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Abstract: Stable magnetic monopoles as relics of the Big Bang are a generic prediction of Grand Unified Theories
(GUTs). Despite their large mass, galactic or cosmic magnetic fields may accelerate these particles to relativistic
velocities. Monopoles are predicted to emit several thousand times more Cherenkov light than electrically charged
particles. However, the expected flux is extremely small. Hence, large scale detectors like IceCube are required
to search for relativistic monopoles. Currently, there are two IceCube analyses concerning relativistic magnetic
monopoles. The first analysis covers highly relativistic velocities above the Cherenkov threshold and is based
on data taken with the half completed IceCube detector in 2008. The crucial challenge is to separate a possible
signal from the background of atmospheric muons which are at least six orders of magnitude more abundant. This
goal is achieved by utilizing observables such as the brightness, reconstructed direction and event topology. The
resulting limits are currently the best for monopole velocities between 0.76c and 0.995c. The second analysis
covers mildly relativistic velocities below the Cherenkov threshold with data from 2011. While traveling through
ice, the monopoles knock electrons off their atoms which produce Cherenkov light. Former analyses used the Mott
cross section for the reaction between monopoles and electrons. This analysis also uses the quantum-mechanically
more valid cross section by Kazama, Yang and Goldhaber and discusses the difference. The sensitivities for the
monopole velocities from 0.6 to 0.75c are better than recent limits from other detectors.
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1 Magnetic monopoles
No evidence for single magnetic poles has ever been found,
although already in ancient times people tried to separate
the two poles of magnetic rocks. A subtle hint on single
magnetic poles is the symmetric shape of the Maxwell
equations if magnetic sources were added.

The first consistent theory of magnetic monopoles was
formulated by Dirac in 1933 [1]. The existence of a mag-
netic charge g is directly related to the quantization of the
electric charge e

g = N
e

2α

where N is an integer and α is the fine structure constant.
Later, t’Hooft and Polyakov independently found mag-

netic monopoles as generic solutions of Grand Unified The-
ories [2]. In this context the mass of monopoles is calcula-
ble for various GUT models [3]

108GeV < M < 1017GeV

These high masses lead to the assumption that magnetic
monopoles must have been created right after the big bang
by the Kibble mechanism [4]. According to this, magnetic
monopoles are 1-dimensional, stable, topological defects.

An upper limit for the number of relic monopoles was
calculated by Parker which is based on the requirement
that the galactic magnetic field is not dissipated faster by
acceleration of monopoles than it is regenerated by the
dynamo action of the galactic disc [5]

ΦParker ≈ 10−15cm−2sr−1s−1

However, various experiments have already reported lower
limits (see Fig. 4).

2 Detection using Cherenkov light
Similar to electrically charged particles in electric fields,
magnetic monopoles can be accelerated by magnetic fields
up to relativistic velocities, even with their high masses [6].

The phase velocity of light in a medium with refractive
index n is cP = c/n. A monopole traveling with a velocity
v > cP directly induces the emission of Cherenkov light. In
ice the threshold velocity is v≈ 0.76c.

The number of photons dN per path length dx and
wavelength interval dλ can be calculated with a formula
derived by Tompkins [7]

d2N
dxdλ

=
2πα

λ 2

(gn
e

)2
(

1− 1
β 2n2

)
where β = v/c as shown in Fig. 1.

Monopoles with slightly lower velocities still have very
large kinetic energy, so they knock off δ -electrons from
the surrounding atoms. These electrons may be energetic
enough to generate Cherenkov light.

For the cross section of monopoles and electrons, previ-
ous analyses in this velocity range [8] chose the Rutherford
cross section [9] with the Mott form factor [10]. This cross
section is calculated replacing the potential energy operator
of a heavy, electrically charge by the average potential of
a magnetic monopole acting on a stationary electron. This
leads to the differential cross section
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Figure 1: Number of photons per cm produced by a muon
(solid line), a monopole by direct Cherenkov light (dashed)
and monopoles by δ -electrons with Mott (dotted) and KYG
cross section (dash-dotted).

(
dσ

dΩ

)magn.

Mott
=

(
gβ ·Ze

4T0

)2 1
sin4 θ

2

FMott(β ,θ)

FMott(β ,θ) =

(
1−β

2 sin2 θ

2

)
where θ is the center-of-momentum scattering angle, T0 is
the initial energy of the projectile and Ze =−e is the charge
of the electron. This differs from the Mott cross section for
electric charges by replacing the charge of the target Z′e
with βg.

The study presented here uses the more accurate cross
section introduced by Kazama, Yang and Goldhaber (KYG
cross section) [11]. This cross section differs from the Mott
cross section by also taking into account the spin of the
target and the vector potential ~A.

Due to the interaction of the magnetic moment of the
electron and the monopole, the spin may flip. In contrast
to the Mott cross section scattering around 180 degree
is favored. The helicity-flip and -nonflip amplitudes are
calculated for this cross section.

By definition ~A has a singularity for monopoles. The
problem was solved by using line bundles to define over-
lapping and singularity-free regions around the monopole
[12]. Using that the authors of the KYG paper calculate a
different form factor for the Rutherford cross section

FKY G(β ,Tq) =
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+2
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)4|Zeg|+2
]

where Tq(θ) is a very difficult equation depending on the
scattering angle.

The difference between the cross sections is shown in
Fig. 2. The resulting number of photons for the Mott and
KYG cross sections are shown in Fig. 1. For comparison
both cross sections are considered in this analysis.

The simulation of magnetic monopole signals and back-
ground in IceCube is described in [13].

3 IceCube
IceCube is a cubic-kilometer neutrino detector installed
in the ice at the geographic South Pole between depths of

Figure 2: Ratio of differential cross sections to Rutherford
cross section for monopoles (this is independent of β ).

1450 m and 2450 m [14]. Detector construction started in
2005 and finished in 2010. It now comprises 86 strings with
60 Digital Optical Modules (DOMs) each.

In the presented analyses data from 2008 and 2011 – the
40 and 86 string configurations (IC40 and IC86) – are used.

Each DOM consists of a Photomultiplier Tube (PMT)
and electronics to digitize photon signals. When the PMT
signal exceeds a threshold set to 0.25 photoelectrons on
a DOM, it is called a hit. If also its two neighbor DOMs
up and down the string are hit, it is called a hard local
coincidence (HLC) hit.

The DeepCore subarray includes 8 densely instrumented
strings optimized for low energies plus 12 adjacent standard
strings. DeepCore is capable to detect much fainter signals
than IceCube.

4 IC40 analysis above the Cherenkov
threshold

A search for relativistic magnetic monopoles was performed
on the 2008 data run with the detector operating with 40
strings representing a volume of ∼ 0.5 km3. The general
procedure used is that of a blind analysis. Hence the opti-
mization of the data selection is based on simulated data,
and only ∼ 10% of the experimental data, referred to as the
Burn Sample, which is used for verification purposes.

Signal datasets were generated for four different speeds,
β = 0.995, β = 0.9, β = 0.8, and β = 0.76, taking only
direct Cherenkov light into account. The flux is assumed
to be isotropic at the detector with a normalization of 5 ·
10−17 cm−2 s−1 str−1, roughly representing the lowest
limits set by BAIKAL [15] and AMANDA [16]. The
principal background consists of down-going high energy
atmospheric muon bundles induced by cosmic rays. These
are simulated in the energy range from 104 GeV to 1011

GeV, using a 2-component model with only proton and iron
primaries [17].

The event selection is focused on the brightness of the
monopoles and the reconstructed zenith direction. The
brightness is measured as the ratio of the total number of
photo-electrons (NPE), estimated by unfolding the recorded
waveforms, and the number of hit DOMs (nCh). Since the
number of DOMs within a radius r around a particle track
is proportional to r2 and the photon density approximately
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Figure 3: Final cut for signal (top; β = 0.995,0.9,0.8) and
simulated background (bottom; atmospheric µ and νµ ).

scales as exp(−r/λ ), where λ is the effective absorption
length, bright monopoles may trigger more DOMs than
an atmospheric muon bundle. However, this increase is
not enough to counter the increase in the total amount of
detected light. Thus, on average NPE/nCh is expected to be
larger for a monopole signal than for background.

Before the final cut the data is split into a high and low
NPE/nCh branch at a threshold of 31.6. This split allows to
separately handle the poorly understood background near
the horizon, which is contained in the low NPE/nCh branch
together with the slowest considered monopoles (β = 0.76).
The final cut for this branch therefore accepts only events
that are clearly up-going (cosθz < −0.2), thus avoiding
the problematic horizontal region. For the high NPE/nCh
branch the final cut is in the plane of reconstructed zenith
direction and NPE/nCh. In the up-going region, that is
largely background free, NPE/nCh is only restricted by
the split condition and no further cut is applied. For down-
going directions, where muon bundles produced by high-
energy cosmic rays dominate, a cut increasing linearly in
strength as cosθz approaches the vertical is used (see Fig.
3). The cut is optimized on background and signal Monte
Carlo by considering the combination that minimizes the
model rejection factor (MRF) [18] for an isotropic and
monoenergetic monopole flux.

After unblinding, one event remains in the low NPE/nCh
branch, which is consistent with the expected background
of about two events for the considered time period. In the
high NPE/nCh branch two event are observed whereas the
expected background is only about 0.3 events. However,
visual inspection of these two events revealed characteristics
(mainly the time evolution), which are, in contradiction with
simulations, more likely explained with an atmospheric
muon than a magnetic monopole. In the absence of a better
model for the atmospheric background, the two events
are therefore treated as signal candidates. The resulting
(preliminary) flux limits at the detector are given in Tab.
1 and are also shown in Fig. 4. The limits also include
systematic uncertainties on parameters like the sensitivity of
the DOMs or the energy spectrum sampled in simulations by

Figure 4: Limit and sensitivity of the introduced analyses
in addition to previous analyses [8, 19, 20].

averaging the MRF with an appropriate probability density
function.

Ae f f nexp Φ90
β km2 a−1 cm−2 s−1 sr−1

0.995 0.51 101.9 2.97 ·10−18

0.9 0.49 96.5 3.14 ·10−18

0.8 0.38 76.1 4.00 ·10−18

0.76 0.09 18.0 1.73 ·10−17

Table 1: Effective area, expected signal and upper limit
(90% C.L.) [21] at the IC 40 detector for a full year of data.

5 IC86 study below the Cherenkov
threshold

The first IceCube study covering the velocity range below
0.76c used 10% of the experimental data of the season
2011/12 (the IC86 Burn Sample ) for the background study.

The monopole signal is simulated with an isotropic flux
of 10−16cm−2s−1sr−1 for the velocities 0.75c, 0.7c, 0.65c
and 0.6c. For these velocities the produced light exceeds
the light produced by a muon with v = c (compare Fig. 1).
For each velocity both introduced cross sections were used
for comparison reasons.

Many experimental events comprise more than one vis-
ible track when muons from different air showers pass
through the detector at almost the same time. These coinci-
dent events get split by a global causality based algorithm
into clusters of correlated hits.

For the track reconstruction a simple least-square fit
is used which is optimized by neglecting late hits and
weighting hits far-off the track less. Based on this track
reconstruction the most important cuts are a zenith and a
velocity cut:

Since the brightness of the simulated monopole events is
similar to that of a muon, down-going monopoles would be
very hard to separate from air shower muons. The number of
these muons decreases much at zenith angles of 86 degree.
So a cut on this value is chosen to reject this background.

The velocity cut rejects muons which travel with v = c
and mis-reconstructed coincident background signals with
very low reconstructed velocity (see Fig. 5). The cut is
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Figure 5: Cut on velocity and brightness (black/white line).

softened for fainter events by using a 2-dimensional cut
with NPE/nCh as a variable for event brightness.

After these cuts, the remaining background events from
the Burn Sample are coincident events. To reject those
events a series of geometric variables are used. For example,
the size of the maximum gap between hits which are
orthogonally projected on the track and the fraction of
DOMs with hits or no-hits in a radius of 50 respectively
100 meters around the track.

Every single cut is optimized so that at least 90% of the
simulated signal are kept (not taking the signal, simulated
with Mott cross section and v = 0.6c into account).

The difference between the Mott and KYG cross section
is observed for every cut variable (for example compare
the maxima in Fig. 5). Cuts optimized for simulations with
only one cross section remove events which are simulated
with the other cross section. Therefore it is not possible to
choose the Mott cross section as a conservative estimate for
the light production.

After the cuts all Burn Sample events are rejected. This
leads to the sensitivity given in Tab. 2 and Fig. 4.

The sensitivity using the Mott cross section is better than
the ANTARES limits which are produced with the same
cross section. The sensitivity using the KYG cross section
is more than one order of magnitude below the previous
best limits and extends to even lower velocities.

Mott KYG
nexp Φ̄90 nexp Φ̄90

β a−1 cm−2s−1sr−1 a−1 cm−2s−1sr−1

0.75 110 2.2 ·10−18 107 2.3 ·10−18

0.70 95 2.5 ·10−18 113 2.1 ·10−18

0.65 19 1.3 ·10−17 113 2.2 ·10−18

0.60 0.0004 5.4 ·10−13 100 2.4 ·10−18

Table 2: Expected signal and average upper limit (90%
C.L.) [18, 21] at the IC86 detector for a full year of data.
No Burn Sample event is left.

6 Conclusion and Outlook
The IC40 analysis with velocities above the Cherenkov
threshold produced the currently best limits in the range of
0.995 to 0.76c.

The IC86 study showed that IceCube is also sensitive to
faint monopoles with velocities down to 0.6c. Looking at
Fig. 1 it seems plausible that the same analysis works for
lower velocities around 0.55c.

Since magnetic monopoles below the Cherenkov thresh-
old give very faint light signals there is also a good chance
to reach even lower velocities using the DeepCore detector
or the proposed PINGU infill.
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