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Abstract: The IceCube Neutrino Observatory is a large Cherenkov detector integrated into 1km3 of Antarctic ice.
Besides the detection of highly energetic astrophysical neutrinos, the detector can be used to search for signatures
of exotic physics. This work is the search for subrelativistic, magnetic monopoles as remnants of the GUT era
(Grand Unified Theory) shortly after the Big Bang. These monopoles can be detected by the Cherenkov light from
nucleon decays, which are catalyzed via the Rubakov-Callan effect along the trajectory of the monopole. In this
paper the results of the analysis of first data taken from May 2011 until May 2012 with a dedicated slow-particle
trigger for DeepCore, a subdetector of IceCube, are presented. For the brightest monopoles a different analysis
technique is applied. We present the results of a corresponding analysis applied to data taken from May 2009 until
May 2010 with the 59-string configuration. In both analyses no monopole signal has been observed and their
flux can be constrained to a level three orders of magnitude below the Parker bound. These results improve the
current best experimental limits by more than one order of magnitude for a wide parameter space of monopole
velocity and catalysis cross section. Since May 2012 a dedicated trigger is running on the full IceCube detector
and multiple improvements for future searches for subrelativistic magnetic monopoles have been developed.
Based on this the sensitivities of a future analysis are presented.
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1 Introduction
Magnetic Monopoles were first postulated by Paul Dirac
in 1931 [1]. By introducing a magnetic source term the
Maxwell Equations could be symmetrized. As a direct
consequence, Dirac’s theory would give an explanation for
the quantization of the electric charge.

Grand Unified Theories (GUT) lead to predictions of
magnetic monopoles once more. Since a unified theory
must include the electroweak theory, a U(1) factor for
the electroweak theory must be left over when the unified
symmetry was broken. Based upon this fact t’Hooft and
Polyakov [2, 3] predicted independently of each other the
existence of magnetic monopoles. Those monopoles could
have been created as topological defects during the phase
transition 10−36 s after the big bang.

Until now the existence of magnetic monopoles has not
been proven experimentally. In the last thirty years many
different experiments have been performed in order to detect
magnetic monopoles. So far only upper limits on the flux
could be set. The best direct flux limit on subrelativistic
magnetic monopoles has been published by the MACRO
collaboration [4] after 10 years of measurement.

Following the hypothesis of Rubakov [5] and Callan [6]
monopoles should catalyse proton decays. This process pro-
vides a promising detection channel, especially for subrela-
tivistic monopoles. Water Cherenkov Neutrino Detectors
are sensitive to such a signal.

2 IceCube detector
With an instrumented volume of about 1km3 the IceCube
Neutrino Observatory is well suited to search for rare parti-
cles, such as magnetic monopoles. The IceCube detector
consists of 5160 digital optical modules (DOMs), deployed
on 86 strings in the clear Antarctic ice at the geographi-
cal South Pole at depths between 1500m and 2500m. Each
DOM consists of a photomultiplier tube, a high voltage gen-
erator and signal digitization hardware packed into a pres-
sure glass vessel. The average horizontal spacing between
two strings is about 125m, the vertical spacing of DOMs
along a string is 17m.

Eight strings in the center of the detector have been
deployed with a denser spacing of about 75m between
the strings and 7m DOM spacing along one string. This
infill array is the low energy extension of IceCube, named
DeepCore.

2.1 Signature of subrelativistic magnetic
monopoles

The key mechanism to detect subrelativistic, magnetic
monopoles in IceCube is the Rubakov-Callan effect.
Monopoles themselves, but also secondary particles pro-
duced in ionization processes of the surrounding matter,
are too slow to emit Cherenkov light while propagating
through the detector. The signature of these monopoles
are electromagnetic or hadronic cascades from catalyzed
nucleon decays along the monopole track. The energy of
each cascade, and therefore the number of Cherenkov pho-
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tons, depends on the decay channel. For the most promising
channel p→ e+π0 an electromagnetic cascade with almost
the full proton’s rest energy is produced, which results in
about 104 optical Cherenkov photons [7]. Therefore, the
signature searched for is the Cherenkov light of consecu-
tive cascades with mean distances λcat along the track of a
slowly moving particle. The characterizing properties of
such subrelativistic, magnetic monopoles are the velocity β

and the mean free path λcat. The corresponding catalysis
cross section can be calculated with σcat =

1
λcat·n , where n

is the particle density of the material.

2.2 Trigger
The triggers in IceCube were optimized for relativistic
particles. Bright monopoles with a cross section above
σ = 1.7 ·10−23 cm2 can still trigger the standard triggers,
but the monopole signature may be split into subsequent
events.

Since May 2011 a dedicated trigger – called Slow-
Particle-Trigger (SLOP trigger) – for the search for subrel-
ativistic magnetic monopoles is part of the IceCube Data
Acquisition [8]. In the first year the trigger has been active
only on the subdetector DeepCore. Since May 2012 a modi-
fied version of the trigger is running on the full 86-string
detector.

The purpose of the SLOP trigger is the identification
of temporarily isolated local coincidences caused by con-
secutive nucleon decays along the monopole track, which
have to be consistent with a track from a particle moving
at constant velocity β � 1. The trigger is based on local
coincidences between two neighbouring DOMs (Fig. 1a).
Using only temporary isolated coincident pairs will reject
muon hits (Fig. 1b) since muons pass the detector within
microseconds and therefore will produce several coincident
hit pairs within a short time. The remaining pairs that fall
into a given time-window are combined into groups of three
(triplets) (Fig. 1c). From all possible combinations, only
those triplets are kept, which fulfill two criteria that ensure
their consistency with a track-like signature: (1) the time
difference between the hit pairs has to be consistent with a
constant velocity, (2) the hit pairs from the triplets have to
be ordered along a straight line (Fig. 1d). Due to different
geometries of DeepCore and the full 86-string detector, the
implementation of the latter parameter differs between the
trigger of the 2011 season and the 2012 season.

Finally, if the number of triplets overlapping in time,
ntriplet, is greater than three (2011) or five (2012) the trigger
launches and the complete detector data is read out. The
trigger rate is about 2Hz for the 2011 configuration and
13Hz for the 2012 configuration.

3 Searches for bright monopole signal
The first analysis presented here uses the data from the
59 string configuration of IceCube, which was active in
2009. At this time the detector did not have any dedicated
slow particle trigger. The data set has a live time of 311.25
days. The simulated signal is divided into two parts, the
first one corresponds to bright monopoles with σcat = 1.7 ·
10−22 cm2 (i.e. λcat = 1mm) and the second corresponds
to a dimmer signal with σcat = 1.7 ·10−23 cm2 (i.e. λcat =
10mm). Simulations cover monopoles with velocities β =
10−2 and β = 10−3. The 2009 data set contained 2.3 ·109

events, vastly dominated by events due to the background of
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Figure 1: Illustration of a trigger process. The times and
positions are arbitrary, the x- and y-axis correspond to
spatial axes and the colorbar corresponds to a time scale
[8].

atmospheric muons. Therefore the first step of the analysis
consists of a background reduction. The cut parameters
are based on the time the monopole track takes to cross
the whole detector and its reconstructed velocity [9]. The
former parameter is calculated from the time difference of
the last registered hit and the first one by a DOM. Two sets
of selection criteria were optimized for the two simulated
catalysis cross sections. The applied cuts on those variables
reduce the data rate by a factor close to 10−4, while the
signal efficiency is kept above 34% for λcat = 1mm and
14% for λcat = 10mm. To reduce the data rate further
a MultiVariate Analysis is adopted, which uses Boosted
Decision Trees (BDTs). For each (β ,λcat) set we train BDTs
using 5% of the experimental data set. The input variables
used to train the BDTs, are based on the time, position and
charge of hits and their correlations. The final selection
criteria, cuts on the BDT score, are optimized for every
combination of (β ,λcat) in order to minimize the Model
Rejection Factor (MRF) [10]. The number of expected
background events in the full data set is determined by
extrapolating the tails of the BDT-score distributions with
an exponential.

After unblinding, one event is observed, surviving the
cuts for (β = 10−3,λcat = 1mm). This event consists of two
highly energetic vertical muons close in space (firing neigh-
bouring strings) and in time. Figure 2 shows the BDT distri-
bution of the corresponding parameter set after unblinding.
The remaining event is compatible with background, more-
over the estimated number of expected events from the fit
is 4.79+0.65

−0.57. The flux limits obtained from this analysis are
shown in Figure 6.

4 Search with DeepCore triggered data
The experimental data set recorded between May 2011 and
May 2012 with the SLOP trigger applied on DeepCore has
a live time of 351.04 days with a total number of about 50
million triggered SLOP events.
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Figure 2: Distribution of the BDT scores, after unblinding,
for data and signal with λcat = 1mm and β = 10−3. The
dot-dashed line shows the optimized cut on the BDT score
obtained from the Model Rejection Factor method. One
event survived the BDT cut, this event is compatible with
background.

For the analysis of this data set a robust approach is cho-
sen, which uses a two-dimensional final selection criterion
based on the number ntriplet and the reconstructed veloc-
ity. While the background distribution decreases rapidly
for high ntriplet, the signal distribution is almost flat (Fig.
4). The background for this analysis mainly consists of un-
correlated random noise. Since the analysis takes into ac-
count only coincident hit pairs selected by the SLOP trig-
ger, which has an integrated muon veto, the influence of
atmospheric muons can be neglected. The cuts on ntriplet
are optimized and defined before unblinding the full experi-
mental data [10].
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Figure 3: ntriplet-linefit-velocity distribution of one year
experimental data. Additionally, the final cuts on ntriplet
(dashed red) and the two velocity regions (dashed black)
are shown.

Using the linefit [9] to estimate the velocity of a particle,
the data can be separated into two velocity regions. Since

the reconstructed velocity of most of the background events
is slower than β = 10−3 (Fig. 3) a lower ntriplet cut for
β = 10−2 monopoles can be chosen. Therefore, the sensitiv-
ity for faster monopoles has been increased. Figure 3 shows
the ntriplet-linefit-velocity distribution of one year experi-
mental data including the final cuts. After those cuts only
one experimental event with ntriplet = 34 and vlinefit = 1.15 ·
10−3 m/ns remains. Thus, upper limits on the flux of subrel-
ativistic magnetic monopoles can be derived. For the back-
ground estimation a model based on a generic ansatz [11]
has been fitted to the ntriplet distributions (Fig. 4) of both
velocity regions. The deviations at small ntriplet could be ex-
plained by not taking into account the correlated noise. Us-
ing this fit the total expected number of background events
can be estimated by nmedian

b = 3.18+1.74
−1.09, which is consis-

tent with the one observed event.
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Figure 4: ntriplet distribution for events with a slower recon-
structed velocity. The black data points show the distribu-
tion of one year experimental data. The signal distributions
are shown with decreasing λcat in blue, red and green. Also
the fitted background model P(n |µ, p) is shown (purple)
[11]. Additionally, the final cut on ntriplet is shown (dashed
black).

5 Search with the full detector
The data set from the 2012 season, taken from May 2012
until May 2013 with a live time of 352 days, consists of
about 400 million triggered SLOP events. The analysis of
this data is currently ongoing. By using the full 86-string
configuration of IceCube instead of the DeepCore sub-
detector only, the effective area of the trigger increased by
one order of magnitude.

With an average event length of 1.3ms SLOP data are
dominated by uncorrelated noise. At the first step a hit
cleaning is performed, where only hits are chosen which
are accompanied by another hit in the same DOM within a
given time. Contrary to relativistic particles, slowly moving
particles will create subsequent hits in the same DOM,
because they remain in the DOM’s vicinity long enough.

In the next step a common object tracking algorithm,
the Kalman Filter [12], is applied to the cleaned hits. The
algorithm is seeded with a linefit along the triplets from
the trigger. In three iterations, track-like hits are selected.
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Figure 5: ntriplet - Kalman Linefit velocity distribution of
2.8 days experimental data. The data is split at β = 10−3.1.

A new linefit along the Kalman-selected hits provides an
improved direction and velocity reconstruction [13].

To demonstrate the potential of the new trigger configu-
ration and the Kalman Filter, a sensitivity has been derived
using a similar approach as in the analysis of the DeepCore
data. The reconstructed velocity can be separated into two
regions of equal number of events, a slow region with veloc-
ities of β < 10−3.1 and a fast region with β ≥ 10−3.1 (Fig.
5).

The bigger size of the full detector leads to an increase of
the number of triplets due to combinatorics. For velocities
in the slow region a cut on ntriplet is not efficient anymore. A
new analysis technique is currently being developed, using
improved cleaning and a multi-variate approach.

The tail of the ntriplet distribution is fitted with an ex-
ponential function with χ2/ndof = 1.57. The final cut on
ntriplet for the fast and the slow samples are optimized using
the Model Rejection Factor (MRF).

6 Results
The flux limits on subrelativistic magnetic monopoles de-
pend on the monopole velocity β and the catalysis cross-
section σcat. They are based on the Rubakov-Callan effect
and the assumed proton decay channel. Also an isotropic
monopole flux is assumed.

The limits are calculated by the Feldman and Cousins ap-
proach [14] and take into account all uncertainties in back-
ground and signal prediction. The sensitivity is derived us-
ing the same method, but does not take systematic uncer-
tainties into account.

Figure 6 shows the flux limits of the IC59 and the Deep-
Core analysis, together with the sensitivity of the analysis
of the 2012 data and the MACRO limits as comparison.
Except for λcat = 3m (σcat = 5.5 ·10−26 cm2) the flux lim-
its are improved by an order of magnitude or more (Fig. 6).
Moreover, the monopole flux can be constrained to a level
up to three orders of magnitude below the Parker bound
[15]. The ongoing analysis is expected to be sensitive to
monopole fluxes one order of magnitude below the flux lim-
its presented here.

Figure 6: Limits and sensitivity of the IceCube slow
monopole analyses in comparison with MACRO [4].
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