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Search for nucleon decay into leptor K final states using Soudan 2
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A search for nucleon decay into two-body final states contaikifignesons has been conducted using the
963 metric ton Soudan 2 iron tracking calorimeter. The topologies, ionizations, and kinematics of contained
events recorded in a 5.52 kiloton-year total expogdrél kton-year fiducial volume exposiii@e examined
for compatibility with nucleon decays in an iron medium. For proton decay into the fully visible final states
,u*Kg and e*Kg, zero and one event candidates are observed respectively. The lifetime lower fifBi}s (
thus implied are 1.5 10°? yr and 1.2< 10°? yr, respectively. Lifetime lower limits are also reported for proton
decay intol *K?, and for neutron decay intoK?.

PACS numbgs): 11.30.Fs, 11.30.Pb, 12.20.Fv, 14.20.Dh

I. INTRODUCTION Table | lists some proposed SUSY theories along with
their predicted decay modes of leading branching ratios and
their lifetime predictions. The expectation that two-body de-
SupersymmetrySUSY) proposes the existence, presum-cays yielding a positive-strangenel$smeson are predomi-
ably at high mass scales, of a new fermion or boson partne{ant, is seen to be a common theme.
for each boson or fermion encompassed by the standard
model. At the expense of doubling the number of elementary
particles, SUSY grand unified theorié&UTS) provide a
natural solution to the hierarchy problem, allow the extrapo- Experimental searches for baryon instability in general
lations of the running coupling constar(ishich have now and for nucleon decay into two-body modes containihg
been precisely determined at low energies and electroweakesons in particular, have been carried out for more than
unification scalesto converge at a high energy scale, maketwo decades. Among the early searches which included
accurate predictions of the Weinberg angle, and incorporatetrangeness modes were the planar iron tracking calorimeter
gravitation when locally gaugeid —4]. . experiments of KGH 13,14, NUSEX [15], and Soudan 1
Supersymmetric GUTs, such as SUSY (S)Jpermitthe  [16]. Lifetime lower limits and also observation of a few
same processes for nucleon decay as do their noryycleon decay candidate events, were reported. Among can-
supersymmetric counterparts; however, the larger mass r¢jqate sightings was a three-prong event recorded by

quirements for the GUT-scale leptoquark bosons generally;sgx having kinematics compatible with
preclude the possibility of observing nucleon decay with life-

time divided by branching ratie/B of less than~10* yr. p—utKe Klsamta (1)
Interestingly, other processes involving supersymmetric par-

ticle loops arise that can mediate nucleon decay. An example

is shown in Fig. 1 wherein the decay is suppressed by the With more exposure however, this candidate was found to
product of the color triplet Higgsino and-ino masses rather
than by the supersymmetric version of tkeand Y lepto-
quark boson§5,6]. Nucleon decay diagrams of this type give
integrals that vanish unless the transitions involve intergen- -
erational mixing. Consequently, final states containing
strange mesons are to be expected, with lifetimes predictepy
to be ~10*1—10*2 yr [7,8].

A. SUSY predictions for nucleon decay

B. Previous experimental searches fok® modes
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*Now at Sapient Corporation, One Memorial Drive, Cambridge,
MA 02142. FIG. 1. A nucleon decay amplitude in SUSY GUTs.
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TABLE . SUSY model predictions for nucleon decay into “leptoK°” final states.

Model Leading Modés) Predicted Lifetimes AuthorgRef.]
SUSY SU(5) n—wK° p—rK* ~10%t yr Hisano, Murayam#1993 [7]
Discrete G;)3 p—etK° ~10%2 yr Caroneet al. (1996 [9]
SUSY SO(10) with p—17KO° Babu and Barf1996 [10]

“realistic masses”
SUSY SO(10) n—vK? p—vK* ~10%yr Lucas and Rab(1997 [8]

AnomalousU (1) p—utKO <10%yr Irgeset al. (1998 [11]
from superstrings

SUSY SO(10) with p—I1TKO 1t70 1Ty Babuet al. (1998 [12]
see-saw masses

be consistent with background arising from interactions offt (2070 mwe on the 27th level of the Soudan Underground

atmospheric neutrinos within the NUSEX calorimeter. Mine State Park in northern Minnesota. Data-taking com-
Lifetime lower limits for proton decayl) (but including  menced in April 1989 when the detector’s total mass was
the Kg—> %% mode and for neutron decay 275 tons. The modular design allowed data-taking to proceed
0 0 0.0 while additional 4.3-ton calorimeter modules were being in-
n—vK® Kg—mm 2

stalled. The detector was completed in November 1993 at

were reported by the IMB water Cherenkov experiment in963 tons. The totalfiducial) exposure analyzed here is 5.52
1984[17]. These limits were improved upon and the scope(4-41 kiloton-years(kty), obtained from data-taking through
of search extended to oth&-meson modes in subsequent October 1998.

investigations by IMB[18—20. Lifetime limits were also Each of the 224 modules that comprise the calorimeter
obtained with the HPW water Cherenkov dete¢®i]. More  consists of layered, corrugated iron sheets instrumented with
recently, nucleon decay limits for many modes have beeuwlrift tubes which are filled with an Argon—G@as mixture.
published, including th&° modes considered in the present Electrons liberated by incident ionizing particles drift to the
work, based upon the 7.6 kton-year exposure recorded bgnds of the tubes under the influence of an electric field
IMB-3 [22]. sustained by a voltage gradient which is applied along the

Nucleon decays involvingk® and K* mesons were tubes. The drifted charge is collected by vertical anode wires
searched for using the iron tracking calorimeter experimenheld at a high voltage, while horizontal cathode pad strips
of the Frgus collaboration; lifetime lower limits are reported register the image charges. Two of the position coordinates
in Refs.[23-25. Among the highest of published lifetime of the ionized track segments are determined by identifying
lower limits for lepton plus kaon two-body modes are thethe anode wire and cathode pad strips excited; the third co-
1989 results by the Kamiokande water Cherenkov experierdinate is determined from the drift-time of the liberated
ment[26] based upon a 3.76 kton year exposure of KAM-I charge once the event “start time” has been determined
and KAM-II. [29,30.

A search for the proton decay moge—vK" in the Surrounding the tracking calorimeter but mounted on the
Soudan 2 experiment has been reported in a previous publgavern walls and well separated from calorimeter surfaces, is
cation[27]. A more stringent lifetime limit for this mode has the 1700 m active shield array comprised of 2—3 layers of
recently been published by Super-Kamiokah@8]. In this  proportional tubeqg31]. The shield enables us to identify
work we report our search in Soudan 2 for nucleon decagvents which are not fully contained within the calorimeter.
into two-body modes involvind® mesons, namely proton In particular, it provides tagging of background events initi-
decay intou"K® ande™K® with K~ K2 or K?, and neu- ated by cosmic ray muons, as will be described in Secs. Il B
tron decay intovk2. Soudan 2 has the capability to observeand Il D below.
these leading SUSY decays if indeed their lifetimes are In searches for nucleon decay into multiprong modes, the

within the ranges indicated in Table I. Soudan 2 iron tracking calorimeter of honeycomb lattice ge-
ometry offers event imaging capabilities heretofore not
Il. DETECTOR AND EVENT SAMPLES achieved by the planar iron calorimeter experiments or by

the water Cherenkov experiments. For the multiprong events

of this work, Soudan’s fine-grained tracking enables event
Soudan 2 is a 963 metric ton iron tracking calorimetervertex locations to be established to within 0 to 3 cm in the

which is currently taking data. It is located at a depth of 2340anode or cathode coordinatérift-time coordinatg relative

A. Tracking calorimeter and active shield
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to the honeycomb stadko the rest of the eventThis spatial C. Processing of events

resolution enables discrimination,+based upon proximity t0  £4:h event included in a contained event sample for phys-
the event vertex, between a promept shower and & photon g analysis has passed through a standard data reduction

initiated shower. In Soudan 2, ionizing particles having noNpain. Care has been taken to ensure that both data and
relativistic aslwell as relativistic m.omenta are |maggd Withponte Carlo simulation events pass through the same steps
dE/dx sampling. Consequently, final state topologies ar€n the chain, For an event to be recorded, the central detector
more completely ascertained, and proton tracks can be digaquires at least seven contiguous pulse “edges” to occur
tinguished from charged pion and muon tracks. These capgithin a 72 us window before a trigger is registered and the
bilities are valuable for rejection of background. calorimeter modules are read out. For MC events, the re-
quirements of thdardware triggerare imposed by a trigger
B. Event samples simulation code. All events, including both data and Monte

Events used in this analysis are required to be fully conarlo events, are then subjected tocatainment filteccode,
tained within a fiducial volume, defined to be the 770-metric-Which rejects events for which part of the event extends out-
ton portion of the calorimeter which is everywhere more tharside the fiducial volume. Taken together, the trigger and con-
20 cm from all outer surfaces. There are four distincttainment filter requirements will typically reduce a sample of
samples which are either simulatédonte Carlo eventsor ~ MC nucleon decay events by 35% to 65%, depending upon
collected(data events the decay mode being investigated.

(i) We use full detector nucleon decay Monte C4AMC), Events which survive the trigger and containment require-
simulations, including detector noise, to generate samples ahents, whether they be data eve(dsld or rock or Monte
the various nucleon decay processes considered in this workarlo eventgneutrino reaction or nucleon degayre then
Hereafter we refer to these events mscleon decay MC subjected to two successive “scanning passes” carried out
events Details concerning generation and utilization of suchby physicists[34]. Each scanning pass involves three inde-
events are given in Ref27]. pendent scans. In the first pass, multiprong events are found

(i) A full detector neutrino Monte CarlgMC) simula-  with an overall multiple-scan efficiency of 0.9833 [36].
tion, which includes detector noise, is used to generatfhe first scan pass is designed to enswent quality Here,
events representing all charged-current and neutral-currefgsidual uncontained events that have not been rejected by
reactions which can be initiated by the flux of atmosphericthe software filter are eliminated. Noise events, and events
neutrinos. Thesaeutrino MC eventsare injected into the that have prongs ending on detector cracks are also rejected
data stream prior to physicist scanning and are subsequent} this stage. In the second scanning pass, broad topology
processed and evaluated using the same procedures as uggdignments are madeack or shower—with or without a
with the data events. The Monte Carlo program is basegisible recoil proton, single proton and multipronand an
upon the flux predictions of Barr, Gaisser, and Stanewadditional level of scrutiny with regard to containment is
[32,33 and is described in a previous Soudan 2 publicatiorprovided. Multiprong events that survive both scanning
[34]. Among the ne_utrino reactions simulated, care has beepasses are then subjected to detaftgsblogy assignment
taken to includék%/K® channels; these arise at low rate from  Once topologies have been assigned, events are recon-
AS=0 associated production and froldS=1 processes structed using software tools available within our interactive
[35]. All of the atmospheric neutrino MC samples in this graphics package. Tracks are fitted using a routine that fits a
paper correspond to a fiducial detector exposure of 24.polynomial curve through all hits selected and returns the
kton-yr. range, energy and initial direction vector. There is also a

(iii) There are contained events for which the veto shieldshower processing routine which determines the energy and
registered coincident, double-layer hits. Such events usuallipitial direction vector for clusters of hits that are tagged as
originate with inelastic interactions of cosmic ray muonsshowers. The collection of reconstructed tracks and showers
within the cavern rock surrounding the detector. The muoralong with mass hypotheses for the tracks is then written into
interactions eject charged and neutral particles out of the data summary file, from which the derived quantities such
rock and into the calorimeter; these particles subsequentlgs event energy, invariant mass, net event momentum, etc.,
interact to make events in the detector. On rare occasiorgan be determined. As a measure of event resolution, we
there can be cosmic ray induced events which are unacconsalculate the difference between Monte Carlo truth and the
panied by coincident hits in the active shield; these arisgeconstructed final-state energy. The resuliig/E values
either from shield inefficiency or from instances wherein afor fully-visible final states are (192)% for multiprongs
neutron or photon with no accompanying charged particlesvith prompt muons, and (282)% for multiprongs with
emerged from the cavern walls. Contained events of cosmiprompt electrons. These values characterize reconstruction
ray origin are hereafter referred to aso¢ck events' these  for nucleon decayl(" +hadrons) events and faf charged-
can be ‘shield-taggetl or otherwise of the ‘zero-shield- current multiprongs near threshold.
hit” variety. The fractions of event samples which remain after succes-

(iv) The “gold events are data events for which the sive application of each of the above-mentioned selections,
cavern-liner active shield array registered no signal duringaveraged over the full volume of the detector, are given in
the event's allowed time window. These events are mostlyable Il for each nucleon decay mode of this study. For each
interactions of atmospheric neutrin@4]. nucleon decay mode with a particular daughter process, a
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TABLE II. Event sample survival fraction&olumns 3 through J7and channel detection efficiencienlumn 9 for nucleon decay final
states containingt® mesons. The events simulated for these Monte Carlo samples were generated within the full volume of the detector,
consequently the survival rates reported in the Containment and Event Quality columns include removal of events which extend outside the

fiducial volume.

Decay Daughter Hardware Contain- Event Topology Kinematic BR €eXBR
Mode Process Trigger ment Quality Selection Cuts
Filter Scans
p—utK2 Ke—mtm 0.97 0.67 0.72 0.56 0.88 0.69 046.03
p—utK2 K3— 7070 0.99 0.57 0.67 0.63 0.80 0.31 066.01
p—etK2 Kismta™ 0.97 0.68 0.73 0.51 0.86 0.69 046.03
p—e K3 K3— 700 0.99 0.61 0.70 0.78 0.75 0.31 0:68.01
p—utKY KP—int. 0.99 0.59 0.77 0.53 0.53 1.0 042.01
p—e K KP—int. 0.97 0.61 0.74 0.48 0.50 1.0 04D.01
n— K2 Kismta™ 0.87 0.73 0.72 0.56 0.94 0.69 0410.02
n— K2 K- 7070 (3 ) 0.93 0.68 0.61 0.31 0.90 0.31 068.01
n— K3 Ke— 770 (4 ) 0.93 0.68 0.61 0.44 0.94 0.31 0:68.01

sample of 493 MC events was generated. Fortflenodes, ~five event variablegof which several are highly correlated
the portions of the MC samples which pass all cuts excepThese include:(i) Penetration depth, measured along the
the kinematic ones are given by the top row, leftmost entriegvent net momentuntii) vertex distance to the closest exte-
of Tables Il and IV. rior surface(iii) event visible energy(jiv) zenith angle of the
net momentum vector, an@) “inwardness,” defined as the
cosine between evenﬁhet and the unit normal, pointing in-
The gold data events analyzed in this work are multiprongvard, of the closest exterior surface of the calorimeter. By
events which are mostly neutrino-induced, however a smalfitting the discriminant variable distribution from gold data
number may arise from rock events which are unaccompato a combination of neutrino MC and rock discriminant dis-
nied by hits in the veto shield array. The latter events ardributions, the zero-shield-hit rock contribution is ascer-
initiated by neutrons emerging from the cavern rock whichtained. Out of the total number of multiprong rock events
are incident upon the calorimeter. In contrast to neutrino in{with and without shield hifs the fraction of events having
teractions (or nucleon decay which distribute uniformly  shield hits isf=0.94+0.04. Among 144 gold data multi-
throughout the calorimeter volume, these events tend to ogrongs, 16-11 events may be cosmic-ray induced. Approxi-
cur at relatively shallow depth into the detector. mately 30% of the zero-shield-hit rock rate can be ascribed
Our estimate of the number of zero-shield-hit rock eventdo inefficiency of the shield array.
in multiprong data is based upon a multivariate discriminant For each nucleon decay channel, we subject the shield-
analysis of the gold data, neutrino MC data, and shieldtagged rock multiprongs to the same selection cuts which are
tagged rock sampleg37]. For this analysis, discriminant applied to data multiprongs. The number of zero-shield-hit
functions characterizing each sample are constructed usimgck events which are background for the channel is then

D. Cosmic ray induced background in “gold” data

TABLE Ill. For the p—m*KP search, the evolution of event sample populations resulting from succes-
sive application of topology and kinematic selections. The four columns to the right of each Event Selection
show survival populations for the nucleon decay simulation, for neutrino background events of the atmo-
sphericv Monte Carlo, for the rock backgroun@stimated from shield-tagged datand for gold data
events. The atmospheric neutrino and rock background populations are normalized to the 4.41 fiducial
kiloton-year exposure.

Event p—utK, Atm. v Rock Data
Selections Simulation Background Background Events
(493 evts (4.41 fid.kty (4.41 fid.kty

Track-Gap-Interact. Topology 110 2.2 0.8 1
35<I,+=<120 cm 105 2.0 0.6 1
15 cm=K path gap 80 0.9 0.5 1
200< K|° “energy” <1400 MeV 69 0.4 0.4 0
cosK}-interaction)=0 63 0.4 0.3 0
cosK?- u*)=<0 58 0.2 0.2 0
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TABLE IV. For the p—>e+KP search, the evolution of event sample populations resulting from succes-
sive application of topology and kinematic selections. Rates for surviving atmospheric neutrino and cosmic-
ray neutron-induced backgrounds are for the 4.41 fiducial kiloton-year exposure. The net back@otinds
tom row, columns two and thrare higher than those obtained for KP (see Table ).

Event p—e'K? Atm. v Rock Data
Selections Simulation Background Background Events
(493 evts (4.41 fid.kty) (4.41 fid.kty)

Shower-Gap-Interact. Topology 101 175 3.2 25
120<P,+=<500 MeV/c 92 17.0 3.1 25
15 cm=K path gap 67 14.0 2.7 18
200< K|O “energy” <1100 MeV 61 6.7 1.8 8
cosK}-interaction)=0 55 2.9 0.9 3
cosK-e")=<0 51 2.6 0.8 2

p—uKP. In most other channels, e.gp—u K2, K2
-7’70 p—e'K?, p—e'K?, and n—wK?, K2

— 797, the neutrino background is either low or otherwise
dominated bywv, flavor reactions. In fact, the only decay

channel in this work for whichv ,-flavor disappearance has a

ground in a nucleon decay search, a consideration arises Wi&'\gnificant effect on the lifetime lower limit is neutron decay

the well-known discrepancy between the observed versud— VKS, Ke—m'a™. For this particular channel, back-
predicted flavor ratiov, /v, for atmospheric neutrinos. In grounds and _correspor_1d|ng I|fet|me_ lower I|m|_ts are pre-
single track and single shower events, Soudan 2 observes tfignted both with and without correction foy, oscillations.
ratio-of-ratios ¢ ,/v. observed/expect¢dto be 0.64

+0.11 (stat.}-0.06 (syst.)[38]. From the exposure ana- IIl. CHARACTERIZATION OF NUCLEON DECAY

lyzed for this work, we estimate 12814 contained multi- REACTIONS

prong events to be neutrino events, where the uncertainty is o each nucleon decay mode, a Monte Carlo sample is
the quadrature sum of statistical error and an error from the e5ted and processed as desc,ribed in Sec. II; similarly
rock background subtraction. This can be compared to thgangied are the gold data, the contained shield-tagged rock
number of r!eut_rlno-mduced multiprong events predicted byevents, and the atmospheric neutrino MC events. These
the null oscillation Monte Carlo: 1546 events, where the gamples are used to determine the topological and kinematic
uncertainty represents statistical error from the atmosphenﬁropemeS that differentiate each nucleon decay mode from

neutrino simulation. The difference may be accounted for biher modes and from the atmospheric neutrino and the rock
atmospheric neutrino oscillations, to v,. In any case, evi- gyent backgrounds.

dence for depletion of the atmospheric muon-neutrino flux is
sufficiently extensivg39] that an accounting of the effect in
nucleon decay background rates is warranted.

The basis for our atmospheric neutrino background esti-
mates is our realistic MC simulation which uses null oscilla-
tion fluxes. The disappearance wof-flavor neutrinos result-

'ng fromiﬂ—> vx oscillations, affect§ bacl.<gr0und§ initiated sample the detector background noigem natural radioac-

by (v,+wv,) charged-current reactions; in fact, it reducestyyity and cosmic raysat regular intervals throughout the
this background component. In implementing our correctioneynosure. The effects of Fermi motion within the iron and
we further assume, as indicated by recent data,tha an  other nuclei which comprise the detector are taken into ac-
active neutrino which is not, (i.e. v,=v,) [40]. Then, the  count in simulation using the parametrization of RiefL].
predominant atmqspheric neutrino oscillation does not affecgqr two-body nucleon decays in which the final state mo-
background arising from charged-current reactions ofnenta would otherwise be unique, Fermi motion smears the
ve-flavor neutrinos, nor does it affect background from neu-momenta and thereby complicates final state identification.
tral currents. Consequently, to correct fof-flavor disap- For final states from neutrino interactions and also from
pearance, the number ofv(+v,) charged-current back- nucleon decay wherein pions are directly produced, intra-
ground events estimated from the atmospheric-neutrino MQ@uclear rescattering is treated in our Monte Carlo using a
for each nucleon decay channel, has been scaled by the flphenomenological cascade moddPl]. Parameters of the

calculated as the product {if)/f times the number of
shield-tagged rock events which pass the cuts.

E. Neutrino background rates and atmosphericy,, oscillations

In calculating event rates for neutrino-induced back-

A. Event generation

For each nucleon decay mode, five hundred events are
typically generated throughout the full detector volume.
They are then overlaid onto pulser trigger events which

vor ratio 0.64+0.13.

As described below, the neutrino background is very lowpion production observed inv

in the proton decay channefs—u K2, K&— 7" 7~ and

model, which scale with, are set by requiring that threshold
x~deuteron A=2) and
v,-neon (A=20) reactions be reproduc¢d3|. For K° me-
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sons however, inelastic intranuclear rescattering is expecter
to be small due to the absence of low-lyikgN (S=+1)  _— e
resonances and is not simulated. N ——

+ 10
p—> T K|

B. Final state kinematics 15 do i

We examined each simulated nucleon decay mode for ki-
nematic characteristics which are suitable for selection of 104
data candidates and for separation of backgrounds. Twc
guantities that are generally useful are the invariant mass 5-~g
Min, , and the magnitude of the net three-moment\ppe{,

of reconstructed final state particles. For the distribution in
either variable, there is an expectation which can be simu-@ 1000

S

lated using the nucleon decay MC events. For modes in "47% T 8 =1 800
which all final state patrticles are visible, the invariant mass i = 400 s, / 4“&@@“‘
should fall in a range about the nucleon mésss 8 MeV ey 0\ poment™™ Mome™™

binding energywhose width is determined by the resolution

of the detector. FIG. 2. (a) Simulation for decay mode—1*K2, displayed as a

If some final state particles are not observable, useful inlego plot inM;,, vs |§net| space (b) The bi-variate Gaussian sur-
formation can still be extracted from the invariant mass. Fofface fitted to the distribution ira).
example, in the case of— vKg the mass will correspond to
that of the reconstructeug. The nominal 338 MeWt KO Zp(X,y)=A ex;{
momentum from this two-body decay will be boosted by the
Fermi motion of the decaying neutron and smeared further
by detector resolution.

1

2

ax+by—pu,\?
g

o

ay—bx—puz\?
. u)
Op

) : 4

C. Selection contour in theMq, versus|pned plane Note that the two arguments of the exponentials are formu-

A scatter plot of invariant mass versus net event momentated to be mutually perpendicular lines which, when fit, will
tum can be created for the reconstructed final states for eadye collinear with the major and minor axes of the elliptical
simulation. A region in this plane can be chosen whoseontours of the sections of the Gaussian surface.
boundary defines a kinematical selection which can be ap- For each mode in which this representation of a density
plied to the data and to the background samples. For outistribution is used, a lego plot for the simulation is created
searches we consider the application of such a cut to be teee Fig. 2a)]. The seven-parameter function above is fitted
“primary constraint” and we have formulated a quantitative to the simulation using a log-likelihogg? minimization rou-
parameterization of this two-variable constraint. We observeine available in the MINUIT software packa@see Fig. 2b)
that the final-state invariant mass exhibits a distributionand Fig. 3. The bi-variate Gaussian forifEq. (4)] was
which is Gaussian to a good approximation. Similarly, thefound to provide a good fit to the nucleon decay event den-
final-state net momentum magnitude which results from thasity distribution in every case, with? per degree of freedom
folding of Fermi motion with the experimental resolution, (DOF) values in the range 0.7 to 1.3.
distributes with a shape which is very nearly Gaussian. Con- The projection of the bi-variate Gaussian surface of Fig.
sequently, the density distribution of points on the invarianty) onto theM,,, Versus|pne] plane is shown in Fig. 3.
mass versus momentum plane can be fitted by a bi-variatere, the shape of the event distribution over the plane is
Gaussian probability distribution function. In principle, when gepicted using five nested, elliptical contour boundaries. Pro-
the correlation coefficient is set to zero, the form of the fit-ceeding outward from the innermost contour, the bounded

ting function should be regions contain respectively 10%, 30%, 50%, 70%, and 90%

) ) of the event sample. From the five regions delineated, we

7 _ 1 L X pe Y~ Hp choose the 90%-of-sample contour—the outermost, solid
wpg(X,Y) = ex + . ool o .

2771/%% 2 o, op curve ellipse in Fig. 3—for quantitative use in nucleon decay

€©)] searches of this study. In particular, fppI+Kg searches
we take this outermost contour to define our “primary” ki-
where o, and o4 are the widths ange, and w4 are the nematic selection, namely: A carldidate proton decay event
means of the two distributions. In practice however, themust have reconstructedVi(,,, |Pned) Vvalues which lie
conic section may have semimajor and semiminor axes thatithin the contour boundary. Concerning the interior con-
are not parallel to the ordinate and abscissa of the graph. Twurs (dashed ellipses of Fig.)3no quantitative utilization
allow such a rotation on the plane, a new bdsibich is a  will be made. However, by superposing event coordinates
linear combination of the old variabless constructed with onto a contour set such as shown in Fig. 3, a degree of
the new mean and widths defined on that basis. The form dhsight is afforded as to whether an event sample as a whole
the fitting function then becomes exhibits the kinematics of nucleon decay. For this reason we
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1200 : In our I "K2 and vK2 searches described below, supple-
p— It KO mentary requirements are invoked using the above-
Nf31000 Monte Carlos mentioned additional search contours. Their construction
= proceeds similarly as with the primary constraint contour of
ﬁ 800 Sec. Il C; each contour represents the projection of a bivari-
?2’ ate Gaussian fit to the distribution of nucleon decay MC
§ 600 . events in two kinematic variables. A data event, in order to
= qualify as a nucleon decay candidate, must have kinematic
g 400 o . coordinates oc_curing within ea_lch contour projection_, the
s : Eo-f Eo- :; e boundary of which, by construction, includes the coordinates
= 200 kK S of 90% of the MC nucleon decay sample.
+ Ko. Ko' - 1°%°

% 100 200 300 400 500 600 700 800 V. NUCLEON DECAY SEARCH
Net Event Momentum (MeV/c) A. Search for p—»u*K2 and p—e*k2

FIG. 3. The contours of the bi-variate Gaussian surface of Fig. 2 We now consider searches for two-body decay modes
projected onto thév,,, vs |prel plane. The region bounded by the I"K2, for which the entire final state is observable in
outermost contour contains 90% of reconstructed proton decagpoudan 2. Although the standard SUSY (SUGUT models
events and defines the primary kinematic selection used to identifigsually predict lifetimes fot*K® modes to be two orders of
proton decay candidates. magnitude longer than those feK modes[44], there are

other GUT models in which a charged lepton mode could be
display interior contours along with the 90% contour in vari- enhanced9,10,12.

ous kinematic diplots of this study. With I+Kg modes, the final state will be reconstructed
with invariant mass approximating the nucleon mass and
D. Other kinematic selection contours with event net momentum within a range compatible with

i ) ) . . . Fermi motion in iron folded with the detector resolution. The

The kinematic requirement on final-state invariant mas§;inematically allowed region in the plane of final-state in-
versus net momentum combinations which the outermosf,riant mass versus event net momentum, which is obtained
contour of Fig. 3 represents, is a constraint which nucleofom Soudan reconstructions of Monte Carlo proton decay

decay will satisfy but which background processes need nQtyents. is rather similar for all modes of this kind. As shown

respect. The background rejection thus afforded can be aug; Fig. 3 and also in Fig. @), we have used simulations

gbekr;;ed using contours constructed with other kinematic Va”l'nvolving four separate proton decay modes includ'ﬂ@g to

. . ) define a “primary” kinematic selection contour in thé;,,

From trials with Monte Carlo event samples we find that, - .
with procedures to be described below, the final-state leptoderSUs| Pned plzineo. That is, Iorothe proton decay searches
prong can be identified with near certairfin final states MvolVingp—x"Ksandp—e“Ks, we require all candidate
et (mt ) and u* (7°70)] or with useful efficiency[84% events to h.ave I_<|ne_mat|cs cqmpatlble wnh the outermost
for w* (" 7~) and 82% fore* (7°7°)]. With this identi- contour deplcte_d in Fig.(4). As indicated py Figs. @), 4(c) _
fication in place, a distinction can be made between the lep2nd 4d), the primary contour alone provides a very restric-
ton and thek system.(Unfortunately, the neutral track gap (V€ Kinematic selection.
produced by the movingg is usually not large enough to be
resolved in the Soudan 2 calorimej€efhen, the kinematics
allowed for thek2 subsystem of proton decay can usefully  For tkz)is mode we examine two topologigs:three tracks
be specified by a contour boundary in the plan&@invari- ~ (from K%—”T”T*) and (ii) one track plus 3-4 showers
ant mass versu&2 momentum. A further kinematic restric- (from Kg—a%a°), In the first case, the track which
tion on momentum-sharing between the lepton andkfle ~traverses the most calorimeter material and which does not
can also be formulate¢albeit mostly redundant with con- Nave a visible scatter is taken to be thé; the other two
straints already mentiongdn terms of an allowed contour tracks are tglgged as pions. An illustrative Monte Car_lo eyent
region in the lepton momentum verski§ momentum plane.  ©f p—’:“;KS with the three-track topology, is shown in Fig.

One might expect that reconstruction of the charged piorp- ForKs— m°m° the lone track is assumed to be the muon,
tracks inp—I*K2 final state withK3—=*7~ in Monte and the showers are reconstructed astfe® system from
Carlo samples would on average yield tinvariant mass. theK3. To make optimal use of constraining variables, it is
In the Soudan detector, however, scattering processes tend4§eful and also sufficient to invoke here two distinct kine-
reduce the range of pion tracks. As a result, our reconstrudnatic contours. In addition to requiring the primary contour
tion of MC event images which is based upon track rangegonstraint on the final stat®l;,,, versus|p,.J, we require
yields an invariant mass distribution with a mean ofthe “K°” invariant mass versus momentum to fall within the
461 MeV/c?. Also, the momentum distribution of the recon- contour of Fig. 6. The distributions of each of our four event
structedK® is shifted downward by about 50 Me¥/ samples(simulation, neutrino MC, rock and dataith re-

p—utKE
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FIG. 5. Monte Carlo event with full detector response for proton
decayp—w*Kg, Kg—m*w’. Here, the anodéX) versus drift
time (Z) projection has been selected from the three scanning views
which display anode-time, cathode-time, and anode-cathode im-
ages. The open square denoted “MARK 1" depicts the recon-

Net Event Momentum (MeV/c) structed primary vertex.
FIG. 4. For proton decay modgs—|*K2, the “primary” ki-
nematic selection contoyoutermost contourtogether with event

distributions, in theM,,, versus/p,,{ plane. Distributions shoug)
the proton decay simulationdy) atmospheric neutrino MC events,
(c) rock events, andd) data events. Tha K2 (e"K2) final states
are depicted using solid circles and squdteangles and stajs

charged-currentr* 7% production. No neutrino MC events
passed the cuts for the K2 final state withK3— 7" 7~
neutrino-induced backgrounds are expected to be low for this
case[35].

From our observations of thé¢2— 77~ and 7°#° de-
cay modes, we set a proton decay lifetime limit using the

spect to the two different kinematic selection contours, forformula[23,27,45

both final states corresponding p—«*K2, are summa-

rized in Figs. 4 and 6. In Fig. 6, events that failed the pre-

ceeding contour cut are shown using open symbols. A can- T/B(pH,u+Kg)>Np>< TX
didate event is required to fall within both contoufblote

that events in Fig. 4 can populate overflow regions of Fig. 6,

e.g. the track-plus-showers event in Figdyis off-scale in

Fig. 6(d).] _ > : .
. . . . Here N, =2.87(3.15)X 10*? protons(neutron$ in a kilo-
A p(n)
S a possible addition or alternative to the contour of F'g'ton of the Soudan 2 detectdF,=5.52 kiloton years is the

6|' even; I|<|netzmat|cs cant be evaluéed usmgta cor';tour n thl%ll detector exposuréd.41 kty is the fiducial exposureand
plané of lepton momentum Versts momentum. =or our €;XB;(K) are the selection efficiencies given in Table II.

+100 - -
" Kg search, we find no improvement to be afford€or e - are the constrained 90% C.L. upper limits on the

O .
e"Kg however, such a contour provides extra backgroundyymbers of observed events, and are found by solving the
suppression and we utilize it in that seajch. equation

For theK2— 7" 7~ case, the contour cuts are 88% effi-
cient whereas fok2— 7970 the combined contour cut effi-

[€1XB1(K)+ ;X By(K)]
M1t p2 '

©)

ciency is 80%. The application of these kinematic cuts, to- Nev:1 Nev;2
gether with the branching ratio, software and scanning 20 ZO P(ng,by+umy)P(ng, byt wy)
n1=0 ny=

efficiencies, results in an overall proton-decay survival frac-
tion of (16+3)% for thng—>7T+ 7~ case and (&1)% for
K2— 7%7% No event is observed to satisfy all kinematic
constraints for either of ther final states.

For the K2 final state withk2— 7%7°, the estimated

neutrino background of 0.6 events is mostly due 1o

0.10=

6

nev;l nev;Z

> 20 P(ny,by)P(n,,by)

n1=0 ny=

with the constraint
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. F.IG' .6' For the!(% sub.system .ObH“JrKg gandidates, event FIG. 7. The plane o™ momentum versus K3 momentum
dIStrIbuthl’lS plus kinematic selection contour in the plané/gf, for p—e*K candidates, showing event distributions plus kine-
versus|pyo|. Distributions show(@ proton decay simulationgh)  matic selection contours. Distributions shéay proton decay simu-
atmospheric neutrino MC eventgc) rock events, and )ddata |ations, (b) atmospheric neutrino MC event&) rock events, and
events. Open symbol events fall outside the primary contour of Fig(q) gata events. Open symbols denote events that fall outside of the

4. primary contour and/or tth contour of thng subsystem con-
tour.
2
e.XBy(K)  €;XBy(K) ;1 € X B;(K) three kinematic constraint contours are generated for each of

(7) the two daughter modes, and the data events and both back-
_ grounds are subjected to the cuts thus specifis® Secs.
1 Hi Il C and Il D). Figure 4 shows the primary contouM(,,

VS |Pred) for this case; Fig. 7 shows the final contowr(
whereP(n, u) is the Poisson functiorg™#u"/n!, and theb; momentum versu& 2 momentun after theK® mass versus
are the estimated backgrounds. With no candidates found fa¢° momentum contour constraint has been applibe latter
eitheru " K2 mode, we obtainu; = u,=2.31. The combined contour, not shown, introduces constraints as in Fjg.I6
lower lifetime limit, at 90% C.L. and with background sub- case(ii) with 4-6 showers in the final state, the pronept
traction, is thenr/B>150x 10°° yr. shower must be distinguished from theshowers originating

Our limit for p—>,LﬁK(S’ can be compared to the channel With decaying ms. In scanning of candidate events, the
limit previously obtained with the Fjes planar iron calorim-  shower prong most likely to be the positron is chosen based
eter: 7/B>64x 10%° yr at 90% C.L.[24]. The water Cheren- Upon the topology at the primary vertex. The momentum of
kov experiments Kamiokande and IMB-3 have reported lim-the shower choser] by the physicist scanner is subsequently
its for p— . *K® which are more stringent. Lifetime limits compared to the highest momentum among the other show-
for *K° are summarized below, following the discussion €rs in the event. If the physicists’ choice is within 50 MeV/
of p—u*K? searches. of being the overall shower of highest momentum, it is ac-
cepted as the™, otherwise the shower of highest momen-
tum is chosen. In simulation, this algorithm selects the true
e’ shower in 82% of the events. Again, events that have

We examine events which have the following topologies:failed a previous cut are plotted using open symbols. Events
(i) one shower plus two trackérom ng m m7), or(ii)4  considered to be candidates are required to be inside of all
to 6 separate showergrom K2— 7°7°%. For p—e"K2,  three contours.

M1 M2

M

p—e*Ky
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For the e"K2 final state withK2— 7°#°, 75% of all

simulated proton decay events survive the three kinematic
cuts and the overall efficiency times branching ratio for this
mode is (8£1)%. Forthis case no data events pass the cuts
and 0.63 background events are expected.

Combining the observations from the two separate decay
sequences, we obtain fpr—e™ Kg a lifetime lower limit at
90% C.L. of 7/B>120x10 yr. A value of 7/B>76
X 10°° yr was reported for this mode previously by f®
[24]. Limits for e*K° are summarized below, following the
discussion ofp—e*K? searches.

B. Search forp—u*K? and p—e*K?

For proton decayp—|"KO, the Kg daughter decays ac-
count for half of the possible final states; we now consider
p—I17K}. In these decays thi] will interact hadronically
in the Soudan 2 medium before it has time to undergo 3
decay. The event topologies produced by the products of the

KlO interaction are quite varied but are usually easily discern-
FIG. 8. Data candidate for proton decgy—e*K2, K2  ible. The basic topology searched for is that of a single iso-
— o "7, shown in the cathodg) versus drift time(Z) projection.  lated lepton(either »* or e*), with the appropriate two-
body decay momentum, separated from a secondary vertex
In the case of the" K final state withk2— 7+ 7, the pro.ducefa(\jdgy. thelha(fromc prgduc'([js of u:&TUd?US Inter- ’
efficiency of all three kinematic selections combined is 86%.aCt'0n' ltional se ect|ons_ ased on t € co- Inearity” o
the event and the characteristic energy visible fromKfle

The overall efficiency times branching ratio is then 15%. Then raction products are emploved to provide discrimination
number of candidates observed is one event whereas the toffe action products are employed 1o provide disc atio

; ; om atmospheric neutrino induced background events and
;ahxpected kt)agkgroind IS 3'74 eventfs. Rourg]]hly t;vo-thlrd? %iso from inelastic interactions of neutrons originating from
1€ expected background COmeS irom charged-current - qoqme ray collisions in the cavern rock.
single charged-pion production events in which the proton is
misidentified as another pion.

p—ptK?
Figure 8 shows our single+Kg candidate in the most

o . > ] We select events whose topology consists of an isolated
orthogonal projection which for this event is the cathode muon track which appears segara'?gd from a hadronic inter-

versus drift time (Z) projection. A “prompt electrop action vertex. A Monte Carlo event for this process is shown
shower and two tracks are seen to emerge from the primar

. . th Fig. 9. This topology selection is applied to each of the
vertex_(denoted MARK 3. The mean pulse he!ght f(.)r either four samples of interest, namely tbe—>,ufK|° full detector
track is too low for a proton assignment but is typical for a

. . . _simulation, the neutrino reactions of the atmospheric
pion (or muon). The longer pion track_ trave_rs_es an INSensi-\ionte Carlo, the shield-tagged rock events, and gold data
tive module-to-module boundary region, giving rise 10 theg,ents The sample populations thus obtained are given in
apparent gap in the track. The ionization pulse heights oo top row of Table IlI; the neutrino background rétel-

this pion track indicate that the vertex at higheis a sec-  mn 3 has been corrected far,-flavor depletion byw
ondary scatter, not the primary vertex. These pulse heights, ,, oscillations as described in Sec. IIE. a

are smaller(largen before(aften the proposed scatter point.  Kinematic cuts are then applied sequentially; their nature
The kinematics of this event is, however, somewhat atypicaind order are summarized in Table Ill, and the corresponding
for proton decay. In the plane ef" versusk® momentum, event populations which survive each cut are listed for each
this event[depicted by the solid triangle in Fig.(d] lies  of the four samples. We describe below each of the kine-
within our search contour, but outside the contour whichmatic cuts individually, in the order in which they are ap-
contains 80% of proton decays surviving our selections foplied.

this mode. It is of interest to consider the “maximum” num-  The isolated lepton is imaged as a single track with ion-
ber of proton decays which could appear as in Fig. 8 andzation compatible with that of a muon mass assignment. The
which are allowed in our exposure, assuming the limits pubione muon track is required to have a length between 35 and
lished by Kamiokande, Fjes, and IMB-3[26,24,23 to be 120 cm. We then require the gap between the event vertex,
correct. Using the range of limit values reported for theidentified by the start of the* track, and theK|0 interaction

e’ K‘S’ mode(see belowand the detection efficiency for this to be greater than 15 cm. The mean path gap for recon-
channel in the Soudan 2 detect@rable Il, third row), of  structed proton-decay MC events is 30 cm, however the dis-
order 0.8 to 3.2 occurrences of proton decay resembling th&ibution is broad and extends beyond 100 cm. Since the
Fig. 8 candidate would be compatible with previous limits. secondary interactions exhibit a wide range of topologies
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' FIG. 10. Angle between thk} flight path and visible net mo-
N mentum of its subsequent hadronic interaction.
127 . :
=2l Z (cm) 502 Background from atmospheric neutrinos arises mostly from

v, -flavor charged-current reactions. With correction for

) I _ ' - oscillations, a rate of 0.2 background events is estimated for
|nt_er§ctlon |n_the_ calorimeter medium, shown in the cathode VersUso current exposure. A similar background rate is estimated
drift time projection. for rock events. The 90% C.L. lower lifetime limit based on
with no single topology occurring very frequently, we esti- the K component only is7/B>83x10¥yr. The p
mate the visible energy of the hadronic final states in a crude>x *K{ lifetime limit of 44x 10°° yr was reported previ-
way by reconstructing entire final states as single showersusly by Frgus [24].

That is, the visible energy is taken to be proportional to the From our search results qu*Kg andu"K?, we deter-
total number of gas tube crossing#its” ) among the asso- mine a lifetime lower limit for proton decay inta " K° (with
ciated tracks and showers, with each tube hit requiring abouhe K°— Kgl branching fractions includgdn the Soudan 2

15 MeV of energy. This procedure is carried out using theexperiment': 7/1B>120x10® yr at 90% C.L. Limits for
Soudan 2 shower processor; the processor fits a directiop*K® which are similarly prepare®0% C.L., background
vector to the interaction products as well as assigning agubtracte] have been published previously by Kamiokande
interaction energy. In the events of the proton decay simulaf26), Frgus [24], and IMB-3 [22]; the limit values are
tion, this estimatedl(|0 interaction energy is observed to fall (120, 54, 120x 10°° yr respectively.

within the range 200 to 1400 MeV. This interval therefore

represents our third kinematic selection. p—etK?

It is to be expected that tHé,0 interaction products will
generally travel in the original direction of thqo. We then
expect that the vector from the event vertex to ifeinter-
action and the direction vector returned by the shower pro-
cessor from theK|° interaction products, point into the same
hemisphere. Finally, sincp—m*K? is a two-body decay, o
the u* and theK? emerge back-to-back in the rest frame of Z 14
the parent proton. In the laboratory frame, Fermi motion can’y ;,
alter this back-to-back configuration. However, in almost ev- §
ery event of the simulation, the reconstrucied direction
and theKlO path gap vector point in opposite hemispheres.
These angular cuts form the requirement that the event ex
hibit a “co-linearity” such that thex™, the K°, and its
interaction products are all roughly aligned. The angular dis-
tributions for the proton decay simulation are depicted in L e r
Figs. 10 and 11. . . . . \ \ ‘ . .

The survival efficiency for proton decay to satisfy the 1 08 06 04 02 0 02 04 06 08 1
kinematic cuts alone is 53%. Combining this efficiency with cos(K? - uH
survival rates from the hardware trigger simulation, the fidu- t
cial volume cut, plus scanning and topology cuts we obtain FIG. 11. Angle between the* track and thek? flight path, for
an overall detection efficiency fgg— 1K of (12+1)%.  p—u*KP.

FIG. 9. Monte Carlo event fop— u*K? with subsequenk}

As in the case fop—u"K?, we search for a single
isolated lepton prong which appears separated from a sec-

18
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ondary multiprong vertex. We first require the shower from 800 3 P 800
the prompt positron to fall within an energy range of 120 4 P 700
MeV to 500 MeV. TheK 15 cm path gap cut is then in- Homm oL0

voked, followed by the two distinct angle cuts which require

an overall co-linearity of the shower and the gap and the 500
hadronic interaction secondaries. The numbers of back: 44
ground and candidate events which survive these selection

b) Mdl?’lprong Eventsd
Neutrino Mo (24,5 1ie kty)
hd &

600
500

400

S T

are much larger for thi®"K{ search than for thes"K} 30 30
case, as can be seen by comparing the populations tallied i _ 200 200
columns two through four of Tables Il and IV. This situa- 2 g9 ®2 Tracks 100 ®2 Tracks
tion arises because multiprong events, not infrequently, haves o o
gamma conversions which are remote from primary vertices§/ O 020 a0 60 8o 200 400 600 800
and thus mimic the topology qjee*K?. §

The interaction energy of thlé|O is again constructed by g 800 - 800 -
fitting a single shower to the interaction products. E6K?, 5 700 D RIS | e BY ity
the selection previously invoked for theo apparent energy = w0 o0

in the u " K{ search is made more restrictive; here we require
200 to 1100 MeV. The cuts and their effects on the simula- 500
tion, data and background samples are summarized in Tabl

500

o 400
V.
For our p—e*K? search, the efficiency for survival 300 300
through the kinematic cuts is 50% and théK? detection 200 200
efficiency is (11 1)%. From our null oscillation atmo- 100 @2 Tracks 100 ®2 Tracks

spheric neutrino sample, 43% of events originate with L i
v,-flavor charged-current reactions and receive correction 200 400 600 800 200 400 600 800
for v,— v, oscillations. The total neutrino background,( Net Event Momentum (MeV/c)
and v, flavor, charged and neutral currents 2.6 events. o
Our estimate for rock background without accompanying FIG. 12. Forn—vK2, K2— 7" x~, event distributions and ki-
hits in the active shield is 0.8 events. We find two gold datanematic selection contour in thé;,,, versus|p,.{ plane. Distribu-
events which satisfy all of 0w+K,O selections. The resulting tions show(a) the neutron decay simulatiofh) atmospheric neu-
90% C.L. lower lifetime limit for p—e"K? is then 7/B  trino MC events, (¢) rock events, and(d) the data events.
>51% 1030 yr. The 90% C.L. limit forp—e* K|O previously Backgroqnd events and data c_andid_ates_ having the two-track topol-
reported by Fiis is 7/B>44x 1030 yr [24]. ogy of this mode, are shown via solid circles.

From the above results we determine a limit for proton
decay intoe*K® with subsequean decay orK|0 interac-  delineated by the outer contour displayed in Fig(@l2Dis-
tion: 7/B>85x10° yr at 90% C.L. Limits fore"K® previ-  tributions of two-track eventgin which neither track is a
ously obtained by Kamiokand@6], Frgus[24], and IMB-3  proton) from the atmospheric neutrino MC and from the

S T

(=]

[22], are (150, 60, 31X 10°° yr. shield-tagged rock event sample are shown in Figgb)12
and 1Zc), where individual events are displayed as solid
C. Search forn—vK$ circles.

— 0 i The survival efficiency for the'K? final state withK

In +SL_JSY GUTS’_ the mode_ﬂ—wK _'S similar .to P atm through the topology and kinematics requirements
—vK” in terms of its underlying amplitudésee Fig. 1 o Fig. 12(a) is 53%. Multiplying this by thek2 branching
However, predictions for the relative ratesI'(n 445 (58.69 and by the survival efficiencies through trig-
—v,K/T(p—v,K") can vary significantly[8,44. It is  gering and containment criteri@able 1) we find Soudan’s
possible that amplitude factors conspire to make vK®  overall detection efficiency fon— vK2, K&— 7+ 7~ to be
predominant, and so a thorough search is warranted. (17+2)%. InFig. 12d) we observe seven events to satisfy

_ Forneutron decay intoKs, Kg— "7, events consist- the kinematic requirements ®;,, and|p,e{ as defined by
ing of two C.hargeg(”"r};pg"toh tracks are expected. For the elliptical contour. Our expectation for background is 6.1
decays leading (& s— 7 ", we expect four(or thre de- o015 of which 5.1 events are predicted to have been gen-
tectak())le showers of modest energies to result from decays @f ;o by atmospheric neutringithout oscillation and
the 7’s. 1.0 event from rock. The distribution of data events in Fig.
. 12(d) is seen to be different from one implied by the neutron
. decay simulation of Fig. 13). Out of seven data events
For this decay sequence, the kinematic region in the inwhich occur within the primary contour, only two events fall
variant mass versus net momentum plane, which containgithin a contour which includes 80% of the nucleon decay
90% of the reconstructed neutron decays from simulation, isample.

n—»VK(S), Kg—vﬂ'
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The mass versus momentum scatter plot of Figbi2 800 ) p——y 800
indicates that the neutrino-induced background for this  7g0 K, = w8 700
nucleon decay mode is significant. Of the reactions for the Monte Carlo
atmospheric neutrino MC events that lie anywhere in Fig.

12(b), we find 44% to be single-pion or double-pion produc- 500
tion events(in which only one of the pions is imageden- 400

erated byv,, or_M; an additional 42% of these events are 300
misidentified v,, or v, quasi-elastics. Electron-flavor neu-

trino reactions with misidentified electrons comprise another ~

b)  Multiprong Events
Neutrino MC (24.0 fid. kty)

600

500

>

400

300

200

S rrETETTT T

12% of the background. In the case that muon neutrinos ar(§ 100 |- A 3 Showers 100 A 3 Showers
oscillating into other-flavor neutrinos our MC predictionfor ¢  E . .1, 100010, A
the v ,-flavor atmospheric neutrino background is overesti- 3 0 200 400 600 800 200 400 600 800
mated by approximately 30%. Thus, the above 5.1 event pre S
diction for the two-track topologies must be reduced to 3.6 £ 80 ¢ - 800 -
events giving a revised rock plus atmospheric neutrino total g ) e ™ 0 = e Prong ey
background estimate of 4.6 events. The lifetime lower limit = E i
for this decay sequence with background subtraction is, a % 600
90% C.L.,7/B>40x 10 yr. 500 500 [
a00 | a00 |
n—vKS, Kl m0zm0 300 B RS
In scanning the MC events of neutron decay which pro- 200 £ . 200 |
ceeds via the daughter proce§— 7°#°, we find final 00 B 00 [
state four-shower and also three-shower configurations to b g A 3 Showers g A 3 Showers
the most likely topologies. In the following we consider T —. T ——

these two cases separately.
Three-shower final statedDistributions in the invariant
mass versus net momentum plane for this case are shown in gig. 13, Forn— K2, K°— 7%7° yielding three visible show-

Fig. 13. Candidate events are required to have kinematicg.s pistributions in thévl,,,, versus|p,e{ plane show three-shower

corresponding to the occupation of the elliptical domain de<yents of(a) the neutron decay simulatiorib) the atmospheric
picted in Fig. 18a). The detection efficiency forn  neutrino MC,(c) the rock events, ane) the data events.
— K, K& 7%7%—3 showers is 3.3%. The number of

neutrino plus rock background events implied by Figgb13 ; — -
and 13c) is 3.4 events. Interrogation of the atmospheric neu_Monte Carlo sample is composed of and ve multi-pion

{ino MC ts indicates that th trino backaround reaCproduction charged-current events in which the prompt elec-
fino events indicates that the neutrino backgrou fron shower and showers from the resultins make up the

tions are generated bye and v, multi-pion production  four reconstructed prongs. Using four-shower events only,
charged-current events. For the cases in which charged pioige |ifetime lower limit at 90% C.L. is/B>18x 10°° yr.

were produced, intranuclear charge exchange forced the ob- Gjyen the absence of a significant overall signal pattern,
served final meson state into from which the proton e have combined all three limits from the separate cases
decay products were reconstructed along with the promqtreated above. Fom—;Kg we obtain a limit of 51
electron shower. Figure 1® shows that seven candidate 0 — 0 o o

events are actually observed. From the published Kamio* 10%yr. Forn—»K® then, the lifetime limit at 90% C.L.
kande limit for this channel together with the low detectionfrom our experiment is @61030 yr. Limits for n— vK° pre-
efficiency of this experimen(Table II, row 8, we infer that  viously published by Fies [23], Kamiokande[26], and
the signal into three showers in Soudan 2 should be 0.8VIB-3 [22] are (15,86,30x 10°° yr respectively.

events or less. Thus, the possibility that our observed 3.6
event excess could be nucleon decay is disfavored. We set a
lifetime lower limit for this channel which isr/B>5.6

X10%°yr. In the lifetime lower limit determinations of this work,

_ Four-shower final statesDistributions in Mi,, Versus there are statistical and systematic errors which arise in event
|pned for four-shower events of the neutron decay simula-detection and final state recognition for each decay mode,
tion, of the atmospheric neutrino Monte Carlo, of the rockand there are errors, primarily systematic, which arise from
event sample, and of the gold data sample, are shown ibackground estimations. We review here the variations
Figs. 14a) through 14d) respectively. The overall selection which may be introduced by error sources, and estimate the
efficiency for this case is 4.9%. The number of candidateuncertaintyA /7y on the lifetime limits obtained.
events observed is twfsee Fig. 14d)] whereas the total Table Il displays the survival efficiencies for each of ten
expected background is 1.1 events. For this four-showedistinct nucleon decay plus decay sequences, through the
case, the background comprising the atmospheric neutrinselections imposed by triggering, filtering, scanning and ki-

Net Event Momentum (MeV/c)

V. STATISTICAL AND SYSTEMATIC ERRORS
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900 900 — i i i
o) P —ry b)  Multiprong Events 5)—(N] thrpugh thg estimates of background; which mcluc!e
800 F . Ko 300 Neutrino MC (24.0 fid. kty) atmospheric neutrino events and the cosmic ray muon in-
Mogte Carlo duced rock events. Uncertainties in backgrounds have little

700 700

effect on our limits forp— K2 and p— u " K? wherein
zero candidates are observed and low background is ex-
pected. This is not the case for- K2 however, for which
the numbers of candidates and background events are siz-

600 600

500 500

© P

0 E 400 ' able. The errors in our rock background estimates arise pri-
30 E 300 marily from the finite statistics of shield-tagged rock control
“§ 200 _ ot showers | 200 B4 Showers samples. Statistical errors arise from the finite size of the
© oo e L atmospheric neutrino Monte Carlo sample which corre-
72,; 190 500 400 600 800 ' 200 400 600 800 sponds to an exposure of 24.0 fiducial kiloton years. For the
K individual e"K2 and vK2 processegrows 3, 4 and 6—10 in
2 900 900 Table 1l) the above-mentioned uncertainties impyy /7y
'g g ¢)  Multiprong Events g d)  Multiprong Events ~15-20%.
> 800 - Rock (481 fid, kty) 800 — Data (4.41 fid. kty) . .
| F s Background rates for neutrino reactions are based upon

700 700 £ our atmospheric neutrino Monte Carlo, and so the estimates

600 |E 1 60 B are subject to uncertainties in the absolute neutrino fluxes

i g (20%), in neutrino cross section80%), in the treatment of

00 F : 0 intranuclear rescatterin@0%), and in the treatment of other

400 | 400 H nuclear effects, e.g. Fermi motion and Pauli blocki2g%)

300 | 300 | [47]. Inherent to our correction ofi{, + v,) charged-current

0 E o Shovers 200 3 s Showers backgrqund rates to account for neutrino pscﬂla’uonsZ is the

F, v F v uncertainty(20%) in the Soudan 2 flavor ratio. Uncertainties

100 ot o 100 S in the backgrounds, although sizable, affect the lifetime

[=1

200 400 600 800

Net Event Momentum (MeV/c) lower limit calculation through variation of the of Eq. (6);

the variation propagates to thg of Eq. (7) via solution of

FIG. 14. Forn—»K2, K°— 7%7° yielding four visible show-  E- (6) with constraint(7)—a non-linear relation. Proopagating
ers. Distributions in théV,, versus|p,e] plane show four-shower th€ above listed uncertainties through for the- vKg case,

events of(a) the neutron decay simulatiorib) the atmospheric We find A7y /7y=16%. _ -
neutrino MC, (c) the rock events, an() the data events. We conclude that the uncertainfyry /7y on the lifetime
lower limits reported here arising from the sources described

. S above is approximately 20% for proton decayiptng and
nematic cuts. Knowledge of these efficiencies is limited by K9 and may be as large as 32% fef Kg and e* K|O

the statistics and systematics of the simulation used for eac} 0
sequence. Combined statistical errors are given with the totdi"a! states, and for neutron decaytfs.
efficiency of each sequence in the right-most column of
Table Il. These errors range between 11% and 18%; as can
be seen from Eq(5), they contribute directly ta\ 7y /7.
Systematic error contributions to detection efficiencies could We report results from a search for nucleon decay into
arise through inaccuracies in the nucleon decay simulatiortywo-body, lepton-plug® final states. Current SUSY grand
including kinematic cut inaccuracies in simulation versusunified theories propose that these nucleon decay modes oc-
data. With regard to the latter, we note that the Monte Carlaur and may be predominafiRefs.[7-12]); our investiga-
calculation has been tested against data taken at the Ruthéien probes the lower range of published lifetime predictions.
ford Laboratory ISIS test beam facilifyd6]. The compari- The search is carried out using Soudan 2's fine-grained
sons were carried out using beams of electrons, muons, anrchcking calorimeter of honeycomb lattice geometry, a detec-
pions with a variety of momenta extending up totor which images non-relativistic as well as relativistic
400 MeV/c. For particle energies relevant to nucleon decaycharged tracks and providd&/dx ionization sampling. The
the comparisons are reassuring and would seem to excludilucial exposure utilized, 4.41 kiloton-years, is twice as
significant kinematic offsets. large as any previously reported using the tracking calorim-
Concerning nucleon decay simulation, an uncertaintyeter technique. For each of the decay channels investigated,
arises from inelastic intranuclear rescatteringkdf within selections have been designed which reduce the neutrino and
parent nuclei. A loss of 10% ok® born in oxygen, as a cosmic ray background to levels of few events, while main-
result of absorption, charge exchange, and large-angle scatining sufficient detection efficiency to allow a sensitive
tering, has been estimated by IMB7]. Given the uncertain- search. In each of the channels we find zero or small num-
ties in such an estimation we prefer not to include an explicibers of nucleon decay candidates; the latter occur at or below
efficiency factor, however we conclude that losses of up taates calculated for background. No evidence for a nucleon
15% in the Soudan medium are possible. decay signal is observed, and we report lifetime lower limits
Errors also enter the lifetime lower limit calculatipBgs.  7/B at 90% C.L. as summarized in Table V. In the table, the

VI. DISCUSSION AND SUMMARY
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TABLE V. Background-subtracted lifetime lower limits at 90% confidence level from Soudan 2. Correction of neutrino background for
v, -flavor depletion by oscillations has significant effect for- vK2; values without this correction are given in parentheses. Kbr
channels, we list our best measured limits obtained by summing 3rendK} channels.

Decay Mode Final State eXBR Vek Totalg, Data 7IBX 10 yr
p—utK? whmta 0.16 <0.2 <0.2 0 150
AR et 0.06 0.6 0.6 0
p—eK? etmta” 0.15 0.6 0.7 1 120
et 70x0 0.08 0.4 0.6 0
p—putK? K?— interaction 0.12 0.2 0.4 0 83
p—eK? K°— interaction 0.11 2.6 35 2 51
p—pu KO w(K2+KD) 0.17 <0.9 <1.2 0 120
p—etKO e (K2+KD) 0.17 35 4.9 3 85
n— K2 atw” 0.17 3.65.1 4.66.1) 7 51(59)
(three-showeps w7° 0.03 2.6 3.4 7
(four-showers 700 0.05 0.6 1.1 2
n— vK° p(K2+KP) 0.13 6.88.3 9.1(10.6 16 2629

limit 7/B given for eachg channel is larger than the limit |ower limits for (e"K2, e* K|O) are (120,51x10°yr, an
for the corresponding(® channel due to the branching frac- improvement upon the limits (76,44)10% yr established
tion B(K°—K2)=0.5. For theK® channels, the listed/B  previously by Frus [24,48. For the modep—e*K®, we
values represent our best measured limits obtained by sunabtain 7/B>85x 10*° yr, to be compared with previous lim-
ming thng and K? channels. Under the assumption®P  its by Kamiokande, Fjas, and IMB-3: (150,60,31)
invariance in the decay, i.eB(K°—KQ)=B(K°—K?)  Xx10% yr respectively[26,24,23.
=0.5, better limits equal to thi2 limits could be inferred. For neutron decay intoKg we observe candidates ap-
For the p—>M+Kg andp—pu™ K,O channels we estimate pearing at rates which are compatible with background esti-
the background to be less than one event and we find neates. Our lifetime lower limit for vK® is 7/B>26
candidate events. The lifetime lower limits at 90% C.L. thusX 10°° yr. Although the Soudan 2 limit for this mode is the
obtained for u*K2, 1 "KP) are (150,83 10°* yr. Previ-  MOSt restrictive ever obtained using the tracking calorimeter
ous limits for these channels, reported byjfsg24] and  technique, limits of (86,30 16°° yr have been reported by
listed by the Particle Data GroufDG) [48], are (64,44) Kamiokande and IMB-326,22.
X 10°° yr. By combining these channel limits, the limit for

p—u*K? in the Soudan 2 experiment is obtained:B ACKNOWLEDGMENTS
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