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We report on a search for magnetic monopoles (MMs) produced in ultraperipheral Pb-Pb collisions
during Run 1 of the LHC. The beam pipe surrounding the interaction region of the CMS experiment was
exposed to 184.07 pb~! of Pb-Pb collisions at 2.76 TeV center-of-mass energy per collision in December
2011, before being removed in 2013. It was scanned by the MoEDAL experiment using a SQUID
magnetometer to search for trapped MMs. No MM signal was observed. The two distinctive features of this
search are the use of a trapping volume very close to the collision point and ultrahigh magnetic fields
generated during the heavy-ion run that could produce MMs via the Schwinger effect. These two
advantages allowed setting the first reliable, world-leading mass limits on MMs with high magnetic charge.
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In particular, the established limits are the strongest available in the range between 2 and 45 Dirac units,
excluding MMs with masses of up to 80 GeV at a 95% confidence level.

DOI: 10.1103/PhysRevLett.133.071803

Introduction—The symmetry of the Maxwell equations
under the exchange of the electric and magnetic fields,
currently apparent only in vacuum, would be restored if
isolated magnetic charges, or magnetic monopoles (MMs),
exist. The presence of MMs could explain the quantization
of the electric charge, as shown by Dirac [1]. Dirac’s
argument also requires the magnetic charge to be quantized,
with the fundamental unit of g, = 2x#/ e, the Dirac charge.
Further motivation for MMs is provided by a number of
grand unified theories (GUTs) [2,3] and other beyond-the-
standard-model (BSM) scenarios [4—11] that contain topo-
logically stable, finite-energy MM solutions, some with
expected masses on the order of a TeV. Importantly, in such
models, the fundamental magnetic charge is predicted to be
2 or 3 times larger than the Dirac charge, the Ilatter
possibility realized if the MM does not carry a magnetic
color charge [12]. In general, the value of the minimum
magnetic charge depends on the global properties of the
gauge group of the underlying theory [13], with an SU(N')
theory typically giving rise to a minimal magnetic charge of
N Dirac units. Finding the minimum magnetic charge could
provide a unique way to probe the structure of the gauge
group. Finally, MMs predicted in string theories are also
required to have a fundamental magnetic charge equal to an
integer multiple of the Dirac value, as shown by Wen and
Witten [14].

The motivation for the existence of MMs has led to an
array of direct searches utilizing a wide range of techniques
and tuned to very different MM velocity and mass ranges
(for a recent review, see Ref. [15]). However, many of the
searches were limited to smaller magnetic charges, as the
ionization losses of MMs in matter increase rapidly with
magnetic charge, leading to loss of detection efficiency
owing to MM absorption in passive materials or electronic
saturation effects. One way to increase sensitivity to high
magnetic charges is to use an accelerator beam pipe as a
MM trapping volume [16,17], an approach that allowed the
H1, DO, and CDF Collaborations to establish limits on
MMs with up to 6 units of Dirac charge [18-20]. Another
exception to the limitation is the MoEDAL experiment,
whose dedicated sensitivity to high ionization allowed it to
set limits on particles with a magnetic charge of up to 5 gp
[21,22]. The most recent MOEDAL result has extended the
sensitivity to 10 units of Dirac charge [23].

An additional difficulty of most collider experiments to
date is establishing reliable mass limits on MM production.
Because of the large coupling of MMs to photons,
perturbation theory cannot be used to calculate the pro-
duction cross section of MMs in elementary particle
collisions (e.g., parton-parton collisions that are typically

studied at hadron colliders) unless appropriate resumma-
tion schemes are applied [24]. It is also expected that the
production of composite MMs—the type predicted by the
GUT and BSM models—is exponentially suppressed by a
factor of e=95%) in such collisions [25,26]. This is because
the physical size of a composite MM is larger than its
Compton wavelength by a factor of (47)/e? [27,28], and
hence an ultrarelativistic particle collision above the energy
threshold for MM production is localized to a region much
smaller than the MM size. The matrix elements for
production are weighted by the wave functions of the
initial and final states, and these have exponentially small
overlap. These two limitations were recently overcome by a
search for MM production in collisions of lead ions at the
LHC via the Schwinger effect [29].

The Schwinger effect is a semiclassical process that
describes the generation of particle-antiparticle pairs in
the presence of a strong electromagnetic field. In particular,
the strong magnetic fields generated during ion collisions
may decay via quantum tunneling to form a magnetic
monopole-antimonopole pair [30]. The production cross
section depends strongly on the amplitude of the magnetic
field. In heavy-ion collisions, the field reaches its maximum
at large impact parameters, when the centers of the ions are
separated by almost twice the nuclei radius. Such collisions
are called ultraperipheral [31]. Importantly, the Schwinger
production cross section is calculable nonperturbatively, and
the production of composite MMs is actually enhanced
compared to elementary MMs, thanks to the coherence
length of the magnetic field in UPCs being larger than the
MM size [30,32]. While proton-proton collisions may
generate even stronger fields thanks to their higher
Lorentz factors, the total volume and energy of the generated
field are small, which limits the production of MMs.

The search in Ref. [29] established limits for MMs with
up to 3 units of Dirac charge, its sensitivity to higher
charges being hampered by the absorption of the highly
ionizing MMs by passive materials before they could reach
the detectors. In order to extend greatly the sensitivity to
high magnetic charge while still being able to calculate
reliably the production cross section, we search for MMs
trapped in the Compact Muon Solenoid (CMS) beam pipe
during heavy-ion collisions. The beam pipe was exposed to
Pb-Pb collisions at the center-of-mass energy per nucleon-
nucleon collision, /Sy, of 2.76 TeV with an integrated
luminosity delivered to CMS, Lcys, of 184.07 pb~! during
Run 1 of the LHC. The beryllium pipe is 1 mm thick and
extends 1902 mm in both directions from the interaction
point. The CMS solenoid provided a near-uniform 3.7—
3.8 T magnetic field at the location of the pipe [33].
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The fleeting magnetic field generated during the ultra-
peripheral collisions is calculated following the approach
described in Ref. [32]. The field is characterized by its peak
strength, B, and inverse decay time, @, estimated in
natural units:

Zefy Py

Brax ® Cg——— WRCpy——
2 w
27TRPb RPb

; (1)

where Rpy, is the lead ion radius, Ze is the lead ion charge,
B =~ 1 is the ion velocity as a fraction of the speed of light in
vacuum, y is the corresponding Lorentz factor, and cp and
¢,, are O(1) numerical coefficients. The peak field strength
occurs at an impact parameter b = b, & 1.94Rp, [32].

The production cross section and center-of-mass kine-
matics are calculated following the formalism developed in
Refs. [30,32]. These references describe two approximate
approaches—the free particle approximation (FPA), and
the locally constant field approximation (LCFA). The FPA
considers the spacetime dependence of the electromagnetic
fields generated during a collision to all orders but ignores
the MM pair’s self-interactions. Conversely, the LCFA
considers self-interactions to all orders but neglects the
spacetime dependence of the electromagnetic field. Both
approaches provide conservative lower limits on the pro-
duction cross section, as including the self-interactions and
the fields’ spacetime dependence has been shown to
increase the MM production [30,32]. For high magnetic
charges, the LCFA is expected to be more reliable, as self-
interactions become more important, and because the
spacetime dependence becomes less important at higher
charges [32]. Consequently, this work uses the LCFA cross
section shown in Eq. (2) as a function of the MM mass, M,
and magnetic charge, g:

2(gBmax)9/2R?’b exp (_

oLcra = O(F —2M)

”MZ 92
O’ M3 w? 4 )

gB + 4
(2)

where 6 denotes the step function, and F is the total energy
in the electromagnetic field available for MM pair pro-
duction. This total cross section is integrated over the
impact parameter, with the dominant contribution coming
from b = b —Ii.e., from the ultraperipheral collisions
[29]. The total available energy shown in Eq. (3) provides
an upper limit on the mass of a MM that could be produced
in a collision, regardless of the value of the cross section:

max

F= / d%% (B® — E*)0(B* — E?) G

where B and E are the magnetic and electric fields
generated during the collision, and the integral is evaluated
over the collision region at the time of the closest approach.
A more complete calculation of the cross section in Eq. (2)

would include the backreaction effects of MM pair pro-
duction on the electromagnetic fields. However, since it
includes the negative contribution of the energy of the
electric field, F provides a conservative estimate of the
mass threshold.

The kinematics of MM production in Pb-Pb collisions is
dominated by the time dependence of the electromagnetic
fields. While the LCFA is expected to better describe
the total cross section, it neglects the time dependence of
the field and leads to an underestimate of the width of the
momentum distribution that is incompatible with the time-
energy uncertainty principle. Hence, following Ref. [30],
we use the FPA formalism to compute the momentum
distribution, which is an important input to the simulation
used to calculate the probability that a produced MM is
captured in the beam pipe.

A detailed GEANT4 [34] Monte Carlo (MC) simulation is
used to estimate the fraction of produced MMs that are
captured by the beam pipe. The MMs are generated at the
CMS interaction point with the theoretical momentum
distribution and propagated through the beam pipe geom-
etry, taking into account the effect of the CMS solenoidal
magnetic field and energy losses. The MM’s electron
ionization energy loss is implemented according to the
formalism described in Refs. [35-37]. This provides an
accurate description of total energy loss from the relativistic
regime down to ~ 107>, The nuclear stopping power,
which increases the total loss by ~1% at = 1072, has
been included in this work, following Ref. [37]. For
diamagnetic materials like beryllium, another contribution
to the energy loss becomes relevant below ~ 107 [38]
and was implemented here for MMs with magnetic charges
<2 gp. The nuclear and diamagnetic components of the
total energy loss were found to have insignificant effects on
the results.

Once inside the beam pipe, the MMs begin to lose
energy. However, the energy losses in beryllium are
insufficient to counteract the acceleration by the CMS
magnetic field. Therefore, the only MMs (or anti-MMs)
that could potentially get trapped in the beam pipe were
those produced with an initial momentum directed against
(or along) the field lines. Such MMs are decelerated by the
field and eventually turn around toward the field’s direc-
tion. If, at the instant of turning, the MM’s position is
within the beam pipe volume, then it would reach its lowest
kinetic energy, E\;,, inside the beam pipe material. If this
kinetic energy is less than the expected binding energy,
Ey;4, then the MM is expected to be trapped. According to
Ref. [39], a MM would disrupt the beryllium nucleus and
bind to its constituents. Among the different thresholds on
binding energy—binding to an individual proton or neu-
tron, or all nine nucleons comprising the nucleus—the
conservative scenario is binding to a single proton, with a
calculated binding energy of 15.1 keV [40], increasing to
1 MeV if the proton’s form factor is taken into account [41].
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FIG. 1. The distribution of the MMs’ kinetic energies (Ey;,)
within the beam pipe at the point of turning (black histogram).
The dashed red and maroon lines show the two assumed binding
energies (Ey;,q)- The distribution of initial polar angles for MMs
that turn inside the beam pipe is also shown (blue dots). The
distributions correspond to MMs with an 8 gp charge and
80 GeV mass.

Even for the conservative case of 15.1 keV binding energy,
the lifetime [39] of a MM-proton bound state in the
presence of the CMS external field is estimated to be very
large for all values of the magnetic charge considered in this
work. Figure 1 shows an example distribution of the MMs’
kinetic energies at the instant of turning within the beam
pipe for a MM with 8 gp charge and 80 GeV mass. The
peaks in the distribution coincide with the initial angle 6
relative to the beam direction that are favored by the MMs
turning within the beam pipe region. Only specific initial
directions of MMs with specific initial kinetic energies will
result in them turning inside the beam pipe, giving rise to
the features of the distribution shown in the figure.

The beam pipe trapping efficiency is calculated as the
ratio between the number of MMs bound to the beryllium
volume and the total number of generated MMs. The
trapping efficiency decreases rapidly for MMs with mag-
netic charges below 3 gp, because the MMs do not lose
enough energy in the 1 mm-thick beam pipe and punch
through. On the other hand, the efficiency also drops
quickly for very high magnetic charges, because they
would decelerate and turn before reaching the beam pipe,
since their acceleration is proportional to the magnetic
charge. Thus, the trapping efficiency shown in Fig. 2 peaks
at magnetic charges of 5-10 gp.

We define R, as the mean rate of MMs expected to be
trapped in the beam pipe during the LHC Run 1 Pb-Pb
collisions. For a particular MM mass and charge, the
expected rate is calculated as a product of the trapping
efficiency, the CMS integrated luminosity, and the LCFA
cross section. Two bounds on the MM-nucleus binding
energy—15.1 keV and 1.0 MeV—are used in the
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FIG. 2. The MM trapping efficiency in the CMS beam pipe as a
function of the magnetic charge.

calculation, as described earlier. Overall, the results are
not very sensitive to this choice, because the expected rate
for charges above 2 gp remains high enough that MMs
with masses corresponding to the upper limit in Eq. (3)
could still be excluded in spite of the lower trapping
efficiency.

The main systematic error in Ry, is due to the uncer-
tainties in the peak magnetic field strength B, and the
inverse decay time w. For Pb-Pb collisions at /Syy =
2.76 TeV, the peak value of B, = 4.0 +0.2 GeV? and
w =40+ 1.7 GeV is calculated using Eq. (1). These
uncertainties, described in detail in Ref. [29], arise from
the assumptions of the fit model and are reflected in the
uncertainty of the results. We assume uniform distributions
within these ranges of uncertainty. The final positions of
MMs with identical initial momenta were checked to be
stable to within 1% of the beam pipe thickness when
GEANT4’s step length and field integration parameters (€,,,y
“delta intersection,” “delta one step,” and ‘“‘deltachord”)
were varied within recommended bounds [42]. The sys-
tematic uncertainty in the MM energy loss calculated using
GEANT4 is &10% [43], which leads to a negligible variation
in trapping efficiency compared to the effect of the different
binding energy assumptions.

Results and conclusion—The CMS beam pipe exposed
to the Pb-Pb collisions during Run 1 of the LHC was
scanned for the presence of trapped MMs using a direct-
current SQUID long-core magnetometer installed at ETH
Zurich. The north and south poles of a magnetic dipole
passing through the magnetometer would induce currents
that cancel each other out. In contrast, the presence of a
MM in the sample would induce a persistent current in the
superconducting coil, directly proportional to the strength
of the magnetic pole. This effect does not depend on the
mass of the MM, only on the magnetic charge. Several
instrumental and environmental effects could lead to
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spurious readings, potentially mimicking a MM signal.
These could be caused by physical vibrations and shocks,
variations in external magnetic fields, passage of a large

sample through the sensing coil at a high speed, or other
effects [43]. Repeated measurements on the sample would
average out such spurious signals, while a MM would
consistently yield the same value.

The beryllium section of the beam pipe was cut into 171
rings of 2 cm width each. The rings were further subdivided
into fragments. The fragments from three rings were then
inserted into a plastic tube of dimension 2.54 cm x
2.54 cm x 19 cm and scanned together. The process was
then repeated for fragments from another set of three rings.
A total of 57 tubes with each set of fragments were passed
through the SQUID multiple times (6—12 times) to scan for
the presence of magnetic charges. Figure 3 shows the
results. No statistically significant signal was observed. To
calibrate the device’s response to magnetic charge, two
independent methods were used, as described elsewhere
[21,43]. The existence of a MM with |g| > 0.5 gp in the
trapping volume was excluded at more than 3e.

Figure 4 shows the 95% confidence level (CL) exclusion
region in the magnetic charge versus mass plane. The
statistical significance of the limits is calculated from the
Poisson statistics on R, and the uncertainties involved
using an approach similar to that followed in Ref. [29]. The
trapping efficiency increases with increasing magnetic
charge up to 6 gp and then starts decreasing. This is
because high magnetic charges would be strongly accel-
erated by the CMS magnet, thus reducing the efficiency.
However, the Schwinger LCFA cross section increases with
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FIG. 4. The 95% CL exclusion region for MM search via the Schwinger effect in the CMS beam pipe (BP) exposed to Pb-Pb collisions
during Run 1 of the LHC. The region shaded in green corresponds to the mass bounds from the MoEDAL search using its MMT
detectors exposed to Pb-Pb collisions in Run 2 [29]. The insert zooms in on the low-charge region. The limit from indirect searches for
MMs produced by neutron stars [30] is also shown, indicating that the current search provides the strongest available limits for charges
up to 45 gp. The lines connecting the discrete charge values are to guide the eye.
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increasing magnetic charge. The mass limits remain nearly
constant, because the mass of MMs that could be produced
in Pb-Pb Run 1 collisions is limited by the energy in the
electromagnetic field, calculated using Eq. (3).

Our analysis combines the advantages of searching for
MM production in heavy-ion collisions via the Schwinger
effect using a beam pipe as a trapping volume, which leads
to unprecedented sensitivity to MMs with high magnetic
charges. Our results are valid for both elementary and
composite MMs. The limit from indirect searches for MMs
produced by neutron stars [44] is also plotted in Fig. 4. The
latter limits become stronger than the results of this work
for magnetic charges above 45 gp.

In conclusion, the CMS beam pipe was exposed to
184.07 pb~! Pb-Pb collisions at 2.76 TeV center-of-mass
energy per collision in December 2011. The beam pipe
acquired by MoEDAL from CMS was scanned for the
presence of trapped magnetic charges using a SQUID
magnetometer. No signal candidates were observed. The
advantages of the ultraperipheral heavy-ion collisions and
close proximity to the interaction point have enabled us to
exclude, at a 95% CL, the existence of composite or
pointlike MMs with masses up to 80 GeV, providing the
strongest available constraint for magnetic charges from 2
to 45 gp-
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