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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?

4rreyhc
al=—— ~137
@
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It all started with Paul Dirac in 1931

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

4rreyhc
al=—— ~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 a magnetic

monopole
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Dirac envisioned a semi-infinitely long, infinitesimally thin solenoid as a magnetic

monopole

- At the end of the solenoid, the magnetic field resembles
that of a single charge:
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Dirac envisioned a semi-infinitely long, infinitesimally thin solenoid as a magnetic

monopole

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

/N S

7N
- What do we do with the rest of the solenoid?

0
l — PABLO MUNOZ CANDELA, IFIC (CSIC-UV) — 2




If the infinitesimally thin solenoid is not detected, we can identify the object as

a monopole
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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.
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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.

— M~ - An electron is transported along a closed path around
\ 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.
— M~ - An electron is transported along a closed path around
\ the solenoid.
- The magnetic field of the monopole with magnetic
charge g is
---------- _ _ B
B=VxA=g.
|
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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
Iy
—\ [ B=VXA=gr_2'
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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
Iy
—\ [ B=VXA=gr_2'

- After the orbit, the new wave function of the electron is
Y=y, ei[e/(hc)]fA-dr =y, pidmeg/(he)

-~ S~
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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
Iy
—\ [ B=VXA= gr_z C
- After the orbit, the new wave function of the electron is
Y=g, ei[e/(hc)]fA-dr =y, pt4meg/(hc)

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

pldmeg/(he) — 1 = g= 2—nehc.

l Check out arXiv:1810.13403 for a comprehensive review on Dirac's quantization condition.
(o]
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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.



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

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

PAM. 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.
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What is the flux of magnetic monopoles?
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What is the flux of magnetic monopoles?

- Parker's bound provide an upper monopole flux of ® < 1075 cm=2 s~! 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.
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What is the flux of magnetic monopoles?

- Parker’s bound provide an upper monopole flux of ® <1075 cm=2 s~! 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:

- lceCube: @gq < 2.0x 1071 cm=2 57! sr! for velocities 0.75 < 8 < 0.995 and
monopole masses between 108 and 10! GeV.
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What is the flux of magnetic monopoles?

- Parker’s bound provide an upper monopole flux of ® <1075 cm=2 s~! 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: @gq < 2.0x 1071 cm=2 57! sr! for velocities 0.75 < 8 < 0.995 and
monopole masses between 10% and 10! GeV.
+ MACRO: @gg < 1.4 X 10716 cm=2 s7! sr~! with velocities 4 x 107> < B < 1.
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What is the flux of magnetic monopoles?

- Parker’s bound provide an upper monopole flux of ® <1075 cm=2 s~! 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: @gq < 2.0x 1071 cm=2 57! sr! for velocities 0.75 < 8 < 0.995 and
monopole masses between 108 and 10! GeV.

+ MACRO: ®gq < 1.4 x 10716 cm=2 s~ sr~! with velocities 4 x 107> < 8 < 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.
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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:250414918), two types of these (B + L)-violating Callan-Rubakov
processes are relevant to us:

— PABLO MUNOZ CANDELA, IFIC (CSIC-UV) — 7



Callan-Rubakov processes can violate baryon plus lepton number

Monopoles can scatter off Standard Model fermions and produce (B + L) number
violation processes.
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Callan-Rubakov processes can violate baryon plus lepton number
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violation processes.
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processes are relevant to us:

- Antiproton synthesis: Mex - M p; .

- Monopole-catalyzed proton decay: M p; —» Meg .
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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:250414918), two types of these (B + L)-violating Callan-Rubakov
processes are relevant to us:

- Antiproton synthesis: Mex - M p; .

- Monopole-catalyzed proton decay: M p; —» Meg .

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 Mex — M p; is
o

do qu |pr—‘; ~ /pem 4|qs|-2
E =] 7|pecm|3 [Sln( 2 )] o
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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 Mex — M p; is

de_an Bl p, (o)
dQ = 2 |p§™p3 2 ’

where pS™ is the incoming electron three-momentum in the CoM frame.
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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 Mex — M p; is

2 |psm cm 14las1-2
do _ a2l (20
aa = 2 jpempE MM\ 2

where pgm is the outgoing antiproton three-momentum in the CoM frame.
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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 Mex — M p; is

do 3 q]2 Ip]E_":m| . gcm 4|qs|-2
da T 2 psmp [Sm< 2 )] ’

where 6™ is the scattering angle in the CoM frame.
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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 Mex — M p; is
4|qs|-2

2w (%)]
aa = 2 jpemp [P\ 2 ’

where q; is g/2, half of the monopole magnetic charge, in units of 2zh/e.
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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 Mex — M p; is

do qu |pr—‘;m| ~ /pem 4|qs|-2
E =] 7|pecm|3 [Sln( 2 )] o

We are interested in q; = 1/2, 3/2 and 6/2, which corresponds to stable
monopoles in the Standard Model. Note that q; € Z/2.
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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 Mex — M p; is

do qu |pr—‘;m| ~ /pem 4|qs|-2
E =] 7|pecm|3 [Sln( 2 )] o

We are interested in q; = 1/2, 3/2 and 6/2, which corresponds to stable
monopoles in the Standard Model. Note that q; € Z/2.

In the lab frame, the monopole must have an energy above a threshold to
produce the antiproton:

2m,my + mg — mg

Ey = ~2X103my, .

2m,
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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 m,,

log,(c/em?)

cos(0) =1
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g o
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PMC, Khoze, and Turner, arXiv:2504.14918 [hep-ph]
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https://arxiv.org/abs/2504.14918
https://arxiv.org/abs/2504.14918

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

Hyper-K
DUNE

Niarget =~ 6.25 X 10% Niarget =~ 1.09 x 1034
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Expanding the detector with the Earth’s crust to increase the number of targets

DUNE

Niarget = 3.67 x 1034
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Results




Exclusion regions at 90% C.L. for a monopole flux ® = 47 x 107! cm~2 s~! (one

order of magnitude below Parker’s bound). Colored bands depict allowed values
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Exclusion regions at 90% C.L. for a monopole flux ® = 47 x 107! cm~2 s~! (one

order of magnitude below Parker’s bound). Colored bands depict allowed values
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Conclusions

- Future neutrino experiments have the potential to probe magnetic
monopoles via Callan-Rubakov processes.
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Conclusions

- Future neutrino experiments have the potential to probe magnetic
monopoles via Callan-Rubakov processes.

- Expanding the detector with the Earth’s crust increases the number of targets.

- This enhancement allows to obtain meaningful sensitivities for a monopole
flux one order of magnitude below Parker’s bound.
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Conclusions

- Future neutrino experiments have the potential to probe magnetic
monopoles via Callan-Rubakov processes.

- Expanding the detector with the Earth’s crust increases the number of targets.

- This enhancement allows to obtain meaningful sensitivities for a monopole
flux one order of magnitude below Parker’s bound.

Thank you!
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