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The MoEDAL trapping detector consists of approximately 800 kg of aluminum volumes. It was exposed
during run 2 of the LHC program to 6.46 fb−1 of 13 TeV proton-proton collisions at the LHCb interaction
point. Evidence for dyons (particles with electric and magnetic charge) captured in the trapping detector
was sought by passing the aluminum volumes comprising the detector through a superconducting quantum
interference device (SQUID) magnetometer. The presence of a trapped dyon would be signaled by a
persistent current induced in the SQUID magnetometer. On the basis of a Drell-Yan production model, we
exclude dyons with a magnetic charge ranging up to five Dirac charges (5gD) and an electric charge up to
200 times the fundamental electric charge for mass limits in the range 870–3120 GeVand also monopoles
with magnetic charge up to and including 5gD with mass limits in the range 870–2040 GeV.

DOI: 10.1103/PhysRevLett.126.071801

The search for the magnetic monopole has been a key
concern of fundamental physics since Dirac in 1931 [1]
demonstrated its existence was consistent with quantum
mechanics provided the quantization condition (in SI units)
g=e ¼ nðc=2αemÞ) is satisfied, where g is the magnetic
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charge, e is a unit electric charge, c is the speed of light, αem
is the fine structure constant, and n is an integer. When
n ¼ 1, then g ¼ gD, one Dirac charge. There is a long
history of direct searches for magnetic monopoles at
accelerators [2], most recently at the LHC [3–9], and there
have also been extensive searches for monopole relics from
the early Universe in cosmic rays and in materials [10–12].
The existence of the dyon, a particle with both magnetic

and electric charge, was first proposed by Schwinger in
1969 [13]. Schwinger derived the following charge quan-
tization condition by considering the interaction of two
dyons:

e1g2 − e2g1 ¼
n
2
ℏc; ð1Þ

where e1 and e2 and g1 and g2 are the electric and magnetic
charges of the two dyons, respectively. This quantization
condition does not, by itself, fix the electric charge of the
dyon and provides no a priori limitation on the size of
the electric charge of the dyon. However, the issue of the
charge of the quantum dyon has been studied carefully by
semiclassical reasoning [14], and it has been concluded that
in CP-conserving theories the dyon charge is quantized as
an integer multiple of the fundamental charge, q ¼ ne.
When the theory admits CP nonconservation, this is no

longer the case. The topologically nontrivial vacuum
structure of non-Abelian gauge theories is characterized
by the vacuum angle θ, or “theta term,” which can be added
to the Lagrangian for Yang-Mills theory without spoiling
renormalizability. Witten [15] considered CP violation
induced by a vacuum angle in the context of the Georgi-
Glashow model that gives rise to the non-Abelian mono-
pole of ’t Hooft and Polyakov, showing that dyons are
magnetic monopoles with fractional electric charge. He
derived the following relation between the dyon’s electric
charge and θ:

q ¼ ne −
eθ
2π

: ð2Þ

Experiment has found that CP is only weakly violated. As
the deviation of the monopole from integral charge is
proportional to the strength of CP violation, one would
therefore expect the dyon charge to have almost, but not
quite, an integer value.
Since Schwinger’s original work, it has been shown that

dyons appear generically in theories with monopoles,
specifically in many particle-physics theories including
grand unified theories [16], Einstein-Yang-Mills theories
[17], Kaluza-Klein theory [18], string theory [19], and
M theory [20]. Moreover, a number of theoretical scenarios
have been proposed that contain electroweak (EW) dyons
and monopoles [21–25] that could be detected at the LHC
or the High-Luminosity LHC (HL-LHC) [26]. We note also
that the production of such EW dyons and monopoles
during the EW phase transition in the early Universe would
have major implications for cosmology [21].

The electric charge of a dyon can, in principle, be large.
Other suggested examples of highly-electrically-charged
(pseudo)stable objects (HECOs) include aggregates of
ud- [27] or s-quark matter [28], Q balls [29,30], and the
remnants of microscopic black holes [31]. Extensive
accelerator searches for HECOs have also been undertaken
[8,32,33]. Recently, ATLAS has placed improved limits on
HECOs [9], extending a previous excluded charge range
from 20 ≤ jzj ≤ 60 [8] to 60 ≤ jzj ≤ 100 [9], where z is the
electric charge [34]. However, we are unaware of any
previous accelerator search for dyons.
The Drell-Yan (DY) production mechanism shown in

Fig. 1 is frequently employed in accelerator-based searches
for monopoles [3–9] and provides a simple benchmark
model of monopole-pair production. Here we use a
similar DY production model also as a benchmark for
dyon production. As in the previous MoEDAL mono-
pole searches [5,6], spins of 0, 1=2, and 1 are consid-
ered, and models were generated in MADGRAPH5 [36]
using the universal FeynRules output described in
Ref. [37]. We used tree-level diagrams and the parton
distribution functions NNPDF23 [38] for the DY proc-
ess. The square of the magnetic charge of the monopole,
g2, is substituted in the basic DY cross section by
g2 þ q2, where q is the electric charge of the dyon
defined above. This scaling is in accord with the dual
effective theory of Milton and Gamberg [39,40] and the
theoretical approach developed for monopoles in
Ref. [37] when extended to dyons.
There are two important differences between the sig-

natures of the magnetic monopole and dyon at the LHC that
are due to the electric charge of the dyon. First, a relativistic
monopole, with magnetic charge ngD ðn ¼ 1; 2; 3…Þ and
fractional velocity β¼v=c, where v is the monopole
velocity, behaves like an equivalent electric charge ðZeÞeq¼
ngDβ, where Z is the effective “atomic number.” The energy
loss of a fast monopole is thus very large with a different
velocity dependence from that of an electrically charged
particle. On the other hand, the ionization energy loss
of a dyon is the sum of the energy loss due to its electric

FIG. 1. Feynman-like diagram for dyon-pair direct production
at leading order via the benchmark Drell-Yan mechanism. The
coupling g0 is given by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðg2 þ q2Þ
p

, in the eikonal approximation
that is valid for LHC energies.
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charge and magnetic charge, with their different velocity
dependences.
Second, the magnetic monopole follows a curved tra-

jectory in the r–z plane of a solenoidal field, where z is the
direction of the field lines and r is the radial dimension,
without bending in the transverse plane. This is opposite to
the behavior of an electrically charged particle in the same
field. On the other hand, the trajectory of a dyon in a
solenoidal field curves both in the r − z plane and in the
plane transverse to this plane. Thus, its trajectory is distinct
from that of either an isolated electric or magnetic charge.
The response of MoEDAL to the passage of a

monopole or a dyon differs significantly from those of the
general-purpose LHC experiments, ATLAS and CMS. The
MoEDAL detector, deployed along with LHCb at LHC
intersection point IP8, employs two unconventional passive
detection methodologies tuned to the discovery of highly
ionizing particles (HIPs). The first, used in this analysis,
utilizes a 800 kg trapping detector (MMT) comprised of
2400 aluminum (Al) bars to capture HIPs for further study.
The second consists of an array of 186 nuclear track
detector stacks. MMT volumes are deployed just upstream
and on each side of IP8 in three roughly equal masses each
placed 1.0–2.0 m from the IP. After exposure, the MMTs’
Al bars are passed through a superconducting quantum
interference device (SQUID) magnetometer at the ETH
Zurich Laboratory for Natural Magnetism in order to check
for the presence of magnetic charge. Further information on
the MoEDAL detector is given in Supplemental Material
[41], which includes Refs. [42,43].
To date, only theATLAS andMoEDALexperiments have

reported limits on monopole production at the LHC [3–9].
MoEDAL’s latest search results [6] include the combined
photon-fusion and DY monopole-pair production mecha-
nisms, the former process for the first time at the LHC.Using
4.0 fb−1 of data, cross-section upper limits as low as 11 fb
were set, and mass limits in the range 1500–3750 GeVwere
set for magnetic charges up to 5gD for monopoles of spins 0,
1=2, and 1, the strongest to date at a collider experiment.
These limits are based on a direct search for magnetic
charge, with an unambiguous signature.
The most recent ATLAS search [9] placed 95% confi-

dence level mass limits on DY production of spin-0
and spin-1=2 monopoles, with charge 1gD, of 1850 and
2370 GeV, respectively. The corresponding ATLAS limits
for charge 2gD monopoles are 1725 and 2125 GeV,
respectively. For magnetic charge gD ≤ 2, these are cur-
rently the world’s best limits based on the ionizing nature of
magnetic monopoles or dyons.
A monopole is expected to be stopped when its velocity

falls to β ≤ 10−3 and then bind, due to interaction between
the monopole and the nuclear magnetic moment [44–47].
The large magnetic moment gives a predicted monopole-
nucleus binding energy (BE) of 0.5–2.5 MeV [44]. These
BEs are comparable to the shell model splittings. Thus, it is

reasonable to assume that, in any case, the strong magnetic
field in the monopole’s vicinity will rearrange the nucleus,
allowing it to strongly bind to the nucleus. According to
Ref. [44], monopoles with this BE will be bound indefi-
nitely, requiring fields in excess of around 5 T for them to
be released. We note in this connection that the MMT
volumes are never subjected to such strong magnetic fields.
The dyon is also expected to stop when its velocity falls

to β ≤ 10−3. However, the binding of the dyon is compli-
cated by its electric charge. In our analysis, we assume
conservatively that only dyons with negative electric charge
are bound, since in this case their Coulomb attraction to the
positive charge of the nucleus reinforces the interaction
between its magnetic charge and the large anomalous
nuclear magnetic moment of the aluminum nucleus.
Although the trapping condition requires the dyon to be
negatively electrically charged, the assumption of DY
production of dyon-antidyon pairs implies indirect sensi-
tivity to positively charged dyons at the same level.
A magnetic charge captured in a trapping volume bar is

identified and measured as a persistent current in the coil
of the SQUID surrounding the transport axis of the MMTs’
Al bars. Themagnetic pole strength, expressed in units of the
Dirac charge, contained in a sample is calculated as
P ¼ C · ½ðI2 − I1Þ − ðItray2 − Itray1 Þ�, where C is the calibra-
tion constant; (I1) and (I2) are the currents measured,
respectively, before and after the sample has passed through
the sensing coil; and Itray2 and Itray1 are the corresponding
contributions measured with an empty tray. The empty
tray contributions arise from small seemingly random
fluctuations of the SQUID measurement due largely to less
than perfect grounding of the SQUID magnetometer elec-
tronics. It should be noted that the small tray is constructed
from G10, a nonmetallic and nonmagnetic fiberglass-epoxy
composite that cannot shield or enhance themagnetic signal.
The magnetometer response is calibrated using two

independent methods, described in more detail in
Ref. [48]. The two methods agree within 10%, which
we take as the calibration uncertainty in the pole strength.
The magnetometer response is measured to be linear and
charge symmetric in a range corresponding to 0.3–300gD.
During run 2, the plateau value of the calibration dipole
sample was remeasured regularly and found to be stable to
within less than 1%. In 2018, the SQUID was overhauled,
the main improvement being better grounding throughout
the SQUID magnetometer mechanics and electronics. This
had the effect of substantially reducing fluctuations in the
recorded magnetometer values.
Each MMT sample was scanned at least twice. A sample

containing a dyon would repeatedly and consistently yield
the same nonzero measurements corresponding to the
magnetic charge of the dyon. When a dyon is not present,
values consistent with zero would be recorded. If the
measured pole strength of a sample differed from zero by
more than 0.4gD in either of the two initial measurements, it
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was considered a candidate. In this way, the probability of
false negatives was significantly reduced. A total of 87
candidates were thus identified in data taken in 2015, 2016,
and 2017, corresponding to 4.0 fb−1. Only 29 candidates
were observed in the data 2018data (runB),where2.46 fb−1

of luminosity was recorded. The MMT volumes containing
dyon candidates were rescanned several times. For each
candidate, it was found that themajority of the pole strengths
measured were below the threshold of 0.4gD.
The maximum probability for missing a dyon in a single

measurement was found to be 0.53% for a charge of �1gD.
As two passes were made for each sample during run A
(2015–2017), we have the negligible probability of missing
the dyon twice of 0.0028%.Also, in run-A data, it was found
that candidate events were associated with greater than
average fluctuations in the SQUID signal. In this case, the
probability of missing a dyon candidate was determined,
using the 87 candidate events in run A, to be 0.2%. These
probabilities become smaller with increasing magnetic
charge. A more detailed description of the estimation of
these probabilities is given in SupplementalMaterial [41]. In
order to make a conservative estimate, we did not use the
run-B data to assess the probability of missing a dyon.
We define the acceptance for the MMT detector to be the

fraction of the number of events inwhich at least one dyon of
the pair in an event was trapped in the MoEDAL trapping
detector. The trapping condition is determined from the
knowledge of the material traversed by the dyon [3,42] and
the ionization energy loss of dyons when they go through
matter [49–52], implemented in a simulation based on
GEANT4 [53]. For a given dyon mass and charge, the pair-
production model determines the kinematics and the overall
trapping acceptance obtained. The uncertainty in the accep-
tance is dominated by uncertainties in the material descrip-
tion [3–5]. This contribution is estimated by performing
simulations with hypothetical material conservatively added
and removed from the nominal geometry model.
There are three causes of acceptance loss. The first is due

to the limited geometrical extent of the MMT detector and
the spin dependence in the geometrical acceptance due to

the different event kinematics. The second loss of accep-
tance is due to heavier, slower, dyons with smaller effective
ionizing power punching through the trapping detector.
We recall that in the case of magnetic charge the energy loss
per unit distance falls with velocity. The third cause of
acceptance loss is due to the dyon being absorbed in the
material comprising the vertex locator detector, which
encompasses the interaction point, before it reaches the
MMT trapping volumes.
The largest acceptance is for dyons with spin 1 and

magnetic charge 2gD where, for mass up to ∼3 TeV and
electric charges up to∼50e, the acceptance is greater than or
equal to 2.1%. The acceptance is below 0.1% over thewhole
mass range considered, for dyons that carry a magnetic
charge of 6gD or greater, for all values of electric charge. The
maximum dyon electric and magnetic charge to which this
analysis is sensitive is ∼200e and 5gD, respectively.
The material encountered by particles within the accep-

tance of the MoEDAL, before they reach the MoEDAL
detector, varies from 0.1 to eight radiation lengths (X0) with
an average of roughly 1.4X0. The dominant systematic
uncertainty comes from the estimated amount of material in
the GEANT4 geometry description, yielding a relative
uncertainty of ∼10% for 1gD dyons [3]. This uncertainty
increases with the magnetic and electric charge, reaching a
point (at 6gD) where it is too large for the analysis to be
meaningful for spin-0 and spin-1=2 dyons. But, limits can
be placed for spin-1 dyons with magnetic charge 6gD and
electric charge from 1 to 50e.
We calculate cross-section upper limits at 95% C.L.

using as a benchmark a DY model for dyon and magnetic
monopole production, assuming a β-independent coupling,
for three spin hypotheses (0, 1=2, and 1), magnetic charge
up to 5gD, and, in the dyon case, electric charge up to 200e.
These values mark the limit of the sensitivity of this search
due to the absorption of higher charges in the material
comprising LHCb’s vertex locator detector that lies
between the IP and the MMT detector.
An example of the limit curves obtained for spin-1=2

dyonswith charge 1gD is shown inFig. 2. The corresponding

FIG. 2. Cross-section upper limits at 95% C.L. for DY spin-0, −1=2, and -1 dyon-pair production, with magnetic charge 1gD and
multiple electric charges, in 13 TeV pp collisions. The solid lines are leading-order cross-section calculations.
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limits for other dyons with spin 0, spin 1=2, and spin 1
and magnetic charges ranging up to and including 5gD are
given in Supplemental Material [41]. They are extracted on
the basis of the acceptance estimates and their uncertain-
ties; the delivered integrated luminosity 6.46 fb−1 , mea-
sured with a precision of 4% [54], corresponding to the full
2015–2018 exposure to 13 TeV pp collisions and the
nonobservation of magnetic charge inside the trapping
detector samples.
Using cross sections, computed at leading order, mass

limits are obtained and reported in Table I. It is important to
note that these DY cross sections are computed using
perturbative field theory. However, the monopole-photon
coupling is too large for such an approach. Thus, the mass
limits given are only indicative.
Comparing the dyon mass limits with the correspond-

ing monopole mass limits [6] obtained from the
same dataset using an analog, we find, not surprisingly,
that for the smallest electric charge of the dyon (1e)
the limits obtained are comparable to or better than
those obtained in the monopole search, as indicated in
Table I.
In summary, we considered the direct production of

dyon-antidyon pairs via the DY mechanism for the first
time at an accelerator. The aluminum elements of the
MoEDAL trapping detector exposed to 13 TeV LHC
collisions during run 2 were scanned using a SQUID-based
magnetometer to search for the presence of trapped
magnetic charge belonging to dyons. No candidates sur-
vived our scanning procedure, and cross-section upper
limits as low as 30 fb were set. As mentioned above,
the trapping condition requires the dyon to be negatively
electrically charged. Mass limits in the range

870–3120 GeV were set using a benchmark DY production
model, for dyons with magnetic charge up to 5gD, for
electric charge from 1e to 200e, and for spins 0, 1=2, and 1.
The corresponding mass limits for magnetic monopoles are
in the range 870–2040 GeV for magnetic charges in the
same range.
We note that many previous searches for highly

ionizing particles would, in principle, also have sensitivity
to dyons. However, no explicit search for dyons has
ever been performed to date. We suggest that dyons be
added to the list of highly ionizing particles for which
dedicated searches are conducted at the LHC and at future
colliders.
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