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1 Introduction

Despite the manifold successes of the Standard Model (SM) of particle physics, it does not
provide an explanation for the dark matter seen in the Universe, nor does it account for the
Baryon Asymmetry of the Universe (BAU). In this work we explore a mechanism which
sets the dark matter abundance and the baryon asymmetry at the same time, providing a
joint explanation to these disparate puzzles.

To account for dark matter, we utilise the recently proposed Filtered Dark Matter
scenario [1, 2], which is an alternative to the canonical Weakly Interacting Massive Parti-
cle (WIMP) paradigm for dark matter [3]. The idea behind Filtered Dark Matter is that
the dark matter abundance is set during a first-order cosmological phase transition. As
is well known, such a phase transition proceeds via the formation and subsequent expan-
sion of true-vacuum bubbles in a Universe that is otherwise still in a false vacuum. In
the Filtered Dark Matter scenario, dark matter particles acquire a large mass during the
phase transition. This means that only particles in the Boltzmann tails of the dark matter
velocity distribution have sufficient energy to enter the bubbles, while most of the particles
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reflect off the advancing bubble wall, remain massless, and annihilate. In contrast, the few
dark matter particles that manage to enter the bubble freeze-out instantaneously due to
their large masses and can no longer annihilate. Overall, only a small fraction of the dark
matter particles survive until today, in agreement with observations.

In the present article, we show that the Filtered Dark Matter mechanism can be
extended to accommodate baryogenesis. Specifically, we consider a phase transition where
a new scalar φ obtains a vacuum expectation value above the electroweak scale, and we
argue that an additional CP-violating interaction between the dark matter particle χ and φ
can make the dark matter-bubble wall interactions chirally asymmetric: χ particles of one
chirality will have a slightly higher reflection probability than those of the opposite chirality.
As a result, a chiral asymmetry is generated close to the bubble wall, reminiscent of the SM
chiral asymmetry generated in electroweak baryogenesis models [4–14] (see refs. [15–17] for
review articles on this topic). However, while SM sphaleron processes convert the chiral
asymmetry into a particle-antiparticle asymmetry in electroweak baryogenesis, we will use
a lepton-number-violating portal interaction to do so. As the φ bubble wall sweeps past,
the large dark matter mass ensures that this portal does not wash out the newly-generated
lepton asymmetry. Electroweak sphalerons finally convert part of the lepton asymmetry
into a baryon asymmetry.

The filtering effect proposed in refs. [1, 2] has been applied to baryogenesis in ref. [18]
where reflected particles build up in the false vacuum phase, leading to an enhanced asym-
metry due to annihilations (this work does not, however, simultaneously produce dark
matter). Baryogenesis due to the production of heavy particles from relativistic bubble
walls has been demonstrated in refs. [19, 20]. The idea of generating the observed baryon
asymmetry by first generating an asymmetry in a dark sector has previously been discussed
in various contexts. The models proposed in refs. [21–23] move the concept of electroweak
baryogenesis (including the sphalerons) entirely to the dark sector by introducing a non-
Abelian gauge symmetry there. Ref. [24] adds a scalar singlet to the SM Higgs sector,
thus rendering the electroweak phase transition first order [25–27]. In this model, a chiral
asymmetry is first generated in the dark sector and then transferred to the SM via a cou-
pling between the dark matter, the τ lepton, and a new, inert, Higgs doublet. Apart from
the very different portal interaction, this model relies on conventional thermal freeze-out
to set the dark matter relic density, while in our case the phase transition is responsible
for both baryogenesis and the dark matter abundance. Other works relating a dark sector
asymmetry to the baryon asymmetry in the SM sector include refs. [23, 28–54].

This paper is structured as follows: in section 2, we discuss our extension of the Filtered
Dark Matter model in more detail and set down our notation. In section 3 we introduce the
transport equations that determine the dark sector chiral asymmetry and the SM baryon
asymmetry. We also explain how we solve these equations numerically. We present our
main results in section 4, where we highlight the model’s behaviour at two benchmark
parameter points before showing the results of parameter scans. These scans illustrate
that the mechanism is able to explain both the dark matter abundance and the baryon
asymmetry in the Universe over wide ranges of parameter space. We summarise and
conclude in section 5. A possible connection to neutrino masses is given in appendix A
while technical details are discussed in appendices B to E.
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2 Model and general mechanism

Our starting point is the Filtered Dark Matter scenario from ref. [1], which we briefly
review here. Filtered Dark Matter is based on the assumption that the Universe undergoes
a first-order phase transition from a false-vacuum state in which the dark matter particle
χ is massless or very light, to a true-vacuum state in which the mass of χ, mχ, is large
compared to the phase transition temperature. Conservation of energy then implies that
only χ particles with kinetic energy Eχ & mχ can pass through the advancing bubble walls.
The majority of χ particles are reflected, and quickly annihilate. The particles which pass
through the wall obtain a large mass which, combined with their low number density, means
that their interaction rate is no longer large enough to keep them in thermal equilibrium.
These χ particles are thus frozen out and survive until the present day. The resulting relic
abundance is approximately given by [1]

ΩDMh
2 ' 0.17

(
Tn
TeV

)(
mχ/Tn

30

)5/2 e−mχ/Tn

e−30 , (2.1)

where Tn is the phase transition temperature. For definiteness, we take dark matter to be
a gauge-singlet Dirac fermion χ, charged under a Z2 symmetry.

We assume that the phase transition is driven by a real gauge-singlet scalar field φ,
whose vacuum expectation value (vev), vφ, vanishes in the false vacuum, but is non-zero
in the true vacuum. The mass mχ of the dark matter particles is induced by vφ through a
Yukawa coupling,

L ⊃−yχφχχ → −yχvφχχ ∼ −mχχχ . (2.2)

As we will discuss below, mχ receives additional contributions from higher-dimensional
operators, in particular from the CP-violating term which we will add. We assume the
bare mass term of χ to be negligible. Here and in the following, we use mχ and vφ to
denote the mass of χ and the vev of φ, respectively, deep inside the true vacuum. When
discussing the transition between the two vacua at the bubble wall, we will write mχ(z)
and vφ(z) for the z-dependent quantities.

For this mechanism to set the correct dark matter relic abundance, only very few
particles should be able to enter the bubble. Similar to ref. [1], this leads to the requirement
mχ � Tn, which in turn requires a large order parameter vφ � Tn/yχ. While we remain
agnostic about the precise form of the scalar potential, V (H,φ), we note that this feature
is realised for instance in quasi-conformal or dilaton-like setups [55, 56].

The scalar potential contains the Higgs portal coupling,

V (H,φ) ⊃ β φ2|H|2 , (2.3)

through which the dynamics of electroweak symmetry breaking can be modified. This
is not necessarily a problem for the success of Filtered Baryogenesis, but would greatly
complicate calculations. Therefore, we will assume that electroweak symmetry breaking
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remains unchanged. This may require fine-tuning between the Higgs portal and the tree-
level mass term of the SM Higgs field, which is a reflection of the well-known hierarchy
problem inherent to scalar potentials with widely separated energy scales.

The two new ingredients added in this work are a CP-violating coupling between χ

and φ (which leads to CP-violating interactions between χ particles and the bubble walls),
and a lepton-number-violating portal interaction between χ and SM particles. The portal
interaction will convert a chiral asymmetry in χ to a particle-antiparticle asymmetry in
the SM sector. (Note that the Higgs portal coupling, eq. (2.3), cannot transmit chiral
asymmetries between the sectors.)

Overall, the dark sector Lagrangian takes the form

L = Lχ + Lp + L5 − V (H,φ) . (2.4)

We now discuss Lχ, Lp, and L5 in turn. The χ–φ couplings that contain the CP-violating
term are

Lχ = −yχ

(
φ+ TχR + i TχI

vφ
φ2
)
χRχL + h.c. , (2.5)

with real dimensionless parameters yχ, TχR, and T
χ
I . Without loss of generality, we use the

vev of φ deep inside the true vacuum phase as the suppression scale of the dimension-5
coupling. For simplicity, we take the CP-violating phase in the dimension-5 operator to be
maximal, that is, we choose TχR = 0. Since mχ ∼ yχvφ and since we will be interested in
Yukawa couplings of order one, using an EFT approach for this operators is valid as long
as |TχI | . 1.

For the portal interaction, Lp, we require a lepton-number violating operator to convert
a chiral asymmetry in χ into a lepton asymmetry. There are various options, and we
consider two possibilities. Perhaps the simplest is

Lp = 1
Λ2

p

∑
j=1,2,3

(
N j
RN

jc
R

)
(χRχL) +

∑
j,k=1,2,3

yjkν L
jH̃Nk

R + h.c. , (2.6)

whereN j
R are three generations of heavy right-handed Majorana neutrino fields carrying one

unit of lepton number (which could be part of a seesaw scenario that explains the smallness
of the SM neutrino masses), Λp is the suppression scale of the dimension-6 operator, which
we assume to be the same for all generations, and the superscript c denotes the charge-
conjugation operation, N jc

R ≡ iγ2(N j
R)∗ [57]. In the following, we usually suppress flavour

indices to make the notation more concise. The NR portal could be generated, for instance,
when a heavy scalar that couples to both χ and NR is integrated out. We will refer to
eq. (2.6) as the “dimension-6 NR portal”. If the chirality-dependent permeability of the
bubble walls creates, say, an overabundance of right-handed χRH and χ̄RH over left-handed
χLH and χ̄LH in front of the wall,1 the dimension-6 NR portal will convert this asymmetry

1For clarity we differentiate the chiral χ field operators, e.g. χL, from the particles of definite chirality
they create and annihilate. The field operator χL annihilates χLH and creates χ̄RH, while the Hermitian
conjugate field operator χL creates χLH and annihilates χ̄RH.
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into a deficit of NRH compared to its left-handed antiparticle, N̄LH. Through the Yukawa
couplings yνLH̃NR, each NRH and N̄LH particle decays into a lepton and a Higgs boson,
generating slightly fewer SM leptons than antileptons. In the following, we assume that
N j
R couples only to the j-th generation of SM leptons and that the coupling strength is

the same for all generations. In other words, we assume that yν is proportional to the unit
matrix. (Note that we work here in unbroken SU(2)L, assuming that the phase transition
responsible for baryogenesis occurs above the electroweak scale. Thus, H̃ = iσ2H∗ contains
four physical real scalar bosons. The lepton doublet L contains, as usual, the left-handed
neutrino and charged lepton fields.) The lepton asymmetry is then partially converted
into a baryon asymmetry by baryon-plus-lepton number (B + L) violating (but B − L

conserving) SM sphaleron processes. For this mechanism to work, it is crucial that the
lepton asymmetry carried intermittently by NR is not washed out. This implies that
other lepton number violating interactions — in particular a possible Majorana mass term
for NR — must be suppressed until the time when NR decays (which must happen, at
least partially, before the electroweak sphalerons freeze out so the lepton asymmetry can
be converted into a baryon asymmetry). Satisfying this condition, while simultaneously
explaining the smallness of neutrino masses, appears possible in inverse seesaw scenarios,
see appendix A [58, 59].

A simple alternative to the dimension-6 NR portal is a dimension-8 operator connecting
dark matter directly to the SM leptons:

Lp = 1
Λ4

p

∑
j=1,2,3

(
LjcH̃∗

) (
H̃†Lj

)
(χRχL) + h.c. (2.7)

As this is just a coupling of a dark matter current to the Weinberg operator, we will refer to
this portal as the “dimension-8 Weinberg portal”. In the following, we will again suppress
the generation index j on the lepton doublets Lj . The dimension-8 Weinberg portal directly
converts the chiral asymmetry in the dark sector into a SM lepton-antilepton asymmetry,
without requiring right-handed neutrinos (though the dimension-8 Weinberg portal can be
generated from the dimension-6 NR portal upon integrating out the NR fields).

While a consistent effective field theory (EFT) contains all possible operators up to a
given dimension, we assume the leading contribution to the asymmetry transfer is given
by the operator in eq. (2.6) or in eq. (2.7). Since operators not contributing to the transfer
of the asymmetry, e.g., the usual Weinberg operator at dimension-5, do not appear in the
relevant transport equations, we omit them from our analysis. We do however include the
dimension-5 operator

L5 = λ5
Λp

(
H†H

)
(χRχL) + h.c. , (2.8)

which contributes to χχ̄ annihilation and can wash out the chiral asymmetry in χ. We will
assume λ5 to be real (that is, we do not consider the possibility that the washout rate is
different for different chiralities).

The general mechanism is summarised in figure 1. As the bubble wall, depicted as a
vertical grey band, passes through space from right to left, it will encounter left-handed and
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x̂, ŷ

ẑvw

lw

False vacuum

vφ = 0

mχ ∼ 0

nχ ∼ T 3
n

True vacuum

vφ 6= 0

mχ � Tn

nχ � T 3
n

χRH

χ̄RH

L̄RH

H†

H†

L̄RH

χLH χLH

χ̄LH χ̄LH

N̄LH

L̄RH

N̄LH

L̄RH

Figure 1. Illustration depicting the generation of a SM lepton-antilepton asymmetry. The particles
χRH and χ̄RH are preferentially reflected from the wall and may be converted via the dimension-6
NR portal, eq. (2.6), into left-handed anti-neutrinos, N̄LH (but not right-handed neutrinos, NRH),
which in turn decay to right-handed SM anti-leptons. These anti-leptons are then converted into
left-handed quarks by SM sphalerons. The particles χLH and χ̄LH are preferentially transmitted
through the wall. Ellipses around the χ particles indicate that they should be considered the initial
states in the process. See text for further details.

right-handed χ particles and antiparticles. While χLH and χRH are both predominantly
reflected, due to the large gain in mass, the CP-violating coupling in eq. (2.5) means
there is a slight preference for, say, χRH particles to be reflected and for χLH particles
to be transmitted. Similarly, there is a preference for χ̄RH antiparticles to be reflected
and χ̄LH to be transmitted. As such, opposite chiral asymmetries build up either side
of the wall. In front of the wall, the portal interaction converts the chiral asymmetry
of χ into a particle-antiparticle asymmetry. For the dimension-6 NR portal depicted in
figure 1, χRHχ̄RH → N̄LHN̄LH creates an NRH–N̄LH asymmetry, which is turned into a SM
lepton-antilepton asymmetry through the Yukawa coupling between NR, L and H. For
the dimension-8 Weinberg portal, a SM lepton-antilepton asymmetry is directly generated
by the portal interaction, without the detour via NR. Behind the wall, the large mass of χ
washes out the chiral asymmetry of the transmitted χ particles. However, since the portal
interaction is suppressed in this region, it does not wash out the SM lepton asymmetry.
For both portals, electroweak sphalerons convert part of the resulting lepton asymmetry
into a baryon asymmetry, which survives to the present day.

In the rest frame of the bubble wall, the system quickly reaches a steady state with
the rate of generation of the chiral asymmetry in χ being matched by its conversion into
a lepton asymmetry by the portal interaction and the conversion of the lepton asymmetry
into a baryon asymmetry by electroweak sphalerons. It is this steady-state solution that
we will compute in section 3.
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Before ending this section, let us outline several conditions that must be met for the
mechanism to be successful:

1. The CP-violating phase in eq. (2.5) must be large enough to ensure that a sufficient
chiral asymmetry is generated.

2. The phase transition must occur before the electroweak phase transition, so elec-
troweak sphalerons can efficiently convert a lepton asymmetry into a baryon asym-
metry.

In addition, generating the observed dark matter abundance via the Filtered Dark
Matter mechanism requires that:

1. χ must be in equilibrium in the false vacuum (Γfalse
χχ̄↔φφ > H) to ensure efficient

annihilation of reflected χ particles.2

2. χ must drop out of equilibrium in the true vacuum (Γtrue
χχ̄↔φφ < H). If this were not

the case, the dark matter abundance would be set by conventional thermal freeze-out
at a later time and would not be determined by the phase transition.

3. The relevant couplings must satisfy perturbative unitarity constraints (yχ, β <
√

4π).

4. For the approximations employed in ref. [1] to be valid, φ must remain in equilibrium
throughout the phase transition. This means that its interaction rate with the SM
bath must be faster than the phase transition completion time (which we ad-hoc
take to be 1/(103H) [62], so that we require Γφφ↔H†H > 103H) and that φ particles
must annihilate faster than they are produced by reflected χ particles (Γφφ↔H†H >

Γχχ̄↔φφ).

Since the coupling that keeps φ in equilibrium is the Higgs portal, β φ2|H|2, the latter
condition places a lower limit on β. In the region where mφ � mh, the limit is β2 &
105T/MPl. Interestingly, this lower limit on β leads to a lower limit on the cross-section
for dark matter-nucleon scattering via scalar exchange, which is probed in direct detection
experiments. The spin-independent dark matter-nucleon cross section, mediated by t-
channel scalar exchange and taking into account φ–H mixing, is given by [63, 64]

σSI
χN =

β2f2
qm

4
Nm

4
χ

4πm4
hm

4
φ(mN +mχ)2 , (2.9)

where fq parameterises the Higgs-nucleon coupling, mN is the nucleon mass and mh is the
mass of the SM Higgs boson. For our numerical results in section 4 we take fq = 0.326 [65].

2Strictly speaking, the time it takes χ particles to annihilate should be smaller than the time it takes
the phase transition to complete, which is highly model-dependent and may be much less than one Hubble
time. Otherwise, an overdensity of χ particles will accumulate in the false vacuum. This overdensity will
slow down the advancing bubble walls, delaying the completion of the phase transition. Moreover, it will
lead to more χ particles entering the true vacuum, modifying the relation between the model parameters
and the dark matter relic abundance, eq. (2.1). See refs. [60, 61] for more details on the dynamics and
implications of a χ overdensity.
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3 Solving the transport equations

To quantify the baryon asymmetry that can be produced in our scenario, we need to solve
a coupled set of particle transport equations. In particular, we need to track the particle-
antiparticle asymmetries in (i) the dark matter particle χ; (ii) the SM lepton doublets
that are produced by the portal interaction, either directly for the dimension-8 Weinberg
portal, or via NR for the dimension-6 NR portal; (iii) the SM quark doublets for which an
asymmetry is generated by weak sphalerons; (iv) the Higgs doublet which also participates
in the portal interaction.

The particle-antiparticle asymmetries for the chiral components of χ are defined in
terms of the corresponding number densities as χ ≡ nχLH − nχ̄RH , χ̄ ≡ nχRH − nχ̄LH . Note
that χ = −χ̄ at all times because our Lagrangian possesses a global U(1) symmetry that
protects χ number, and because we assume a χ–χ̄-symmetric initial state. The asymme-
tries ` and q for the SM SU(2) doublet leptons and quarks are defined analogously for
each generation. Neglecting all SM Yukawa couplings and using the fact that the new
interactions we introduced are flavor-universal, we can treat all three fermion generations
equally. As the strong sphaleron rate is very fast compared to the electroweak sphaleron
rate that generates the quark asymmetry, the asymmetries in the SU(2) singlet quarks u,
d, c, s, t, b do not need to be tracked independently, but can just be set equal to q/2.
Making use of this relation and taking into account all three generations, the net baryon
number density is 6q/3. The charged lepton singlets, on the other hand, do not acquire
an asymmetry, so the total lepton asymmetry is 3`. For the Higgs bosons in the unbroken
electroweak-symmetry phase, the definition of the asymmetry is h ≡ nH −nH† . Note that,
to shorten the notation and since the usage should be clear from context, we denote the
asymmetries by the same or similar symbols as the fields themselves. Note also that `
describes the asymmetry in a left-handed lepton doublet. That is, the asymmetry between
the left-handed charged leptons and right-handed charged antileptons in that generation,
in addition to the corresponding neutrino asymmetry. The situation is analogous for the
asymmetries in the SU(2) doublets, q and h.

While transport equations can be derived from a Boltzmann equation, the transport
equation for each species is effectively a diffusion equation supplemented with source and
interaction terms that describe the processes generating the asymmetry and shuffling it
around between different species. Although a diffusion equation usually describes the
evolution of a system in space and time, we can drop the time coordinate if we go to the
rest frame of the wall and use the fact that the system quickly reaches a stationary state
in that frame. Moreover we work with only a single spatial coordinate, z, since we assume
asymmetries are generated over distance scales that are much smaller than the diameter of
the bubble. We therefore treat the bubble wall as locally planar, which implies translation
invariance with respect to the x and y coordinates.

In the rest frame of the bubble wall, the transport equations for the model with the
dimension-6 NR portal operator, eq. (2.6), are (see e.g. refs. [11, 14, 66, 67])

∂µj
µ
χ = 3Γpµ̃p +

(
Γ5 + Γ̃5

)
µ̃5 + ΓχM µ̃

χ
M + Sχ ,

∂µj
µ
N = 2Γpµ̃p − ΓNY µ̃NY ,
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∂µj
µ
` = ΓNY µ̃NY − Γwsµ̃ws ,

∂µj
µ
h = 3ΓNY µ̃NY ,

∂µj
µ
q = −3

2Γwsµ̃ws , (3.1)

and the transport equations for the dimension-8 Weinberg portal operator, eq. (2.7), are

∂µj
µ
χ = 3Γpµ̃p +

(
Γ5 + Γ̃5

)
µ̃5 + ΓχM µ̃

χ
M + Sχ ,

∂µj
µ
` = 2Γpµ̃p − Γwsµ̃ws ,

∂µj
µ
h = 6Γpµ̃p ,

∂µj
µ
q = −3

2Γwsµ̃ws .

(3.2)

Here, jµa is the 4-current density of the asymmetry of a given species (with the asymmetry
a ≡ j0

a), the interaction terms of the form Γµ̃ (where Γ is an interaction rate and µ̃

are combinations of effective chemical potentials, see below) describe the processes that
shuffle the particle-antiparticle asymmetry between species, and Sχ is the CP-violating
source term. We have checked that our numerical results do not change significantly if
we treat the third-generation fermions separately from their first- and second-generation
counterparts [14], see appendix B. We now describe the different terms in eqs. (3.1) and (3.2)
one by one.

The divergence can be written as

∂µj
µ
a = ∂a

∂t
+ ~∇ ·~ja = [vw −D′a(z)]a′(z)−Da(z)a′′(z)−D′′a(z)a(z) , (3.3)

where vw is the bubble wall velocity and we have used a generalised Fick’s law to write the
asymmetry current as ~ja = −~∇(Da(z)a). We have moreover used translational invariance
in x and y. We explain in appendix C how the diffusion coefficient of species a, Da(z),
can be calculated. We take Da to be constant for the SM particles, while Dχ depends on
z through mχ(z) (which changes significantly as a χ particle moves through the bubble
wall). Note that the terms D′a(z)a′(z) and D′′a(z) do not usually appear in the literature
on electroweak baryogenesis, where all Da are typically taken to be independent of z.
Assuming a stationary solution, we have rewritten the time derivative of the asymmetry
a in eq. (3.3) as the bubble wall velocity, vw, times the spatial derivative of a. This
term then describes the bulk particle flux in the wall’s rest frame. Note that, with these
definitions, ∂µjµa = 0 is just the Fokker-Planck equation in one spatial dimension for a
stationary system.

The conversion rates between particle species are given by the Γ’s. On dimensional
grounds we assume the rate for the d-dimensional portal interaction, which directly or
indirectly gives rise to the process χχ̄→ 2L+ 2H, to be

Γp = T

(
T

Λp

)2(d−4)
exp

(
−mχ(z)

T

)
, (3.4)

– 9 –



J
H
E
P
0
8
(
2
0
2
2
)
0
1
0

at temperature T for each lepton generation. The exponential factor accounts for the Boltz-
mann suppression of the χ abundance inside the true vacuum (z > 0). This suppression is
crucial for avoiding washout of the generated asymmetries after the phase transition is over.
By similar dimensional arguments, we write the rate of washout due to the dimension-5
operator in eq. (2.8) as

Γ5 = T

(
λ5

T

Λp

)2
exp

(
−mχ(z)

T

)
, (3.5)

which describes the process χχ̄→ H†H.3 Similarly, we write the washout rate due to the
CP-violating dimension-5 term in eq. (2.5) as4

Γ̃5 = T

(
y2
χT

χ
I

T

mχ

)2
exp

(
−mχ(z)

T

)
. (3.6)

Here again Boltzmann suppression freezes in the χ asymmetry in the true-vacuum phase.
Both Γ5 and Γ̃5 correspond to processes that wash out the asymmetry in χ, and they
do so without creating a corresponding scalar asymmetry. (H, H† are produced in equal
numbers by χχ̄→ H†H, and for the real scalar φ, particle and antiparticle are identical.)

A third washout process is mixing between left- and right-chiral χ fields via the vev-
induced mass term. The rate for this process is described by the relaxation rate ΓχM ,
which can be calculated following refs. [14, 66, 68, 69]. ΓχM vanishes in the symmetric
phase (z � 0), but is the dominant washout process in the true vacuum (0� z). For the
dimension-6 NR portal, the rate ΓNY also enters, see appendix D.

Finally, the electroweak sphaleron conversion rate, Γws, can be found in ref. [14] (see
also ref. [70]). Taking these processes together, we see how a chiral asymmetry in χ

is transmitted first to an asymmetry in ` via the portal interactions, and then to an
asymmetry in q via the electroweak sphalerons.

3The rate of washout due to χLH → χRH mediated by a thermal loop of H particles is of the same order,
so at the level of our dimensional analysis it can be considered part of Γ5. Although the thermal loop is
not exponentially suppressed at large mχ(z), in the region where this suppression is significant washout is
dominated by the vev-induced mass mχ(z) (which is captured by ΓχM , see below).

4One may worry that also the dimension-4 Yukawa coupling yχφχLχR might lead to washout of the
χ asymmetry. This would be problematic only in the false-vacuum phase, as in the true-vacuum phase
the large mass of χ leads to complete washout anyway. However, note that chirality-changing 2 → 1
processes like χLHχ̄LH → φ are kinematically forbidden due to the thermal mass of χ. The 2 → 2 process
χχ̄→ φφ mediated by t-channel χ exchange, on the other hand, always annihilates pairs of opposite-helicity
χ particles and antiparticles for massless χ. The relevant thermal loop contributions to the fermion self-
energy, usually referred to as thermal masses, do not invalidate the last argument because, unlike regular
mass terms, they do not change chirality.
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The µ̃a factors for the model with the dimension-6 NR portal operator, eq. (2.6), are
defined as

µ̃p ≡ −2 χ
kχ
− 2 N

kN
,

µ̃5 ≡ −2 χ
kχ

,

µ̃χM ≡ −2 χ
kχ

,

µ̃NY ≡
N

kN
− `

k`
− h

kh
,

µ̃ws ≡ 3 `
k`

+ 9 q
kq
,

(3.7)

while those for the model with the dimension-8 Weinberg portal operator, eq. (2.7), are

µ̃p ≡ −2 χ
kχ
− 2 `

k`
− 2 h

kh
,

µ̃5 ≡ −2 χ
kχ

,

µ̃χM ≡ −2 χ
kχ

,

µ̃ws ≡ 3 `
k`

+ 9 q
kq
.

(3.8)

The right-hand sides of eqs. (3.7) and (3.8) consist of linear combinations of the “effective
chemical potentials” of the particle species involved in the respective processes. The term
“effective” here refers to the fact that a factor T 2/6 has been absorbed into the definition
of the chemical potentials. More precisely, the effective chemical potential µ̃a of a species
a = χ,N, `, h, q is related to its physical chemical potential, µa, and to the particle number
asymmetry, a, via

a = na − nā = µaT
2

6 ka (ma/T ) +O
(
µ3
a

)
= µ̃a ka (ma/T ) +O

(
µ̃3
a

)
. (3.9)

Explicit expressions for the mass-dependent factors ka(ma/T ) can be found, for instance, in
refs. [14, 66]. Eq. (3.9) is obtained by expanding na, when written in terms of a momentum-
integral over a Fermi-Dirac (or Bose-Einstein) distribution, to linear order in µa. For
massless particles, ka(0) is simply the number of (Weyl fermion or real scalar) degrees of
freedom; in particular kχ(0) = kN (0) = 1, k`(0) = 2, kh(0) = 4, and kq(0) = 6. Since our
mechanism acts prior to the electroweak phase transition, the ka of the Standard Model
particles are calculated based on their thermal masses only, where the latter can be found,
for instance, in ref. [14]. We find that for the fermions there is almost no change from the
massless approximation, but kh changes to ≈ 3. We evaluate kχ at its z-dependent mass
and find that kχ ≈ 1 when χ is approximately massless and kχ ≈ 0 when the χ mass is
much larger than the temperature.
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The integer factors appearing in eqs. (3.7) and (3.8) can be understood from the linear
expansion in the chemical potentials of the interaction rates. For example, the rate of the
process induced by the dimension-8 Weinberg portal operator in eq. (2.7), χχ̄→ 2L+ 2H,
contains fχ, fχ̄, f2

` and f2
h , where fa is the phase space distribution function of species a.

When expanded to leading order, we obtain the factors of 2 seen in µ̃p in eq. (3.8). The
integer coefficients in front of the Γµ̃ terms in eqs. (3.1) and (3.2) reflect the number of
particles affected by each process. That is, since the process χχ̄ → 2L + 2H occurs for
each lepton generation, three χ particles and three χ̄ particles can annihilate to create two
first-generation leptons, two second-generation leptons, and two third-generation leptons,
along with six Higgs particles. Since ` counts the asymmetry per generation, ` increases
by 2Γpµ̃p and h by 6Γpµ̃p, while χ and −χ̄ both reduce by 3Γpµ̃p.

The chiral asymmetry in χ arises from CP-violating interactions between the χ particles
and the bubble wall, which are encoded in the source terms Sχ in eqs. (3.1) and (3.2). For
the wall profile we assume

vφ(z) = vφ
2

[
1 + tanh

(3z
lw

)]
, (3.10)

where lw parameterises the wall width. When vφ(z) 6= 0, the CP-violating coupling between
φ2 and χLχR in eq. (2.5) gives rise to a complex phase in the mass of χ,

mχ(z) = yχvφ(z)
(

1− i TχI
vφ(z)
vφ

)
. (3.11)

Throughout our paper we will use the shorthand notations mχ(z) ≡ |mχ(z)| and θ(z) ≡
arg(mχ(z)). The CP-violating source term Sχ in eqs. (3.1) and (3.2) can be written in a
semi-classical approximation as [12, 71, 72] (see also [73–78])

Sχ(z) = − S1
D0

+ vwS
′
1 + S′2

D0Γtot
−−−−→
vw�1

S′2
K1Γtot

, (3.12)

where D0 = K1 in the small-vw limit, Γtot = K4/(DχK1) is the total interaction rate, the
z-dependent diffusion coefficient of χ is given in appendix C,

S′2 = vw
∂

∂z

[
−K8(z)

(
m2
χ(z)θ′(z)

)′
+K9(z)m2

χ(z)
(
m2
χ(z)

)′
θ′(z)

]
, (3.13)

and the derivatives are with respect to z, and [79]

K1(z) = −
〈
p2
z

E

∂2fχ
∂E2

〉
,

K4(z) =
〈
p2
z

E2
∂fχ
∂E

〉
,

K8(z) =
〈 |pz|

2E2Ez

∂fχ
∂E

〉
,

K9(z) =
〈
|pz|

4E3Ez

(
1
E

∂fχ
∂E
− ∂2fχ
∂E2

)〉
. (3.14)

– 12 –



J
H
E
P
0
8
(
2
0
2
2
)
0
1
0

Here, fχ is the Fermi-Dirac distribution for χ, E is the total energy of the particle, E =
(m2

χ(z) + p2
x + p2

y + p2
z)1/2, and Ez ≡ (m2

χ(z) + p2
z)1/2. The average is defined as

〈X〉 =
∫

d3pX(~p)∫
d3p ∂fχ(mχ=0)

∂E

. (3.15)

We have now defined all the quantities appearing in eqs. (3.1) and (3.2). They are again
summarised in table 1 in appendix D.

Note that there is an ongoing debate in the literature on electroweak baryogenesis
regarding the most appropriate method for calculating the source term, with the main
contenders being the semiclassical, or WKB, approach, and the vev-insertion approxima-
tion (VIA), in which the mass of the particle that develops a chiral asymmetry is treated
perturbatively [80]. For electroweak baryogenesis, calculations based on the VIA source
predict a final baryon asymmetry several orders of magnitude larger than those based on
a WKB source term. The reason is that the VIA source has the same sign for all z, while
the WKB source features both positive and negative contributions that largely cancel each
other when integrated over the width of the bubble wall. For our purposes, the VIA would
not be applicable in the first place because the mass of χ cannot be treated as a small
perturbation. This is the main reason we have chosen the semiclassical approach, but we
also note that this approach typically leads to a more conservative estimate of the asym-
metry generated due to cancellations between positive and negative contributions to the
source term.

To solve the transport equations given in eqs. (3.1) and (3.2), we first rewrite the
four (five) second-order differential equations in terms of eight (ten) first-order differential
equations. We solve these equations numerically with the boundary conditions a(z →
−∞) = 0 and a′(z →∞) = 0. The first boundary condition ensures vanishing asymmetries
deep in the false-vacuum phase, while the second one stipulates that the asymmetries must
have settled down to a constant (but possibly non-zero) value deep inside the true-vacuum
phase. As Dχ � lw in the true-vacuum phase, we are dealing with a problem that involves
two very different length scales. To improve the numerical stability, we solve the equations
in terms of the variable z̃ = arsinh(3z/lw), which depends linearly on z near the bubble
wall (of width lw) and logarithmically on z far from the wall. In simplified situations, where
all z-dependent quantities can be described as step functions, the system is analytically
solvable [14]. We have verified that our numeric results coincide with the analytic solutions
in applicable cases.

4 Results

We are now ready to present and discuss our numerical solutions to the transport equations,
eqs. (3.1) and (3.2).

4.1 Benchmark points

We begin by showing the z-dependence of the various asymmetries in the stationary state
for two representative parameter points, one for the dimension-6 NR portal, figure 2, and

– 13 –



J
H
E
P
0
8
(
2
0
2
2
)
0
1
0

−2×10910

−10910

0

10910

2×10910
as

y
m

m
et

ry

Yχ [×0.025]
YN

Y`

Yh

YB=2Yq

Y obs
B

Λp = 60Tn

mχ = 30Tn

λ5 = 0.1

yχ = 1

yν = 1

TχI = 2.6× 1093

vw = 0.1

lw = 10
Tn

false vacuum true vacuumwall

Dimension-6 NR portal

−2

−1

0

1

2

D
′′ χ/

(D
χ
T

2 n
)

−103 −102 −10 −1 0 1 10 102 103

position z / lw

−5×1094

0

5×1094

S
χ

/
T

4 n SχD′′χ

Figure 2. Solution to the transport equations in the stationary state for a representative parameter
point using the dimension-6 NR portal. In the top panel the coloured curves show how the chiral
asymmetry of χ (blue) and the particle-antiparticle asymmetries of different SM particle species
(orange, green, red, black) are distributed in space. The black curve labelled YB show the final
baryon asymmetry, and the horizontal grey band indicates the observed value of YB . The vertical
grey band illustrates the width of the bubble wall. Below we show the source term Sχ (blue) and
the term proportional to D′′

χ in the Fokker-Planck equation. Note that the horizontal axis is linear
in the variable z̃ = arsinh(3z/lw), whose dependence on z is approximately linear close to the wall
(|z̃| . 1), and logarithmic far away from it (|z̃| � 1).
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Figure 3. Solution to the transport equations in the stationary state for a representative parameter
point using the dimension-8 Weinberg portal. For details see figure 2.
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one for the dimension-8 Weinberg portal, figure 3. All asymmetries are normalised to the
entropy density of the Universe. That is for each particle species a we show the quantity

Ya ≡
na − nā

s
, (4.1)

where na and nā are the number densities of a particles and anti-particles, respectively,
while s = 2π2g?T

3
n/45 is the cosmological entropy density and g? is the effective number

of relativistic degrees of freedom in the thermal bath. The advantage of using Ya as a
variable is that Ya remains constant from the end of baryogenesis until the present day.
Note that the horizontal axes in figures 2 and 3 are linear in the variable z̃ = arsinh(3z/lw),
whose dependence on z is approximately linear close to the wall and logarithmic far away
from it. This means that the plots can clearly illustrate the fast processes occurring close
to the wall, while simultaneously showing features due to slower processes, such as elec-
troweak sphalerons.

We see that in both cases a spike in the chiral asymmetry of χ (blue curve) is generated
close to the wall (z ≈ 0). This spike in the asymmetry is partly caused by the source term
Sχ (blue curves in the bottom sub-panels of figures 2 and 3), which is zero far in front of
the wall, then becomes positive as the wall approaches before flipping sign twice due to the
interplay of the two terms in eq. (3.13), and returning to zero at z � 0. As mentioned in
section 3, the occurrence of both positive and negative contributions is a well-known feature
of source terms derived in the semi-classical approximation, as opposed to expressions
obtained from the vev-insertion approximation, which do not flip sign [80]. Close to the
wall, the term proportional to D′′χ(z) in the Fokker-Planck operator, eq. (3.3), also plays
an important role. In both cases, a positive D′′χ(z) leads to a net flow of asymmetry to the
z > 0 region.

Once the asymmetry is produced, it diffuses away from the wall into both the false
vacuum phase and the true vacuum phase. However, the asymmetry cannot survive in the
true vacuum phase since it is quickly washed out by the χ mass term (mχ(z & 0) & Tn). In
the transport equations, eqs. (3.1) and (3.2), this is accounted for by the term containing
ΓχM , which mixes left-handed and right-handed χ particles. In the false vacuum phase, χ
particles suffer some washout from the Γ5 and Γ̃5 terms, but in both the dimension-6 and
dimension-8 cases retain a net negative asymmetry far in front of the wall.

Deep inside the false vacuum phase (z . −100 lw for the chosen dimension-6 portal
benchmark point, z . −few×10 lw for dimension-8), the portal interaction converts part of
this asymmetry into an asymmetry in ` and h. The exact distance at which this happens is
different for the two benchmark points mostly because of the different choices for yχ, which
lead to different χ diffusion coefficients. For the dimension-6 NR portal, an asymmetry in
NR is produced, but thanks to the assumption of a large neutrino Yukawa coupling yν ,
the NR asymmetry quasi-instantaneously spreads to the SM lepton doublets, `, and Higgs
bosons, h. For the dimension-8 Weinberg portal, the asymmetry in χ is directly converted
into ` and h asymmetries.

After a time 1/Γws ∼ 105/Tn the SM weak sphalerons convert part of the ` asymmetry
into a baryon asymmetry (B), see appendix D. This corresponds to an increase of B on
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Figure 4. Solution to the transport equations in the stationary state for the dimension-6 NR portal
with vw = 0.05, which is slower than the wall velocity shown in figure 2.

distance scales around ±1000 lw. The change in YB due to sphaleron processes is observed
both in the false-vacuum phase and in the true-vacuum phase, even though the portal
interaction that seeds a lepton asymmetry is active only in the false vacuum. This is
because the advancing bubble wall does not give Y` and Yq time to equilibrate before being
swept into the true-vacuum phase, so a significant lepton asymmetry passes into the true
vacuum before coming into equilibrium with Yq. This equilibration then happens in the
true vacuum phase, as long as sphalerons are active in both phases. This is the case
here, but would not be if the dark sector and electroweak phase transitions were one and
the same.

For the parameter points shown in figures 2 and 3 the final baryon asymmetry matches
the observed asymmetry in the Universe [81],

Y obs
B = (8.65± 0.04)× 10−11 , (4.2)

as indicated by the horizontal grey band. It is interesting to note the different scale of the
χ asymmetry and the SM asymmetries. For example, in the dimension-8 case at z = −lw, a
χ asymmetry Yχ ≈ 8× 10−8 generates a lepton asymmetry Y` ≈ −6× 10−11 and a baryon
asymmetry YB ≈ 2× 10−11. Only a fraction of the asymmetry is converted since the portal
operators are suppressed by a relatively large scale, Λp.

Note that the parameter points chosen in figures 2 and 3 have Tn � Λp but Λp of
the same order of magnitude as mχ. One might wonder to what extent the EFT approach
used for the portal operators and the dimension-5 operator, eq. (2.8) is valid in this case.
However, in the false vacuum phase, where these operators are relevant, χ is still massless
and so the conditions for using EFT are very well satisfied in the region where EFT
is needed.
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Figure 5. Parameter space of Filtered Baryogenesis with the dimension-6 NR portal. The colour
code and the black contours indicate the amount of CP-violation (parameterised as TχI , one black
contour per order of magnitude) required to reproduce the observed baryon asymmetry in the
Universe. In the white regions, |TχI | > 1 would be required, invalidating our EFT treatment of the
CP-violating interaction. In the shaded region, the WKB approximation used in the source term is
not valid because Dχ(z = 0) > lw. The orange hatched region indicates where Tn < Λp < mχ, that
is, where EFT is valid in the false vacuum, but not in the true vacuum. Red dotted lines indicate
the lower limits on the phase transition temperature, Tn, to avoid washout of the asymmetry after
the dark sector phase transition and before the electroweak one. We show this washout limit only
where it is above the electroweak scale, which constitutes a general lower limit for our mechanism.
The black cross represents the parameter point used in figure 2. In the left panel, we also indicate
the nucleation temperature, Tn, needed to set the correct dark matter abundance at a given value
of mχ via the Filtered Dark Matter mechanism.

We now discuss the dependence of the solution on the wall velocity vw. In figure 4 we
show the asymmetries for the dimension-6 NR portal with the same parameters as figure 2
but with a smaller wall velocity, vw = 0.05. As anticipated above, the smaller wall velocity
gives Y` and Yq more time to equilibrate before being swept into the true-vacuum phase,
so a larger proportion of the baryon asymmetry is generated in the false vacuum. This
also means that the observed baryon asymmetry can be generated with a smaller initial χ
asymmetry, so the required TχI is slightly smaller for slower wall velocities.

4.2 Parameter scans

A broader exploration of the parameter space is shown for both the dimension-6 NR portal,
figure 5, and for the dimension-8 Weinberg portal, figure 6. In these plots, the colour code
and the black contours indicate the sign and size of the CP-violating phase, parameterised
by TχI , that is required to reproduce the observed baryon asymmetry. The white regions
would require |TχI | > 1, implying a breakdown of the EFT for the CP-violating interactions.
Similarly, in the solid orange region, where Λp < Tn, an EFT description of the portal
interaction ceases to be valid. Finally, in the orange hatched region, Tn < Λp < mχ, that
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Figure 6. Parameter space of Filtered Baryogenesis with the dimension-8 Weinberg portal. For
details see figure 5. We exclude the solid orange region in the right panel (Λp < Tn) because an EFT
description of the portal interaction is not valid there. The black cross represents the parameter
point used in figure 3.

is EFT is valid in the false vacuum, where the portal is actually active, but not in the true
vacuum, where the portal interaction is irrelevant anyway. Therefore, in that region our
results should still be reliable even though EFT is not strictly applicable.

The left hand panels reveal a strong dependence on mχ. This is expected since the
chiral asymmetry in χ is mostly generated in momentum modes with p ∼ mχ. That is,
modes that are on the threshold of being able to enter the true vacuum phase. Formχ � Tn,
these modes are located further out in the tails of the thermal distribution, and so they
are more Boltzmann suppressed. This suppression needs to be compensated by initially
producing a larger asymmetry, which in turn requires more CP-violation. Furthermore,
washout by the mass term is more efficient at larger mχ. The required amount of CP-
violation also depends strongly on yχ and even involves sign flips. This is due to the
intricate interplay between the source term Sχ(z) and the D′′χ(z) term in the transport
equations, together with the overall size of Dχ(z) (which depends on yχ).

The right-hand panels of figures 5 and 6 show a strong dependence on the portal
scale Λp. This is not unexpected since a higher portal scale corresponds to a weaker portal
coupling, so less of the χ asymmetry is transferred to the SM. Above Λp ≈ 150Tn (figure 5)
and Λp ≈ 10Tn (figure 6), TχI would need to be larger than 1 to give the observed baryon
asymmetry. We also notice an interesting dependence on λ5: below a certain threshold,
this parameter is irrelevant to the final baryon asymmetry; above the threshold, it reduces
the chiral asymmetry of χ and a stronger CP-violation is required to compensate.

Note that we have kept the bubble wall velocity, vw, and width, lw, fixed in figures 5
and 6. We discuss the dependence on lw below. . .

Besides the EFT conditions discussed above, there are three situations where the for-
malism in this paper ceases to be valid. Firstly, if Dχ(z = 0) > lw, the source term Sχ
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Figure 7. Parameter space of Filtered Baryogenesis with the dimension-6 NR portal with smaller
wall thicknesses than shown in figure 5, lw = 5/Tn.

in the transport can no longer be written using the WKB approximation as in eq. (3.12).
The region where Dχ(z = 0) > lw is located to the left of the black dotted curves in the
left-hand panels of figures 5 and 6. These curves should not be understood as hard limits,
and certainly not as a constraint on the viability of the Filtered Baryogenesis mechanism.
Rather, they indicate where our approximations start to introduce larger errors into our
quantitative results, while qualitatively, our calculations may still hold.

Secondly, when the diffusion coefficient Dχ is large, the mean free path may no longer
be shorter than the other length scales in the problem, and the diffusion ansatz for the
transport equations may no longer be justified. Instead, it would then be more appropriate
to describe the dynamics of χ particles in a formalism similar to the one developed in [1,
60, 61], where the trajectories of individual momentum modes are tracked through their
interactions with the wall, to determine which χ particles are able to enter the true vacuum
phase and which ones are reflected back into the false vacuum. We estimate in appendix E
how such a treatment would impact our results and conclude that the viability of the
mechanism remains unaffected.

Thirdly, the portal rate, which is suppressed but non-zero in the true vacuum, may
lead to a depletion of the baryon asymmetry long after the wall has passed. This would be
the case if Γp > H, which corresponds to the region below the dotted red lines for different
transition temperatures Tn.

Finally, we check the impact of thinner walls by plotting the same parameter space
as shown in figure 5 (left) but with lw = 5/Tn and 1/Tn, figure 7. We see that as the
wall becomes thinner, the region where the WKB approximation is valid (Dχ(z = 0) > lw)
shrinks. Nevertheless, since the wall thickness affects the delicate interplay between the
source term Sχ(z) and the D′′χ(z) term in the transport equations, a significant region of
viable parameter space remains.
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Figure 8. The spin-independent dark matter-nucleon scattering cross section for Filtered Dark
Matter and Filtered Baryogenesis. The faint purple region is similar to the one shown in ref. [1],
while the dark purple band indicates the region where the dark matter abundance and the baryon
asymmetry of the Universe can be explained simultaneously using the formalism developed in the
present paper. We compare to current experimental limits (solid) and future sensitivities (dotted),
as well as the neutrino floor (orange dashed line / yellow shaded region) [82–84]. The vertical
grey line indicates the Griest-Kamionkowski bound [85] that sets an upper limit on the mass of
conventional WIMPs (but not on Filtered Dark Matter).

4.3 Relation to the filtered dark matter mechanism, and direct detection
constraints

We finally come back to the original motivation for this work: explaining baryogenesis and
the dark matter abundance in the Universe at the same time, building on the Filtered
Dark Matter scenario from ref. [1]. We show in figure 8 how the parameter regions in
which Filtered Dark Matter can explain the observed dark matter abundance compare to
the parameter regions in which we have demonstrated successful baryogenesis in the case
of the dimension-6 NR portal. In the case of the dimension-8 Weinberg portal, the values
of mχ/Tn which lead to successful baryogenesis are not large enough for the Filtered Dark
Matter mechanism to yield the observed abundance of dark matter. We present this in the
mχ–σSI

χN plane, where σSI
χN is the cross section for spin-independent dark matter-nucleon

scattering which is probed by direct detection experiments, see eq. (2.9). As already
noted in ref. [1], the mechanism is particularly successful at large dark matter masses
(mχ & 10 TeV), including large swaths of parameter space above the Griest-Kamionkowski
(GK) bound [85]. This bound precludes the existence of such heavy dark matter particles in
conventional thermal freeze-out scenarios. Note that there is a one-to-one correspondence
between the dark matter mass and the phase transition temperature required to obtain the
correct relic abundance [1]. As we choose mφ ∼ Tn, this one-to-one correspondence also
extends to mφ.
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We first discuss the shape of the viable Filtered DM region (faint purple region in
figure 8). The main features of this region are determined by the conditions that the dark
sector Yukawa coupling yχ and the Higgs portal coupling β satisfy perturbative unitarity
constraints (yχ, β <

√
4π), that χ is in equilibrium in the false vacuum but decoupled in the

true vacuum, and that φ is in equilibrium with the SM sector in both phases. Note that in
ref. [1], we assumed two species to be in equilibrium with each other when their interactions
are faster than the Hubble rate. Here, we apply the stricter criteria that the interaction
rate should be faster than the time the phase transition takes to complete, which we ad-hoc
take to be 1/(1000H) [62]. This affects the lower edge of the purple region in figure 8.

At low mχ (. 100 GeV), the temperature of the phase transition required to obtain
the correct dark matter abundance needs to be well below the electroweak scale. Keeping
φ in equilibrium is then impossible because φ-SM interactions are suppressed by a small φ-
Higgs mixing angle and by small fermion Yukawa couplings. This problem is eased at dark
matter masses between roughly 100 GeV and 1 TeV (corresponding to Tn & few GeV), as
SM particles with larger Yukawa couplings become accessible. However, as mχ is increased
further, such that the corresponding Tn and mφ become & few GeV, new SM final states
cease to appear. To keep φ in equilibrium, it is then necessary to increase the Higgs portal
coupling β and thereby the φ-Higgs mixing angle. Eventually, at mχ ∼ several TeV, it
becomes impossible to do so while maintaining a scalar mass matrix that has an eigenvalue
at the observed Higgs mass of 125 GeV. This explains the gap between the two faint purple
regions in figure 8. At even higher mχ, Tn, and mφ, direct φφ↔ HH annihilation becomes
kinematically allowed, rendering Filtered Dark Matter viable again. The upper right-hand
edge of the faint purple region is defined by the perturbativity constraint on β: at fixed
mχ (and thereby fixed mφ), the scattering cross section σSI

χN depends only on β, and grows
as β2 according to eq. (2.9).

Turning now to the prospects of baryogenesis in the Filtered Dark Matter scenario, the
viable parameter region for the dimension-6 NR portal (shown in figure 5), with yχ & 1,
translates into the dark purple band in figure 8. Large yχ implies sizeable χ annihilation
cross-section, and since we require the equilibration rate of φ to be faster than the anni-
hilation rate of χ, this also implies large β. Large yχ and β, in turn, maximise σSI

χN at
given dark matter mass. We see that to satisfy the Filtered DM constraints, the dark
matter mass should be & PeV. For smaller mχ or smaller yχ, we anticipate that successful
baryogenesis is still possible. However, as shown in figure 5, the formalism from section 3
as well as the WKB source are then no longer applicable because the diffusion coefficient
Dχ becomes too large.

5 Conclusions

In this paper, we have augmented the Filter Dark Matter mechanism from ref. [1] with CP-
violating couplings and portal interactions, to explain the baryon-antibaryon asymmetry
of the Universe. The bubble walls that separate the false-vacuum and true-vacuum phases
during the first-order cosmological phase transition, and which set the dark matter abun-
dance in this scenario, then have different transmissivities for left-chiral and right-chiral
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dark matter particles. As well as reducing the overall dark matter abundance in the true
vacuum phase (as in the vanilla Filtered Dark Matter scenario), the phase transition then
also generates a chiral asymmetry in the dark sector. Non-renormalisable portal interac-
tions convert this chiral asymmetry into a SM lepton asymmetry, see eqs. (2.6) and (2.7)
for the two exemplary portals. The lepton asymmetry is eventually converted to a baryon
asymmetry by electroweak sphaleron processes.

We have seen in figures 5 and 8 that the model succeeds in explaining both the dark
matter abundance and the observed baryon asymmetry over wide ranges of parameter
space. It is likely that the mechanism’s viability extends even beyond the parameter ranges
demonstrated here — notably into the regime of small dark matter Yukawa coupling yχ —
but the diffusion-based formalism we have employed is unable to make reliable quantitative
predictions in this case. Instead, it would be necessary to track individual momentum
modes of the dark matter population separately, as done for instance in refs. [60, 61]. We
leave this for future work. Other questions we plan to address in the future include a survey
of scalar sectors that lead to first-order phase transitions with the required properties (in
particular a large order parameter), as well as investigating the possibility that the Filtered
Dark Matter phase transition can be identified with the electroweak one.
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A Connection to neutrino masses

In the scenario with the dimension-6 NR portal, we have explicitly introduced right-handed
neutrino fields NR as dynamical degrees of freedom, but we have argued that the NR cannot
have large Majorana masses as this would lead to washout of the generated baryon and
lepton number asymmetries. This implies that the model does not admit a type-I seesaw
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mechanism as an explanation for neutrino masses, at least not without significant fine-
tuning. Here, we argue that our NR fields could instead be part of an inverse seesaw
scenario [58, 59]. In the inverse seesaw, neutrino masses are generated by the following
terms in the Lagrangian:

L ⊃ yνLH̃NR +m′DNRS + 1
2µS

cS , (A.1)

where S is an auxiliary singlet fermion that carries lepton number, m′D is a Dirac mass
that can be sizeable (typically of order TeV), while the lepton number-violating coupling µ
is much smaller, typically of order 10 eV. All fields are understood to carry flavour indices,
and yν , m′D, and µ are understood to be matrices in flavour space. The resulting neutrino
mass matrix in the basis (νL, N c

R, S) has the structure

M =

 0 mD 0
mT
D 0 m′D

0 m′TD µ

 , (A.2)

with mD ≡ yνvH/
√

2, and vH = 246 GeV is the SM Higgs vev. DiagonalizingM, one finds
that the light neutrino masses are

mν = mD(m′TD )−1µm′−1
D mT

D . (A.3)

For the choice yν ∼ O(1) from the main part of this paper, mν is of the required magnitude
(0.1 eV) if, for instance, m′D ∼ TeV and µ ∼ 10 eV.

To avoid washout of the generated baryon number asymmetries, we have to require
that the washout rate due to the lepton-number violating µScS coupling remains small
compared to the Hubble rate until either the temperature has dropped sufficiently far
below the NR mass, thereby effectively decoupling S from the Standard Model sector, or
until electroweak sphalerons have frozen out. For the generic parameter values indicated
above, this is indeed the case: the washout rate at T & TeV is [14, 68]

ΓSM ∼
µ2

T
. 10−10 eV , (A.4)

which is much smaller than the Hubble expansion rate, H ∼ √g∗T 2/MPl & 10−3 eV.
Note that the presence of S in the inverse seesaw model will reduce the baryon asym-

metry of the Universe by an O(1) factor compared to the results from section 4. This
is because, when S equilibrate with NR, the availability of extra lepton-number carrying
degrees of freedom means that less baryon asymmetry will be generated by electroweak
sphalerons. This can easily be compensated by a minor adjustment of the CP-violating
phase, as parameterised by TχI .

B Extended version of the transport equations

In eqs. (3.1) and (3.2), we presented a minimal version of the transport equations describing
the asymmetries near the wall, where we neglect all Yukawa couplings and assume fast
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strong sphaleron interactions. When taking the effect of the third generation Yukawas
as well as the finite strong sphaleron rate into account, the transport equations for the
dimension-8 Weinberg portal, for example, become

∂µj
µ
χ = Γp

(
2µ̃1,2

p + µ̃3
p

)
+
(
Γ5 + Γ̃5

)
µ̃5 + ΓχM µ̃

χ
M + Sχ ,

∂µj
µ
τ = −ΓτY µ̃τY ,

∂µj
µ
`1,2

= 2Γpµ̃
1,2
p − Γwsµ̃ws ,

∂µj
µ
`3

= 2Γpµ̃
3
p − Γwsµ̃ws + ΓτY µ̃τY ,

∂µj
µ
h = 2Γp

(
2µ̃1

p + µ̃3
p

)
− ΓτY µ̃τY + ΓtY µ̃tY − ΓbY µ̃bY ,

∂µj
µ
u = Γssµ̃ss ,

∂µj
µ
t = Γssµ̃ss − ΓtY µ̃tY ,

∂µj
µ
b = Γssµ̃ss − ΓbY µ̃bY ,

∂µj
µ
q1,2 = −3Γwsµ̃ws − 2Γssµ̃ss ,

∂µj
µ
q3 = −3Γwsµ̃ws − 2Γssµ̃ss + ΓtY µ̃tY + ΓbY µ̃bY ,

(B.1)

with

µ̃ip = −2 χ
kχ
− 2 `i

k`
− 2 h

kh
, µ̃5 = −2 χ

kχ
, µ̃χM = −2 χ

kχ
,

µ̃τY = τ

kτ
− `3
k`

+ h

kh
, µ̃tY = t

kt
− q3
kq
− h

kh
, µ̃bY = b

kb
− q3
kq

+ h

kh
,

µ̃ws = 2`1,2
k`

+ `3
k`

+ 6q1,2
kq

+ 3 q3
kq
, µ̃ss = −4 u

ku
− t

kt
− b

kb
+ 4q1,2

kq
+ 2 q3

kq
.

(B.2)

Here, u is a proxy for the RH u, d, c and s quark asymmetries. The values used for the
newly introduced quantities Dτ , ΓτY , ΓtY , ΓbY , kτ , kt, kb, and Γss (the strong sphaleron rate)
are given in appendix D. The diffusion coefficient of the right handed quarks is identical to
the one of the left handed quarks, Dq [87]. Note that the net baryon number density is now
given by 1

3(4u+t+b+2q1,2 +q3). For our exemplary benchmark point presented in figure 3,
the final YB changes only by a few per cent when using the full transport equations.

C The diffusion coefficients

The diffusion coefficient Da enters the transport equations, eqs. (3.1) and (3.2), through
the divergence in eq. (3.3). It measures the mobility of a species a in the thermal bath and
thus depends inversely on the scattering rate with the plasma. For the SM particles and
NR, we use diffusion coefficients found in the literature [74, 75, 87, 88], i.e.,

DN ≈
16π2

T

1
y4
ν

, Dτ ≈
380
T

, D` ≈ Dh ≈
100
T

, Dq ≈
6
T
. (C.1)
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Figure 9. Mass dependent diffusion coefficient.

In order to determine the diffusion coefficient for our dark matter particle χ, we perform
a calculation similar to the one given in ref. [87]. In our case, however, mχ(z) substantially
increases during the dark phase transition, with mχ � T in the true-vacuum phase. We
therefore have to consider a z-dependent diffusion coefficient, Dχ(z), which we evaluate
numerically. We start off with the spin-averaged squared matrix element for the scattering
process χχ→ χχ, which consists of t- and u-channel diagrams mediated by a φ:

|M|2 = y4
χ

(
2

(
t
4 −m

2
χ (z)

)2

(
t−m2

φ

)2 + 2

(
u
4 −m

2
χ (z)

)2

(
u−m2

φ

)2 (C.2)

+

(
s
4 −m

2
χ (z)

)2
−
(
t
4 −m

2
χ (z)

)2
−
(
u
4 −m

2
χ (z)

)2(
t−m2

φ

) (
u−m2

φ

) )
. (C.3)

For the scalar mediator we assume a mass of mφ = Tn. The total interaction rate for a
particle with 4-momentum p and energy Ep is [87]

Γtot
χ (p) = 1

2Ep

∫
dΠkdΠp′dΠk′(2π)4δ(4)(p+ k − p′ − k′)|M|2 (−f ′χ(Ek))(1− cos θ) , (C.4)

where dΠk ≡ d3k/(16π3Ek) and f ′χ ≡ −T
∂fχ
∂E . This rate can conveniently be evaluated in

the centre-of-mass frame. Finally, the diffusion coefficient is given by

Dχ(z) = 12
T 3

∫ d3p

(2π)3
−f ′χ(Ep)

Γtot
χ

(
pz
Ep

)2
∝ 1
y4
χ

. (C.5)

Figure 9 shows the diffusion coefficient as a function of mass.

D Input parameters

In table 1 we summarise the input parameters for our simulations, including the diffusion
coefficients, the rates for various processes, and the k-factors. For all expressions, we give
the relevant references.
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Quantity Value Reference

Diffusion coefficients DN ≈ 16π2

T
1
y4
ν

[88, p. 8]
Dτ ≈ 380

T [87, eq. (130)]
D` ≈ Dh ≈ 100

T —”—
Dq ≈ 6

T —”—
Dχ(z) ∝ 1

y4
χ

eq. (C.5)

Yukawa & relaxation rates ΓNY ≈ 7.9× 10−3 y2
ν T [69, 87, eq. (137)], [66, eq. (B.8)]

ΓτY ≈ 1.4× 10−6 T —”—
ΓtY ≈ 2.9× 10−2 T —”—
ΓbY ≈ 1.9× 10−5 T —”—

ΓχM (z) ≈ 2.1× 10−1m2
χ(z)
T [89, eq. (15)], [90, eq. (2)],

[66, eq. (B.6)], [14, eq. (A13)]

Sphaleron rates Γws ≈ 5.2× 10−6 T [66, eq. (A16)]
Γss ≈ 2.9× 10−3 T [91, (6.1)][66, eq. (A16)]

k-functions kN ≈ kτ ≈ 1 [66, eq. (B.4)], [14, eq. (A7)]
k` ≈ 2 —”—

kh ≈ kt ≈ kb ≈ 3 —”—
kq ≈ 6 —”—

kχ(z � 0) ≈ 1 —”—
kχ(z � 0) ≈ 0 —”—

Baryon asymmetry Y obs
B ≈ 8.65× 10−11 [81]

Table 1. Summary of the physical quantities used in our Filtered Baryogenesis simulations, together
with the appropriate references.

E Validity of the diffusion approximation

As discussed in section 4, the diffusion ansatz is no longer justified if the mean free path
of χ is not the shortest relevant length scale. Table 1 shows that the shortest length scale
is associated with the inverse chiral relaxation rate 1/ΓχM . This means that the change in
the asymmetry due to chiral relaxation over one diffusion length is relatively large, which
invalidates the diffusion ansatz and would require a full kinematic description [92].

ΓχM is proportional to a momentum integral over a combination of equilibrium distri-
bution functions (see, e.g., eq. (B6) of ref. [66]). This is based on the assumption that
particles thermalise rapidly, implying that any chiral asymmetry that is generated quickly
gets evenly distributed across momentum modes. In our scenario, however, we expect
the χ asymmetry to arise predominantly at momenta close to the reflection threshold,
pz ∼ mχ � Tn. If Dχ & 1/ΓχM , χ does not equilibrate efficiently, but rather stays con-
centrated in these momentum modes. To account for this, we define a modified chiral
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Figure 10. Parameter space of the Filtered Baryogenesis scenario with the dimension-6 NR portal
(left) and with the dimension-8 Weinberg portal (right). Compared to figures 5 and 6, we use here
a modified version of the chiral relaxation rate ΓχM (see eq. (E.1)) to account for the fact that the
chiral asymmetry will be generated at momenta much larger than the temperature.

relaxation rate as

Γ̃χM (z) ≡ ΓχM (z)
I
(√

m2
χ −m2

χ(z)
)

I(Tn) , (E.1)

where I(k) is the integrand in the definition of ΓχM (z) in ref. [66], without the k2 Jacobian,
and divided by a Fermi-Dirac distribution (in order to obtain an expression that is not
exponentially dependent on the integral momentum k). The modified relaxation rate is
in general smaller than the original one. In figure 10 we present the same slices of the
parameter space as were shown in figures 5 and 6, but using Γ̃χM instead of ΓχM . The
modification deforms the regions of successful baryogenesis. A full kinematic treatment
would likely yield results somewhere in between the two approaches. We conclude that
despite the limitations of the diffusion approach, Filtered Baryogenesis remains a viable
mechanism in the considered parameter space.
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