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We update our previous search for trapped magnetic monopoles in LHC Run 2 using nearly six
times more integrated luminosity and including additional models for the interpretation of the data.
The MoEDAL forward trapping detector, comprising 222 kg of aluminium samples, was exposed
to 2.11 fb−1 of 13 TeV proton-proton collisions near the LHCb interaction point and analysed by
searching for induced persistent currents after passage through a superconducting magnetometer.
Magnetic charges equal to the Dirac charge or above are excluded in all samples. The results are
interpreted in Drell-Yan production models for monopoles with spins 0, 1/2 and 1: in addition to
standard point-like couplings, we also consider couplings with momentum-dependent form factors.
The search provides the best current laboratory constraints for monopoles with magnetic charges
ranging from two to five times the Dirac charge.

PACS numbers: 14.80.Hv, 13.85.Rm, 29.20.db, 29.40.Cs

I. INTRODUCTION

The magnetic monopole is motivated by the
symmetry between electricity and magnetism,
by grand-unification theories [1–4], and by the
fundamental argument advanced by Dirac that
its existence would explain why electric charge
is quantised [5]. Dirac’s argument also predicts
the minimum magnetic charge that a monopole
should carry, the Dirac charge gD, which is
equivalent to 68.5 times the elementary elec-
tric charge, thus implying that a fast monopole
should ionise matter at least a thousand times
more than a proton or electron.

The initial Dirac monopole was assumed to
be a point-like structureless source of magnetic
poles, and as such its underlying microscopic
theory is completely unknown. Monopoles with
masses that could be in a range accessible to
colliders have been predicted to exist within ex-
tensions of the standard model [6–10]. Other
potentially low-mass monopoles within grand-
unification theories or string-inspired models
have also been predicted recently [11, 12]. How-
ever, these exhibit detailed structure and as a
consequence their production by particle col-
lisions is expected to be suppressed [13], al-
though enhanced production might be expected
in environments with strong magnetic fields and
high temperatures, such as those characterising
heavy ion collisions [14, 15]. In our searches,
we adopt an open point of view and strive to
probe direct monopole production beyond pre-
vious experimental constraints, without theo-
retical prejudice other than assuming a massive
object carrying a multiple of the Dirac magnetic
charge.

∗ Corresponding author:
philippe.mermod@cern.ch

Direct searches for monopoles were per-
formed each time a new energy regime was
made available in a laboratory, including the
CERN Large Electron-Positron (LEP) collider,
the HERA electron-proton collider at DESY,
and the Tevatron proton-antiproton collider
at Fermilab, where direct pair production of
monopoles was excluded up to masses of the
order of 400 GeV for monopole charges in the
range 1gD−6gD [16–19]. To cover the broadest
possible ranges of masses, charges and cross sec-
tions, LHC-based direct searches for monopoles
ought to use several complementary techniques,
including general-purpose detectors, dedicated
detectors, and trapping [20]. Searches were
made in data samples of 7 and 8 TeV proton-
proton (pp) collisions at the LHC with the
ATLAS and MoEDAL experiments, probing
the TeV scale for the first time and excluding
masses up to about 1 TeV [21–23]. As of 2015,
masses up to 6 TeV can be probed in 13 TeV pp
collisions. The first constraints made by direct
measurement in this energy regime were set by
an analysis of the MoEDAL forward trapping
detector exposed to 0.371 fb−1 of pp collisions
in 2015 [24], providing the best sensitivity to
date in the range 2gD − 5gD.

This paper presents a new search with the
MoEDAL forward monopole trapping detec-
tor [24], using the same trapping array with
both 2015 and 2016 exposures at LHC point-
8. This corresponds to 2.11 ± 0.02 fb−1 of 13
TeV pp collisions. The trapping volume consists
of 672 square aluminium rods with dimension
19×2.5×2.5 cm3 for a total mass of 222 kg in
14 stacked boxes which were placed 1.62 m from
the IP8 LHC interaction point under the beam
pipe on the side opposite to the LHCb detector.
The setup and conditions of exposure are iden-
tical to those used in the previous search [24].
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II. MAGNETOMETER
MEASUREMENTS

The 672 exposed aluminium samples of the
MoEDAL forward trapping detector array were
scanned in Spring 2017 during a two-week cam-
paign with a DC SQUID long-core magne-
tometer (2G Enterprises Model 755) located at
the laboratory for natural magnetism at ETH
Zurich. Each sample was passed through the
sensing coil at least once, with recordings of
the magnetometer response in all three coordi-
nates before, during, and after passage. The
persistent current is defined as the difference
between the measured responses in the z co-
ordinate (along the shaft) after and before pas-
sage of the sample, to which the contribution of
the conveyor tray is subtracted. A calibration
factor obtained from special calibration runs us-
ing two independent methods [23–25] is used to
translate this value into the measured magnetic
charge in the samples in units of Dirac charge.

Persistent currents measured for all 672 sam-
ples for the first passage are shown in the top
panel of Fig. 1. Samples for which this mea-
surement significantly deviates from zero are
set aside as candidates for further study. This
method is based on the assumption of strong
monopole binding in matter [26] and its great
advantage is that the measurement can be re-
peated as many times as needed to minimise
systematic errors and increase the sensitivity to
the desired level. The threshold in the absolute
value of the persistent current beyond which a
sample is selected as a candidate is chosen here
to be > 0.4gD as a compromise between allow-
ing sensitivity to magnetic charges down to 1gD
and the time and effort required to scan a large
number of samples multiple times. This gives
43 candidates, which were remeasured at least
two more times each, as shown in the bottom
panel of Fig. 1. These multiple measurements
do not yield consistent non-zero persistent cur-
rent values, confirming that all candidates iden-
tified in the first pass were false positives.

During this measurement campaign, the
identification of false positives was dominated
by two effects. The first effect, which was al-
ready observed in the previous runs [24], tends
to happen with samples containing magnetic
dipole impurities: whenever the sample mag-
netisation results in a flux inside the SQUID
loop which temporarily exceeds the fundamen-
tal flux quantum Φ0 = h

2e [27] within a given
margin, the response may not return to the
same level during the flux change in the other
direction, causing a slight offset. This is ob-
served to happen with magnetised samples re-

gardless of exposure to LHC collisions. In this
set of measurements, the offsets tend to take a
value around ±1.8gD. Measuring such samples
multiple times will occasionally result again in
an offset, faking the response of a monopole
with charge ±1.8gD. However, unlike a genuine
monopole signature, it also occasionally yields
zero; and turning the sample around such as
to reverse its magnetisation in the z direction
consistently reverses the sign of the offset. Sim-
ilar systematic offsets could be reproduced in
special runs with a calibration sample (mag-
netisation corresponding to 104gD) and with
rock samples (magnetisation corresponding to
103gD). These tests confirm that the probabil-
ity for an offset depends on the sample mag-
netisation. Moreover, it was determined that
the offset value increases with increasing speed
of transport through the sensing coils, support-
ing the hypothesis that it is related to trapped
fluxes inside the SQUID that occur when the
slew rate is increased.

The second effect is a slight deterioration of
the z measurements due to random flux jumps
occurring in the x and y measurements. Tests
performed with aluminium samples and rock
samples confirm that the jumps in x and y do
not impact the reliability of the measurement in
z besides resulting in small fluctuations which
simply degrade the resolution. The instabili-
ties in the x and y sensors were found to be
related to two phenomena: 1) build up of static
charge on the sample tray while it moved along
the track and 2) capturing of stray fields in the
magnetometer. To mitigate these effects, an
anti-static brush was installed along the sample
holder track before it enters the magnetometer;
all cables between the SQUIDs and electronics
were shielded; and the mu-metal shielding was
grounded. Instrument performance is now im-
proved and is expected to provide more stable
results in future measurements.

Special care is given to the assessment of the
probability for false negatives, i.e., the possi-
bility that a monopole in a sample would re-
main unseen in the first pass due to a spurious
fluctuation cancelling its response and resulting
in a persistent current below the 0.4gD thresh-
old used to identify candidates. This is stud-
ied using the distribution of persistent currents
obtained in samples without monopoles (top
panel of Fig 1), assuming that the magnetic
field of the monopole itself (small compared to
those of magnetic dipoles contained in the sam-
ple and tray) does not affect the mismeasure-
ment probability. The distribution can be very
well fitted using a sum of four Gaussians (two
centred around zero, and two around ±1.8gD).



4

FIG. 1. Top: persistent current (in units of gD after application of a calibration constant) after first passage
through the magnetometer for all samples. Bottom: results of repeated measurements of candidate samples
with absolute measured values in excess of 0.4gD.

The probability to miss a monopole is then esti-
mated by integrating the fitted function in the
relevant intervals: it is found to be less than
0.02% for a magnetic charge ±1gD, less than
1.5% for a magnetic charge ±2gD, and negligi-
ble for higher magnetic charges. These numbers
could in principle be made even smaller by per-
forming multiple measurements on all 629 non-
candidate samples. However the level of detec-
tor efficiency obtained with the approach used
is conservatively estimated to be 98%. This is
considered adequate for the search being per-
formed and this efficiency is assumed for the
final interpretation.

FIG. 2. Feynman diagrams for monopole pair pro-
duction at leading order via the Drell-Yan pro-
cess at the LHC. The non-perturbative nature of
the process is ignored in the interpretation of the
search.

III. INTERPRETATION IN
PAIR-PRODUCTION MODELS

The trapping detector acceptance, defined as
the probability that a monopole of given mass,
charge, energy and direction would end its tra-
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jectory inside the trapping volume, is deter-
mined from the knowledge of the material tra-
versed by the monopole [23] and the ionisa-
tion energy loss of monopoles when they go
through matter [28–31] implemented in a simu-
lation based on Geant4 [32]. For a given mass
and charge, the pair production model deter-
mines the kinematics and the overall trapping
acceptance can be obtained. The uncertainty
in the acceptance is dominated by uncertain-
ties in the material description [23, 24]. This
contribution is estimated by performing simu-
lations with material conservatively added and
removed from the geometry model.

A Drell-Yan (DY) mechanism (Fig. 2) is tra-
ditionally employed in searches to provide a
simple model of monopole pair production [21–
24]. In the interpretation of the present search,
spin 1 is considered in addition to the spins 0
and 1/2 considered previously. The monopole
magnetic moment is assumed to be zero and
the coupling to the Z boson is neglected. Mod-
els were generated in MadGraph5 [33] us-
ing only tree level diagrams and the PDF
NNPDF2.3 [34]. For comparison with previ-
ous studies, we also consider the possibility of a
modification of the usual point-like QED cou-
pling, where the monopole coupling g is substi-

tuted by βg with β = v
c =

√
1− 4M2

s (where

M is the mass of the monopole and
√
s is the

invariant mass of the monopole-antimonopole
pair). Such a modification, hereafter referred
to as “β-dependent coupling”, has been ad-
vocated in some studies [26, 35–38], and has
been used to interpret some previous monopole
searches [17, 19, 21, 39], although it does
not find unanimous support in the community.
Nevertheless, using six different models for the
interpretation of this search, with different an-
gular and energy distributions, gives some mea-
sure how model uncertainties affect the search
acceptance. The reliability of all these models
is limited no matter how, as current theories
cannot handle the non-perturbative regime of
strong magnetic couplings.

The kinematic distributions of the various
DY models generated by MadGraphare shown
in Fig. 3. Differences are observed between
the different spin assumptions due to kinematic
constraints imposed by angular momentum
conservation. A comparison of β-dependent
and β-independent photon-monopole coupling
models show similar pseudorapidity distribu-
tions and a higher monopole energy on average
for the β-dependent coupling. This is expected
because, in this case, the probability of gener-
ating a low-velocity monopole is suppressed by

a factor β < 1.

The behaviour of the acceptance as a func-
tion of mass has two contributions: the mass
dependence of the kinematic distributions, and
the velocity dependence of the energy loss
(lower at lower velocity for monopoles). For
monopoles with |g| = gD, losses predominantly
come from punching through the trapping vol-
ume, resulting in the acceptance showing U-
shape with a minimum around 3000 GeV. The
reverse is true for monopoles with |g| > gD that
predominantly stop in the upstream material
and for which the acceptance is highest for in-
termediate masses. The acceptance reaches be-
low 0.1% for a charge of 6gD, in which case the
interpretation ceases to be meaningful because
the systematic uncertainties become too large.
The spin dependence is solely due to the differ-
ent event kinematics.

Simulations with uniform monopole energy
distributions allow identification, for various
charge and mass combinations, of ranges of ki-
netic energy and polar angle for which the ac-
ceptance is relatively uniform, called fiducial re-
gions. As the geometry of the setup used for
this search is very similar to that of Ref. [23]
although with a slightly thicker trapping de-
tector array, the fiducial regions given in this
reference can conservatively be used to provide
an interpretation which does not depend on the
monopole production model.

Cross-section limits for DY monopole pro-
duction with the two coupling hypotheses (β-
independent and β-dependent) and three spin
hypotheses (0, 1/2, 1) are shown in Fig. 4. They
are extracted from the knowledge of the accep-
tance estimates and their uncertainties; the in-
tegrated luminosity 2.11±0.02 fb−1 correspond-
ing to 2015 and 2016 exposure to 13 TeV pp
collisions; the expectation of strong binding to
aluminium nuclei [26] of monopoles with veloc-
ity β ≤ 10−3; and the non-observation of mag-
netic charge inside the trapping detector sam-
ples, with a 98% efficiency (see Section II).

Cross sections computed at leading order are
shown as solid lines in Fig. 4, with the caveat
that the coupling of the monopole to the photon
is so large that perturbative calculations are not
expected to be reliable. Using these cross sec-
tions and the limits set by the search, indicative
mass limits are extracted and reported in Ta-
ble I for magnetic charges up to 5gD. No mass
limit is given for the spin-1/2 5gD monopole
with standard point-like coupling, because in
this case the low acceptance at small mass does
not allow MoEDAL to exclude the full range
down to the mass limit set at the Tevatron of
around 400 GeV [17].
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FIG. 3. Kinematic distributions of kinetic energy (left) and pseudorapidity (right) for monopoles with
mass 1500 GeV for the standard (top) and β-dependent (bottom) photon-monopole couplings in models
of Drell-Yan pair production generated by MadGraph. The three different monopole spin hypotheses (0,
1/2, 1) are superimposed.

IV. CONCLUSIONS

In summary, the aluminium elements of the
MoEDAL trapping detector exposed to 13 TeV
LHC collisions in 2015 and 2016 were scanned
using a SQUID-based magnetometer to search
for the presence of trapped magnetic charge.
No genuine candidates were found. Conse-
quently, monopole-pair direct production cross-
section limits in the range 200− 10000 fb were
set for magnetic charges up to 5gD and masses
up to 6 TeV. This translates in the strongest
limits to date at a collider experiment [40] for
charges ranging from two to five times the Dirac
charge. For the first time, the possibility of

spin-1 monopoles was considered in addition
to spin-0 and spin-1/2, using a Drell-Yan pair-
production model.
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FIG. 4. Cross-section upper limits at 95% confidence level for the DY monopole pair production model
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the shape difference. The solid lines are cross-section calculations at leading order.
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Mass limits [GeV] 1gD 2gD 3gD 4gD 5gD
MoEDAL 13 TeV
(2016 exposure)
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DY spin-½ 1110 1540 1600 1400 –
DY spin-1 1110 1640 1790 1710 1570
DY spin-0 β-dep. 490 880 960 890 690
DY spin-½ β-dep. 850 1300 1380 1250 1070
DY spin-1 β-dep. 930 1450 1620 1600 1460
MoEDAL 13 TeV
(2015 exposure)
DY spin-0 460 760 800 650 –
DY spin-½ 890 1250 1260 1100 –
MoEDAL 8 TeV
DY spin-0 420 600 560 – –
DY spin-½ 700 920 840 – –
ATLAS 8 TeV
DY spin-0 1050 – – – –
DY spin-½ 1340 – – – –

TABLE I. 95% confidence level lower mass limits
in models of spin-0, spin-1/2 and spin-1 monopole
pair production in LHC pp collisions. The present
results (after 2016 exposure) are interpreted for
Drell-Yan production with both beta-dependent
and beta-independent couplings. These limits are
based upon cross sections computed at leading or-
der and are only indicative since the monopole cou-
pling to the photon is too large to allow for pertur-
bative calculations. Previous results obtained at
the LHC are from Refs. [23, 24] (MoEDAL in pre-
vious exposures) and Ref. [22] (ATLAS).
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