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Introduction

Baryon asymmetry of the Universe:
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YB =
nb − nb̄

s
∼ 10−10 nb

s ( =
nb̄

s ) ∼ 10−20

Abundance set by  -  annihilation:B B̄

Solution: some initial quark-anti quark asymmetry prevents strong annihilation, and 
explains absence of antimatter in our Universe.


Dynamical generation of the asymmetry: baryogenesis, a challenge for particle physics!



Introduction
Simone Blasi - DESY - 15.05.2023

Sakharov conditions 

• Baryon number violation 


• C and CP violation


• Departure from thermal equilibrium 
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Electroweak baryogenesis 

• SM sphalerons violate B+L


• Beyond the SM violation of CP


• First order electroweak phase transition

Electroweak baryogenesis 4
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Figure 2. Baryon production in front of the bubble walls.

2. The electroweak phase transition

Baryon creation in EWBG is closely tied to the dynamics of the electroweak phase

transition (EWPT). In this transition, the thermal plasma goes from a symmetric state

in which the full SU(2)L ⇥ U(1)Y gauge invariance is manifest to a broken one where

only the U(1)em electroweak subgroup remains [11, 13, 14]. As discussed above, the

transition must be first-order and proceed through the nucleation of bubbles of the

broken phase. In this section we will discuss the dynamics of this phase transition and

describe the role it plays in EWBG.

The transition from symmetric to broken phase in the SM can be characterized by

the vacuum expectation value (VEV) of the Higgs field H ⌘ (H+
, H

0)T that transforms

as (1,2, 1/2) under SU(3)c ⇥ SU(2)L ⇥U(1)Y . A field basis can always be chosen such

that only the real component of H0 develops a non-zero expectation value. Thus, we

will write

�/

p
2 ⌘ hH

0
i . (1)

The symmetric phase corresponds to � = 0 and the broken phase to � 6= 0. Note that

(in unitary gauge) the masses of the W
± and Z

0 weak vector bosons and the fermions

are proportional to �.

The features of this transition that are most relevant for EWBG are (a) its character

(first order, second order, cross over); (b) the critical temperature Tc and the bubble

nucleation temperature Tn that describe when it occurs; (c) the sphaleron transition rate

�sph that governs the rate of baryon number generation and washout; and (d) the bubble

nucleation rate. These features have been studied using a broad range of theoretic tools.

The most robust computations of many of these quantities are performed using

non-perturbative, Monte Carlo methods. However, given the level of e↵ort required

to perform such studies, they have only been applied to a few specific theories of

Fig. from Morrissey, Ramsey-Musolf 
[1206.2942]
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Successful electroweak baryogenesis 

• In tension with electric dipole moment 
measurement 

|de | ∼ 10−29 θCP ( 2.5 TeV
Λ )

2

e ⋅ cm
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It is shown that if Higgs-boson exchange mediates CP violation a significant electric dipole moment
for the electron can result. Analogous eff'ects can contribute to the neutron's electric dipole moment at a
level competitive with steinberg's three-gluon operator.

PACS numbers: 13.40.Fn, 11.30.Er, 12.15.Cc

Ever since the discovery of CP violation' a quarter of
a century ago, experimentalists have steadily improved
the bounds on the electron dipole moments of the elec-
tron and of the neutron. In the standard model, these
moments are rather small and well below the present ex-
perimental bounds. Recently, Weinberg pointed out
that in models with CP or T violation carried by Higgs
fields, a class of graphs neglected previously by theorists
may contribute to the electric dipole moment of the neu-
tron at a level just an order of magnitude below the
present bound. Inspired by Weinberg's work, we have
found a class of graphs, also neglected previously, which
may contribute significantly to the electric dipole mo-
ment of the electron. Furthermore, a similar class of
graphs competes with and may even dominate
Weinberg's effect for the neutron electric dipole moment.
In the standard model, the electron electric dipole mo-

ment is predicted to be (10 ecm, which is much
smaller than the present bound of (—1.5+'5.5~1.5)
x 10 e cm, as to make experimentalists despair.
Indeed, a survey of the literature shows that even in
nonstandard models the electron electric dipole moment
tends to be very small, typically less than (and usually
much less than) 10 cm. To cheer up the experimen-
talists, one of us has designed a model specifically to
produce a large electron dipole moment, perhaps as large
as 10 -10 ecrn. This model requires exotic scalar
particles coupling the electron to the r. It is also possible
to have a large electron dipole moment in left-right-
symmetric models.
In contrast, in this Letter we will stick to the more

conservative possibility envisioned by Weinberg ' that
there is some CP violation mediated by Higgs-boson ex-
change. This is possible in the two-Higgs-doublet stan-
dard model. '' Encouragingly we find a typical value for
d, /e which is typically of order 10 cm. Experimen-
talists are currently working towards limits of a few
x10 cm, and hope to reach limits near 10 cm in
the future.
One of our graphs involves a top quark just as does

Weinberg's graph, except that we have pulled the Higgs
field "out of the top-quark loop, " which reduces what
would otherwise have been at least a three-loop eAect to

(a)

$ (or $ *)

e

(b)
$, (or $, )

FIG. l. (a) A graph contributing to the electron's electric
dipole moment. CP violation indicated by the cross is assumed
to exist in the propagators of the neutral Higgs bosons. (b)
The same graph where the top-quark loop has been shrunk to a
point.

a two-loop one. The point is that since a factor of m, is
required by chirality in any case, we may as well let an
explicit Higgs-boson coupling flip the chirality. We can
understand the behavior of this graph by considering the
limit m, »mH, in which we have in the effective theory
(for energies (mH) the operators v 'tttF„,F"' and
v 'tttF„,F"". By dimension counting, the coefficient of
the operator is proportional to the Yukawa coupling of
the top quark divided by its mass, f, /m, —v '. In the
effective theory the logarithmic divergence of the rel-
evant graph [Fig. 1(b)] is cut off by m, . Thus, we have
an electron's dipole moment of the order (e /v ) (m, /
v ) (lnm, /mH )Im, where Im measures the CP violation
carried by the Higgs field.
The exact two-loop calculation can actually be done.

We need to keep terms only to first order in the external
photon momentum and to leading order in m, . The re-

1990 The American Physical Society 21

See also: Postma, van de Vis, White 
[2206.01120] JHEP

2-loop Zee-Barr

A way out: CP only temporarily broken during the phase transition
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Successful electroweak baryogenesis 

• BAU suppressed for  and  
(but possible for )

vw → 0 vw → 1
vw > cs

• BAU and observable gravitational waves? 16

(a) (b) (c)

FIG. 8. (a): Maximum amplitude of GW as a function of the peak frequency fp with the peak-integrated sensitivity curve
⌦PISCh

2 (solid line) and the sensitivity ⌦sensh
2 (dashed line) of the four considered detectors. (b) and (c): Spectrum of

GWs produced by the 10 models with the highest SNRmax for (b) deflagration and (c) detonation solutions.

Subsonic walls generally have v+ ⇡ vw, which is expected since the fluid should not be strongly perturbed by
a slowly moving wall. The wall width is not uniquely determined by vw, but there exists a clear correlation,
with slower walls being thicker. For supersonic cases, the correlation between v+ and vw gets inverted: higher
wall velocity leads to lower v+. The wall width becomes uniquely determined by vw and the relation between
these two variables is to a good approximation linear. One observes that stronger phase transitions, quantified
by higher values of ↵, generally produce faster and thinner walls. Even for the strongest transitions our solutions
still have wall thickness LT >

⇠ 3. Since the semiclassical force mostly a↵ects particles with momenta hkzi ⇠ T ,
we find Lhkzi >⇠ 3, so that the semiclassical approximation is still valid. In fact the semiclassical picture has been
shown to remain valid for surprisingly narrow walls [118], working very well for Lhkzi ⇡ 4 and still reasonably for
Lhkzi ⇡ 2. There is a linear correlation between the h and s wall widths, but the slope is not 1; in all cases, we
find that Lh > Ls. The distribution of wall o↵set values � is also indicated in Fig. 7(c).

B. Baryogenesis and gravity wave production

Of the 842 sampled models, 517 are able to generate the baryon asymmetry at a level large enough to agree
with observations, and 20 detonation walls can produce observable gravitational waves. We found no detectable
deflagration solutions. More detailed results are presented in Table II. The complementarity of the experiments
considered here, with respect to the present model, can be appreciated by considering the relation between the
maximum GW amplitude10 max[⌦gwh2] and the frequency of this peak amplitude fmax, as shown in Fig. 8 (a).
The peak frequency of the strongest detonation walls are positioned exactly in LISA’s region of maximal sensitiv-
ity, while the peak frequency of the deflgration solutions are closer to the peak sensitivity of AEDGE, DECIGO
and BBO. The complete spectrum’s shape are also shown in Fig. 8 (b,c) for deflagration and detonation solutions
respectively. We conclude that detonation walls could be probed by LISA, DECIGO and BBO, but not by AEDGE.

In previous studies, where the wall velocity was considered as a free parameter, there was an expectation that
baryogenesis would be less e�cient with increasing vw, whereas gravity waves would become more so. In the
present study, where vw is not adjustable but is a derived parameter, we surprisingly find that rather than EWBG
and stronger GWs being anticorrelated, instead they are positively correlated, as is illustrated in Fig. 9 (a). This
can be understood from the fact (see Fig. 7 (b)) that Lh is a decreasing function of vw, which enhances EWBG.
Moreover, the relevant velocity for EWBG is v+, which is a decreasing function of vw for supersonic walls, and
is bounded by v+ < cs; this e↵ect also enhances EWBG for fast-moving walls. The actual relation between ⌘b
and vw is shown in Fig. 9 (b) and, at least for supersonic walls, there is a positive correlation between these
two variables. Fig. 9 also indicates that the supercooling parameter ↵ is positively correlated with both ⌘b and
SNRmax: stronger phase transitions generally lead to both higher GW and baryon production.

10
h = 0.678 is the reduced Hubble constant defined by H0 = 100h km s

�1
Mpc

�1
[119].

Fig. from Laurent, Cline et al. [2102.12490] PRD
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FIG. 3: Predicted baryon asymmetry in units of observed
asymmetry for the fiducial profile as a function of the wall
velocity vw. From the logarighmic scale plot (upper panel)
one can appreciate the good agreement at small vw. Note the
vanishing of BAU for vw <⇠ 10�5 due to the onset of thermal
equilibrium. The linear scale (lower panel) expands the large
vw region more relevant for strong transitions. Thin vertical
line shows the sound speed vs = 1/

p
3.

same spin-s source, but using the FH06 equations9. Thin
dashed green lines labeled “CK-s, K0 = 0” correspond to
the case where we set theK0-function to unity in the oth-
erwise accurate equations. The thin black dashed lines
labeled “CK-h” correspond to the improved fluid equa-
tions with the helicity source, still taking h = �1, but
with sp given by eq. (5).

Clearly all approximations agree very well for vw ⌧ 1
as expected, since the two sets of functions largely agree
in the small vw-limit; for vw <⇠ 0.01, the only signifi-
cant di↵erence between the CK and the FH06 solutions
comes from K0. For larger vw the predictions di↵er sig-

9 We switched for the sign of the source in FH06 however, so that
the sign of the BAU matches in both cases.
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FIG. 4: Predicted baryon asymmetry(in units of observed
asymmetry for the fiducial profile. as a function of the Higgs
wall width Lw for fixed vw = 0.5.

nificantly, in accord with our general arguments. In par-
ticular, the FH prediction plummets as vw approaches
the sound speed vs = 1/

p
3, shown by the thin vertical

line in the plots. The more exact treatment on the other
hand does nothing special near vw = vs; as expected the
BAU smoothly decays as vw ! 1.
Using the spin-s source corresponds to identifying chi-

rality with the eigenstates of spin in the z-direction, in
the frame where the parallel momentum of the state van-
ishes, whereas the helicity source identifies chirality with
helicity. The di↵erence between the two is found to be
small, due to the two bases becoming degenerate in the
massless limit; in our example all fermions are massless
in front of the wall.
In figure 4 we show the dependence on Lw with vw =

0.5 held fixed. The FH prediction is substantially higher
than the accurate value and its ratio to the correct solu-
tion remains nearly constant. To summarize, our results
and those of FH agree reasonably well for small vw, but
the improved fluid equations should be used for vw >⇠ 0.1
to get accurate results, and for vw >⇠ vs they are essential,
since the FH equations incorrectly predict a vanishing
BAU.

6. COMPARISON TO OTHER FORMALISMS

There has been a long-standing divide among practi-
tioners of electroweak baryogenesis as to which transport
equations to use; yet no systematic comparison between
them has been made in the literature. We undertake to
do so in this section, continuing with the ansatz for the
wall profiles and spatially varying top quark mass (48,50)
introduced previously.
The VEV insertion formalism is derived at the level

of the integrated particle densities, which is equivalent
to the formalism introduced in refs. [44, 47], consisting
of coupled second-order di↵usion equations for the local

See also Dorsch, Huber, Konstandin [2106.06547]
Fig. from Cline, Kainulainen [2001.00568] PRD



➡ Can we have baryogenesis with (ultra) relativistic bubble walls?


➡ Can this mechanism lead to a large GW signal?
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Baryogenesis with relativistic walls
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Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked

Mass gain mechanism 

• A particle  in thermal equilibrium gains a 
large mass  across the wall





Δ
MΔ

ℒ ⊃ −
λ
2

ϕ2 |Δ |2

 particles crossing the  wall and gaining a 
mass undergo asymmetric decays.

Δ ϕ
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Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked

Mass gain mechanism 

• A particle  in thermal equilibrium gains a 
large mass  across the wall





•  Kinematics requires fast enough walls
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Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked
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Baryogenesis with relativistic walls

Azatov-Vanvlasselaer mechanism  

• Heavy  particles are possibly produced 
from  interacting with the wall





Δ
ϕ

ℒ ⊃ −
λ
2

ϕ2 |Δ |2 − M2
Δ |Δ |2

 particles produced at the  wall undergo 
asymmetric decays.

Δ ϕ

2

�

�⇤

h�i = 0

M� ' 0

h�i 6= 0

M� � Tn

b

b

b

b

�w �w

�⇤

b

b

b

b
�

MG mechanism

h�i = 0

h�i 6= 0

M� � Tn

�w �w

�

AV mechanism

�

M� � Tn

�

�

�

�

�
�

�⇤

b
b

b

b

Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked
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Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked
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Figure 1: Left: A sketch of the mass gain mechanism baryogenesis mechanism studied here. Particles gain a large mass, compared to the
temperature, when being swept up in relativistically expanding bubbles. The subsequent CP violating decays source the baryon asymmetry.
Right: A sketch of the Azatov and Vanvlasselaer type production mechanism as a source of the baryon asymmetry. A fraction of the � quanta
pair produce �+�⇤ across the bubble wall, due to an interaction term, which decay in a CP violating way to source the baryon asymmetry.

Conceptually, the MG mechanism seems to us the simplest
way a phase transition can lead to the production of a baryon
asymmetry. It is therefore well worth exploring. It has ap-
plications in a number of models, which can feature phase
transitions around the scale of the decaying particles. This in-
cludes — but is not limited to — models of leptogenesis with
or without gauge interactions for the decaying heavy states as-
sociated with opening up the Weinberg operator [23–28] (for
an overview see [29]). Such leptogenesis models can also be
associated with close-to-conformal dynamics [30–34] such as
occur in the “neutrino option” [35–37]. In such models the
calculation of the yield would need to be adapted to incorpo-
rate the effects discussed in the present paper, with details de-
pending on the heavy neutrino mass scale and reheating tem-
perature.

Explaining the matter asymmetry from a PT has previ-
ously been studied in great detail in the context of elec-
troweak baryogenesis (EWBG) [7, 8]. If the wall velocity ap-
proaches the speed of light in EWBG, the yield of baryons ap-
proaches zero, due to suppressed particle diffusion back into
the symmetric phase where the sphalerons are active [38] (also
see [39, 40]). This has consequences for the gravitational
wave (GW) signal, as very strong PTs needed to produce a
sizable signal typically also lead to ultra-relativistic walls, as
shown via the Bodeker and Moore criterion [16, 17].

Moving away from EWBG, PTs have previously been con-
sidered in the context of leptogenesis in a number of studies.
The Majorana mass, MN , gained by the right handed neutrino
of the type-I seesaw mechanism was considered in the context
of phase transition dynamics during leptogenesis in [41]. Rel-
ativistic walls which allow for MN/Tn � 1 with no Boltz-
mann suppression, however, were not considered therein. Our
mass gain mechanism could easily be applied to this scenario
if the wall speed is relativistic. Let us also mention that the
effect of a second order phase transition in low scale reso-
nant leptogenesis was explored in [42], leptogenesis via a CP
violating leptonic phase transition was examined in [43–45],
and diffusion type baryogenesis at a lepton number breaking

phase transition was proposed in [46]. But these are again,
conceptually different, to the mechanisms considered here.

More exotic scenarios which instead actually rely on rel-
ativistic walls have also previously been considered. Heavy
particle production from bubble wall collisions was studied
in [47] and was found to be (in)efficient for (in)elastic wall
collisions. In the case of elastic wall collisions, it was sub-
sequently shown that the bubble collisions can be used to
explain the visible and dark matter densities [48]. Whether
the wall collisions are elastic or not depends on the shape of
the potential [47, 49]. (Another option, generating the baryon
asymmetry via a beyond-the-standard-model instanton biased
by the dynamics of a relativistic wall, was explored in [50].)

In this work, we instead assume inelastic wall collisions,
so the heavy particles are produced during bubble expansion
and not at collision (solely for simplicity, heavy particle pro-
duction at wall collision would not necessarily invalidate our
study). Inelastic collisions commonly occur in potentials with
a large field distance between the false and true vacua at nu-
cleation with modest barriers behind which the field has be-
come temporarily stuck [47, 49]. Such potentials produce
thick walled bubbles at nucleation and are well known from
close-to-conformal theories.

To be more specific, for the mass gain mechanism, we
can have M� = 0 in the symmetric phase and can eventu-
ally implement the phase transition in a classically scale in-
variant potential (as relevant in the aforementioned “neutrino
option”). Such models almost automatically result in super-
cooled phase transitions which are desirable for our baryoge-
nesis mechanism. They are also favourable as they can return
the desired supercooling without resulting in the field becom-
ing permanently stuck in the false vacuum. For such close-to-
conformal potentials, primordial black hole overproduction is
also avoided [51].

For the AV-type production, we instead need M� 6= 0 in
the symmetric phase, which precludes an implementation of
the above mechanism in a classically scale invariant theory.
Qualitatively similar behaviour can, however, be mimicked
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Bubble wall dynamics

• Vacuum pressure: 

𝒫dr ∼ ΔV = cvac ⋅ v4
ϕ

• Pressure from the plasma: 


𝒫fr = 𝒫LO + γ 𝒫NLO

  scatterings 
involving gauge bosons 

1 → 2 transmission of particles 
changing mass across the wall 
1 → 1

𝒫LO ∼ ga
v2

ϕ T2

24
+ 𝒪 (γ−1)

• Runaway bubbles:  ΔV > 𝒫LO, 𝒫NLO = 0

γ* ∼
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1
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Summary of kinematic conditions
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A model for relativistic baryogenesis

• Two “flavors”  with QCD and 
hypercharge interactions


• B violation due to simultaneous 
diquark and leptoquark interactions
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A model for relativistic baryogenesis

• Two “flavors”  with QCD and 
hypercharge interactions


• B violation due to simultaneous 
diquark and leptoquark interactions


• B-L cons.  decays: charge carried 
by  needs to be “hidden” until 


(Explicit B-L interactions may be 
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Generating the asymmetry

Right after wall crossing: 

• CP violating  decays generate a B-L 
asymmetry in the visible sector

Δ ϵΔ ∼
Im[y2]

6π (
MΔ1

MΔ2
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2
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3y2

16π
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Figure 3: Example of the diagrams which interfere and lead to CP
violation. The intermediate loop particles are kinematically able to
go on-shell.

first generation quarks are (not) included and all other
couplings are present.

In the above analysis, we have allowed rephasing of the NR.
If Majorana, this reintroduces a phase in the NR mass term,
MN , which would then need to be included in calculations of
the CP violation. This is not expected to play a large role, as
we anyway take the limit MN ⌧ M� for our calculation of
the CP violation below, in order to avoid kinematic suppres-
sion. Suffice to say, that the above couplings can easily lead
to CP violating decays.

Similar couplings have previously been studied in the con-
text of baryogenesis in a number of papers, but typically with
a focus on generating the asymmetry via decays or scattering
of the N after the �i have been integrated out [48, 52, 67–72].

The above couplings lead to tree level decay rates

�(�i ! dRd
0
R
) ⇡

|ydi|
2

8⇡
M�i, (14)

�(�i ! NuR) ⇡
|yui|

2

16⇡
M�i. (15)

Here, we have summed over the final state colours (for the first
decay) but leave the summation over flavours implicit. Inter-
ference between tree and loop level diagrams, as illustrated in
Fig. 3, leads to CP violation in the decays. Focusing on �1,
we parametrize the CP violation as

�(�1 ! dRd
0
R
) ⌘ �1d(1 + ✏d), (16)

�(�
⇤
1 ! dRd

0
R
) ⌘ �1d(1� ✏d), (17)

�(�1 ! NuR) ⌘ �1u(1 + ✏u), (18)

�(�
⇤
1 ! NuR) ⌘ �1u(1� ✏u). (19)

The total decay rates of �1 and �
⇤
1 must be equal (⌘ ��)

so ✏d�1d = �✏u�1u. The average baryon asymmetry pro-
duced in each �1 or �

⇤
1 decay is then ✏� = ✏u�1u/��,

which can be substituted into either Eq. (6) or (8). Using the
Cutkosky rules [73–76] to extract the imaginary part of the
loop in Fig. 3, we find

✏� =
1
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u2yd2)

|yu1|
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2
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2
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]
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◆2

, (20)

where in the second line we assume no major hierarchies in
the Yukawa couplings, y, and generic O(1) phases. Although

ydi is antisymmetric in flavour, there is importantly no relative
minus sign when summing over the flavours in the numerator
above as both y

⇤
d1 and yd2 change sign, and so ✏� 6= 0 is

indeed possible.
Substituting the CP violation into Eq. (6) we find for the

mass gain option

Y
MG
B

Y
Obs.
B

⇠ 7⇥ 10
5
g�Im[y

2
]

✓
100

g⇤

◆
T

3
n
M

2
�1

T
3
RHM

2
�2

. (21)

Instead substituting into Eq. (8) we find for the AV-type option

Y
AV
B

Y
Obs.
B

⇠ 7.5⇥ 10
2
g��

2
Im[y

2
]

✓
100

g⇤

◆
T

3
n
v
2
�

T
3
RHM

2
�2

. (22)

Note the appearance of the heavy mass M�2 and also the CP
violating phases. Here, we do not consider the resonantly en-
hanced regime M�2 � M�1 . M�1, which also requires
more careful treatment of the propogators in the loop level
diagrams for mass splittings below O(��).

In our analysis of the previous section, we assumed � de-
cays rapidly following the phase transition, in order to avoid
a matter dominated epoch before reheating and hence addi-
tional dilution of the baryon asymmetry. The � decay chan-
nels are, in general, model dependent. In the current realisa-
tion, however, there are automatically decay channels to glu-
ons and weak hypercharge gauge bosons at loop level through
a � triangle diagram. The decay rates are

�(� ! gg) ⇠
�
2
↵
2
s
v
2
m

3
�

32⇡M
4
�

, (23)

�(� ! Y Y ) ⇠
�
2
↵
2
Y
Q

4
v
2
m

3
�

32⇡M
4
�

, (24)

where ↵s ⌘ g
2
s
/4⇡, and ↵Y ⌘ g

2
Y
/4⇡ are the fine-structure

constants. This automatically ensures the rapid decay of the �
condensate compared to H , provided

m�

M�
& 70

⇣
↵s

0.03

⌘2
+ 0.02

⇣
↵Y

0.01

⌘2
��1/3

c
1/6
vac M

1/3
�

�2/3M
1/3
Pl

⇡ 0.3

⇣
↵s

0.03

⌘2
+ 0.02

⇣
↵Y

0.01

⌘2
��1/3

(25)

⇥
c
1/6
vac

�2/3

✓
M�

1012 GeV

◆1/3

For smaller m�, however, it is easy to envisage additional de-
cay modes for �, which do not pose any model building chal-
lenge. We shall assume these are present if required.

IV. AVOIDING WASHOUT

A. At Tn: just after wall crossing but before reheating

We first need to check that the �’s, when they have just
entered or been produced by the bubble wall, do indeed un-
dergo CP violating decay before they annihilate with each
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Generating the asymmetry

Right after wall crossing: 

• CP violating  decays generate a B-L 
asymmetry in the visible sector


•  should not annihilate before they 
undergo asymmetric decays: 


Δ

Δ
Γann < ΓΔ

Δ

Δ*

ϕ, gμ, Bμ

ϕ, gμ, Bμ

‣ In their own gas frame,  particles are 
squeezed by a factor  

Δ
MΔ/Tn

Γann ∼ nΔ⟨σ ⋅ vrel⟩

‣ The MG relative velocity is , 
Sommerfeld enhancement may be relevant

vΔ ∼ Tn/MΔ ≪ 1
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Figure 4: Comparison of the inverse decay rate, off-shell scattering rate, and quark thermalisation as a function of k, where the energy of the
boosted decay products is E⇤ = M�/kTn. Unless y & 1, the quark thermalisation rate is larger than the inverse decay rate. (Note the small
effect of ↵s running between the scales which shifts the relative size of the two rates.) The scattering rates scale as / T

3
n , which means they

are significantly larger than H / T
2
RH for moderate supercooling, even at high scales.

Similar rates of course apply for time reversed, CP conjugate
processes, and t-channel diagrams (albeit with no resonance).4
Finally, if our initial state is a boosted quark, we should also
consider the thermalisation rate of this particle via soft gluon
exchange,

�q.th. =
gQCD⇤⇣(3)

p
2⇡3

↵
3/2
s T

2
n

E⇤
, (51)

where the estimate follows from the same logic which leads to
Eq. (45). To gain a clearer picture, we plot these rates normal-
ized to Hubble for some choices of the Yukawa couplings and
reheating scales in Fig. 4. From the figure, we see the quarks
will be efficiently thermalised, while any non-thermalised par-
ticles — such as the N ’s in the absence of additional interac-
tions — would undergo rapid B � L violating interactions.

To understand these results, it is instructive to consider the
ratio of quark thermalisation to inverse decay rate,

�q.th.

�Inv
⇡

16⇣(3)gQCD⇤↵
3/2
s

p
8⇡

e
k/4

y2k
(52)

⇡

⇣
↵s

0.03

⌘3/2 ⇣gQCD⇤
79

⌘
⇥

e
k/4

y2k
. (53)

4 The s-channel estimate is expected to break down close to the � peak,
which corresponds to E⇤ = M2

�/2Tn (i.e. k = 2), because we have not
taken into account the precise thermal distribution of the plasma particles.
Nevertheless, for k a little larger than two, it should provide a suitable
estimate. The resonance is anyway captured by Eq. (47) which we shall
see gives the dominant B � L violating rate. For the off-shell process, we
will check whether the average energy decay products interacting with the
average energy thermal bath particles do or do not lead to washout, rather
than taking into account precise distributions. Also note for the thermal
plasma, we always write hEi ⇡ T to avoid some clutter, although hEi ⇡
3T is more precise. But if we include the factor of three from the start, we
also find �� ⇡ M�/3T , so this does not spoil our overall picture.

For y . 1 the quarks are therefore, on average, thermalised
before creating (significant) additional �’s. Similarly, for k
only a little away from two, the width in the propogator in the
off-shell scattering becomes negligible compared to the first
term, and the ratio of thermalisation to off-shell hard scatter-
ing rate is

�q.th.

�O↵
⇡

32⇡
3
gQCD⇤↵

3/2
s

3

p
2⇡3y4

(2� k)
2 (54)

⇡
17

y4

⇣
↵s

0.03

⌘3/2 ⇣gQCD⇤
79

⌘
(2� k)

2 (55)

So the majority of the quarks are immediately thermalised
rather than undergoing hard scatterings, as we have already
seen in Fig. 4.

The N ’s, however, have no SM gauge interactions. Let us
now see what occurs if they also have no hidden sector inter-
actions. Indeed the N ’s will undergo B�L violating interac-
tions until the rate of their scatterings, drops below H . As can
be deduced from Fig. 4, this typically only occurs for large
k. Quantifying this for the inverse decays, we find (assuming
vacuum domination)

k & 4Log

"
k
2
y
2
T

3
n
MPl

8⇡M
2
�v

2
�

r
3

8⇡cvac

#
(56)

⇡ 52 + Log

"
y
2

p
cvac

✓
k

52

◆2
 

T
3
n

0.13M�v
2
�

!✓
10

12
GeV

M�

◆#
.

For the off-shell scattering, on the other hand, the rate drops
below H only when

k &
r

3

8⇡

3⇣(3)y
4
MPlT

3
n

32⇡3pcvacM
2
�v

2
�

(57)

⇡ 46
y
4

p
cvac

 
T

3
n

0.13M�v
2
�

!✓
10

12
GeV

M�

◆
. (58)

# of scattering events k

Preserving the asymmetry

✦ All the inverse decays are fast, but quarks 
thermalize faster


✦  needs to thermalize fast as well to not 
erase the asymmetry: additional interactions
NR

Δ

u

NΓInv
EN =

M2
Δ

kTn

Daugther  from a boosted  
scattering off a bath up quark. 

N Δ

Right after decay: 

•  decay products should not erase the 
asymmetry on the way to kinetic equilibrium 


‣  decays with boost   intact


Δ

Δ ∼ MΔ/Tn
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Figure 4: Comparison of the inverse decay rate, off-shell scattering rate, and quark thermalisation as a function of k, where the energy of the
boosted decay products is E⇤ = M�/kTn. Unless y & 1, the quark thermalisation rate is larger than the inverse decay rate. (Note the small
effect of ↵s running between the scales which shifts the relative size of the two rates.) The scattering rates scale as / T

3
n , which means they

are significantly larger than H / T
2
RH for moderate supercooling, even at high scales.

Similar rates of course apply for time reversed, CP conjugate
processes, and t-channel diagrams (albeit with no resonance).4
Finally, if our initial state is a boosted quark, we should also
consider the thermalisation rate of this particle via soft gluon
exchange,

�q.th. =
gQCD⇤⇣(3)

p
2⇡3

↵
3/2
s T

2
n

E⇤
, (51)

where the estimate follows from the same logic which leads to
Eq. (45). To gain a clearer picture, we plot these rates normal-
ized to Hubble for some choices of the Yukawa couplings and
reheating scales in Fig. 4. From the figure, we see the quarks
will be efficiently thermalised, while any non-thermalised par-
ticles — such as the N ’s in the absence of additional interac-
tions — would undergo rapid B � L violating interactions.

To understand these results, it is instructive to consider the
ratio of quark thermalisation to inverse decay rate,

�q.th.

�Inv
⇡

16⇣(3)gQCD⇤↵
3/2
s

p
8⇡

e
k/4

y2k
(52)

⇡

⇣
↵s

0.03

⌘3/2 ⇣gQCD⇤
79

⌘
⇥

e
k/4

y2k
. (53)

4 The s-channel estimate is expected to break down close to the � peak,
which corresponds to E⇤ = M2

�/2Tn (i.e. k = 2), because we have not
taken into account the precise thermal distribution of the plasma particles.
Nevertheless, for k a little larger than two, it should provide a suitable
estimate. The resonance is anyway captured by Eq. (47) which we shall
see gives the dominant B � L violating rate. For the off-shell process, we
will check whether the average energy decay products interacting with the
average energy thermal bath particles do or do not lead to washout, rather
than taking into account precise distributions. Also note for the thermal
plasma, we always write hEi ⇡ T to avoid some clutter, although hEi ⇡
3T is more precise. But if we include the factor of three from the start, we
also find �� ⇡ M�/3T , so this does not spoil our overall picture.

For y . 1 the quarks are therefore, on average, thermalised
before creating (significant) additional �’s. Similarly, for k
only a little away from two, the width in the propogator in the
off-shell scattering becomes negligible compared to the first
term, and the ratio of thermalisation to off-shell hard scatter-
ing rate is

�q.th.

�O↵
⇡

32⇡
3
gQCD⇤↵

3/2
s

3

p
2⇡3y4

(2� k)
2 (54)

⇡
17

y4

⇣
↵s

0.03

⌘3/2 ⇣gQCD⇤
79

⌘
(2� k)

2 (55)

So the majority of the quarks are immediately thermalised
rather than undergoing hard scatterings, as we have already
seen in Fig. 4.

The N ’s, however, have no SM gauge interactions. Let us
now see what occurs if they also have no hidden sector inter-
actions. Indeed the N ’s will undergo B�L violating interac-
tions until the rate of their scatterings, drops below H . As can
be deduced from Fig. 4, this typically only occurs for large
k. Quantifying this for the inverse decays, we find (assuming
vacuum domination)
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For the off-shell scattering, on the other hand, the rate drops
below H only when

k &
r
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# of scattering events k

Preserving the asymmetry

✦ All the inverse decays are fast, but quarks 
thermalize faster


✦  needs to thermalize fast as well to not 
erase the asymmetry: additional interactions
NR

Δ

u

NΓInv
EN =

M2
Δ

kTn

Daugther  from a boosted  
scattering off a bath up quark. 

N Δ

Right after decay: 

•  decay products should not erase the 
asymmetry on the way to kinetic equilibrium 


‣  decays with boost   intact


‣  decays at rest


Δ

Δ ∼ MΔ/Tn

Δ
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Preserving the asymmetry
After equilibrium is reached at   

• Interactions mediated by  can re-equilibrate 
the B-L charge between dark and visible sector

T = TRH

Δ

11

If y is somewhat suppressed, which we will see is preferred in
the MG mechanism, the RHS of Eq. (58) can immediately be
below two and therefore the off shell-scattering can be cosmo-
logically insignificant. The inverse decay is rapid, however,
for many scattering steps as captured in Eq. (56). And there-
fore dangerous from the washout perspective unless y is very
much suppressed.

We therefore need to assume additional dark sector interac-
tions are present, which allow for dominant B � L conserv-
ing interactions for the N ’s in their path back to equilibrium.
(These new interactions should be more rapid than the danger-
ous Nu ! � inverse decay.) Otherwise, as argued above, the
boosted quarks will quickly thermalise (preserving the asym-
metry), while the N ’s undergo B � L violating hard scatter-
ings. The latter would effectively transfer the negative B � L

stored in the N ’s back into the SM sector. Consequently, no
asymmetry would then survive.

In Sec. VII below, we shall see that N may be part of an
asymmetric DM sector, which means it necessarily have some
additional interactions. The evaluation of the return to kinetic
equilibrium in the presence of the additional asymmetric DM
interactions, which allow for decays into and scattering with
the other dark sector particles, is left for further work. (The
precise calculation is challenging, due to the highly out-of-
equilibrium nature of the N ’s. A detailed evaluation may be
possible through a monte-carlo simulation.) Finally we re-
mark that if all the boosted decay products carry gauge inter-
actions, as is the case in the leptogenesis option sketched in
App. A, the issue of washout can also be alleviated.

Case B: � decays at rest If the �’s decay at rest, then the
decay products carry energy E⇤ ⇡ M�/2. The scattering
back via the � resonance is further suppressed, and we are
safer from washout than in case A. Let us now denote the en-
ergy of the decay products as E⇤ = M�/k, with k ⇡ 2 cor-
responding to the first scattering step. For the inverse decay,
Nu ! �, the washout rate is below H for

k & 4Tn
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The off-shell hard scattering B�L violating scattering for the
N is smaller than H for
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. (62)

Note in this case, y . 0.1 given the RHS in Eq. (46), so we
are safer from washout. We can anyway also assume some ad-
ditional interactions for the N , as above, to bring them safely
back toward equilibrium.

Figure 5: Washout of the initial asymmetry, here set to
YB�L(TRH) = 10�9, from off-shell scatterings, as a function of
the M�/yTRH ratio. We assume the minimal number of quark cou-
plings to the �’s, see below Eq. (13), and that all quarks are in chem-
ical equilibrium. If more couplings are of the same order, then the
washout rate will be enhanced, through a combinatorical factor.

B. At TRH: just after bubble collision and reheating

Above we have dealt with washout processes before the
return to equilibrium. Now we consider washout after equi-
librium has been reached. Following bubble percolation, the
scalar condensate oscillates and decays, transferring its energy
(negligible or otherwise) back into the plasma. The tempera-
ture of the universe is at TRH ' Max[Tn, Tinfl]. Quark inter-
actions violating B � L can result in washout if TRH is too
high. Off shell 2 $ 2 processes mediated by � have a rate

�WO ⇡
y
4
T

5
RH

8⇡M
4
�

, (63)

where the 8⇡ is a mere representative guess. This rate is safely
below H , provided that

M�

TRH
&
 

y
4
MPl

8⇡g
1/2
⇤ TRH

!1/4
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✓
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◆1/4

.

(64)

In order to better test our estimate, we integrate out the �i

from Eq. (13), and consider the induced four-fermion opera-
tors. We solved the associated Boltzmann equations govern-
ing the washout, and calculated the suppression of the initial
YB(TRH). Details can be found in App. C. The results are
shown in Fig. 5, and show good agreement with the estimate
in Eq. (64).

Inverse decays into on-shell � can also lead to washout.
The Boltzmann suppressed rate is given by

�ID ⇡
3y

2

16⇡
M�

✓
M�

TRH

◆3/2

Exp


�
M�

TRH

�
. (65)

Not shown: wash out from Boltzmann-
suppressed inverse decay rates.

y2

M2
Δ

d′ R

dR

uR

NR

Effective vertex contributing to the washout 
from integrating out  at tree level. Δ
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Gravitational waves
Runaway bubbles 

• Latent heat goes into kinetic/gradient 
energy of expanding scalar field bubbles


• Peak amplitude:





• Peak frequency:


h2ΩGW ≃ 4 ⋅ 10−7 ( 1
βH )

2

( α
1 + α )

2

fpeak ≃ 260 Hz ( TRH

1010 GeV )

8

(a) � = 0.84
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FIG. 5. The collision of two bubbles of the true vacuum plotted for a thin wall (a) and thick wall (b) potential. The x axis
corresponds to the line joining the two bubble centres, with D being the separation between bubbles. On the y axis we plot
the time t since the bubbles were nucleated. For both these simulations, the bubbles collide when the Lorentz factors of the
bubble walls are � = 4.0.

wall continues to propagate but is no longer driven by the
latent heat of the transition. The bubble wall energy den-
sity per surface element then decays as e

�(t�tcoll)/⌧/R
2,

where R refers to the bubble radius and tcoll the time of
collision. The value of ⌧ indicates the typical damping
timescale of the wall and should be determined from the
particle physics model. The value of ⌧ = 0 corresponds to
the envelope approximation, whereas ⌧ = 1 corresponds
to free propagation of the wall after collision. Analytical
treatments for ultra-relativistic bubbles have shown that
as ⌧ ! 1, the IR power law in the gravitational-wave
power spectrum becomes shallower than k

3, tending to-
wards k

1 [46].
The gravitational-wave power spectrum in the bulk

flow model with ⌧ = 1 and an exponential nucle-
ation rate has also been studied with numerical simu-
lations [44]. The resulting fit for ultra-relativistic wall
velocities was given in the same form as Eq. 41 with
power law exponents a = 0.9 and b = 2.1. The peak
amplitude was given as

⌦bf
p ' 6.4 ⇥ 10�2

✓
H⇤
�

◆2

⌦2
vac, (45)

and peak wave number

k̃/� ' 0.809. (46)

In Ref. [64], full lattice field theory simulations of col-
liding vacuum bubbles were conducted. The authors sim-
ulated the gravitational-wave power spectrum produced
by colliding thin-wall bubbles, with � � 0.84. The bub-
bles were separated on average by a distance R⇤, which
is then the typical diameter of bubbles when they col-
lide. The value of R⇤ in each simulation was chosen so
that the Lorentz factor of a bubble with diameter R⇤ was
�⇤ = 4. A number of di↵erent nucleation scenarios were
investigated, which did not have a significant e↵ect on
the resulting spectrum.

In the aforementioned work, a fit for the spectrum re-
sulting from bubble collisions was provided in the form

d⌦fit
gw

dlnk
= ⌦fit

p
(a + b)ck̃b

k
a

(bk̃(a+b)/c + ak(a+b)/c)c
, (47)

where the value of a was fixed to a = 3. From the simu-
lations conducted it was found that

⌦fit
p = (3.22 ± 0.04) ⇥ 10�3 (H⇤R⇤⌦vac)

2, (48)

k̃R⇤ = 3.20 ± 0.04, (49)

b = 1.51 ± 0.04, c = 2.18 ± 0.15, (50)

with H⇤ the Hubble parameter at the time of the
transition. This corresponds to a slightly reduced to-
tal gravitational-wave power compared to the envelope
approximation, and furthermore a slightly steeper UV
power law. It was suggested that the deviation from the
envelope approximation was due to the behaviour of the
scalar field in the overlap regions. While the envelope ap-
proximation assumes that the shear-stress in the bubble
wall disappears upon collision, lattice field theory simula-
tions indicate that the scalar field oscillates in the overlap
region during bubble collisions.

The fits provided for the gravitational-wave power
spectrum arising from the bulk flow model and the en-
velope approximation are both taken from simulations
using an exponential nucleation rate. Caution should
be used when comparing them to the simulations in
this paper which correspond to simultaneous nucleation
scenario. While the gravitational-wave power spectrum
from lattice simulations did not show a strong depen-
dence on the nucleation scenario in Ref. [64], it has been
shown that the envelope approximation peak frequency
can be shifted by up to a factor of ⇠ 1.5 and the peak am-
plitude by a factor of ⇠ 3 when changing between expo-
nential and simultaneous nucleation [51]. It has also been
demonstrated that varying the nucleation rate in the en-
velope approximation can a↵ect the shape of the power

Simulation of thick-walled bubble collisions with .  
Fig. from Cutting, Escartin, Hindmarsh, Weir [2005.13537] PRD

γ = 4
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Gravitational waves
Runaway bubbles 

• Latent heat goes into kinetic/gradient 
energy of expanding scalar field bubbles


• Peak amplitude:





• Peak frequency:


h2ΩGW ≃ 4 ⋅ 10−7 ( 1
βH )

2

( α
1 + α )
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fpeak ≃ 260 Hz ( TRH

1010 GeV )

15

Figure 7: Left: Example GW spectrum for the classically scale invariant potential. The parameters chosen are � = 2.1, v� = 3⇥ 1015 GeV,
which gives cvac = 0.01. The bulk phase transition properties are Tn = 6.9 ⇥ 1013 GeV, TRH = 3.8 ⇥ 1014 GeV, ↵GW = 930, �H = 7.0.
Also shown are the power-law-integrated sensitivity curves for LIGO-VIRGO O3, LIGO-VIRGO Design A+ sensitivity [111], and the ET,
all with SNR = 10. The astrophyiscal foreground from binary black holes and neutron stars is artificially cut, due to the limited plot range
in [111], but it continues to fall rapidly at higher frequencies. Right: Example GW spectrum for the potential with tree level mass terms. The
parameters chosen are: �� = 10�8, � = 2.2, v� = 1014 GeV, µ� = 5.3⇥ 1010 GeV, renormalisation scale µ = 6.3⇥ 1013 GeV, the vacuum
energy parameter is cvac = 5.8⇥ 10�3. The bulk phase transition properties are: Tn = 5.2⇥ 1012 GeV, TRH = 1.1⇥ 1013 GeV, ↵GW = 21,
and �H = 19. Two field potentials, in which we can move further from close-to-conformality (tiny ��), are left for future work.

of the the amplitude of scalar perturbations, As, and current
limits on the tensor-to-scalar ratio, r [137, 138]. (The com-
bination limits the energy density at inflation via the relation
8⇡⇢inf = 3H

2
infM

2
Pl ⇡ 3⇡rAsM

4
Pl/16.) Note, even with the

maximally allowed reheat temperature following inflation, the
GWs sourced from the SM plasma would be well below our
PT signal at its peak [121–123]. Note also that the low M�

and cvac region of Fig. 6 requires a more complicated potential
for viable phase transitions.

B. MG mechanism — potential with tree level mass terms

Next, we move away from the classically scale invariant
case, and allow for tree level mass terms. The tree level po-
tential is given by

V0(�) = �
µ
2
�

2
�
2
+

��

4
�
4
+ µ

2
�|�|

2
+ ��|�|

4
+

�
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where it will be assumed that µ� ' 0 for simplicity (and as
required for baryogenesis). In principle, there can also be a
tree level barrier via a cubic term for �, but we do not pursue
this possibility here. We now take N� = 1, as the heavier
� can already have a non-negligible mass in the unbroken
phase, unlike in the scale invariant example. The one-loop
zero temperature corrections are
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where µ is the renormalisation scale appearing in the MS
renormalisation scheme [139]. For the thermal corrections,
we again include the �, and now also the �, where the � mass
is given by
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with thermal mass squared

⇧�(T ) =
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We again use the Parwani method of daisy resummation [135].
The thermal correction is defined as in Eq. (82), but with an
extra contribution coming from the �, with g� ! g� = 1

and M� ! m�. Summing the contributions, the effective
potential is given by

Ve↵(�, T ) = V0(�) + V1(�) + VT (�, T ). (92)

We again search for suitable parameter points, which return
the required cvac, TRH and Tn, following a calculation of the
bounce action as above. We have again identified suitable pa-
rameter points at high scales, TRH & 10

13 GeV, which enable
successful baryogenesis. One such example GW spectrum is
shown in Fig. 7 right. Detailed exploration of such potentials,
which could in principle also include multiple scalar field di-
rections (in which strong phase transitions are possible also
with somewhat larger quartics, as soon as tree level barriers
are introduced), is left for future work. In particular, it is of
interest whether the cvac . 10

�3 region in Fig. 6 can be pop-
ulated when considering concrete realisations for the scalar
sector. Detailed studies of the wall elasticity would also be
interesting to pursue.
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Figure 6: Left: Constraints on the parameter space for MG-type producation. White areas are allowed and can accommodate the baryon
asymmetry. A y smaller than unity helps to avoid washout. A Tn somewhat smaller than TRH opens up lower cvac and M� values of
parameter space. Although we extend our plot to small cvac . 10�3, in order to be as general as possible, this may be difficult to justify from a
microphysical theory which does not become stuck in the metastable state (but also see main text for a possible exception). To the right of the
solid gray line the � particles decay in the opposing bubble. Using the expected bulk properties of the phase transition, ↵GW � 1, �H ⇡ 10,
we show parameter space testable by the Einstein Telescope in grey (with and without astrophysical foregrounds). See Sec. V for details. Right:
Constraints on the parameter space for AV-type producation and for favourable assumptions Tn = Tinfl, y = 1, and M�2 ⇠ M�1 ⇡ 10v�.
Here the asymmetry is suppressed by the reduced � yield, so we are more constrained in our choice of y and Tn. White areas are allowed and
can accommodate the asymmetry provided � & 1. Parameter space testable with the Einstein Telescope, assuming ↵GW ⇡ 1, �H ⇡ 10, is
shown in grey.

This is safely below H , provided that
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C. Short summary of the results

Having found the dependence of the yield on the mass spec-
trum, properties of the phase transition, CP violating cou-
plings, and discussed the conditions needed to avoid washout,
we now summarize our findings in Fig. 6. As can be seen
from the figure, washout can be avoided and the baryon asym-
metry explained, both for the MG and AV-type mechanisms.
For more realistic values, cvac & 10

�3, which are typical for
close-to-conformal potentials and can accommodate sufficient
bubble nucleation, we find 10

12
GeV . M� . 10

15
GeV for

both MG and AV-type mechanisms.
In order to cast as wide a net as possible, we also extend

our results to smaller cvac — which is consistently possible
for the MG mechanism — even with some suppression of YB

through y ⇠ 10
�2 and Tn ⇠ TRH/5. Sufficient bubble nu-

cleation in order for the phase transition to complete may still
be possible in this regime. For example, if � is linked through
a Yukawa to some hidden strong sector fermions undergoing
condenstation, then bubble nucleation can be massively en-
hanced below the confinement temperature [6, 96–98]. Such
model building is left for future work.

V. GRAVITATIONAL WAVE SIGNAL

For the gravitational wave signal we use the latest — state
of the art — numerical results for thick walled bubbles cal-
culated by Cutting et al. [99]. (For related studies see [100–
103].) The spectrum depends on the bulk parameters of the
phase transition. Namely:

• The proportion of the energy going into the scalar con-
tribution, for us � ' 1.

• The wall velocity which for our runaway transitions is
vw ' 1.

• The Hubble scale at the transition, H⇤, which is easily
found given Tn and TRH.

βH = 10βH = 10
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• We have presented two mechanisms for baryogenesis with (ultra) relativistic bubble walls 
during FOPTs: mass gain (MG) and Azatov-Vanvlasselaer heavy particle production (AV)


• We have derived requirements on the phase transition properties, mass spectrum, and 
CP violation for reproducing the observed baryon asymmetry


• Some of the features/challenges of these mechanisms apply beyond our specific choice 
of the model


• Interesting interplay with gravitational wave production, even though our setups work best 
at high scales to avoid washout
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Thank you!


