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ABSTRACT: A novel mechanism, “catalyzed baryogenesis”, is proposed to explain the ob-
served baryon asymmetry in our universe. In this mechanism, the motion of a ball-like cat-
alyst provides the necessary out-of-equilibrium condition, its outer wall has CP-violating
interactions with the Standard Model particles, and its interior has baryon number vio-
lating interactions. We use the electroweak-symmetric ball model as an example of such
a catalyst. In this model, electroweak sphalerons inside the ball are active and convert
baryons into leptons. The observed baryon number asymmetry can be produced for a light
ball mass and a large ball radius. Due to direct detection constraints on relic balls, we
consider a scenario in which the balls evaporate, leading to dark radiation at testable levels.
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1 Introduction

One of the biggest challenges in particle physics and cosmology is to understand the
matter-antimatter asymmetry in our universe. More precisely, baryogenesis models must
explain the small (dimensionless) baryon-to-photon ratio: 7 = (Nparyon — Nantibaryon)/N~
in the current universe with Nparyon, Nantibaryon, and N as the numbers of baryons, anti-
baryons, and photons, respectively. The measurement of light element abundances in the
intergalactic medium together with the theory of Big Bang nucleosynthesis (BBN) has
n = (5.931 + 0.051) x 10710 [1], while the spectrum of the temperature fluctuations of
the cosmic microwave background (CMB) has n = (6.12 £ 0.04) x 10710 [2, 3]. Sakharov
proposed three general conditions necessary for any baryogenesis model: i) baryon number
violation (BNV), ii) C and CP violation, and iii) departure from thermal equilibrium [4].
There are many mechanisms proposed in the literature, some of which have phenomeno-
logically testable predictions (e.g., electroweak baryogenesis [5]). In this paper, we propose
a framework of baryogenesis, “catalyzed baryogenesis” (CAB), wherein BNV interactions
are enhanced in certain regions of space. These regions are similar to “catalysts” in chem-
istry where certain molecules aid the interactions of other molecules. If the catalysts are
sufficiently long-lived, they could even be detected as relics making up dark matter today.



To illustrate this framework, we explore in this work the case where electroweak-
symmetric (EWS) balls act as the catalyst. Such states can arise in many theories, in-
cluding non-topological solitons [6-8], dark monopoles [9], or magnetically charged black
holes [10-14]. Schematically, the catalyzed baryogenesis process for this particular catalyst
is illustrated in figure 1. Inside the catalyst region, electroweak sphalerons are active be-
cause electroweak symmetry is restored, allowing baryons to be converted to leptons, while
outside sphaleron-mediated processes are suppressed, providing condition (i). Sphalerons
also violate C, partially satisfying condition (ii). Interactions between the EWS ball wall
and incoming particles can violate CP, completing condition (ii). Finally, the process lo-
cally goes out of equilibrium (iii) when there is a relative velocity between the EWS ball and
the surrounding plasma. Due to the relative velocity, more plasma particles are incident
on the right side of the ball walls than the left in figure 1. Then, the excess antibaryons
transmitted through the leading wall tend to diffuse into the ball where sphalerons are
active; meanwhile, the excess baryons reflected by the trailing wall tend to diffuse out of
the ball, where the sphaleron rate is suppressed following the electroweak phase transi-
tion (EWPT). Thus, the excess antibaryons inside the ball are depleted, while the excess
baryons outside the ball are not, leading to a net asymmetry after the ball has passed. To
satisfy condition (iii), the CP asymmetry produced at the wall should have time to diffuse
sufficiently widely in the ball to have sphalerons act on the CP asymmetry before it decays
via C-violating, but CP-conserving, chirality-flipping interactions. Furthermore, we will
assume that the system remains in a dynamical equilibrium, with the plasma inside the
ball quickly diffusing as the ball slowly changes direction by scattering off the plasma. This
equilibrium situation is illustrated in figure 1. The picture breaks down if the ball changes
direction sufficiently quickly that the plasma inside the ball does not have time to return
to this dynamical equilibrium between order one changes in direction.

CAB has some similarities to the electroweak baryogenesis model based on a strongly
first-order EWPT. For both cases, the motion of the bubble or ball wall provides the out-of-
equilibrium condition. Different from CAB, electroweak baryogenesis has the outside region
active for the sphaleron process. Furthermore, the bubbles expand, collide, percolate, and
disappear shortly after generating baryon asymmetry. On the contrary, the EWS balls in
CAB could survive for a cosmologically long time. If they survive until the present day,
they could be searched for directly. Otherwise, if they evaporate, the resulting particles
can leave cosmological imprints. Further, CAB does not rely on any assumptions about the
nature of the EWPT — excepting perhaps the temperature at which it occurs. In CAB,
baryogenesis is not driven by a phase transition.

Because the catalysts considered here are EWS, interactions with Standard Model
(SM) particles are unavoidable, leading to large interactions between the balls and nu-
clei [8, 15]. One important finding of this work is that while EWS balls could explain both
baryogenesis and dark matter simultaneously, they would have already been observed by
direct detection experiments. Therefore, EWS balls of a given mass and radius may either
play the role of dark matter or catalyst for baryogenesis, but not both. To be a catalyst,
they should decay or evaporate into SM particles or dark-sector particles in the early uni-
verse. This opens a narrow region of parameter space where a symmetric population of



plasma velocity in ball frame

Figure 1. Schematic depiction of catalyzed baryogenesis facilitated by an electroweak symmetric
ball. As the ball moves through the plasma, a baryon asymmetry builds up near its walls due to a
CP-violating interaction at the bubble wall. This relies on the relative plasma-ball velocity so that
more antibaryons (blue) and baryons (orange) approach the walls from the right side than from the
left. The asymmetry then diffuses away from the regions near the wall, but because of the relative
velocity between the ball and the plasma, particles near the leading edge tend to diffuse inwards
while particles near the trailing edge tend to diffuse outwards (indicated by the green dotted lines).
This creates a net baryon number asymmetry inside the ball. Sphalerons, which are only active
inside the ball, then convert some of the baryons into leptons, preserving the asymmetry even as
the ball passes by.

EWS balls could catalyze baryogenesis. If the EWS balls are assumed to themselves carry
an asymmetric component, the parameter space significantly expands. In the last sec-
tion, we also speculate on other possible catalyst models that may have suppressed direct
detection cross sections, forgoing the need for their eventual evaporation.

Similar scenarios were previously studied in refs. [16, 17], with a particular focus on
EWS cosmic strings instead of balls. Some of our detailed analysis follows the treatment
from these works. For both ball and string scenarios, the final baryon asymmetry is found
to be proportional to the catalyst velocity square. However, the strings they consider
only have radius of order v~ with v = 246 GeV the Higgs field vacuum expectation value
(VEV), whereas we consider EWS balls with much larger radius. Further, baryogenesis
is limited in their case by the string network evolution: friction-dominated strings move
too slowly, while in the scaling regime strings are too scarce. Thus, while ref. [17] reached
a negative conclusion for strings to catalyze baryogenesis, our work finds that balls can
explain the observed baryon asymmetry due to these differences.

Our work also differs from models which include both Q-balls and baryogenesis. Pre-
vious works consider Q-balls that form as a result of Affleck-Dine baryogenesis [18], or
alternatively that decays of Q-balls could explain baryogenesis [19]. In contrast to the for-
mer, our catalyst is not a byproduct but an essential ingredient for baryogenesis. In contrast
to the latter, our catalyst is not modified or destroyed for purposes of baryogenesis.



This paper is organized as follows. In the next section, we describe the CAB mechanism
in detail, including how all Sakharov conditions are satisfied. In section 3, we synthesize the
conditions to detail the allowed parameter space of EWS balls as catalysts of baryogenesis.
The mechanisms and effects of EWS ball decays are described in section 4. The final section
in section 5 gives concluding remarks.

2 Catalyzed baryogenesis by an EWS ball

This section will estimate the amount of baryon asymmetry that is produced. We begin by
assuming that EWS balls exist after the electroweak phase transition, with mass Mg and
radius Re. We do not specify the detailed constituents or initial formation mechanism of
the EWS ball, although we will occasionally reference model-specific considerations for the
non-topological soliton that is made of a complex scalar field ® with a Higgs-portal coupling
to the SM (see appendix A and ref. [8] for details). We express the EWS ball abundance
as a fraction of the dark matter (DM) abundance pe = fpm ppm. It is convenient to write
this in terms of the yield (with s = %g*ST3 the entropy density and g.s the number of
effective relativistic degrees of freedom):

(2.1)
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Here, ne = po/Ms is the EWS ball number density, and fpy can be a function of temper-
ature T if the ball has some non-trivial evolution history.

2.1 Out-of-equilibrium condition

First, we address the out-of-equilibrium condition which creates a baryon asymmetry inside
of the EWS ball. Here, we assume the existence of a CP-violating interaction at the EWS
ball wall, which we later justify.

The basic mechanism at play is that there is a localized loss of equilibrium around the
wall of the EWS ball as it passes through the plasma and disturbs it. In particular, as
we will show, the wall can generate a localized CP-asymmetry in its wake, specifically a
difference in the abundance of left-handed top quarks compared to right-handed anti-top
quarks. Chirality-flipping interactions via the weak force tend to damp this asymmetry. So
long as the asymmetry persists locally within part of the EWS ball, the out-of-equilibrium
condition is satisfied. In the remainder of this subsection, we determine the chemical
potential for this CP asymmetry using the diffusion equation.

The diffusion equation for the CP asymmetric number density of fermions in the pres-
ence of a CP-violating source is given by [20-22]

Ongp (Z,t)

5 D Ve (T, ) + T gy (7,1) = S(2,1) . (2.2)

Here, D is the fermion diffusion constant and I' is the rate of chirality damping, including
spin-flip interactions (for the top quark, D ~ 6/T and T' =~ T/100 [23]). As the EWS
ball moves in the plasma, before the ball changes directions, the incoming particle source



comes from one direction. In the limit of large ball radius with Re > /D/T, one can
approximately treat the problem as a one-dimensional problem. Provided that any change
in the direction and velocity of the EWS ball rapidly leads to a quasi-static solution, we
can seek a steady state solution in which there is a fixed moving source with velocity vy, ~
V/T/Ms for the balls thermalized with plasma. The solution is n.,(z,t) = ngp(z — vy t),
and the equation can be reduced to a single variable x:

(—vy Oy — D) ngp +Tngp = S(x). (2.3)
This equation can be solved using a Green’s function [the solution when S(x) = §(z — z’)]
given by
D-1 exp|—ky(z — )] x>
T lexp[—k_(z — 2')] x<a
where,
Vw 4I'D
ke=—11+£4/1 . 2.5
=7 2D < * v ) (25)

In the limit of v2 < I'D, ks ~ +./T/D.

For large R, the ball can be approximated as two walls/sources propagating back-
to-back but with opposite CP-violating sign. Thus, the source term is approximately
Sa(x) = S(x+ Re) — S(xz — Re), where the source function at each wall is given by [17, 22]

Uy y]% D T2 o'

S(z) ~ G

(2.6)

Here y; is the fermion Yukawa coupling to the Higgs field; f(x) is the wall profile of the
CP-violating angle, which can be approximated by €' (x) = Afd(x) with A as the angle
changes from its outside to inside values [17]. The derivation of (2.6) uses the WKB
approximation, which is valid when the wall thickness ~ v~! is larger than the de Broglie
wavelength of the particles ~ (37)~!. Because of this, we must assume

Re v, (2.7)

which is consistent with the previous condition Re > /D/I' to use a one-dimensional
diffusion equation. With this source term, the CP asymmetric number density is given by

Nep (z) = /O:O G(x — xl)SQ(SU/)d,I/
vy y2 T2 A0
— G(kyf—k_) (ki exp[—k(z + Re)] — k* exp[—k_(z — Ro)]) . (2.8)

For the EWS ball, the region of interest is € (—Re, Re), where the sphalerons are active.
In the limit of vy, < VI'D and |k_ Re| =~ |k+Re| > 1, the radius-averaged number density
inside the ball is

_ fﬁo nep(z)de vy yjzf T A6
n = =~ .
or 2Re 24 Re VT D

(2.9)



Notice that due to the cancellation of the contributions from the two walls in (2.8), the
average number density is proportional to the square of the wall velocity. Also, from (2.8),
the number density is localized around a distance 1/|k+| ~ /D/T within the ball wall.
This is larger than the thickness of the wall, justifying the above approximation of 6(x) as
a step function for the integral in (2.8).

The CP-violating chemical potential can then be evaluated by pcp = 27, /T? [24].
For the top quark, I' ~ 7/100, D ~ 6/T, and y¢ ~ 1 [23], giving

v AG

pop ~ = (2.10)

The EWS balls are not actually moving in one direction because of their inter-

actions with SM particles in the plasma. The ball thermalization rate I'iperm =2
> (ni oivrer;) T/ Ma is related to the EWS ball’s cross section o; ~ 7R2|R;|? with SM
particles in the plasma (indexed by i) whose number density is n;. The reflection proba-
bility |R;|? ~ 1 for semi-relativistic or non-relativistic species, while n; is suppressed for
non-relativistic species. Thus, I'iherm ~ ¢ T4R<2, /Ms, with g the number of semi-relativistic

degrees of freedom in the bath. To justify our previous estimation for 7, the thermaliza-

Ccp?
tion rate is required to be smaller than the diffusion rate, or I'iperm < D |k+|? ~ T', which
gives
T4
Mo > gTRg ~ 10°T3 R, (2.11)

~

where g = 9, taken to be the W and Z degrees of freedom assuming CAB takes place
shortly after the EWPT. When the thermalization rate is very high in violation of (2.11),
non-steady solutions should be obtained to estimate the 7,,. In the ball rest-frame, the
source S(Z,t) in (2.2) should vary in time intervals of order 1/T'tperm. We do not calculate
Ti.p for this case in this work and will restrict the model parameter space to satisfy (2.11).
As we will later see in eq. (3.1), the region where (2.11) is not satisfied is anyways mostly
excluded by other unrelated considerations.

2.2 Baryon number violation

With the chemical potential inside the EWS ball derived in the previous section, a net
baryon asymmetry can be produced via baryon number violating sphalerons. When the
ball moves slowly, the EW sphaleron can convert the CP asymmetry into baryon asymmetry
via the “non-local” way [21].

The baryon number generated per unit time by a single EWS ball is given by [17]

dNp 3 HCP
R

where 'y, & 25 ) T* ~ 1079 T* is the sphaleron rate per unit volume [24]. Here, we have

(2.12)

used that Tspn /T < |ki|, implying particles undergo less than one sphaleron transition
on average before the asymmetric region near the wall diffuses. The density of produced
baryon asymmetry np is related to the EWS ball density by

dnp Hcp
W + 3HTLB = _FsthngO . (213)



Using CZL—tB +3Hnp = sdYp/dt with s as the entropy density and d7'/dt = —H T,
dYp _ I‘sph Rg Hncp
dr HT T
Using H(T) = 16.6 x (g./100)*/2T?/M,, (assuming radiation domination), this equation
can be integrated from an initial temperature 7T; to obtain (assuming constant Yg)

R 2 (103 GeV\~ / Af T; ?
Ve — 1.0 % 10-10 < ° ) <> (’) ) 2.1
B 9x 107" fom 1Gov—1 Mo —1/ \ 100 GeV (2.15)

In general, T; will be the smaller of either the EW phase transition temperature TgwpT
(so that the Higgs has a nonzero VEV outside the EWS ball) or the EWS ball formation
temperature Ttom. This quantity is related to the baryon-to-photon ratio by Y = 1/7.04 ~

Yo. (2.14)

0.85 x 10710 to explain the observed baryon asymmetry.

2.3 CP violation

CP violation can be introduced via a simple effective operator coupling the EWS ball to
the SM. For example, the constituent scalar field ® of the EWS ball (see appendix A for
example models) can have a CP-violating interaction with the top quark [25] given by

o~ PPt
EDthLH 1+77? tr+ h.c., (216)

where H = iooH* and 7 is a complex parameter taken to be ¢™/2. If |®| = ¢(r) varies
inside and outside the ball, this induces a spatially varying complex mass for the top quark,

2 .

mi(r) = %h(r) (1 +¢¢X;) > = |y (r)] ) (2.17)
where tan 6(r) = ¢(r)?/A2. Outside the EWS ball, ¢(r) is constant, and the phase can be
absorbed by a redefinition of fields. Near the EWS ball, the change in phase is physical,
inducing a CP-violating angle |Af| ~ f2/A% for f < A, where f is the change in the ¢(r)
between the interior and exterior of the ball.

For this model to provide an EWS ball, there must be a Higgs portal coupling to
the @ field [8, 9] (see appendix A) with Lyoptal = AP@®THHT with |A|f2 > v2. The sign
of A\ depends on whether ¢(r)? increases or decreases inside the ball, which will differ
depending on the model. Then, this portal coupling in conjunction with the interaction
term in (2.16) leads via a ® loop diagram to a dimension-6 CP-violating operator involving
only SM particles,

i Yt A ﬂ
1672 A2
The coefficient of this operator is constrained by the current upper limit on the elec-
tron dipole moment |d.| < 1.1 x 107* ecm by the ACME collaboration [26]. Thus,
A > v ()\/0.13)Y/2 [27]. If A > f > v, the EWS ball can simultaneously satisfy |\|f2 > v2,
|Af| < 1, and the ACME constraint. In other words, the scale of the new physics need
not be much larger than the electroweak scale while still allowing O(1) CP violation at the

EWS ball wall.

Lo ~

QHtgr + h.c. (2.18)



3 Abundance of EWS balls and their evolution

We now turn our attention to the parameter space where EWS balls can facilitate baryoge-
nesis. We will require throughout that the mass-radius relation of the EWS balls satisfies

4
Mo > "0 R3 + 4nv3R2. (3.1)

This represents the minimum mass contribution from the Higgs field, assuming the differ-
ence in the vacuum energy between the EWS region and the normal vacuum AV > v* for
the first term. Depending on the EWS ball model, additional contributions to the mass
could come from other fields or matter (e.g., from the ® field for a Q-ball, the dark Higgs
and dark gauge fields for a dark monopole, or the black hole in a magnetically charged
black hole). We saw in section 2.3 that the scale of the EWS ball physics could be near the
weak scale or much larger. Thus, these additional mass contributions may be of the same
order as (3.1) or much larger, making this a generic lower bound. As an aside, for some
models, it is possible to have a fine-tuned cancellation between terms so that AV =~ 0,
suppressing the first term of (3.1). In this case, the gradient energy of the fields near the
ball wall provides the irreducible contribution from the second term. We will not consider
this tuned scenario in what follows, and it would anyways not affect our conclusions.

3.1 The EWS ball as dark matter

As a simplest first assumption, we can take the EWS ball yield Y3 to be constant before
the EWPT, with its abundance determined at some higher temperature scale. Then, the
baryon asymmetry is fixed by eq. (2.15). It is maximized when fpy = 1, in which case the
EWS ball also plays the role of dark matter.

The parameter space where EWS balls can catalyze baryogenesis is shown in figure 2,
setting fpm = 1. The conditions of producing enough asymmetry in (2.15) (dashed
blue line, excluding the region to its right by demanding |Af| < 1 and T; < TgwpT ~
100 GeV [28, 29]), having a long enough thermalization time in (2.11) (purple), satisfying
the mass condition (3.1) (orange), and having a large enough radius in (2.7) (green) are
imposed. It is clear that these conditions allow for successful baryogenesis.

However, the relic abundance of EWS balls can be probed at direct detection ex-
periments. Following [8, 9, 15|, we approximate the EWS ball-nucleus scattering cross
section as the smaller of the expectation from the Born approximation and the geometric

cross section,
167

9
where my is the nucleon mass, A is the nucleus’s atomic mass number, and y,yy =~

OeA &~ min m% Aty 0P RS, 2R3 | (3.2)

1.1 x 1073, Direct detection experiments like XenonlT [30] can then place upper bounds
on surviving EWS ball radii as shown by the dotted red curve in figure 2. Due to the
combination of constraints, it is clear that it is not possible to explain both baryogenesis
and dark matter simultaneously with EWS balls. Further, even if fpy is reduced, the
direct detection constraint on Re will weaken only by fgl\l/l/ 0 [see eq. (3.2)] while the baryon
asymmetry is proportional to fpuy, leaving no available parameter space that satisfies all
constraints.
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Figure 2. Bounds on the parameter space for EWS balls to catalyze baryogenesis. Blue curves
show the constraints from requiring sufficient baryogenesis to explain the observed asymmetry. The
solid blue curve shows the constraint assuming the EWS ball abundance is set by annihilations
and includes an enhancement factor £(y) = 10 by assuming annihilations are taking place during
baryogenesis and Tiorm = T3; see (3.7). The dashed blue curve shows the constraint if fpy is
fixed to unity, with no enhancement factor for annihilations; see (2.15). Both take T; = 100 GeV
and |Af| < 1. The orange curve enforces the mass-radius relation in (3.1), while the green limits
R > v~! from (2.7). Purple enforces that the thermalization time must be long enough according
to (2.11). Finally, the red dotted line shows the direct detection limits from XenonlT [30]. It
assumes fpy = 1, but it does not impose any constraint if the EWS balls decay after catalyzing
baryogenesis.

3.2 EWS ball annihilations

Clearly, a fixed value for fpy is constrained by the competition between direct detection
constraints and creating a large enough baryon asymmetry. Instead, one could consider
that fpm evolves over time. If the EWS ball abundance is larger near T ~ 100 GeV
than it is today, then baryogenesis could still be sufficiently efficient while evading direct
detection constraints. In this subsection we will show that fpy can evolve due to EWS
ball annihilations, but the impact on baryogenesis is relatively small.

Here, consider a purely symmetric population of EWS balls. Further, if the EWS ball
is a non-topological soliton, assume that most of the ® particles are bound inside EWS
balls. If an initial population of EWS balls form at some initial temperature Ty, with
abundance Yiorm, then some of them have a chance to annihilate. For simplicity, assume
all EWS balls have the same mass and radius. Further assume that EWS balls of opposite
charges will annihilate with geometric cross section o ~ 7wR2 (i.e., there is no long range



force, just contact interactions). Then the evolution of EWS balls will go as

dne 9 dYe (ovnl)s Y
o + 3Hne (oUrel) NG = T T (3.3)
Taking g« = gus ~ 100 and vy = (T/Me)'/?,
Yo(T) ™' = Yo(Thom) ' = R3 Mg 2 g2/ My (T30, — T/2). (3.4)

For this to make a difference in Yg, Tiorm must be close to the EWPT temperature
Tewpr. The reason: if Tiyy, is much larger, then Yo(7T < Tiorm) is constant, reducing
to the previous case of constant fpyr; on the other hand, if Tio., > 715 is much smaller
than TgwpT, the baryon asymmetry is suppressed, going as 77 in (2.15). If we tune
Ttorm ~ TewpT, we can plug Yo(T') into (2.14) to obtain the final baryon asymmetry Yp.
This gives an enhancement factor to the right side of eq. (2.15):

YO (Tform)

> 1, 3.5
YQ(T < Tform) ( )

€)= 5 log(y),  for y=
assuming Tiorm = T; < Tewpr, where fpy in (2.15) would be calculated using Yo (7T <
Tiorm)- At most, we expect £(y) to give an O(10) enhancement due to the logarithmic
dependence on y.

Thus, including the time evolution of the EWS balls due to annihilations does not
provide a large enough baryogenesis enhancement to escape direct detection bounds. It is
worth noting that EWS ball annihilations were assumed instantaneous and complete in this
calculation. If the annihilations were to take a long enough time, e.g., because the EWS
balls form metastable bound states before annihilating, then baryogenesis could proceed
with a larger EWS ball abundance than assumed here.

3.3 EWS ball decay

Another possibility for time dependence is to allow the EWS balls to decay. Then, they
could exist shortly after the EWPT, but decay long before today, evading direct detec-
tion constraints. They may even have an abundance larger than dark matter in the
early universe.

The EWS ball abundance after annihilations in the limit Yo(Ttorm) > Yo(T') and
Ttorm > T from (3.4) is,

Mo \'? [0.1GeV\? 200 GeV\*/?
_ 1n—18 o
Yo(T' <« Thorm) = 10 <107Gev> & > ( Tform) - 66
Then, using (2.1), (2.15), (3.5), and (3.6),
107 GeV\1/2 , AGy 200GeVA3/2 [ Ti  \2 /&(y)
Vi = 3.8 x 10711 (2LGeVy 220y 200 GeV ( : ) ( ). .
5 =38 1071 ( Mo ) (5( Tform) 100Gev ) 10 (87)

Thus, the necessary baryon asymmetry could be generated for Mg < 107 GeV. This is
shown in figure 2 by the solid blue vertical line (the dotted red direct detection constraint

~10 -



and dashed blue fpy = 1 constraint can be ignored here, since the abundance is assumed
set by annihilations and decays well before today). Note that Ty, cannot be much larger
than Tgwpr, otherwise not enough baryon asymmetry is produced (in conjunction with
lower bounds on Mg in figure 2). Also, since T; < Torm, the formation temperature cannot
be too small either. In all cases, T; < TrwpT is required.

3.4 Asymmetric EWS balls

If the dark sector responsible for EWS ball formation itself carries an asymmetry, then the
EWS ball annihilations will halt once the symmetric component is depleted. This presents
advantages compared to the prior symmetric case. First, it could allow Yg well in excess
of (3.6), enhancing the amount of baryogenesis. Second, it removes any dependence for Yp
on Tiorm, as long as Ttorm = Tewpr. Third, a model-dependent advantage for the specific
case of EWS Q-balls is that free ® antiparticles are also depleted, making it easier for Q-
balls to survive without assuming every ® particle must be bound in a Q-ball [31]. For the
EWS ball abundance to be compatible with baryogenesis, it would be constrained by direct
detection at low mass and overclosure at high mass if the EWS balls were stable. Thus,
this possibility still depends on the EWS balls being unstable and evaporating between the
EWPT and today.

The asymmetric abundance is constrained by requiring the decay products of the EWS
balls not contribute too much to the effective radiation degrees of freedom during BBN
or recombination. The most conservative bound comes from assuming EWS balls decay
shortly after the EWPT. As shown in the next section, this amounts to the requirement
fom <2 x 10 in eq. (2.15). Clearly, this opens a large swath of parameter space in Re,
Me, and A that is not accessible when the EWS-ball-forming sector is symmetric, which
is depicted in figure 3.

4 Evaporation of EWS balls

Supposing that the EWS ball can evaporate, we denote the rate of evaporation by Ieyp.
Such evaporation can happen, for example, by directly decaying the field ® making up
the EWS ball into new dark sector particles. For instance, if there is a U(1)g-breaking
coupling of the form L4, = go,®Xx + h.c., then evaporation can happen via decaying into
X particles, which we take to be massless for simpicity, each carrying energy of Mg /(2Q)
with @ as the total U(1)g charge of an EWS ball. The massless products of this decay
then redshift as radiation. The energy contained in the y particles will contribute to the
effective number of relativistic degrees of freedom, ANgg, which is constrained by probes
of BBN and CMB measurements. Alternatively, if the EWS balls decay into SM particles
before BBN (T4vp 2 1 MeV), there is no constraint from A Neg.

We will take a model-independent approach to evaporation in which the temperature
at which EWS balls evaporate (Tevp), i.e., the temperature at which H(Ttvp) = Tevp,
is a phenomenological parameter. The total energy density contained in EWS balls is
Jfom ppom (7)) which redshifts as matter from 7" = 100 GeV to T = Teyp. Hence the total
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Figure 3. Same as figure 2, but now allowing an asymmetric component of EWS balls that
eventually decay into massless states in the dark sector. Constraints from AN.g limit where
baryogenesis can produce large enough 7. Examples for present (projected) constraints are
shown in solid (dashed) blue lines for two different possible evaporation temperatures. Because
Tevp < TewpT ~ 100 GeV is required for baryogenesis by EWS balls, the shaded blue region on the
right is completely excluded by current constraints. If the dark sector states are massive, additional
constraints can apply as discussed in the text.

energy density that is converted to y-particles is given by

fDM) (g*s(Tevp)) ( Tevp )3 4
T =Teyp) =0.14 GeV™. 4.1
Px(T = Tewp) ( 107 60 1Gev) ¢ (4.1)
The contribution of p, to AN at late times that the CMB is sensitive to is given by
8\ (112 py(Tous)
AN ~ <> <) Pxlovs) 42
“=\7)\T) o Tous) 4.2)

Since the radiation produced in the evaporation of the EWS balls is decoupled from the

SM bath, their density scales as p, o 1/a* o gié?’(T )T*. From this, we determine the

contribution to the energy density at the temperature of recombination and find that

_ 1/3
fDM) ( Tevp ) ! 60
ANg ~ 0.025 . 4.3
ff (107 1GeV ges(Tevp) (43)

Large fpwm, corresponding to more energy density in EWS balls, and small T¢,, correspond-

ing to the late decay of EWS balls, are more constrained. The current strongest limit comes
from the CMB epoch given by the Planck 2018 observations ANeg < 0.51 [2, 32]. For suc-
cessful baryogenesis, Tovp, S Tewpr ~ 100 GeV is required, setting a conservative bound
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fom < 2 x 1019, Next-generation observations from CMB-S4 experiments are projected to
improve sensitivity by an order of magnitude to o(Neg) < 0.03 [33].

Alternatively, if the x have mass m, > 0, they could explain dark matter provided
my ~ Mo/(2Q fpm). They must not be too light, otherwise they will free stream for
too long and suppress structure formation. They become non-relativistic at the time the
universe has reached temperature TNg ~ Tevp/fpm. Their free-streaming length up to
matter-radiation equality (at temperature Teq), when perturbations become Jeans un-
stable, is Apg ~ ;OATJ;; (1 —|—log[%§]) [34], where Ty = 2.35 x 10~*eV is the temper-
ature today. The bound on Tngr is similar to the bound on the thermal warm dark
matter mass: Tng 2, 1keV [35-38], corresponding to Apg < 1Mpe. This sets a bound
fom S 10® x (Teyp/100 GeV), a bit stronger than the ANy constraint for this case. If m,

is smaller than the quantity above, y only makes up a subdominant component of dark

matter, and the free streaming constraint is correspondingly relaxed.

5 Discussion and conclusions

We have used the EWS ball as a representative model to implement the more general
catalyzed baryogenesis mechanism. One could consider other possible models to introduce
baryon number violating interactions. For instance, the constituents of the catalyst ball
can interact with SM particles via baryon number violating higher-dimensional operators.
If those operators mainly contain the third or second-generation of quarks, the direct
detection constraints could be dramatically relaxed and the catalyst balls can exist in
the current universe and contribute to a significant fraction of dark matter. Similarly,
lepton-number violating operators can also be adopted to catalyze leptogenesis before the
electroweak phase transition. The generated lepton asymmetry is then converted into a
baryon asymmetry by the electroweak sphaleron process. Additionally, one could use the
catalyst mechanism to generate an asymmetry for a new particle that carries both baryon
and dark matter number. The later decays of this new particle can provide a unified origin
for baryon and dark matter asymmetry [39].

In summary, we have proposed a novel mechanism to generate the baryon asymmetry
that is similar to the catalytic reaction in chemistry. To generate enough baryon asymmetry,
the catalyst balls are preferred to have a smaller mass and a larger radius. We have used the
electroweak-symmetric ball to guide our discussion of this general catalyzed baryogenesis
mechanism. For the EWS ball abundance determined by their annihilations, the EWS ball
mass and radius are required to be around 106 GeV and 1072 GeV~! to explain the observed
baryon asymmetry. Interestingly, EWS ball relics within this region of parameter space
are already excluded by direct detection constraints, so they are required to decay into
other states in the early universe to evade the constraints. We also discussed the case with
asymmetric EWS balls with a much larger initial abundance and a wider parameter space
in Mg and R to accommodate the observed baryon asymmetry. The dark radiation from
EWS ball evaporations provide a large contribution to the effective number of relativistic
degrees of freedom, which could be tested in future CMB experiments.
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A Electroweak-symmetric ball models

In this appendix, give details for possible EWS ball models to act as catalysts. While the
results of our work do not depend on the detailed model underlying the EWS ball, this
section demonstrates that such underlying models do exist. We give brief overviews of two
such models here, and full details (including formation mechanisms) can be found in the
corresponding references. It is worth mentioning a third possibility for EWS objects is a
magnetically charged black hole [12-14], but their masses are greater than the Planck scale
and thus too heavy to be of interest according to figures 2 and 3.

A.1 EWS Q-ball

The benchmark model that most closely replicates the EWS ball properties in the main
body is the EWS Q-ball [8]. It is a nontopological soliton solution resulting from the
interaction of a complex scalar ¢ that couples to the Higgs field H. If the & field is
charged under a global U(1) symmetry, the most general renormalizable potential for these
fields is

2 2
V= (HTH - ”2> + A ®TOHTH +m? (@1 ® + Ay (DTD)2. (A1)

Here, all coupling coefficients are taken to be positive, so the field VEVs are (|H|?) = v%/2
and (S) = 0.

Consider the time-dependent, spherically symmetric ansatz ® = e~“!¢(r)/y/2 along
with a spherically symmetric ansatz for the Higgs field H' = (0,h(r)/v/2). This ansatz
has a conserved global charge

Q= i/d3m(<I>T8t<I> — 09,07 = dnw /Ooo drr?¢? . (A.2)

Then, the equation of motion for ¢ is (omitting that of h for brevity)
8+ 26+ 0,Ua(6) = 0, (43)
Uai(9) = 50 = Phand?2 = phoo, (A1)

where @? = w? — mi’o. The fields are subject to the boundary conditions ¢/(0) = h'(0) =
¢(00) = 0 and h(oco) = v. Further demanding an EWS solution with A(0) = 0 amounts to
requiring ¢(0) > vy/2X\,/Agn so that the Higgs mass is driven positive by the field value
of ®. The solution for ¢(r) can be thought of as starting at some initial value ¢(0), then
rolling down the potential Ueg(¢) until coming to rest at the unstable fixed point ¢ = 0

— 14 —



as 7 — 00. Such a solution exists if (A\gA\/2)/4 = @, /v < @W/v < \/Agn, with the lower
(upper) limit corresponding to large (small) @ solutions. In the large @ limit, when @ ~ @,
(and the corresponding value for w ~ w,), it can be shown that [§]
4 1
M ~ Qu, ~ ?/\—wz WERS. (A.5)
@
For quartic couplings of order unity, w. =~ @, ~ v. Thus, this mass saturates the inequality
n (3.1), the latter of which is dominated by the first R term in this limit.

A.2 EWS monopole

A second interesting case is that of the EWS monopole [9]. The renormalizable potential
for the EWS monopole is very similar to (A.1), but changing ® to a triplet scalar of a
gauged SU(2) & with a = 1,2, 3:

1 1 1
V = M(H'H? + plHH - §A¢h|<1>|2HTH - §mi’0\<1>|2 + 1A¢|<I>\4 (A.6)

with |®[2 = 3, (®%)2. Notice that the signs of the m?b,o’ 13, and Agp, terms have flipped
with respect to (A.1). The magnitudes of the terms should be arranged such that both ®
and H have a VEV. Le., when |®| = f takes its VEV, the condition >\¢hf2 > p2 means
that H will also have a nonzero VEV as required in the SM.

Because ® spontaneously breaks the gauged SU(2) to U(1), a topological monopole
configuration exists with |®| = 0 at its center. Because of this, H has a positive mass-
squared term inside of the monopole. Thus, the Higgs field is driven to its symmetry-
preserving value inside the monopole, leading to an EWS monopole.

The mass-radius relation can also be determined. The monopole mass (not accounting
for the Higgs vacuum energy contribution) is known to be

Mo = Ty (a/g?), (A7)

where ¢ is the SU(2) gauge coupling of ® to the gauge field and Y (z) is a monotonic
function ranging from Y (0) = 1 to Y (co) ~ 1.787. The EWS radius, i.e., the radius for
which EW symmetry is restored, depends on the characteristic radius of the scalar field .
Once @ is large enough, the EW symmetry is spontaneously broken. This characteristic
radius is

Re ~ min l ! ! ] . (A.8)

9f” 2 f
In order to have a large EWS radius Re > v™!, g and Ay must be small and f large. In the
opposite limit with small f, it is impossible to achieve EWS restoration using perturbative

couplings in V because f would not be big enough to induce the required Higgs VEV v.
Thus, choosing 1 > g 2 /Ay, the EWS monopole mass and radius are related by

Mo ~ 47 f’Rs . (A.9)
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