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This study presents a novel search for magnetic monopoles using data collected over a 14-year
period (2008-2022) by the ANTARES neutrino telescope. The interaction of magnetic monopoles
with matter was modeled using the Kasama, Yang, and Goldhaber cross-section. Upper limits on
the flux of magnetic monopoles were derived for velocities both above and below the Cherenkov
threshold. No events consistent with the passage of magnetic monopoles were detected, allowing
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to set an upper flux limit of 5.6 X 107" cm™2 s~! sr~! for ultra-relativistic monopoles and

3.4x 107" cm™2 5! sr! for slow monopoles.
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1. Introduction

According to Grand Unified Theories (GUTs), magnetic monopoles are expected to have formed
during a phase of symmetry breaking in the early universe. Over time, they would have been
accelerated by galactic magnetic fields, acquiring significant momentum. These particles, having
such high energies, might be able to pass through the Earth and produce observable signals in a
Cherenkov-based detector, such as ANTARES (Astronomy with a Neutrino Telescope and Abyss
environmental Research). Several searches for magnetic monopoles have already been carried out
using neutrino telescopes. The ANTARES collaboration, for instance, published results based on
data sets of 116 days [1], 1012 days [2], and 2480 days [3], while the IceCube collaboration also
reported its findings in [4]. These results are shown in figure 4.

The present work builds upon these earlier efforts by analyzing a significantly larger dataset (3286
days) and employing an improved background rejection model. It represents the culmination of the
ANTARES collaboration’s search for magnetic monopoles, presenting the final results based on the
full ANTARES data.

2. Magnetic Monopoles and Their Signals in Neutrino Telescopes

Magnetic monopoles are hypothetical particles carrying a single magnetic charge and are compelling
predictions of theories that extend beyond the Standard Model, particularly Grand Unified Theories
(GUTs). Dirac first demonstrated that the existence of even a single monopole would explain the
quantization of electric charge [5]. Their magnetic charge g obeys the Dirac quantization condition,
defined as an integer multiple of the fundamental unit gp:

g=ngp, with gD:h—C:iz68.5e D
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Here, e denotes the elementary electric charge, ¢ the speed of light in vacuum, 7 the Planck
constant, and @ = 1/137 the fine-structure constant. Later, 't Hooft [6] and Polyakov [7] showed
that monopoles naturally emerge as topologically stable solutions in any GUT where a simple gauge
group breaks down to a subgroup containing U(1).
Magnetic monopoles traversing a medium emit light through several mechanisms: direct Cherenkov
radiation, indirect Cherenkov emission from ¢-rays, and luminescence. The dominant Cherenkov
component is governed by the Frank—Tamm formula [8]:

e
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which applies when the monopole’s speed exceeds the Cherenkov threshold (8 > c¢/n =~ 0.75),
resulting in a photon yield that increases with the monopole’s velocity.
Monopoles therefore emit approximately 8200 times more Cherenkov photons than minimally ion-
izing electrically charged particles at the same velocity. Below the Cherenkov threshold, monopoles
produce light primarily through ¢-ray induced indirect emission, which is computed by integrat-
ing over the kinetic energy spectrum of secondary electrons, while Luminescence is modeled as
being proportional to the monopole’s energy loss, which becomes dominant in the velocity range
0.1 < 8 < 0.55. The combined photon yield across these processes is plotted as a function of S in

Figure 1.
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Figure 1: The figure shows the number of Cherenkov photons emitted per centimeter in seawater by a
magnetic monopole carrying a Dirac charge (orange line), as well as by d-rays generated along its trajectory,
modeled using the Mott (green line) and KYG (red line) formalisms. Additionally, the contribution from
luminescence processes is shown (magenta line). For comparison, the direct Cherenkov light yield from a
relativistic muon is also displayed (blue line) as a reference.

3. Simulation

The magnetic monopole (MM) simulation was performed using the Stmon framework [9], developed
by the ANTARES collaboration. It is based on the GEnneEU and GEasim Monte Carlo generators,
which simulate monopole passage through the detector. In practice, GENNEUVSr] and GEAsIM v4r9
were used: GENNEU generates tracks on a cylindrical volume surrounding the detector for each
velocity bin defined by the cut parameter, while GEasim processes these tracks to produce the
detector’s response to monopoles with magnetic charge g = gp. Photon emission, both direct and
¢-ray induced Cherenkov light was simulated within the sensitive range of the ANTARES optical
modules (300—-800 nm). Monopoles were generated uniformly over the upper hemisphere and below
the detector. The final simulated sample includes as up-going events with velocities in the interval
B € [0.55, 0.995], subdivided into ten equal-width bins.

4. Event selection

To suppress the background from atmospheric muons and neutrinos, a set of selection criteria is
applied. The first condition targets the zenith angle of reconstructed tracks, requiring 6epimn > 90°,
which selects only up-going events, effectively using the Earth as a natural filter to eliminate
downward-going background particles. The second condition ensures reconstruction quality by
retaining only events with at least two detector lines (njines = 2). A further cut is applied on
the track fit quality parameter, requiring x> < 10, in order to select well-reconstructed tracks.
Additionally, the event selection favors track-like events by comparing the fit quality of track
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Figure 2: Distribution of Ny, for atmospheric muons (red histogram) and atmospheric neutrinos (blue
histogram), with a 35% uncertainty band shown in gray. ANTARES data, based on a 10% burn sample,
are also included for comparison. Simulated magnetic monopole signals are presented for four velocity
intervals: 8 € [0.9505, 0.995] (green), 8 € [0.906, 0.9505] (yellow), 8 € [0.8615, 0.906] (magenta), and
B € [0.817, 0.8615] (cyan).

hypotheses 72 to that of shower hypotheses by?, retaining events where the track fit is superior.
The number of optical modules (storeys) with recorded hits, Ng, is used as a discriminant variable,
given that magnetic monopoles are expected to emit significantly more light than ionizing particles.
To effectively combine reconstruction quality and brightness into a single variable, a parameter a
is defined as:

2
@ = 2 o 3)
13+(004X( sh_Ndf))

where Ny is the number of degrees of freedom in the fit, the @ parameter enhances the separation of
magnetic monopole signals from background by penalizing poorly reconstructed or low-brightness
events. A comparison of the Ny, and « distributions between data and simulation shows good
agreement, validating the selection strategy.

5. Event Selection Optimization and Background Modeling

To estimate the residual background, the low-statistics tail of the Ny, distribution of atmospheric
muons is modeled by fitting a Landau function and extrapolating into the signal region. This
fit, combined with the atmospheric muon rate defined in equation 4, yields the total expected
background used in the sensitivity evaluation.

s S New (@) der
Natm,muon (Nsh,cut, acut) = Landau(Nsh) sth T o . . .

4
Nsh,(_ut f ev(a’) da ( )
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The analysis optimizes the sensitivity to magnetic monopoles by tuning selection cuts separately
for each velocity bin. The 90% confidence level sensitivity is calculated according to the Feld-
man—Cousins approach applied to a Poisson-distributed events.

oo (np)

st = )
Aeyprlem? sr| x T[s]

Sgo% [Cn’l_2 S~

®)

where T is the duration of data taking, nj representing the number of expected background events
in the 90% C.L. interval (u90), fi9p and Ay ¢ are defined as:

Nobs

> n
oo (np) = Z ﬂ9onb e, (6)
Nops=0 obs:
nypm
Acff = , @)
eff (I)MM

with Nypv is the number of simulated magnetic monopoles surviving all selection criteria, and
@y is the generated flux. The selection cuts are systematically adjusted to find the configuration
that yields the lowest flux upper limit in each velocity range.
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Figure 3: Scatter plot of the two discriminant variables, @ and Ng,. Magnetic monopole signals simulated
for a velocity range of 8 € [0.7280, 0.7725] are shown in yellow, while background events from atmospheric
muons and neutrinos are displayed in red and blue, respectively.

6. Results

The optimized selection criteria for each velocity interval are summarized in Table 1. In the
high-velocity regime (Breco = 1), the expected background lies between 1.24 and 1.67 events, with
zero events observed. In the low-velocity region, there Sreco is a fitted parameter, the predicted
background ranges from 0.76 to 1.70 events. Only a single event was observed, and this was within
the interval [0.6490, 0.6835] + 5%. For all other intervals, the observed counts do not exceed
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the expected background, consistent with the conservative approach adopted in this analysis. Flux
upper limits at 90% confidence level (C.L.) were computed per interval as detailed in the previous
section. As no signal excess was found, the resulting limits match the expected sensitivities under
the background hypothesis. Results are compiled in Table 1, based on the full 14-year ANTARES
dataset with a livetime of 3286 days.

Flux upper limit
B Interval Breco B cut a cut | Ng, cut 2 1.
[cm ™' sr ]
- <03 ] >105 5.6 x 1071
[0.9060, 0.9505[ - <03 ]| >105 6.7 x 10719
[0.8615, 0.9060[ - <03 ]| >105 1.1x 10718

[0.8170,0.8615[ | 1 - <06 | >102 2.6x 10718
[0.7725, 0.8170[ | Fitted | [0.7725,0.8170[+5% | <1 | > 124 3.4x10718
[0.7280, 0.7725[ | Fitted | [0.7280, 0.7725[ +5% | < 2.6 | > 94 3.1x 10718
[0.6835,0.7280[ | Fitted | [0.6835, 0.7280[ +5% | < 4 > 78 3.2x 10718
[0.6390, 0.6835[ | Fitted | [0.6390, 0.6835[ +5% | < 6.6 | > 66 3.0x 10718
[0.5945, 0.6390[ | Fitted | [0.5945, 0.6390[ +5% | < 8.2 | > 54 58x 10718
[0.5500, 0.5945[ | Fitted | [0.5500, 0.5945[ +5% | <9 > 50 8.0x 10718

[0.9505, 0.9950]

[EN VN

Table 1: Summary of optimized selection cuts, expected background, observed events, and 90% C.L. flux
upper limits for each S interval, using 3286 live days of ANTARES data.
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Figure 4: The 90% confidence level upper limits on the flux of magnetic monopoles obtained with the
ANTARES neutrino telescope, based on 14 years of data corresponding to 3286 live days (red line). For
context, these results are compared with those from previous ANTARES analyses (green [2] and blue
lines [3]), as well as with constraints reported by other experiments, including IceCube (cyan [4] and
magenta [10]), MACRO (gray [11]), and Baikal (orange [12]). The theoretical Parker bound is also shown
for reference (black line [13]).
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7. Conclusion

In this work, we have presented the final results of the search for magnetic monopoles using the
complete ANTARES dataset, corresponding to 3286 days of livetime recorded between 2008 and
2022. The analysis covered magnetic monopoles with velocities in the range 8 € [0.57,0.995],
and employed the BBFit algorithm [14] for event reconstruction, in combination with the latest
Run-By-Run Monte Carlo simulations provided by the ANTARES collaboration. No candidate
events survived the selection cuts across any of the ten defined velocity intervals. Consequently,
90% C.L. upper limits on the monopole flux were derived for each interval. Notably, the sensitivity
at low velocities shows a marked improvement compared to previous ANTARES results. This
enhancement is primarily attributed to the application of a relaxed velocity cut in that region, as
well as the conservative approach adopted for background estimation and rejection.
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