Systematic uncertainties in background
rate.

Conclusions

Previous n�
 experiments using water Cherenkov or
iron calorimeter detectors utilized Bayesian or fre-
quentist statistics without including systematic er-
rors in their final limits. Following this procedure
would have given us a limit of ���� 	
�� years.
Thus our measurement improves the previous best
limits for bound neutrons by a factor of 4.4. We
hope to improve our limits significantly with the
inclusion of SK-II and SK-III data.Our results may
help to constrain theories of grand unification in
particular those that include R-L symmetry and the
see-saw mechanism.
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