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Monopole Catalyzed Baryogenesis with a θ angle
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Monopoles are generally expected in Grand Unified Theories (GUTs) where they can catalyze
baryon decay at an unsuppressed rate by the Callan-Rubakov effect. For the first time, we show
this catalysis effect can generate the observed baryon asymmetry at GeV scale temperatures. We
study the minimal SU(5) GUT model and demonstrate that monopoles-fermion scattering with
a CP -violating θ-term leads to realistic baryogenesis even when θ . 10

−10 is below the neutron
EDM bound, potentially detectable in the future measurements. Our calculation also shows that
to generate the observed baryon asymmetry, the abundance of the monopoles is below the current
experiential bounds.

I. INTRODUCTION

Unification of gauge symmetry generally produces
monopoles in the early universe [1, 2]. In the phase tran-
sition where unified gauge symmetry is spontaneously
broken, there is typically an overabundance of monopoles
that is inconsistent with the current matter density,
which is known as the monopole problem [3–6]. A few
physical scenarios can modify the ordinary monopole
relic density in phenomenologically interesting ways. For
example, alternative cosmological scenarios, such as a
second phase of inflation after the phase transition [7–9],
can dilute the monopole relic density but not completely
inflate it away. One can also have a large reheating
temperature which produces monopoles from high-energy
collisions of fermions, thereby enhancing the monopole
density [10, 11]. These scenarios allow us to treat the
monopole number density as a free parameter and study
its phenomenological implications in terrestrial experi-
ments and astrophysical observations.

There are also various constraints placed on
monopoles. The leading limit on the number den-
sity or the flux of magnetic monopoles comes from the
Parker bound, which requires the kinetic energy gained
in monopoles to not exceed the galactic magnetic energy
generated by the dynamo effect [12, 13]. Monopole
masses can also be bounded from below by the produc-
tion of light magnetic monopoles in neutron stars via
thermal processes [14]. Direct searches of monopoles
have also been conducted at colliders [15–17] (only
applicable to monopole masses below TeV scale), in
cosmic rays [18–23], and through the search for trapped
magnetic monopoles in matter [24–26].

In Grand Unified Theories (GUTs), monopoles gener-
ically catalyze baryon decay at a typical strong inter-
action rate with an unsuppressed cross-section by the
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Callan-Rubakov effect [27–39]. This catalysis process
leads to constraints on the monopole flux from neutron
stars [40] and white dwarfs [41], which are comparable to
the Parker bound. It also leads to baryon decay that can
be searched for by terrestrial experiments [42–45].

Since GUT monopoles efficiently induce baryon num-
ber violating processes, one might wonder if they could
explain the observed baryon asymmetry in the universe.
As Sakharov pointed out, this would require baryon
number violation, C- and CP -violation, and departure
from thermal equilibrium [46]; monopoles satisfy at least
one of these conditions. However, typically the Callan-
Rubakov effect leads to thermal equilibrium in monopole-
fermion scattering due to the large cross-section, wiping
out the baryon asymmetry in the early universe unless
the monopole number density is suppressed [47].

In this letter, we present the first working example of
baryogenesis via monopole-catalyzed baryon decays. We
find that by explicitly breaking CP -symmetry via a θ-
angle, the Callan-Rubakov effect can be biased due to
the Witten effect [48] so that monopoles, which are not
in thermal equilibrium with the Standard Model radia-
tion plasma, catalyze baryon and anti-baryon decays at
asymmetric rates in the early universe, ultimately result-
ing in a net baryon asymmetry.

In our model, baryogenesis can occur at temperatures
significantly below the GUT scale, and monopole-fermion
scattering can remain out of thermal equilibrium with a
diluted monopole number density that avoids the over-
closure of the universe. Additionally, our scenario only
requires monopole densities that are consistent with cur-
rent observations and the resulting monopole relic den-
sity may provide testable signals from their magnetic
charge or catalysis effect [49–56]. We will show that the
required monopole density is below the current experi-
mental limit, motivating future experiments to test this
minimal monopole baryogenesis scenario.

http://arxiv.org/abs/2412.14239v1
mailto:tbrennan@ucsd.edu
mailto:liantaow@uchicago.edu
mailto:huangyu@fnal.gov
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II. CALLAN-RUBAKOV EFFECT WITH

CP -VIOLATION

The Callan-Rubakov effect occurs in the scattering of
fermions off of a monopole. In this scattering process, the
fermions probe the UV physics inside of the monopole
core due to the fact that the s-wave component of the
fermion wave functions are not repelled by any angular
momentum or electrostatic barrier. The fermions freely
interact with the UV degrees of freedom in the core, lead-
ing to a baryon number violating process whose cross-
section is not suppressed by the core size.

Consider N pairs of Weyl fermions ψA
± where A =

1, ..., N , with charge ±1 respectively under a U(1)M
gauge group. In the presence of a Dirac monopole, the s-
wave modes of the fermions are described by an effective
2d theory of chiral fermions χ, χ̃:

ψA
+ =

1

r

(
0

χA(t+ r)

)
, ψA

− =
1

r

(
χ̃A(t− r)

0

)
(1)

where σrψA
± = ∓ψA

±. This setup describes the low energy
limit of SU(2)M gauge theory which is broken to U(1)M
coupled to N Weyl fermion doublets in the presence of a
smooth ‘t Hooft-Polyakov monopole.

Note that the fermions are polarized (Zeeman ef-
fect) and are described by purely in-/out-going fermions
(χA,χ̃A) according to their electric charge. Unitarity
and gauge invariance of the effective 2d theory requires
boundary conditions on the Dirac monopole core at r = 0
relating the χA, χ̃A.

The Callan-Rubakov effect is captured by a particular
choice of boundary conditions at r = 0 which can be de-
scribed in terms of boundary conditions on the currents:

(
JA −RA

BJ̃
B
) ∣∣

r=0
= 0 , RA

B = δAB −
2

N
(2)

where JA = χ̄AχA and J̃A = ¯̃χAχ̃A are the in-/out-going
fermion currents respectively.

If we embed the SU(2)M monopole into the Georgi-
Glashow SU(5) GUT with a single generation, the min-
imal monopole involves 4 fermions doublets:

(
uc
2

u1

)

L

,

(
uc
1

u2

)

L

,

(
dc3
e+

)

L

,

(
e−

d3

)

L

. (3)

If we more generally parametrize the SU(2)M doublets
in terms of (a(i), b(i)) where a(i) = (uc

2, u
c
1, d

c
3, e

−)L and
b(i) = (u1, u2, e

+, d3)L, then only the a(i) can be incoming
and only the b(i) can be outgoing when scattering with
monopoles (their roles are reversed when scattering with
anti-monopoles). The boundary conditions (2) lead to
the Callan-Rubakov scattering processes:

a(i) + a(j) +M → b̄(k) + b̄(ℓ) +M, (4)

as well as the corresponding conjugate processes

ā(i) + ā(j) +M → b(k) + b(ℓ) +M, (5)

with i 6= j 6= k 6= ℓ. By enumerating all of these pro-
cesses, we find that the the allowed baryon number vio-
lating Callan-Rubakov process for monopoles are

∆B

+ 1 uc
1L + uc

2L +M → e−R + d3R +M

− 1 u1R + u2R +M → e+L + dc3L +M

+ 1 e+R + dc3R +M → u1L + u2L +M

− 1 e−L + d3L +M → uc
1R + uc

2R +M,

(6)

where ∆B is the the baryon number violation in each
process.

A. Massive Fermions, CP Violation, and the

Callan-Rubakov Effect

The theory with massive fermions can additionally de-
pend on a CP -violating θ-term1

S = ...+
iθ

8π2

∫
F ∧ F (7)

where θ ∼ θ + 2π.2 When θ 6= 0, π, this interaction vi-
olates CP symmetry. Physically, the θ-term endows the
monopole of magnetic charge qm with an electric charge:

qe = −
θ

2π
qm (8)

via the Witten effect [48]. The θ-term can be generated
for example by integrating out charged fermions with a
CP -violating mass, mψ. In this case, the electric charge
is sourced by the fermion vacuum in a cloud of radius
Rc ∼ 1/|mψ| around the monopole [59, 60].3 Generically,
all of the charged fermions in the theory will contribute to
the charge condensate near the monopole, so for simplic-
ity we will restrict our attention to the case where the
CP -violation comes from a θ-term in the GUT theory
which we can think of as activated by a massive GUT-
scale fermion that results in an electric charge of fixed
radius Rc ∼ 1/mGUT.

1 Note that this effect is only physical for massive fermions because
the θ-angle can be absorbed by a field redefinition for massless
fermions.

2 In the SU(5) GUT theory, a sizable and constant θ for the full
SU(5) is ruled out by the EDM constraints [57, 58]. The θ angle
needed for our mechanism is consistent with these constraints.
Alternatively, we could consider here either an effective θ in the
early universe supplied by an axion-like field, or an SU(5) break-
ing θ-term that only leads to a U(1)Y θ-term after GUT sym-
metry breaking.

3 Although the θ-angle can be absorbed into the mass of a low
energy fermion, as pointed out in [59], the two Hilbert spaces
related by this phase rotation are not unitarily equivalent. Phys-
ically, this is because the electric charge radius of the monopole
differs between these two cases. It is in this sense that we can
fix the core size of the electric charge cloud of the monopole.
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The CP -violating θ-angle also directly affects the
Callan-Rubakov processes. When θ 6= 0, the s-wave scat-
tering will include a potential V (r) = ±θ/r depending
on the charge of the incident fermions. Let us assume
that θ > 0 so that the monopole has a negative charge
and negatively charged fermions see a repulsive poten-
tial. Classically, negatively charged particles are reflected
by the potential V (r) = θ/r with a turning point at
r0 = θ/E where E where E is the incident energy. Quan-
tum mechanically, they will also be totally reflected due
to the fact that the potential is not integrable as r → 0.

However, when θ ≪ 1, the turning point for the classi-
cal particle can probe the monopole core r0 = θ/E ≪ Rc.
In this case, we must resolve the 1/r singularity of the
potential due to the fact that it is sourced by a finite size
charge cloud. If we approximate the charge cloud as a
having a constant density, then we see that an incident
particle can tunnel through the repulsive electrostatic po-
tential for θ/E ∼ Rc. The behavior of the scattering
process is controlled by the positive parameter κ = θ

ERc
:

when κ ≪ 1, the particle effectively scatters through the
repulsive potential, whereas when κ ≫ 1, the particle
is totally reflected. At fixed energy, dialing θ = 0 to
θ > 0 decreases the efficiency of the Callan-Rubakov pro-
cess for an incident negatively charged particle to zero at
θ ≫ ERc.

4 For positively charged particles that see an
attractive potential, the incident fermion will scatter off
of the core of the monopole, going through the Callan-
Rubakov process with 100% efficiency.5

We will only consider scattering with κ ≫ 1 and
θ . 10−10. In this case the electrostatic barrier of the
monopole effectively forbids two of the Callan-Rubakov
processes in (6). Similarly, since the anti-monopole ac-
quires a positive electric charge, the anti-monopole pro-
cesses will also be suppressed so that the full set of
baryon number violating Callan-Rubakov processes are
effectively

∆B

− 1 u1R + u2R +M → e+L + dc3L +M

+ 1 e+R + dc3R +M → u1L + u2L +M

+ 1 uc
1R + uc

2R +M → e−L + d3L +M

− 1 e−R + d3R +M → uc
1L + uc

2L +M

(9)

Therefore, the baryon number asymmetry will be con-
trolled by

Γ(∆B > 0)− Γ(∆B < 0) ∼ ACP Γ∆B 6=0, (10)

4 Turning on θ 6= 0 can only decrease the efficiency of the s-wave
process since they are 100% efficient when θ = 0. When θ 6= 0
there may also be an effect on the scattering of the higher angular
momentum modes since the electrostatic potential can mitigate
or enhance the angular momentum barrier. However, we will not
consider the effect on higher angular momentum modes here.

5 For particles that see an attractive potential, there are additional
bound state solutions. They will not play a role in the scattering
processes at the energies we consider.

u
c
R

u
c
R

e
−
L

dL

Z

u
c
R

u
c
R

e
−
L

dL

Z

FIG. 1. The type of leading order diagrams that contributes
to ACP in (10). The corrections from Z bosons become rele-
vant at temperatures T ∼100 GeV.

where Γ∆B 6=0 denotes the rate of the standard Callan
Rubakov process. However, since only uc

R, d
c
R, e

+
R couple

to SU(2)L gauge bosons, all of the ∆B > 0 processes will
receive corrections from weak interactions, as depicted in

Fig. 1, so that ACP ∼ αZ
T 2

m2

Z

. At temperatures T ∼

100 GeV, these corrections from weak interactions to the
fermion-monopole scattering become significant.

Note that sphaleron effects occur at a temperature of
the same order which can wash out the generated baryon
asymmetry from the above processes. Therefore, the
monopole-catalyzed baryogenesis should occur right af-
ter the electroweak phase transition. Additionally, at
T ∼ 100 GeV, the Standard Model fermion conden-
sate around the monopole has a negligible effect on the
Callan-Rubakov scattering process due to the fact that
the charge cloud for a given fermion ψ of mass mψ has

κψ ∼ θ/(RψT ) = θ
|mψ|
T ≪ 1 for realistic values of θ.

III. BARYOGENESIS

We will now show that if the monopole overproduc-
tion problem is resolved by some mechanism,6 their scat-
tering with Standard Model fermions is not in thermal
equilibrium in the early universe so that the monopole-
fermion interaction does not erase any previously gen-
erated baryon asymmetry and in fact generates baryon
asymmetry when θ 6= 0.

6 For example, we can consider the scenario in which the GUT
symmetry breaking, hence monopole production, happens either
during the inflation or is followed by another stage of inflation.
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For this study, we take the cross-section of baryon-
number violating interactions to be [61]

σ∆B 6=0 =





v−1σ0, T < T0,

σ0

(
T0

T

)2

, T > T0,
(11)

where v is the relative velocity, T0 ∼ 1 GeV and σ0 ≈
1/T 2

0 . Note that the cross-section is not suppressed by
the GUT scale. There is additionally a critical velocity,
vc ∼

√
α/4π ≈ 2 × 10−2, under which the cross-section

is exponentially suppressed due to interactions with the
photon s-wave [36, 38, 39]. However, the behavior of
σ∆B 6=0 at v < vc will not affect baryogenesis, as it occurs
in the early universe where fermion-monopole scattering
is at relativistic speed, but may suppress observational
signals in the late universe.

The interaction rate for ∆B 6= 0 processes can be ex-
pressed as

Γ∆B 6=0 = nMgf〈σ∆B 6=0v〉, (12)

where nM is the number density of monopoles, and gf is
the fermionic degrees of freedom in the thermal bath of
the early universe. At high temperatures (T > T0), the
ratio of the interaction rate to the Hubble is

Γ∆B 6=0

H
∼ 10−7ΩM

(
1GeV

T

)(
1017GeV

mM

)
. (13)

On the other hand, the ratio is proportional to T at low
temperatures considering the velocity dependence of the
cross-section. Therefore, the rate of baryon number vio-
lation, that either generates or wipes-out baryon asym-
metry, is maximized at T ∼ 1 GeV. For a sufficiently large
monopole mass, this rate is never in thermal equilibrium.

The Boltzmann equation that governs the evolution of
baryon asymmetry is

1

a3
d((nB − nB)a

3)

dt
= (〈σv〉f̄M −〈σv〉fM )gfnfnM, (14)

where we have approximated nf ≈ nf̄ . The baryon
asymmetry is then produced from the out-of-thermal
equilibrium scattering between monopoles and fermions.
The baryon asymmetry can be defined as the baryon-to-
entropy ratio

Y =
nB − nB

2π2

45 g∗S(T )T 3
, (15)

which should be matched with the experimental value
Y = 8.718 × 10−11 where g∗S is the effective number
of degrees of freedom. The Boltzmann equation can be
rewritten as

dY

dlna
=

∆σ gfnf

H

nM

2π2

45 g∗S(T )T 3
, (16)

where ∆σ ≈ ACP 〈σv〉fM characterizes the difference in

cross-sections due to CP -violation, nf = 3ζ(3)
2π2 T 3 is the

number density of quarks in equilibrium at high tempera-
ture, and nM

2π2

45
g∗S(T )T 3

is a constant, which can be related

to the monopole relic density in the Current Universe as

ΩM =
nMmM

ρcrit
=

nM

2π2

45 g∗S(T)T 3

2π2

45 g∗S(TCMB)T
3
CMBmM

ρcrit
.

(17)
Since ACP is large at T ∼ 100 GeV, we can solve for
the baryon asymmetry produced at that temperature and
take gf = 80. Note that the baryon asymmetry could be
further enhanced if ACP is also large at T ∼ 1 GeV,
which represents the optimal temperature for monopole-
catalyzed baryogenesis. However, in this work, we pro-
ceed with the less optimal temperature.

Solving the Boltzmann equations, the baryon asymme-
try generated from monopole-catalyzed decays is

Y ≃ 8.718× 10−11

(
mM

1017GeV

)−1 (
ACP ΩM

10−2

)
(18)

Therefore we only need ACP ΩM ≈ 10−2 for successful
baryogenesis if monopole mass is mM = 1017 GeV. This
is below the current experimental bound for sizable CP -
violation.

The predicted monopole flux responsible for baryoge-
nesis is given by

ΦM =
nM vM
4π

= 5× 10−15vM cm−2s−1sr−1, (19)

where vM is the velocity of monopoles in units of speed
of light. Note that this result is independent of the
monopole mass, as the generation of baryon asymme-
try only depends on the number density of monopoles.
But if the magnetic monopoles are lighter than 1016

GeV, they are accelerated by the galactic magnetic field
and their velocity can be approximated as vM ≈ 3 ×
10−3(1016GeV/mM )1/2 [13] (capped by the speed of
light). Hence, the Parker bound provides a lower bound
on the monopole mass, mM & 1012 GeV.

From (19), we see that the monopole flux is still con-
sistent with the Parker bound (Φ . 10−15 cm−2s−1sr−1)
if monopoles have a speed of vM . 0.2.7 The monopole
flux ΦM is also bounded from the catalysis of nucleon
decays in white dwarfs, which requires ΦM < 1.9 ×
10−14 v2M cm−2s−1sr−1 for catalysis at the strong inter-
action rate [41]. However, the proposed exponential sup-
pression of the Callan-Rubakov effect for vM . vc ∼
2 × 10−2 [36, 38, 39] suggests that the bound from the
catalysis effect on white dwarfs is not applicable for low-
velocity monopoles (mM & 1014 GeV). For the same
reason, the catalysis effect of GUT monopoles, if not

7 The extended Parker bound, obtained by considering the survival
of an early seed field [62, 63], is potentially more constraining for
relativistic monopoles, but may be alleviated by the fact that
monopoles are accelerated by intergalactic magnetic fields [64].
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accelerated to velocities above the threshold, may not
be present in terrestrial experiments, including MACRO
[42], Super-Kamiokande [43], and IceCube [44]. There-
fore, the required monopole number density to generate
the observed baryon asymmetry is consistent with all the
experimental and observational constraints given the pre-
ferred mass range for GUT monopoles.

IV. CONCLUSION

In this paper we studied fermion-monopole scattering
in theories with a CP -violating θ-term in the early uni-
verse and demonstrate how it can produce baryon asym-
metry with a non-thermal population of GUT monopoles.
In this scenario, the Sakharov conditions are naturally
satisfied in a universe with GUT monopoles: a non-
thermal monopole relic density at a temperature much
lower than the GUT scale creates a departure from
thermal equilibrium, baryon-number violation occurs in
monopole-fermion scattering via the Callan-Rubakov ef-
fect at an unsuppressed rate, and C and CP are violated
by weak interactions and the θ-term.

As a concrete example, we explicitly show the baryon-
number-violating scattering in the Georgi-Glashow SU(5)
GUT has a preference for generating more matter than
anti-matter with a positive θ-angle in the GUT the-
ory. In this case, the CP -violation critically endows
monopoles with an electric charge from the Witten effect,
creating Coulomb potential that favors certain ∆B 6=

0 processes. The weak interactions then enhance the
monopole-fermion scattering for ∆B > 0 processes which
become significant at temperatures T & 100 GeV. These
ensure an asymmetric production rate of matter versus
antimatter, even when monopoles and anti-monopoles
are present in equal numbers. For this scenario we only
require that θ ≫ T/mGUT ∼ 10−14 which is satisfied for
the range 10−10 > θ ≫ 10−14 and is consistent for ex-
perimental bounds on the neutron EDM [57, 58], and po-
tentially detectable in future measurements. In this sce-
nario, the predicted monopole density required for baryo-
genesis, if not depleted by other mechanisms, is still con-
sistent with current experimental constraints, providing
additional motivation for the ongoing search for magnetic
monopoles.
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