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Introduction



It all started with Paul Dirac in 1931

Why is the electron charge quantized and why does it have that value?

𝛼−1 = 4𝜋𝜀0ℏ𝑐
𝑒2 ≈ 137

Dirac proposed the existence of magnetic poles (monopoles) as a solution.
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Dirac envisioned a semi-infinitely long, infinitesimally thin solenoid as amagnetic
monopole

∞

• At the end of the solenoid, the magnetic field resembles
that of a single charge:

• What do we do with the rest of the solenoid?
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If the infinitesimally thin solenoid is not detected, we can identify the object as
a monopole

∞

• We can try to detect the solenoid with an interference
experiment.

• An electron is transported along a closed path around
the solenoid.

• The magnetic field of the monopole with magnetic
charge 𝑔 is

𝐁 = 𝛁 × 𝐀 = 𝑔 ̂𝐫
𝑟2 .
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If the infinitesimally thin solenoid is not detected, we can identify the object as
a monopole

∞

• The magnetic field of the monopole with magnetic
charge 𝑔 is

𝐁 = 𝛁 × 𝐀 = 𝑔 ̂𝐫
𝑟2 .

• After the orbit, the new wave function of the electron is
Ψ = Ψ0 𝑒𝑖[𝑒/(ℏ𝑐)] ∮𝐀⋅d𝐫 = Ψ0 𝑒𝑖4𝜋𝑒𝑔/(ℏ𝑐) .

• The electron fails to see the solenoid if the phase is
trivial:

𝑒𝑖4𝜋𝑒𝑔/(ℏ𝑐) = 1 ⇒ 𝑔 = 𝑛
2𝑒ℏ𝑐 .

Check out arXiv:1810.13403 for a comprehensive review on Dirac’s quantization condition.
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If the solenoid is undetectable, the magnetic
charge is quantized.
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If the solenoid is undetectable, the magnetic charge is
quantized.

The existence of a magnetic monopole implies
quantization of the electric charge.
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To sum up:

i) Dirac showed that the existence of monopoles is consistent with quantum
electrodynamics (QED).

ii) Later on, ’t Hooft and Polyakov demonstrated that monopoles arise naturally
in grand unified theories (GUT) and have calculable and predictable
properties.

References:
P.A.M. Dirac, Proc. Roy. Soc. Lond. A 133 (1931) 60.

G.’t Hooft, Nucl. Phys. B 79 (1974) 276.
A.M. Polyakov, JETP Lett. 20 (1974) 194.

— PABLO MUÑOZ CANDELA, IFIC (CSIC–UV) — 5



To sum up:

i) Dirac showed that the existence of monopoles is consistent with quantum
electrodynamics (QED).

ii) Later on, ’t Hooft and Polyakov demonstrated that monopoles arise naturally
in grand unified theories (GUT) and have calculable and predictable
properties.

References:
P.A.M. Dirac, Proc. Roy. Soc. Lond. A 133 (1931) 60.
G.’t Hooft, Nucl. Phys. B 79 (1974) 276.
A.M. Polyakov, JETP Lett. 20 (1974) 194.

— PABLO MUÑOZ CANDELA, IFIC (CSIC–UV) — 5



What is the flux of magnetic monopoles?

• Parker’s bound provide an upper monopole flux of Φ ≲ 10−15 cm−2 s−1 sr−1.

• Monopoles are accelerated by galactic magnetic fields, which drains energy
from these fields. This energy loss must be small to allow them to regenerate.

• Other experiments provide limits depending on the monopole velocity using
different methods:

• IceCube: Φ90 ≲ 2.0 × 10−19 cm−2 s−1 sr−1 for velocities 0.75 < 𝛽 < 0.995 and
monopole masses between 108 and 1011 GeV.

• MACRO: Φ90 ≤ 1.4 × 10−16 cm−2 s−1 sr−1 with velocities 4 × 10−5 < 𝛽 < 1.
• Other searches from NOvA and IceCube were performed.
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Monopole interactions with fermions
via Callan-Rubakov processes



Callan-Rubakov processes can violate baryon plus lepton number

Monopoles can scatter off Standard Model fermions and produce (𝐵 + 𝐿) number
violation processes.

In our work (arXiv:2504.14918), two types of these (𝐵 + 𝐿)-violating Callan-Rubakov
processes are relevant to us:
• Antiproton synthesis: 𝑀 𝑒−𝑅 → 𝑀𝑝𝐿 .
• Monopole-catalyzed proton decay: 𝑀𝑝𝐿 → 𝑀 𝑒𝑅 .

Both violate (𝐵 + 𝐿) in two units.
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Let us start with the antiproton synthesis

The differential cross-section in the center-of-mass (CoM) frame of the antiproton
synthesis process 𝑀 𝑒−𝑅 → 𝑀𝑝𝐿 is

d𝜎
dΩ = 𝑞𝐽2

2
|𝐩𝐜𝐦
𝐩 |

|𝐩𝐜𝐦𝐞 |3 [sin (
𝜃cm
2 )]

4|𝑞𝐽 |−2
.

We are interested in 𝑞𝐽 = 1/2, 3/2 and 6/2, which corresponds to stable
monopoles in the Standard Model. Note that 𝑞𝐽 ∈ ℤ/2.
In the lab frame, the monopole must have an energy above a threshold to
produce the antiproton:

𝐸th =
2𝑚𝑝𝑚𝑀 +𝑚2

𝑝 −𝑚2
𝑒

2𝑚𝑒
≈ 2 × 103𝑚𝑀 .
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More relativistic monopoles give a smaller cross-section. However, the final an-
tiproton momentum in the lab frame plateaus, independently of 𝑚𝑀

PMC, Khoze, and Turner, arXiv:2504.14918 [hep-ph] PMC, Khoze, and Turner, arXiv:2504.14918 [hep-ph]
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Detection using neutrino detectors



Hyper-K with 187 kilotons of pure water and DUNE far detector with 40 kilotons
of liquid argon are used for the analysis

Hyper-K detector
(Hyper-K collaboration)

DUNE far detector
(DUNE collaboration)
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Expanding the detector with the Earth’s crust to increase the number of targets

Hyper-K
DUNE
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Results



Exclusion regions at 90% C.L. for a monopole flux Φ = 4𝜋 × 10−16 cm−2 s−1 (one
order of magnitude below Parker’s bound). Colored bands depict allowed values

PMC, Khoze, and Turner, arXiv:2504.14918 [hep-ph] PMC, Khoze, and Turner, arXiv:2504.14918 [hep-ph]
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