
1

(Minicharged) magnetic 
monopole with mineral detectors

Apr. 16, 2026 @ MDvDM 2026

Ayuki Kamada (University of Warsaw)

Based on
AK and Daniele Perri in progress



2

Paleo detector
Ancient mineral as a detector

N = 4 × ( F
10−17 /cm2/s/sr ) ( A

cm2 ) (
Texp

Gyr )

Baum, Drukier, Freese, Górski, 
and Stengel, PLB, 2020

PALEOCCENE collaboration, 
Phys. Dark Univ., 2023

- long exposure

Figure 1: TEM-images of latent fission-tracks in apatite. Left (A): Images taken parallel

to the flight trajectory (light grey). Right (B): Image taken perpendicular to the flight

trajectory. Core of a fission-track is visible in the central part of the image. Figure taken

from Ref. [90].

fission products [84]; halite and olivine are known for forming color centers while irradiated

with accelerated ions.

2.4 Fission Track Analysis

Latent fission tracks are cylindrical volumes (O(10) nm diameter and O(20)µm length)

of damage in a crystal produced during the spontaneous fission decay of 238U, 235U, and
232Th, see Fig. 1. Due the the half lives and relative abundances of 238U, 235U, and 232Th,
238U is the most relevant radioisotope fissioning within the last 1 billion years. Each fission

event causes two fission fragments that travel in exactly opposite directions, producing

a single trail of crystal damage (defects) with the length determined by the energy loss

(typically of order keV/nm) of the fragments in condensed matter along the trajectory.

The initial kinetic energy of the fission fragments amounts in average to 170MeV with a

distribution between 160MeV and 190 MeV.

The damage caused by the fission fragments on the nanoscale depends on the material.

For example, the spontaneous fission track in apatite (Ca5(PO4)3(F, Cl, OH, REE) is a

trail of amorphous material within the normal crystal lattice (Fig. 1). Two models of

– 9 –

- fission track in apatite

Texp = 𝒪(10) − 𝒪(103) Myr

- may detect even very rare (low flux) 
relics of the Universe

- not necessarily account for the whole 
dark matter

F = 6 × 10−11 /cm2/s/sr × ( ρ
ρdm, loc = 0.3 GeV/c2/cm3 )

× ( v
233 km/s ) ( 1016 GeV/c2

m )
- including (minicharged) monopoles (this talk), 
topological defects, Q-balls… AK, Kuwahara and 

Watanabe, JHEP, 2026

Yin, PRD, 2026
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- to keep them symmetric even in the presence of electric charge/
current, one needs magnetic charge/current, too.

Maxwell equations

- in vacuum (Heaviside-Lorentz units)

Electromagnetic duality

⃗∇ ⋅ ⃗E = 0 ⃗∇ ⋅ ⃗B = 0

⃗∇ × ⃗E = −
1
c

∂
∂t

⃗B ⃗∇ × ⃗B =
1
c

∂
∂t

⃗E

- symmetric under ⃗E → ⃗B ⃗B → − ⃗E

⃗∇ ⋅ ⃗E = ρe ⃗∇ ⋅ ⃗B = ρm

⃗∇ × ⃗E = − ⃗Jm −
1
c

∂
∂t

⃗B ⃗∇ × ⃗B = ⃗Je +
1
c

∂
∂t

⃗E

- symmetric under ⃗E → ⃗B

⃗B → − ⃗E

ρe → ρm ⃗Je → ⃗Jm

ρm → − ρe ⃗Jm → − ⃗Je

- if you prefer SI/Gaussian 
units, please see backup slides

1 G [G] =
1

4π
dyn/cm [HL]
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Stable

Monopoles

g
E

monopoleelectron

e
B

- lightest magnetically charged particle 
(monopole) is stable as the lightest 
electrically charged particle (electron)

Classical interaction

- monopole generates classical 
electromagnetic field according to 
Maxwell equations

- generated electromagnetic fields exert 
electromagnetic force on matter (and vice versa)

- cosmological relics may account for (a 
tiny fraction of) dark matter

⃗F = e ( ⃗E +
⃗v

c
× ⃗B )

⃗∇ ⋅ ⃗B = ρm

⃗∇ × ⃗E = − ⃗Jm −
1
c

∂
∂t

⃗B

+g ( ⃗B −
⃗v

c
× ⃗E )
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Monopoles

- to make electron wave function single valued in the presence 
of a monopole, it should follow Dirac quantization

g
gD

=
eg

2πℏc
= ℤ

Quantum interaction

- challenging to compute a cross section of direct pair-annihilation into 
photons (quantum) in a reliable way, but not challenging to compute a 
bound-state formation (classical) cross section

- perturbative electric charge ↔︎ 
non-perturbative magnetic charge

gD = 68.5 × e

As a topological defect ('t Hooft-Polyakov)
- when simple G (say, grand unification of standard-model gauge 
couplings) is broken into H including U(1), monopole appears as 
extended object (condensation of Higgs and gauge boson)

- abundance is determined by Kibble-Zurek mechanism (and 
possible subsequent annihilation; though we do not go in details)
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Relic monopoles

- acceleration through intergalactic and 
Galactic magnetic fields

Evolution in the late Universe

(a) BI . 10�12 G [min {1, �IH0}]�1/2. (b) BI = 10�10 G, �I & 1/H0.

(c) BI = 10�9 G, �I = 1 Mpc.
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(d) BI = 10�9 G, �I & 1/H0.

Figure 2: Product of the velocity and Lorentz factor of MMs at Earth, as a function of mass. The MM charge is fixed to g = gD. The IGMF strength and coherence
length are varied in each panel. In (a) the IGMF is too weak to a↵ect the MM velocity. In (b)–(d) the IGMFs can predominantly accelerate the MMs, depending on
the MM flux. The horizontal black dotted lines indicate the sensitivity thresholds for IceCube, IACTs, and Auger.

�I < 1/H0. The plot clearly shows that by measuring the flux
and kinetic energy of MMs, one not only can infer the exis-
tence of IGMFs, but can also measure (a combination of) their
strength and coherence length.8

8The Telescope Array (TA) [47] recently detected an ultra-high-energy par-
ticle with Ek ⇡ 2 ⇥ 1011 GeV. This may be interpreted as a MM accelerated in
the GMF. Within this MM hypothesis, IGMFs cannot give a larger energy to the
MM. Hence, by crudely assuming the flux to be F ⇠ 10�21 cm�2s�1sr�1 and
using Fig. 3, one can rule out IGMFs of, e.g., BI & 10�10 G with �I & 1 Mpc.

3. Recasting experimental limits

Over the years, numerous experiments have placed con-
straints on the flux of MMs. See e.g. [12, 13, 14] for compre-
hensive reviews. In Fig. 4, we collect some of the strongest flux
limits, given in terms of the velocity parameter �� at the detec-
tor of each experiment, reported by IceCube [20], RICE [48],
MACRO [15], Auger [21], and from a preliminary study for
H.E.S.S. [49]. One clearly sees that di↵erent instruments have

4

Stopping power for a monopole
- slow: elastic collision with atoms (via 
magnetic dipole)

- fast: excitation and ionization 
of atoms; Bethe-Bloch e→gβ

- intermediate: collective 
excitation of atoms; Lindhard 
(dielectric constant approx.)

- weakens Galactic magnetic fields 
(Parker bounds)

J. Derkaoui et al. /Astroparticle Physics 9 (I 998) 173-183 175 

Fig. 2. Energy losses of magnetic monopoles in the earth’s mantle as function of velocity /k and of magnetic charge g. Notice the solid 
curves in the regions A, B, C where the calculations am more reliable, and the dashed lines for which them are more uncettainties. The 
lowest three curyes apply to magnetic monopoles with n = 1,2,3 and assuming that the basic electric charge. is that of the electron; the 
third curve also applies to MM with n = 1 assuming that the basic electric charge is that of the quark d. The highest two curves apply to 
magnetic monopoles with n = 2,3 and basic charge 4e. 

Fig. 3. Energy losses of magnetic monopoles in the earth’s nucleus, assuming that it is made of iron with p = 11.5 g/cm3, as function of 
fl for various magnetic charges. The notation is as in Fig. 2. 

Ne is the density of electrons, mc the electron mass, g the magnetic charge of the monopole, I the mean 
ionization potential, S the density effect correction, k the QED correction, and B, the Bloch correction. For 
silicon at the density of the terrestrial mantle (psi = 4.3 g/cm3 ) and iron at the density of the terrestrial core 
( fle = 11.5 g/cm3), we have used 

N,(Si) = 1.29 x 10” cmm3, N,(Fe) = 3.22 x 10M cmm3, Z(Si) = 172 eV, Z(Fe) = 285 eV, 

0.406 for JgJ = 137e/2, 
k( lg]) = 

{ 

0.346 for lgl = 137e, B,( lgl) = 
0.3 for lg] 1 3 - 137e/2, 

1 

0.248 for Igl = 137e/2, 
0.672 for ]gl = 137e, 
1.022 for lgl = 3 . 137e/2, 
1.685 for lgl = 6 - 137e/2, 
2.085 for /g( = 9 - 137e/2. 

For silicon the formula should be accurate to within about f3% for p > 0.1 and y < 100. The resulting 
energy losses of monopoles with one unit, two units and three units of Dirac charge are shown in Fig. 2 for 
silicon and Fig. 3 for iron. We assume that Eq. (2) applies for p > 0.1 (solid lines A). 

4. Energy losses of monopoles with 10e3 < /3 < lo-’ 

For monopoles of medium velocity the energy losses can be computed assuming that the medium is a 
degenerate electron gas. 

For losses in the earth’s mantle we use the result of Ahlen and Kinoshita [lo] for nonconductors, 

dE 2vN,2e2j3 
-_= 
dx 

--. 
m&W 

(3) 

Derkaoui et. al., 
Astropart. Phys., 1998
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More on stopping power
Stopping power for a monopole

J. Derkaoui et al. /Astroparticle Physics 9 (I 998) 173-183 175 
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ionization potential, S the density effect correction, k the QED correction, and B, the Bloch correction. For 
silicon at the density of the terrestrial mantle (psi = 4.3 g/cm3 ) and iron at the density of the terrestrial core 
( fle = 11.5 g/cm3), we have used 

N,(Si) = 1.29 x 10” cmm3, N,(Fe) = 3.22 x 10M cmm3, Z(Si) = 172 eV, Z(Fe) = 285 eV, 

0.406 for JgJ = 137e/2, 
k( lg]) = 
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0.346 for lgl = 137e, B,( lgl) = 
0.3 for lg] 1 3 - 137e/2, 
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0.672 for ]gl = 137e, 
1.022 for lgl = 3 . 137e/2, 
1.685 for lgl = 6 - 137e/2, 
2.085 for /g( = 9 - 137e/2. 

For silicon the formula should be accurate to within about f3% for p > 0.1 and y < 100. The resulting 
energy losses of monopoles with one unit, two units and three units of Dirac charge are shown in Fig. 2 for 
silicon and Fig. 3 for iron. We assume that Eq. (2) applies for p > 0.1 (solid lines A). 

4. Energy losses of monopoles with 10e3 < /3 < lo-’ 

For monopoles of medium velocity the energy losses can be computed assuming that the medium is a 
degenerate electron gas. 

For losses in the earth’s mantle we use the result of Ahlen and Kinoshita [lo] for nonconductors, 

dE 2vN,2e2j3 
-_= 
dx 

--. 
m&W 

(3) 

Derkaoui et. al., 
Astropart. Phys., 1998

3 33. Passage of Particles Through Matter
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Figure 33.1: Mass stopping power (= È≠dE/dxÍ) for positive muons in copper as a function of
—“ = p/Mc over nine orders of magnitude in momentum (12 orders of magnitude in kinetic energy).
Solid curves indicate the total stopping power. Data below the break at —“ ¥ 0.1 are taken from
ICRU 49 [4] assuming only — dependence, and data at higher energies are from [5]. Vertical bands
indicate boundaries between di�erent approximations discussed in the text. The short dotted lines
labeled “µ≠ ” illustrate the “Barkas e�ect”, the dependence of stopping power on projectile charge
at very low energies [6]. dE/dx in the radiative region is not simply a function of —.

33.2.3 Stopping power at intermediate energies

The mean rate of energy loss by moderately relativistic charged heavy particles is well described
by the “Bethe equation,”

=
≠dE

dx

>
= Kz2 Z

A

1
—2

C
1
2 ln 2mec2—2“2Wmax

I2 ≠ —2 ≠ ”(—“)
2

D

. (33.5)

Eq. (33.5) is valid in the region 0.1 . —“ . 1000 with an accuracy of a few percent. Small
corrections are discussed below.

This is the mass stopping power ; with the symbol definitions and values given in Table 33.1,
the units are MeV g≠1cm2. As can be seen from Fig. 33.2, ÈdE/dxÍ defined in this way is about
the same for most materials, decreasing slowly with Z. The linear stopping power, in MeV/cm, is
fl ÈdE/dxÍ, where fl is the density in g/cm3.

At —“ ≥ 0.1 the projectile velocity is comparable to atomic electron “velocities” (Sec. 33.2.6),
and at —“ ≥ 1000 radiative e�ects begin to be important (Sec. 33.6). Both limits are Z dependent.
A minor dependence on M at high energies is introduced through Wmax, but for all practical
purposes ÈdE/dxÍ in a given material is a function of — alone.

6th December, 2019 11:50am

PDG, 2018

- non-relativistic interaction 
is different

- relativistic interaction is 
similar to a charged particle
(electromagnetic induction)

FIG. 2. The electromagnetic energy loss from collisional, bremsstrahlung, electron–pair production, and the photonuclear

interaction of a 100 TeV relativistic monopole in air. Collisional, pair production, and the photonuclear interaction are roughly

independent of the monopole mass whereas bremsstrahlung is → M−1. The units of energy loss are given in TeV per atmosphere,

where 1 atm = 1033 g/cm2.

C. Hadronic Interactions

GUT monopoles typically contain internal color fields. The l-monopole’s color field is soft, extending to a distance

Λ−1 → 1 fm (where Λ ≡ ΛQCD). Its internal color is similar to that of a normal hadron, however there are no

valence quarks internally, and so a better analogy to the color structure of an l-monopole is a glueball. Thus, we

expect the hadronic cross–section of l-monopoles to be of typical hadronic size, with an inelasticity ω → Λ/M →

10−10 (1010GeV/M). For l–monopoles an approximate hadronic stopping power would then be

dEhad

dx
# −

γ Λ

λ
# −γ Λ

(

NA

gram

)

σhad (3.11)

where the mean–free–path between hadronic interactions is λ = (NAσhad)−1, for a typical hadronic cross–section

σhad. The magnitude of expression (3.11) appears to be comparable to the energy loss to electron–pairs discussed

above, so the hadronic interaction for l-monopoles may make a significant contribution to the total energy loss.

Lacking reliable knowledge of the l-monopole’s hadronic interactions, we will neglect this possible contribution in the

following signature calculations. In passing we mention that: 1) The inclusion of eq. (3.11) in the longitudinal shower

model (sec. IV) would feed the electromagnetic shower. For each hadronic interaction length in the development of a

subshower, about 30% of the hadronic energy is transferred to the electromagnetic component; thus, after a subshower

undergoes a few hadronic interactions, O(1) of the energy will be in the electromagnetic shower. 2) The range of mass

11

1 atm=1033 g/cm2

negligible for 
large mass

Wick et. al., Astropart. 
Phys., 2003



Figure 3: Relation between IGMF strength and kinetic energy of MMs that
arrive at Earth with relativistic velocities. The MM charge is fixed to g = gD,
and the line colors denote di↵erent values of the MM flux. Solid lines are
for �I & 1/H0, while dashed lines are for �I = 1 Mpc. The vertical segment
where the lines overlap represents the minimum energy acquired in GMFs, and
a departure from it signals extra acceleration in IGMFs. One can infer the IGMF
strength and coherence length by measuring the MM flux and kinetic energy.
The gray region is excluded by constraints from CMB.

sensitivities in di↵erent velocity ranges.9
In this section, we recast the experimental limits at the detec-

tors, into limits on Earth as functions of the MM mass. For this
purpose, we study the energy loss of MMs after their arrival at
Earth. Combining this with the acceleration of MMs in cosmic
magnetic fields (as described in Sec. 2), we evaluate the MM
velocity at the detectors as functions of the mass for each ex-
periment. The results are reported in Fig. 5, which represents
the main outcome of this work.

We describe the individual limits in the following subsec-
tions. Note that for RICE, we only show its limit for reference
in Fig. 4, but do not perform a recasting since the result is some-
what similar to those from IceCube and Auger. In the rest of the
paper, unless otherwise stated, we consider MMs with a single
Dirac charge, i.e. g = gD.

3.1. MACRO

MMs crossing a medium deposit a large amount of en-
ergy; the ionization yield of a relativistic unit charge MM is
(gD/e)2 ⇡ 4700 times that of a minimum ionizing electrically
charged particle [53, 54, 55]. This signature drove the de-
sign of the Monopole, Astrophysics and Cosmic Ray Obser-
vatory (MACRO), which was a dedicated instrument to search

9Limits on relativistic MMs that have been obtained by other experiments
(e.g. [50, 51, 52]) are comparable to or weaker than the ones we discuss here.
We also note that we do not discuss constraints from searches of nucleon decay
catalyzed by MMs, since the catalysis depends on the details of the MM model.

Figure 4: Experimental upper limits on the singly charged (g = gD) MM flux in
terms of the MM velocity, at the detector. Shown are limits from MACRO [15]
(blue), IceCube [20] (purple), RICE [48] (green), Auger [21] (brown), and a
preliminary study [49] for H.E.S.S. (magenta).
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Figure 5: Upper limits on the singly charged (g = gD) MM flux on Earth, in
terms of the MM mass. Shown are results from MACRO (blue), IceCube (pur-
ple), Auger (brown), expected sensitivity for CTAO (magenta), Galactic Parker
bound (red), seed Parker bound (pink), cosmological limit from comparison
with the average dark matter density in the universe (gray), and the mass lower
limit from MoEDAL (orange). The Auger and seed Parker limits depend on
IGMFs, whose field strength is varied. See the text for details.

for MMs [15]. It was operated at Gran Sasso INFN National
Laboratories (LNGS), at water equivalent depth of 3,800 m,
for a decade, until 2000. The latest global limits based on
9.5 years of data were reported in [16], for MM velocities at
the detector within the range of 4 · 10�5  �  0.99. As-

5

9

Relic monopoles

Perri, Doro and Kobayashi, 
Phys. Dark Univ., 2025

Summary of existing constraints

- remember sensitivity of a paleo detector

N = 4 × ( F
10−17 /cm2/s/sr ) ( A

cm2 ) (
Texp

Gyr )

- not clustering into Galaxy

Fmon = 4 × 10−13β /cm2/s/sr × ( ρmon

ρdm, glo = 2 × 10−6 GeV/c2/cm3 ) ( 1016 GeV/c2

Mmon )

- old study of mica: g/gD > 2 to 
leave etchable tracks

Fleischer, Price and 
Woods, Phys. Rev., 1969

Fmon < 1 × 10−19 /cm2/s/sr
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- dark photon; dark electron; dark monopole…

Dark sector

- example: mirror world (motivated by 
puzzling P-violation in weak interaction)

Dark electrodynamics

⃗∇ ⋅ ⃗E ′￼= ρ′￼e ⃗∇ ⋅ ⃗B ′￼= ρ′￼m

⃗∇ × ⃗E ′￼= − ⃗J′￼m −
1
c

∂
∂t

⃗B ′￼ ⃗∇ × ⃗B ′￼= ⃗J′￼e +
1
c

∂
∂t

⃗E ′￼

Photon-dark photon mixing
- photon and dark photon have the same quantum number and thus 
can mix with each other (remember, say, photon-rho meson mixing); 
mixing parameter ε
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Visible-dark electrodynamics

⃗∇ ⋅ ⃗E ′￼= ρ′￼e + ϵρe ⃗∇ ⋅ ⃗B ′￼= ρ′￼m

⃗∇ × ⃗E ′￼= − ⃗J′￼m −
1
c

∂
∂t

⃗B ′￼ ⃗∇ × ⃗B ′￼= ⃗J′￼e + ϵ ⃗Je +
1
c

∂
∂t

⃗E ′￼

⃗∇ ⋅ ⃗E = ρe ⃗∇ ⋅ ⃗B = ρm − ϵρ′￼m

⃗∇ × ⃗E = − ⃗Jm + ϵ ⃗J′￼m −
1
c

∂
∂t

⃗B ⃗∇ × ⃗B = ⃗Je +
1
c

∂
∂t

⃗E

⃗F = e ( ⃗E +
⃗v

c
× ⃗B ) + (g − ϵg′￼)( ⃗B −

⃗v
c

× ⃗E )

Maxwell equations

- electron can generate a dark electric field and dark monopole can 
generate a visible magnetic field 

+(e′￼+ ϵe)( ⃗E ′￼+
⃗v

c
× ⃗B ′￼) + g′￼( ⃗B ′￼−

⃗v
c

× ⃗E ′￼)
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Minicharged monopoles

⃗F e = e
⃗v

c
× ⃗B + ϵe

⃗v
c

× ⃗B ′￼

Visible-dark electrodynamics
- no interaction between an electron and a dark monopole as it is 
(no problem in keeping electron wave function single-valued in the 
presence of a dark monopole)

⃗∇ ⋅ ⃗B = − ϵρ′￼m ⃗∇ ⋅ ⃗B ′￼= ρ′￼m and thus ⃗B = − ϵ ⃗B ′￼

- because we can always redefine visible-dark photons so that 
monopole does not generate a visible magnetic field

- visible-dark photons become distinguishable once a dark photon 
obtains a mass and a dark magnetic field is confined into a string

⃗F e = e
⃗v

c
× ⃗B ⃗∇ ⋅ ⃗B = − ϵρ′￼m

- at a large distance, a dark monopole looks like a 
minicharged (-εg’) visible monopole

Dark Meissner effect



Monopoles on strings 16

Figure 1. Three cases of monopoles on strings; blue and red dots represent monopoles
and antimonopoles respectively.

where the acceleration a = µ/M , M is the monopole mass, g the magnetic charge, and

µ the string tension. Once the monopole and antimonopole collide, they annihilate and

the time scale for a given dumbbell to dissipate will be given by its initial length. If a

dumbbell is very long initially, there is also a probability that it will be chopped into

shorter segments when other strings collide or when the long string crosses on itself,

through a process called intercommutation. Since the length distribution of dumbbells

is dominated by the smallest length, and the smallest length is typically much shorter

than the cosmic horizon, most of the energy in dumbbells is dissipated within a Hubble

time. Then observational signatures can only arise if a telltale remnant is produced

during the decay process. We will shortly discuss three possible remnants.

In the second case shown in Fig. 1, the monopole is like a “bead on a string” and we

expect the formation of “cosmic necklaces” [39, 30]. Monopoles and antimonopoles can

slide along the string, collide, and annihilate, and produce high energy particles that

can potentially be observed as cosmic rays [40, 41, 42]. However, closer scrutiny of the

process [42] finds that the monopoles annihilate very rapidly after formation and the

network soon resembles a network of ordinary cosmic strings. Then the observational

constraints on ordinary cosmic strings (discussed below) also apply to beads-on-strings,

independent of whether the monopole (beads) carry unconfined magnetic flux.

In the third case of Fig. 1, a string web is formed with monopoles at the junctions

of the web. Then the web stretches with the expansion of the universe, and dilutes
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As a topological defect ('t Hooft-Polyakov)

- dark monopole-string network: U(1) → ZN

Minicharged monopoles

- N=1 (“dumbbell”): dark 
monopole-anti-
monopole feel a 
constant (with distance) 
attractive force and 
annihilate quickly; no 
monopole or string is left

- N=2 (“necklace”): dark 
monopole is pulled in both 
ways and thus annihilation is 
not quick; one string per 
Hubble volume is left and 
monopoles are distributed 
along the string

Kibble and Vachaspati, 
J. Phys. G, 2015

- N>2 (“network”): 
monopoles are 
distributed uniformly and 
connected by strings
(our interest)
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Relic network

- inter-string distance is comparable with an inter-monopole distance

ρmon ∼
Mmon

d3

N = 4 × ( F
10−17 /cm2/s/sr ) ( A

cm2 ) (
Texp

Gyr )

Fmon = 4 × 10−13β /cm2/s/sr × ( ρmon

ρdm, glo = 2 × 10−6 GeV/c2/cm3 ) ( 1016 GeV/c2

Mmon )

ρstr ∼
μ
d2

∼ 0.1ρdm, glo × ( μ
MeV2 ) ( ρmon

ρdm, glo = 2 × 10−6 GeV/c2/cm3 )
2/3

( 1016 GeV
Mmon )

2/3

- remember a (non-clustering) flux and sensitivity of paleo detector

- ρstr/Fmon depends only on ρmon/Mmon

- possibly problematic in cosmology Cheng, Valentino and Visinelli, JHEAp, 2026

Relic minicharged monopoles
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Dark photon constraints

Relic minicharged monopoles

- string tension 
and thus a dark 
photon mass need 
to be around or 
below 100 MeV

Hg-2Le BaBar, NA48ê2, PHENIX

Hg-2Lm + 2s
Hg-2Lm > 5s

E774

E141

Orsay, U70

Charm, Nu-Cal

E137, LSND

SN

SHiP,
bremsstrahlung

SHiP,
QCD

SHiP,
mesons

1 10 102 103
10-20

10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

mA' HMeVL

e2

Visibly Decaying A'

SHiP collaboration, Rep. Prog. Phys., 2016

- unexplored region 
around 10-100 MeV 
dark photon and 10-4 

mixing

- electromagnetically charged visible particles can produce a 
dark photon, which decays into a pair of electron and positron

⃗∇ ⋅ ⃗E ′￼= ρ′￼e + ϵρe

⃗F = ϵe ( ⃗E ′￼+
⃗v

c
× ⃗B ′￼)
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Summary
Monopole

- also arises in grand unified theory of particle physics

- motivated by electromagnetic duality

Mini-charged monopole

- not clustering into Galaxy

- dark monopole looks like mini-charged monopole after dark photon 
obtains mass

- form monopole-string network

- semi-relativistic velocity

- evolution in the late universe is to be investigated

- clustering into Galaxy or not would depend on mixing parameter

- synergy with accelerator search for dark photon
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Thank you



19

- to keep Maxwell equations symmetry even in presence of electric 
charge/current, one needs magnetic charge/current, too.

Electromagnetic duality

- Maxwell equations in vacuum (SI units)

Monopoles

⃗∇ ⋅ ⃗E = 0 ⃗∇ ⋅ ⃗B = 0

⃗∇ × ⃗E = −
∂
∂t

⃗B ⃗∇ × ⃗B = ϵ0μ0
∂
∂t

⃗E

- symmetric under ⃗E → c ⃗B ⃗B → −
1
c

⃗E

⃗∇ ⋅ ⃗E =
1
ϵ0

ρe ⃗∇ ⋅ ⃗B = μ0ρm

⃗∇ × ⃗E = − μ0 ⃗Jm −
∂
∂t

⃗B ⃗∇ × ⃗B = μ0 ⃗Je + ϵ0μ0
∂
∂t

⃗E

- symmetric under ⃗E → c ⃗B

⃗B → −
1
c

⃗E

ρe →
1
c

ρm ⃗Je →
1
c

⃗Jm

ρm → − cρe ⃗Jm → − c ⃗Je
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Stable

Monopoles

g
E

monopoleelectron

e
B

- lightest magnetically charged particle 
(monopole) is stable as lightest 
electrically charged particle (electron)

Classical interaction

- monopole generates classical 
electromagnetic field according to the 
(modified) Maxwell equations

- generated electromagnetic fields exert 
electromagnetic force on matter (and vice versa)

- cosmological relics may account for (a 
tiny fraction) of dark matter

⃗F e = e ( ⃗E + ⃗v × ⃗B )

⃗∇ ⋅ ⃗B = μ0ρm

⃗∇ × ⃗E = − μ0 ⃗Jm −
∂
∂t

⃗B

⃗F m = g ( ⃗B −
⃗v

c2
× ⃗E )
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Monopoles

- to make electron wavefunction in presence of monopole 
single-valued, they should follow Dirac quantization

g
gD

=
eg

2πϵ0ℏc2
= ℤ

Quantum interaction

- challenging to compute cross section of direct pair-annihilation into 
photons (quantum) in a reliable way, but not challenging to compute 
bound-state formation (classical) cross section

- perturbative electric charge ↔︎ 
non-perturbative magnetic charge

gD = 68.5 × ec
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- to keep Maxwell equations symmetry even in presence of electric 
charge/current, one needs magnetic charge/current, too.

Electromagnetic duality

- Maxwell equations in vacuum (Gaussian units)

Monopoles

⃗∇ ⋅ ⃗E = 0 ⃗∇ ⋅ ⃗B = 0

⃗∇ × ⃗E = −
1
c

∂
∂t

⃗B ⃗∇ × ⃗B =
1
c

∂
∂t

⃗E

- symmetric under ⃗E → ⃗B ⃗B → − ⃗E

⃗∇ ⋅ ⃗E = 4πρe ⃗∇ ⋅ ⃗B = 4πρm

⃗∇ × ⃗E = − 4π ⃗Jm −
1
c

∂
∂t

⃗B ⃗∇ × ⃗B = 4π ⃗Je +
1
c

∂
∂t

⃗E

- symmetric under ⃗E → ⃗B

⃗B → − ⃗E

ρe → ρm ⃗Je → ⃗Jm

ρm → − ρe ⃗Jm → − ⃗Je
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Stable

Monopoles

g
E

monopoleelectron

e
B

- lightest magnetically charged particle 
(monopole) is stable as lightest 
electrically charged particle (electron)

Classical interaction

- monopole generates classical 
electromagnetic field according to the 
(modified) Maxwell equations

- generated electromagnetic fields exert 
electromagnetic force on matter (and vice versa)

- cosmological relics may account for (a 
tiny fraction) of dark matter

⃗F e = e ( ⃗E +
⃗v

c
× ⃗B )

⃗∇ ⋅ ⃗B = 4πρm

⃗∇ × ⃗E = − 4π ⃗Jm −
1
c

∂
∂t

⃗B

⃗F m = g ( ⃗B −
⃗v

c
× ⃗E )
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Monopoles

- to make electron wavefunction in presence of monopole 
single-valued, they should follow Dirac quantization

g
gD

= 2
eg
ℏc

= ℤ

Quantum interaction

- challenging to compute cross section of direct pair-annihilation into 
photons (quantum) in a reliable way, but not challenging to compute 
bound-state formation (classical) cross section

- perturbative electric charge ↔︎ 
non-perturbative magnetic charge

gD = 68.5 × e
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High-energy physics
energy scale

Standard model

electroweak

TeV
top partner?

WIMP?
high-energy frontier

bi-charged?

Dark sector?

portal interaction?
intensity/lifetime-frontier

dark matter?
dark radiation?gravitational probe

cosmic-frontier

baryons + photon + 
neutrinos

neutral naturalness?

dark energy

proton decay?
flavor violation?

intensity-frontier

meV
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energy scale

Standard model

electroweak

TeV
top partner?

WIMP?
high-energy frontier

bi-charged?

Dark sector?
portal interaction?
intensity/lifetime-frontier

dark matter?
dark radiation?gravitational probe

cosmic-frontier

baryons + photon + 
neutrinos

neutral naturalness?

dark energy

proton decay?

intensity-frontier
fl

High-energy? physics

meV
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Intensity frontier
Dark photon portal

ϵY

2
YμνF′￼μν

- kinetic mixing between the hyper-charge gauge boson and dark photon

- SM particles feebly couple to dark photon ϵejμ
e A′￼μ

Beam-dump experiment
1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e� ��̄

Invisible

b)

Scenario B

Tagger

Ei
e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A0 Production in Target

A0

Z

e�

e�

�

�̄A0

target shield detector

e.g., CHARM, E137, SHiP…

Hg-2Le BaBar, NA48ê2, PHENIX

Hg-2Lm + 2s
Hg-2Lm > 5s

E774

E141

Orsay, U70

Charm, Nu-Cal

E137, LSND

SN

SHiP,
bremsstrahlung

SHiP,
QCD

SHiP,
mesons

1 10 102 103
10-20

10-18

10-16

10-14

10-12

10-10

10-8

10-6

10-4

mA' HMeVL

e2

Visibly Decaying A'

SHiP collaboration, Rep. Prog. Phys., 2016

A′￼→ SM

- integration by parts
ϵY cos θW = ϵ

τ ∼ 1 ns-μs

prompt

long-lived e+e−

- mass from dark Higgs (or Stueckelberg)


