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New magnetic monopole flux limits from the IMB proton decay detector
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An improved limit on the flux of magnetic monopoles in the vicinity of the solar system is
obtained, assuming that monopoles strongly catalyze nucleon decay (the Rubakov-Callan effect).
Flux limits are presented for monopole velocities from 10™5c to 10~ !¢ and for monopole-nucleon
cross sections between 10727 ¢cm? and 102! cm?. For a representative velocity 8 ~ 10™2, and cross

section o ~ 1072* cm?, we obtain a limit F,, < 2.7 x 10~® cm™2?sr~!sec™! and for o =~ 1072° cm?,

F, <1.0x 107 cm™2sr~'sec™! at 90% C.L.

PACS number(s): 14.80.Hv, 13.30.Ce

I. INTRODUCTION

If magnetic monopoles exist and if they catalyze proton
(or nucleon) decay as suggested by Rubakov [1,2], Callan
[3], and others, then proton decay detectors, such as the
IMB detector, may be used to set limits on the local flux
of monopoles. Monopole-induced nucleon decay is more
difficult to detect than spontaneous nucleon decay be-
cause the massive monopole can invisibly carry off much
of the momentum. This means that the usual searches for
proton decay, where events with a significant unbalanced
momentum are usually interpreted as neutrino-induced
background, are not directly applicable.

The possible modes of a nucleon decay catalyzed by
a monopole interaction are not well known. However,
there have been predictions [4-6] that, if minimal SU(5)
were correct, the modes and branching ratios of monopole
catalyzed nucleon decay would be similar to those of non-
catalyzed decay (e.g., p — etn®). It is expected that
a similar situation would exist for theories other than
minimal SU(5).

Despite their high stopping power (dE/dX ~ 100 8
GeV g=! cm? for 3 < 0.1 [7]), massive monopoles (M ~
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10€ to 107 GeV for SU(5) monopoles [8]) with velocities
typical of objects in the solar neighborhood (3 = 1074 —
1073) can easily reach deep underground detectors such
as IMB.

To estimate Ac,4, the mean distance between catalyzed
nucleon decay interactions, we use Aot = 1/(0Ny),
where Ny is the nucleon density of the target. Estimates
of the catalysis cross section o are unfortunately subject
to great uncertainty, ranging from about 10726 cm? [9]
to about 107!® cm? [10] at B = 10~%. Because of this
large range of possible cross sections, summary listings
of monopole flux limits such as [11] should be interpreted
with care.

II. PREVIOUS RESULTS

The Parker bound F,,< 10715 cm~2sr~sec™ !, a limit
based on the survival of the galactic magnetic field [12],
has proven difficult to improve upon by Earth-based de-
tectors. More stringent limits can be obtained from cat-
alyzed nucleon decay in pulsars [13], and from catalyzed
nucleon decay in the sun [14-16]. These indirect astro-
physical measurements may be complemented by more
direct measurements of the monopole flux incident on the
Earth as in the case of large water Cerenkov detectors, if
the Rubakov-Callan effect exists.

Recent results from the underwater Cerenkov detec-
tor at Lake Baikal [17] put the flux limit at F,,< 2 X
1071 cm~2sr~lsec™! for B,, = 10~%. However, to
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achieve this limit, it was necessary to assume enhanced
catalysis cross sections [10], ¢ = 1072 cm? at this veloc-
ity.

The Kamiokande detector, a 3000 ton water Cerenkov
detector located in Kamioka, Japan, has also reported
[18] flux limits based on the nonobservation of monopole
catalyzed nucleon decay. These limits are F,,< 2.5 x
10715 cm~2sr~'sec™! for B,, = 10 and o = 10725 cm?.

In 1983, the IMB Collaboration published [19] a
monopole flux limit F,,, < 7.2 x 107'® cm~2sr " !sec™! at
velocities B, = 107% — 10~1, assuming a catalysis cross
section 0 = 1072% cm?. This limit was derived from the
nonobservation of multiple nucleon decay events in 100
days of live time. In the present paper we extend this
analysis, with improvements, to another 623 live days of
the IMB detector from 4 May 1986 to its shutdown on
22 March 1991.

III. NEW IMB RESULTS
A. The detector

The IMB detector was a water Cerenkov detector
[20,21] located at a depth of 600 m underground [1570
meters of water equivalent (mwe)]. It was a rectangular
cavity of 17 m width x 23 m length x 17 m height, filled
with 7000 tons of pure water and instrumented with 2048
photomultiplier tubes uniformly distributed over the six
cavity walls. A mean effective area of 4 x 10® cm? was
presented to an isotropic flux of monopoles. The detec-
tor trigger required 20 or more photomultipliers detecting
one or more photoelectrons each, corresponding to an en-
ergy threshold of approximately 20 MeV which allowed
detection of many of the anticipated modes of decay in-
cluding (but not limited to) the modes

M+p—M+etn®,
M+p— M+etnp,
M+p—M+etp,
M+p—o M+etw, (1)
M+p—sM+ptw,
M+n— M+ vn°,

and
M+n—o M+etn.

For every event, light deposition and timing for each pho-
totube is recorded. This information is recorded for 512
ns with 1 ns resolution, a period of time called the T}
scale. Immediately following the T} scale is the T scale,
wherein hit times and pulse heights are recorded for all
the tubes for an additional 7.6 us with 15 ns resolution.
A monopole with 8 = 0.1 will traverse the average thick-
ness of the detector! in one T} scale length; a monopole

!The detector thickness, averaging over all trajectories, is 15
m.
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with 3 ~ 6 x 1073 in one T, scale length.

If a monopole traveling through the IMB detector has
a sufficently high nucleon decay catalysis cross section,
02 10727 cm?, then there is an appreciable chance that
a catalyzed proton decay event will occur as it crosses
the the detector while if & > 10727 cm?, then it is likely
that several catalysis events will occur for one monopole
crossing the detector. In this paper, we discuss searches
for both scenarios: the former in the “single-hit” analysis,
the latter in the “multihit” analysis.

B. IMB data and live times

The IMB detector has operated in three different con-
figurations known as IMB-1, IMB-2, and IMB-3, distin-
guished by differing photomultiplier coverage. Data used
for this analysis are from the IMB-3 phase, although we
include earlier results from IMB-1 [19] in our flux limits.
The IMB-3 data are divided into a period when most
high light level events were not recorded, and a period
when all events were recorded.

In the first period, 629 days, most (but not all) of the
events with more than 900 photomultiplier hits on the
T scale were not recorded because they were over the
maximum light level expected for a single nucleon decay.
This limits our sensitivity to multiple catalyzed nucleon
decays during this period. The “multihit” analysis that
will be discussed in this paper uses 401 days of data from
this period. For the “single-hit” analysis, all 629 days
of this data were used. In the second period, 222 live
days, all events were recorded and all live time was used
in the single-hit and multihit analyses. Hence, the total
live times are 851 days for the single-hit, and 623 days
for the multihit analyses.

C. “Single-hit” nucleon decay analysis

The rate of events detected by IMB can be used to set
limits on the flux of monopoles in the detector. The back-
ground to a single-hit nucleon decay signal is atmospheric
neutrinos that interact in the detector. A flux model for
atmospheric neutrinos [22] and a Monte Carlo simula-
tion of neutrino interactions in the detector were used
to determine the expected number of contained events
which would survive the data analysis process [21]. The
rate of events due to atmospheric neutrinos expected in a
fiducial volume that is two meters inside the walls of the
detector is 1.00 £ 0.20 events/day [21], with the quoted
error reflecting the disagreement in the atmospheric neu-
trino flux models.

The number of events found in 851 live days is 935 [23],
which corresponds to a rate of 1.10 & 0.038 events/day.
The 0.10+0.24 events/day excess restricts the maximum
nucleon decay rate to R,, < 0.41 events/day at 90% C.L.
From this we can derive a flux limit using the formula

Fm < Rm/(47TA€1€2), (2)

where A is the effective cross section of the detector,
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4 x 10% cm? and ¢ is the efficiency for scanners to find a
monopole-interaction event, conservatively estimated by
trials with Monte Carlo events as being 90%. The quan-
tity €, is the probability for a monopole that enters the
detector volume, of producing an event that will pass the
analysis selection criteria: an event will be kept by the
analysis if it is within the fiducial volume (2 m within the
walls) and if the number of tubes hit on the T} scale is less
than 900. The probability that a monopole will satisfy
these requirements was determined by using a simulation
of an isotropic flux of monopoles passing through the de-
tector and was found to depend on the velocity of the
monopole, the catalysis cross section and, to a lesser ex-
tent, the amount of light produced by monopole-induced
nucleon decay.

The efficiency of this analysis for monopoles entering
the detector reaches a maximum of 76% at low veloc-
ities and high cross sections. The resulting flux limits
are presented in Fig. 1. Rather than parametrize the
results in terms of velocity-dependent cross sections, the
curves are presented for different constant values of o, the
catalysis cross section.? Sensitivity to high cross-section,
high-velocity monopoles is reduced because of the large
likelihood of multiple monopole interactions during the
T, scale® which would cause an event to exceed the 900
tube cutoff, while sensitivity to high cross-section, low-
velocity monopoles is increased because of repeated de-
tection opportunities on consecutive T; scales.

The data examined above include only events that light
70 or more tubes on the T; scale. Monte Carlo simula-
tions of the preferred [4] and “standard” SU(5) modes
listed in Eq. (1) indicate that these reactions almost
always produce events with 70 or more tube hits. How-
ever, if other modes that produce less Cerenkov light are
favored, these flux limits do not apply.

D. “Multihit” nucleon decay analysis

The observation of consecutive interactions of a
monopole in the detector can provide a more sensitive
technique for detection of monopoles. We have searched
for interactions on the T} scale followed by an interaction
on the T, scale (the “T1T, analysis”) and for interac-
tions on the T} scale followed by another detector trigger
within* 15 ms the (“Ty7T; analysis”).

1. The T;T; analysis

The T, T, analysis looks for events in which the number
of tube hits exceeds the background level on both the

2 A strong low-velocity suppression of the catalysis cross sec-
tion for oxygen nuclei has been predicted [10].

3A monopole experiencing multiple catalysis interactions
during the T scale would have been treated as a single event
by the single-hit analysis software, hence its inclusion in the
“single-hit” nucleon decay analysis.

*15 ms is the approximate time of flight across the detector
of a 8 = 10™° monopole.
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FIG. 1. 90% C.L. monopole flux limits from the “sin-
gle-hit” analysis for various monopole catalyzed nucleon decay
cross sections, plotted as a function of monopole velocity. In
this figure, as well as in the next, each curve is for a constant
catalysis cross section, assuming all baryons in the detector’s
water are available for catalysis interactions. The velocity
dependence of the curves is due to timing constraints of the
detector electronics and software cuts, as explained in the
text.

T, and T, scales. The background on the T; scale is
negligible, but it is substantial on the T, scale because of
phototube after-pulsing, an effect that creates false hits.
If the number of tubes hit on the T, scale exceeds the
after-pulsing level by an empirically determined margin
the event is kept. The effect of this criterion, which is
small for the preferred nucleon decay modes, and of all
other selection criteria are accounted for in the detection
efficiency.

The events that pass this criterion are checked to see if
they are entering muons. Cosmic ray muons are a signif-
icant background to this analysis because a muon event
followed by the muon’s decay can simulate two monopole
interactions.

To reject these muons, events that trigger more than
900 tubes within a 100 ns window on the Tj scale and
trigger fewer than 70 tubes in any 100 ns window on the
T, scale are eliminated. The 100 ns window is chosen so
that all of the light generated by a muon crossing the de-
tector will be included. Monopole catalyzed nucleon de-
cay would produce events that have less than 938 MeV of
visible energy which almost always results in fewer than
900 tubes hit in the detector (at least 99% of the time
for any mode). Therefore, only monopoles that interact
more than once within 100 ns could be lost by this crite-
rion. The second part of this criterion assures that events
with more than 70 tubes hit within 100 ns on the T scale
will be kept. Monopole catalyzed nucleon decay would
almost always result in events with more than 70 tubes
hit (as determined by Monte Carlo simulation), so the
efficiency of this procedure for keeping monopole events
is high [about 94% for the modes listed in Eq. (1) above].
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Another procedure for rejecting entering muons relies
on the use of an automatic event fitter to determine
whether or not the event is fully contained within the
detector. If the fitter obtains a position for the event
vertex that is within 40 cm of the detector walls and if
the fitter returns a high confidence level for that fit then
the event could be rejected as entering. However, there
must again be 70 or fewer tubes hit in 100 ns on the T,
scale before the event is finally rejected; this retains high
cross-section monopoles that might otherwise be missed.

The criteria described above reject all but about one
out of every 2000 events. The remaining events were
visually scanned by physicists. The events found to orig-
inate inside the detector are consistent with neutrino in-
teractions that produce a muon which subsequently de-
cays. They are inconsistent with monopole interactions
because the energy deposition on the T3 scale is too low
(70 or fewer tubes hit) and are therefore rejected. No
candidate monopole interactions are found by the T17T5
analysis.

2. The T T; analysis

The 777, analysis looks for multiple monopole inter-
actions inside the detector with at least one hit on each
of two successive T; scales within 15 ms of each other.
Events within 3.5 ms of a previously recorded event will
be lost due to data acquisition dead time. A sample of
693 events® contained within a fiducial volume that is
more than 2 m inside the walls of the detector was ex-
amined: the live time before and after each event was
searched for other interactions inside the detector within
15 ms. Events thus found were visually scanned by physi-
cists to determine if they were consistent with two consec-
utive monopole generated interactions. No pair of events
was found with both vertices inside the detector.

3. Combining T\T; and T:T; analysis results

From these results the following 90% C.L. upper limit
on the monopole flux can be set:

F,, < No/(4m AT« 4¢ ), (3)

where Ny = 2.3 is the upper limit on the number of
monopole interactions observed, A = 4 x 10% cm? is the
effective cross section of the detector, T = 623 days is the
live time searched, and £, is the efficiency for the scan-
ners to retain a monopole event, conservatively estimated
to be 90%.

The quantity eg is the efficiency for a monopole that
enters the detector volume of producing an event that will
pass the selection criteria outlined above (the T1T; or the

®Available from a previous search for spontaneous nucleon
decay [23].
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FIG. 2. 90% C.L. monopole flux limits from the combina-
tion of the “multihit” analysis and prior IMB results [19] for
various monopole catalyzed nucleon decay cross sections. We
have also indicated the Parker bound for 10’7 GeV monopoles
[12], and the flux limits from the Kamiokande detector [18]
and from the Lake Baikal detector [17]. The lower Lake Baikal
curve corresponds to the decay channel p — e*7°, and the
upper curve to the decay channel p — ptK*t7~.

T, T; analysis) and was determined by studying a Monte
Carlo simulation of an isotropic flux of monopoles inci-
dent upon the detector and subjected to the cuts. The
efficiency depends on three unknowns: the monopole ve-
locity, the nucleon decay catalysis cross section, and the
visible energy produced by the nucleon decay. Although
these quantities are not well known, there exist rough
predictions of their magnitudes [4,9,10]. Efficiencies for
this analysis to detect a monopole that enters the detec-
tor reach as high as 97% at low velocities and high cross
sections. It should be noted that ep is quite insensitive to
the visible energy of the nucleon decay modes because all
tube cuts are well below the light level expected from the
anticipated modes. No significant change in the value of
ep is observed in Monte Carlo simulations of the modes
listed in Eq. (1). Reactions with much less light produc-
tion might correspond to less stringent flux limits.

Figure 2 shows the flux limits obtained from this anal-
ysis, combined with those of an earlier IMB monopole
search [19]. Each curve is for a different catalysis cross
section o.

The loss in sensitivity for low cross sections at around
B = 107% is due to a 3.5 ms electronics dead time be-
tween a T3 scale and the following T scale. The highest
velocities give poor flux limits because the monopole ex-
its the detector before the T, scale is activated, giving
no chance for the event to pass the 77T criterion. High
cross sections and high velocities are especially difficult
because, for a period of time, most events with more than
900 tubes hit on the T} scale were discarded.
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IV. CONCLUSIONS

Local monopole flux limits have been obtained for var-
ious velocities and catalysis cross sections. For a reason-
able monopole velocity, 3 = 10~3, the expected cataly-

sis cross section is [17] 0 = %0_170-0/,32 ~ 10-2% cm?2
taking 0o = 1072® cm?. The factor of Z takes into

account the predicted suppression of the decay cross
section for oxygen nuclei [10]. The flux limit corre-
sponding to this velocity and cross section is F,, <
2.7 x 1071® cm™2sr~1sec™! at 90% C.L. For lower cross

section ¢ = 10~2% cm? and 107% < B < 1073, the flux
limit is F,, < 1.0 x 107*® cm~2sr~!sec™! at 90% C.L.
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