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1. Introduction

One of the greatest puzzles of the early universe cosmology is the origin of the observed excess
of matter over anti-matter, which is commonly parameterized by

𝑌𝐵 ≡ 𝑛𝐵 − 𝑛�̄�
𝑠

����
0
= (8.75 ± 0.23) × 10−11 (1)

with 𝑛𝐵, 𝑛�̄� and 𝑠 respectively the number density of baryons, anti-baryons and the entropy density.
The second equality comes from Planck data and evolution models of the early universe[1]. Within
the inflationary paradigm, this asymmetry calls for an explanation in terms of early universe
dynamics, a dynamics which is called baryogenesis. For a successful baryogenesis scenario, the
well-known Sakharov requirements should be satisfied [2], namely the violation of the baryon
number, violation of 𝐶 and 𝐶𝑃 symmetries, and the presence of an out-of-equilibrium process.
Many different mechanisms can fulfil those requirements, see [3, 4] for extensive reviews. On
the top of this, baryogenesis mechanisms can be broadly classified into two different categories,
depending of the SM sectors where the asymmetry originally forms: in the baryon sector, in the case
of the original baryogenesis scenario or in the lepton sector, in the case of the so-called leptogenesis
scenario[5].

First order phase transitions are very efficient ways to fulfil the out-of-equilibrium criterion,
and it is used namely in the case of electroweak baryogenesis [6, 7]. Several BSM models could
make the EWPT first order[8–12] (see [13] for review). However, relativistic bubble walls were
believed to suppress the final baryon asymmetry[14–17].

In this paper we propose to reconsider this belief by discussing situations in which ultra-
relativistic bubble walls actually can enhance the baryon/lepton asymmetry. We will discuss
three different types of models taking advantage of fast walls: in section 3, we study the usual
leptogenesis catalized by a phase transition (see also [18] for another viable model). The Right-
Handed Neutrinos (RHN) abruptly receive a large mass upon crossing the bubble wall, and decay
all together, suppressing the wash-outs.

In section 4, we study another model of leptogenesis catalized via the production of heavy
states, which we identify with Majorana neutrinos. The idea is based on the observation in[19] that
an ultra-relativistic bubble wall with Lorentz factor 𝛾𝑤 ≫ 1, can produce in the plasma particles
with mass up to 𝑀 ≲

√
𝛾𝑤𝑇nuc × 𝑣, where 𝑇nuc and 𝑣 are the nucleation temperature of FOPT and

the scale of the symmetry breaking respectively. Beside being an out-of-equilibrium production
channel, we will also show that this production mechanism can be naturally CP-violating. We
confirm the statements above by analyzing the CP-violating effects in the interference of tree and
one loop level processes.

Finally, in section 5, we study a model for which the Electroweak phase transition, again with
fast bubbel walls, produces heavy states and catalizes EWBG.

One of the interesting feature of the class of models we discuss in this paper is that it re-
quires ultra-relativistic bubble wall velocities and strong phase transition, and then is generically
accompanied with strong gravitational waves signal.
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2. When do the walls become fast? (and how fast ?)

For strong first order phase transitions, with moderate to strong supercooling, which will be
the natural territory of exploration of this paper, the regime of expansion of the bubble walls can be
determined by the balance between the driving force and the plasma pressure

Δ𝑉 = ΔP(𝛾𝑤 = 𝛾ter
𝑤 ) , (2)

where 𝛾ter
𝑤 is the terminal velocity of the bubble. If this equality is never fulfilled, we expect the

wall to runaway and to keep accelerating until the bubble collisions(see however [20, 21]).
In general, ΔP(𝛾𝑤) is expected to be a very complicated function of the velocity 𝛾𝑤 , however,

it simplifies in the regime of large 𝛾𝑤 ≫ 1 to a sum of few contributions. The leading order pressure
due to particles gaining a mass is given by [22]

PBM ≡ 1
48

∑︁
𝑖

𝑔𝑖𝑛𝑖Δ𝑀
2
𝑖 𝑇

2, (3)

where particle 𝑖 has 𝑔𝑖 degrees of freedom, and 𝑛𝑖 = 1(2) for fermions (bosons), while emission of
soft gauge bosons leads to a 𝛾𝑤𝑣𝑇3 log(𝑣/𝑇) term[23–25]. Using the results presented in [24, 25],
we can obtain the terminal velocity for large supercoolings:

𝛾ter ∼ 6 ×
(
Δ𝑉 − ΔP𝑆𝑀

LO
(100 GeV)4

) (
100GeV
𝑇nuc

)3 1
log 𝑀𝑧

𝑔𝑇

. (4)

3. Bubble-assisted leptogenesis

We start our exploration of the effect of fast walls on lepton and baryon yields with the simplest
leptogenesis-like case[26]. The setup we consider is as follows: The RHNs receive a large Majorana
mass via the spontaneous symmetry breaking of 𝐵 − 𝐿, which is first order and proceeds via the
nucleation of bubbles (see Ref. [17] for the study of the second-order case). The relevant part of
the Lagrangian can be written in the mass basis of the RHNs as

Lint =
1
2

∑︁
𝐼

𝑦𝐼Φ�̄�
𝑐
𝐼 𝑁𝐼 +

∑︁
𝛼, 𝐼

𝑌𝐷,𝛼𝐼𝐻�̄�𝛼𝑁𝐼 + ℎ.𝑐., (5)

where 𝐿𝛼 are the SM lepton doublets, 𝑁𝐼 are the three families of heavy right-handed neutrinos,
𝑌𝐷,𝛼𝐼 are the Dirac Yukawa couplings between 𝑁𝐼 and 𝐿𝛼, and 𝑦𝐼 are Majorana Yukawa couplings.
After the phase transition, ⟨Φ⟩ ≡ 𝑣𝜙/

√
2, and the type-I seesaw Lagrangian is recovered with

𝑀𝐼 =
1√
2
𝑦𝐼𝑣𝜙.

In the thermal leptogenesis scenario, the expansion of the universe fulfils the out-of-equilibrium
Sakharov criterion. It is however typically a quite weak departure from equilibrium and the efficiency
of traditional thermal leptogenesis is suppressed by the fact that most of heavy neutrinos decay in
equilibrium. This suppression is usually parameterized by a 𝜅wash ∼ 0.01 which gives the final
baryon asymmetry

𝑌𝐵 = 𝑌
eq
𝑁
𝜖CP 𝜅sph 𝜅wash . (6)
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Figure 1: Schematic picture of the bubble-assisted leptogenesis scenario during bubble expansion (left) and
after bubble collisions (right).

where𝑌 eq
𝑁

is the initial abundance of RHNs, 𝜖CP ≲ 0.1 is the parameter controlling the CP violation
during decay and the factor 𝜅sph ∼ 1/3 designates the conversion from the lepton asymmetry into a
baryon asymmetry.

In the case of bubble-assisted leptogenesis[26], the RHNs are massless outside the FOPT
bubbles and become suddenly massive when the wall hits them. a cartoon of the situation is
provided in Fig.1. The expansion of the bubble wall actually offers a new source of departure
from equilibrium and opens the possibility to drastically enhance 𝜅wash → 1. This is because if the
RHNs become suddenly massive, they all decay out-of-equilibrium, not only a O(0.01) fraction of
it (when the inverse decays are alreade decoupled).

However, new possible sources of suppression come in compensation: i) first the RHNs might
fail to enter the bubble and be reflected away, this is encapsulated by 𝜅pen, ii) our setup opens new
channels like 𝑁𝐼𝑁𝐼 → 𝜙𝜙, where the number density of RHN is depleted before its decay, therefore
suppressing the final asymmetry and that we designates by 𝜅dep, iii) at the end of the PT, entropy is
injected in the plasma and dilutes any previous abundances by a factor (𝑇nuc/𝑇reh)3. At the end, the
asymmetry is parameterized by

𝑌𝐵 = 𝑌
eq
𝑁
𝜖CP 𝜅sph 𝜅pen 𝜅dep 𝜅wash

(
𝑇nuc
𝑇reh

)3
, (7)

where 𝑌 eq
𝑁

is population of RHNs outside the bubbles. 𝑇reh is the temperature after the FOPT and
can be estimated via (

𝑇nuc
𝑇reh

)3
≃ (1 + 𝛼𝑛)−3/4. (8)

Our goal is to determine the values of each parameter 𝑌 eq
𝑁
, 𝜖CP, 𝜅sph, 𝜅pen, 𝜅dep, 𝜅wash,

(
𝑇nuc
𝑇reh

)3
as

a function of the PT parameters 𝛼𝑛 and 𝛽. The 𝜅pen parameter can be obtained by computing the
terminal velocity of the bubble wall, via the methods discussed in Section 2 and using the fact that a
RHN will enter the wall if its momentum all the direction of the wall expansion (in the wall frame)
𝑝wf
𝑧 is larger than its mass inside the wall 𝑀𝐼 : 𝑝wf

𝑧 > 𝑀𝐼 . Integrating over the density of incoming
RHN impinging the wall gives the fraction of entering RHN.
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Computing 𝜅dep and 𝜅wash requires to solve the relevant Boltzmann equations. We first assume
that the RHN are in kinetic equilibrium with the SM thermal bath also inside the bubble, due to the
efficient interaction 𝜙𝑁 → 𝜙𝑁 via 𝑁 mediation. This allows to integrate the Boltzmann equations
over the momenta. The Boltzmann equation in this procedure become

¤𝑛𝑁𝐼
+ 3𝐻𝑛𝑁𝐼

= −
∑︁
𝐴,𝐵

(
2⟨𝜎𝑣⟩𝑁𝐼𝑁𝐼→𝐴𝐵 𝑛

2
𝑁𝐼

− 2⟨𝜎𝑣⟩𝐴𝐵→𝑁𝐼𝑁𝐼
𝑛𝐴𝑛𝐵

)
− Γ𝐷 (𝑁𝐼 )𝑛𝑁𝐼

, (9)

¤𝑛𝐵−𝐿 + 3𝐻𝑛𝐵−𝐿 = −
∑︁
𝐼

𝜖𝐼Γ𝐷 (𝑁𝐼 )𝑛𝑁𝐼
+ (wash-out), (10)

where Γ𝐷 (𝑁𝐼 ) is the total decay rate of 𝑁𝐼 and 𝜖𝐼 is the CP-violating parameter for 𝑁𝐼 defined by

𝜖𝐼 ≡
Γ(𝑁𝐼 → 𝐻𝐿) − Γ(𝑁𝐼 → �̄� �̄�)
Γ(𝑁𝐼 → 𝐻𝐿) + Γ(𝑁𝐼 → �̄� �̄�)

, (11)

where �̄� denotes the anti-particle of 𝐿. The initial population of 𝑁𝐼 within the bubbles will be given
by its massless equilibrium distribution scaled by a factor of 𝜅pen:

𝑛
(0)
𝑁𝐼

= 𝜅pen
2 · 3

4 · 𝜁 (3)
𝜋2 𝑇3

nuc. (12)

We have also checked that that the RHNs decay before the onset of bubble collisions. the
depletion can decrease the initial abundance of 𝑁𝐼 via 𝑁𝐼𝑁𝐼 → 𝜙𝜙, or directly 𝑁𝐼𝑁𝐼 → 𝑓 𝑓 , with
𝑓 being a SM fermion, in the case in which 𝐵− 𝐿 is gauged. Finally, the flavor changing interactins
𝑁𝐼𝑁𝐼 ↔ 𝑁𝐽𝑁𝐽 are also efficient and maintain equilibrium among the RHN flavors.

This allows to define 𝑛𝑁 ≡ ∑
𝐼 𝑛𝑁𝐼

≃ 3𝑛𝑁1 ≃ 3𝑛𝑁2 ≃ 3𝑛𝑁3 and 𝑌𝑁 ≡ 𝑛𝑁/𝑠, we obtain the
familiar looking equations

𝑧𝐻𝑠𝑌 ′
𝑁 (𝑧) = −�̄�𝐷

(
𝑌𝑁

𝑌
(eq)
𝑁

− 1

)
− 2𝛾𝑁𝑁→𝜙𝜙

(
𝑌2
𝑁 −

(
𝑌
(eq)
𝑁

)2
)
+ (model-dependent), (13)

𝑧𝐻𝑠𝑌 ′
𝐵−𝐿 (𝑧) = −𝜖CP�̄�𝐷

(
𝑌𝑁

𝑌
(eq)
𝑁

− 1

)
− 1

2
(𝑐𝐿 + 𝑐𝐻) �̄�𝐷

𝑌𝐵−𝐿
𝑌 (eq) , (14)

where 𝑧 ≡ 𝑀𝑁/𝑇 , 𝑌 (eq)
𝑁

= 𝑛
(eq)
𝑁

/( 2𝜋2

45 𝑔∗𝑇
3) with the equilibrium number density 𝑛(eq)

𝑁
, 𝑌 (eq)

𝑁
=

( 2
𝜋2𝑇

3)/( 2𝜋2

45 𝑔∗𝑇
3), and

�̄�𝐷 ≡
∑︁
𝐼

𝛾𝐷 (𝑁𝐼 ) =
∑︁
𝐼

𝑛
(eq)
𝑁𝐼

𝐾𝐼 (𝑧)
𝐾2(𝑧)

Γ𝐷 (𝑁𝐼 ), (15)

𝜖CP �̄�𝐷 ≡
∑︁
𝐼

𝜖𝐼𝛾𝐷 (𝑁𝐼 ), (16)

𝛾𝑁𝑁→𝜙𝜙 ≡ 1
9
𝑠2

∑︁
⟨𝜎𝑣⟩𝑁𝐼𝑁𝐼→𝜙𝜙 . (17)

This procedure permits to obtain a value for 𝜅dep. Finally 𝜅wash can be obtained by solving the
Boltzmann equations in a way similar to the usual thermal leptogenesis, but using the reheating
temperature 𝑇reh as an initial temperature. Iterating this procedure over 𝛼𝑛 and 𝛽, we obtain the

5
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Figure 2: Comparison of the thermal leptogenesis and the bubble-assisted leptogenesis when the PT is
catalized by a singlet (Left) or gauge bosons (Right).

plots in Fig. 2, in the case 𝑀𝑁 = 5 × 109 GeV. For the PT sector, we consider either that the phase
transition is catalized by a singlet scalar (left panel) coupling only to Φ or that 𝐵 − 𝐿 is gauged
and that the PT is catalized by the 𝐵 − 𝐿 gauge bosons (right panel). The two results mostly differ
because of the different depletion channels existing in those two scenario. The grey bands show
the amount of enhancement we obtain compared to the conventional thermal leptogenesis, and
the horizontal axis shows the strength of the supercooling, 𝛼𝑛. We obtain a O(20) enhancement
compared to the thermal scenarios.

The fraction of RHNs entering into the bubble, 𝜅pen is order one in the whole parameter
space, but slightly decreases when 𝛼𝑛 ∼ 1. On the other hand, for stronger phase transition and
thus more drastic departure from equilibrium 𝛼𝑛 > 5, 𝜅wash ≃ 1. In this regime, the washout
suppression inherent to thermal leptogenesis is avoided. We find that 𝜅dep causes a stronger
suppression compared to 𝜅wash, highlighting the importance of including these new annihilation
channels, but it also becomes suppressed for larger 𝛼𝑛. However, even if, at large values of 𝛼𝑛,
the washout and depletion effects become negligible, the dilution factor due to entropy injection,
(𝑇nuc/𝑇reh)3 = (1+𝛼𝑛)−3/4 strongly suppress the baryon yield. The final asymmetry is proportional
to the all these factors and we find the enhancement is maximized around 𝛼𝑛 ∼ 5 and 𝛽 ∼ 60.

We emphasize that such strong and slow FOPT would produce copious background of GW,
that might be detectable at the ET observer for the model presented above.

4. Leptogenesis via the production of heavy states

In the former scenario, bubbles were critical for giving a sudden large mass to the RHN and
thus suppressing the wash-outs due to inverse decays. The main novelty with respect to thermal
leptogenesis was that the RHN received a Majorana mass from a FOPT. We now turn to more exotic
mechanism where the bubble walls create very heavy states from the light states of in plasma[19].

6
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4.1 Production of heavy states with a fast bubbel wall

We start by reviewing the process of heavy states production from fast expanding bubbles
presented in[19]. Let us assume the following Lagrangian

L = |𝜕𝜇Φ|2 + 𝑖 �̄� ̸𝜕𝜒 + 𝑖�̄� ̸𝜕𝑁 − 𝑀𝑁 �̄�𝑁 − 𝑌Φ�̄� 𝜒 (18)

where 𝜒 a light fermion and 𝑁 a heavy Dirac fermion with mass 𝑀𝑁 ≫ ⟨Φ⟩, 𝑀𝑁 ≫ 𝑇nuc and 𝑌 is
the coupling between the scalar and the two fermions. We work in the basis where fermion masses
are real. In this setting, the equilibrium abundance of 𝑁 is exponentially suppressed. However
in the case of an ultra-relativistic bubble expansion, the probability that the light 𝜒 fluctuates via
mixing to the heavy 𝑁 is non-vanishing [19] and is approximately equal to

P tree(𝜒 → 𝑁) ≈ 𝑌2⟨Φ⟩2

𝑀2
𝑁

Θ(𝛾𝑤𝑇nuc − 𝑀2
𝑁 𝐿𝑤) (19)

with 𝐿𝑤 ∼ 1/𝑚Φ the thickness of the wall. Thus, when the ultra-relativistic wall hits the plasma,
it produces 𝑁 and 𝑁𝑐. Note that this abundance will be much larger than its equilibrium value.
Indeed, outside of the bubble we have

𝑛
⟨Φ⟩=0
𝑁𝐼

(𝑇nuc) ≃ 0, Heavy 𝑁𝐼 have decayed (20)

while inside it became

𝑛
⟨Φ⟩≠0
𝑁𝐼

≃ 1
𝛾𝑤𝑣𝑤

∫
𝑑3𝑝

(2𝜋)3 𝑃𝜒→𝑁 (𝑝) × 𝑓𝜒 (𝑝, 𝑇nuc)

≃
∑︁
𝑖

|𝑌𝑖𝐼 |2⟨Φ⟩2

𝑀2
𝐼
𝛾𝑤𝑣𝑤

∫
𝑑3𝑝

(2𝜋)3 × 𝑓
𝑒𝑞
𝜒 (𝑝, 𝑇nuc)Θ(𝑝𝑧 − 𝑀2

𝐼 /⟨Φ⟩)

≃
∑︁
𝑖

𝜃2
𝑖𝐼𝑛

⟨𝜙⟩=0
𝜒𝑖 (𝑇nuc). (21)

where we used all through the computation 𝑣𝑤 =
√︁

1 − 1/𝛾2
𝑤 ≈ 1 − 1

2𝛾2
𝑤

is the velocity of the wall.
We have defined the effective mixing angle

𝜃𝑖𝐼 ≡
|𝑌𝑖𝐼 |⟨Φ⟩
𝑀𝐼

. (22)

We now need to show that, at one loop level, interference within the bubble wall can create a
difference abundance of 𝑁 and 𝑁𝑐.

4.2 CP violation in production

To introduce CP violation in our production process, we will need to generalise the former
Lagrangian of Eq. (18) to include several families of light species 𝜒 and heavy species 𝑁 ,

L = 𝑖 �̄�𝑖𝑃𝑅 ̸𝜕𝜒𝑖 + 𝑖�̄�𝐼 ̸𝜕𝑁𝐼 − 𝑀𝐼 �̄�𝐼𝑁𝐼 − 𝑌𝑖𝐼𝜙�̄�𝐼𝑃𝑅𝜒𝑖 − 𝑦𝐼 𝛼 (𝐻�̄�𝛼)𝑃𝑅𝑁𝐼 + ℎ.𝑐, (23)

where 𝐻 and 𝐿𝛼 have already been defined in section 3, 𝑃𝑅, 𝑃𝐿 are the chiral projectors, that we
now make explicit. We choose this assignment of chirality in agreement with our further toy models.
Notice the difference with the Lagrangian in (5) where Φ was giving a mass to the RHN, while here
we assume that another mechanism provides a mass to the RHN. In this sense, the transition of the
Φ in the present scenario occurs after the usual leptogenesis from the decay of heavy 𝑁 .

7



P
o
S
(
C
O
R
F
U
2
0
2
3
)
0
4
9

Baryogenesis with relativistic bubble walls Miguel Vanvlasselaer

N
J

N
I

h

l α
⟨ϕ⟩

Figure 3: The diagram contributing to the function 𝑓 (𝐻𝐿) .

4.2.1 Calculation of the light → heavy transition at 1-loop level

Let us now compute the asymmetries in the populations of the various particle immediately
after the PT in the case of the model in Eq.(23).

We first notice that, for the same reason than in usual out-of-equilibrium decay, CP violation
cannot appear at tree level since processes will be proportional to |𝑌𝑖𝐼 |2. As a consequence, we need
to consider one loop corrections to it. To simplify the computations, we specialize to the case of
ultra-relativistic bubble walls. First of all we need to know the CP violating effects in the 𝜒𝑖 → 𝑁𝐼

transition. Such effects appear due to the interference between tree-level and loop level diagram
and scale like

𝐴(𝜒𝑖 → 𝑁𝐼 )tree ∝ 𝑌𝑖𝐼
𝐴(𝜒𝑖 → 𝑁𝐼 )1−loop ∝

∑︁
𝑘,𝐽

𝑌𝑖𝐽𝑌
∗
𝑘𝐽𝑌𝑘𝐼 × 𝑓

(𝜒𝜙)
𝐼 𝐽

+
∑︁
𝛼,𝐽

𝑌𝑖𝐽 𝑦
∗
𝛼𝐽 𝑦𝛼𝐼 × 𝑓

(𝐻𝐿)
𝐼 𝐽

(24)

where the functions 𝑓 (𝐻𝐿) and 𝑓 (𝜒𝜙) refer to the loop diagrams with virtual 𝜒, 𝜙 and 𝐻𝐿 re-
spectively. The computation of the loop shown in Fig.(3) in the background of the bubble wall
gives

𝜖𝐼𝑖 ≡
|M𝑖→𝐼 |2 − |M𝑖→𝐼 |2∑
𝑖 |M𝑖→𝐼 |2 + |M𝑖→𝐼 |2

(25)

=
2
∑

𝑘,𝐽 Im(𝑌𝑖𝐼𝑌 ∗
𝑖𝐽
𝑌𝑘𝐽𝑌

∗
𝑘𝐼
)Im 𝑓

(𝜒𝜙)
𝐼 𝐽∑

𝑖 |𝑌𝑖𝐼 |2
+

2
∑

𝛼,𝐽 Im(𝑌𝑖𝐼𝑌 ∗
𝑖𝐽
𝑦𝛼𝐽 𝑦

∗
𝛼𝐼
)Im 𝑓

(𝐻𝐿)
𝐼 𝐽∑

𝑖 |𝑌𝑖𝐼 |2
, (26)

where the loop functions take a form reminiscent from the out-of-equilibrium decay ones:

Im[ 𝑓 (𝐻𝐿)
𝐼 𝐽

(𝑥)] = 1
16𝜋

√
𝑥

1 − 𝑥 , 𝑥 =
𝑀2

𝐽

𝑀2
𝐼

(27)

Im[ 𝑓 (𝜒𝜙)
𝐼 𝐽

(𝑥)] = 1
32𝜋

1
1 − 𝑥 . (28)

Summing over the flavours of 𝜒𝑖 we arrive at the following asymmetry in 𝑁𝐼 abundance

𝜖𝐼 ≡
∑︁
𝑖

𝜖𝐼𝑖 =
2
∑

𝛼,𝐽,𝑖 Im(𝑌𝑖𝐼𝑌 ∗
𝑖𝐽
𝑦𝛼𝐽 𝑦

∗
𝛼𝐼
)Im 𝑓

(𝐻𝐿)
𝐼 𝐽∑

𝑖 |𝑌𝑖𝐼 |2
. (29)
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Figure 4: Mechanism at play in the phase transition-induced leptogenesis. Picture from [27].

We notice that the contribution from the 𝜒, 𝜙 loop vanished after summing over the contribu-
tions. This shows that the passage of the bubble wall can create a difference in the abundances of
𝑁𝐼 and �̄�𝐼 inside the bubble.

However since the 𝑁𝐼 are produced by 1 → 1 transitions (conserving the total number of
particles) the same difference will be present inside the bubble also for the abundances of �̄�𝑖 and
𝜒𝑖 , which means that some of the abundance of 𝜒𝑖 has been removed from the plasma:∑︁

𝐼

Δ𝑛𝑁 𝐼 = −
∑︁
𝑖

Δ𝑛𝜒𝑖 ⇒
∑︁
𝐼

(
Δ𝑛𝑁 𝐼 − Δ𝑛�̄� 𝐼

)
= −

∑︁
𝑖

(
Δ𝑛𝜒𝑖 − Δ𝑛�̄�𝑖

)
, (30)

where Δ𝑛𝑁,𝜒 are the differences in abundances of the particles in the broken and unbroken phases.
The passage of the wall still did not create 𝐿 number but separated it in a heavy and a light sector.

We can now move to the full model of leptogenesis with a fast bubble wall. Let us consider the
following extension of the Lagrangian in Eq.23, where we have introduced Φ -dependent Majorana
mass for the field 𝜒 and kept the rest of the interactions the same. Interestingly, only one specie of
the Majorana fermion 𝜒 is sufficient for the generation of CP phase:

Lint =
∑︁
𝐼

(
𝑌𝐼 (𝜙† �̄�)𝑃𝐿𝑁𝐼 + 𝑌★

𝐼 �̄�𝐼𝑃𝑅 (𝜙𝜒)
)
−𝑉 (𝜙) + 1

2
𝜆𝜒𝜙�̄�

𝑐𝜒 +
∑︁
𝐼

𝑀𝐼 �̄�𝐼𝑁𝐼︸                                                                                            ︷︷                                                                                            ︸
Toy model of Dark Sector

(31)

+
∑︁
𝛼𝐼

𝑦𝛼𝐼 (ℎ𝑙𝛼,𝑆𝑀 )𝑃𝑅𝑁𝐼 + ℎ.𝑐.︸                                ︷︷                                ︸
Connection to SM

,

We give the following𝑈 (1) assignments, 𝐿 (𝜒) = −1, 𝐿(𝑁) = 1 and 𝐿 (𝜙) = 2, which respect𝑈 (1)
lepton number. This𝑈 (1) symmetry is obviously broken after the phase transition. The generation

9
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of the baryon asymmetry is illustrated in Fig.4 and proceeds as follows: The expansion of the
bubble generates an asymmetry in 𝑁 and 𝜒, with an opposite sign. Immediately after the transition,
the asymmetry in 𝜒 is washed out due to the lepton-number violating Majorana mass term. The
asymmetry is then transmitted to the SM when the 𝑁 decay via 𝑁 → 𝐻𝐿, and produce

𝑛𝐿 − 𝑛𝐿𝑐

𝑠
≃ 1

𝑠(𝑇reh)
∑︁
𝑖𝐼

𝜖𝐼𝑖
3𝜁 (3) |𝑌𝑖𝐼 |2𝑇3

nuc⟨𝜙⟩2

4𝜋2𝑀2
𝐼

× 𝐵𝑟 (𝑁𝐼 → 𝐻𝐿)
𝐵𝑟 (𝑁𝐼 → 𝐻𝐿) + 𝐵𝑟 (𝑁𝐼 → 𝜒Φ) (32)

≃
135𝜁 (3)𝑔𝜒

8𝜋4𝑔★

(
𝑇nuc
𝑇reh

)3 ∑︁
𝐼

𝜃2
𝐼

2
∑

𝛼,𝐽 Im(𝑌𝐼𝑌 ∗
𝐽
𝑦𝛼𝐽 𝑦

∗
𝛼𝐼
)Im 𝑓

(𝐻𝐿)
𝐼 𝐽

|𝑌𝐼 |2

∑
𝛼 |𝑦𝛼𝐼 |2∑

𝛼 |𝑦𝛼𝐼 |2 + |𝑌𝐼 |2
,

where 𝑔∗ is total number of degrees of freedom and 𝑠(𝑇) = 2𝜋2

45 𝑔★𝑇
3, and 𝑔𝜒 is the number of

degrees of freedom of 𝜒 particle. On the top of the CP violation in the 𝑁 production, there is also
a CP violation in the decay of 𝑁 ,

𝑛𝐿 − 𝑛𝐿𝑐

𝑠

���
decay

∼
∑︁
𝐼

𝜃2
𝐼

𝑔★
𝜖 𝐼decay

(
𝑇nuc
𝑇reh

)3
×

∑
𝛼 |𝑦𝛼𝐼 |2∑

𝛼 |𝑦𝛼𝐼 |2 + |𝑌𝐼 |2
. (33)

This constitutes a second source of asymmetry for the system, via the usual CP-violating decay.
We will see that the dominant contribution depends on the different couplings of the systems. This
asymmetry in return is passed to the baryons by sphalerons, similarly to the original leptogenesis
models [28]. And adding the contribution from the production and from the decay, we obtain

Δ𝑛𝐵

𝑠
≡ 𝑛𝐵 − 𝑛�̄�

𝑠
≃ −28

79
×

135𝜁 (3)𝑔𝜒
8𝜋4𝑔∗

×
∑︁
𝐼

𝜃2
𝐼

∑︁
𝛼,𝐽

Im(𝑌𝐼𝑌 ∗
𝐽 𝑦𝛼𝐽 𝑦

∗
𝛼𝐼 )Im 𝑓

(𝐻𝐿)
𝐼 𝐽

×
(

2
|𝑌𝐼 |2

− 1∑
𝛼 |𝑦𝛼𝐼 |2

) (
𝑇nuc
𝑇reh

)3 ∑
𝛼 |𝑦𝛼𝐼 |2∑

𝛼 |𝑦𝛼𝐼 |2 + |𝑌𝐼 |2
. (34)

The prefactor − 28
79 comes from the sphalerons rates (see [29]). By assuming 𝑂 (1) parameters in

the potential and dominant latent heat, 𝑇reh ∼ 𝑣. The factor
∑

𝛼 |𝑦𝛼𝐼 |2∑
𝛼 |𝑦𝛼𝐼 |2+|𝑌𝐼 |2

appears since a part of the
asymmetry in 𝑁 is decaying back to 𝜙𝜒.

Let us examine various bounds on the construction proposed. The non-vanishing VEV in the
Lagrangian (31) generates a dimension 5 Weinberg operator of the see-saw form [30–34]

O𝑊 =
∑︁
𝐼,𝛼,𝛽

𝜃2
𝐼

𝑦𝛼𝐼 𝑦
∗
𝛽𝐼
( �̄�𝑐𝛼𝐻) (𝐿𝛽𝐻)
𝑚𝜒

(35)

which induces a mass for the heaviest light neutrinos

⇒ Max[𝑚𝜈] ∼ Max
[∑︁

𝐼

|𝑦𝛼𝐼 |2𝜃2
𝐼

]
𝑣2
𝐸𝑊

𝑚𝜒

. (36)

Combining Eqs. (34), (36) with observed neutrino mass scale and the constraints Max[𝜃2
𝐼
] ≳

10−5, 𝑦 ∼ O(1), we obtain the following constraints

⇒ 𝑚𝜒 ≳ 5 × 109GeV ⇒ ⟨Φ⟩ ≳ 109GeV. (37)
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The inverse decay due to collisions 𝐻𝐿 → 𝑁 will efficiently erase the asymmetry. The Boltzmann
equation controlling this wash out is

𝑑𝑌Δ𝛼

𝑑𝑧
≃ −0.42𝑒−𝑧𝑧5/2

𝑔
1/2
∗ 𝑔𝛼

(
𝑀𝑝

𝑚𝜒

) (
𝑔𝜒Γ𝛼

𝑚𝜒

)
𝑌Δ𝛼

, Γ𝛼 ≈
�����∑︁

𝐼

𝑦𝛼𝐼𝜃𝐼

�����2 𝑚𝜒

8𝜋𝑔𝜒
. (38)

from which we obtain that 𝑌Δ𝛼
remains invariant for 𝑚𝜒/𝑇reh ≳ 15 (for the scale 𝑚𝜒 ∼ 109 GeV).

The following approximate relation for the minimal 𝑚𝜒/𝑇reh to avoid wash out is valid

𝑚𝜒

𝑇reh
≳ log

𝑀𝑝

𝑚𝜒

− 9 (39)

where we took 𝜃𝐼 ∼ 10−2 as a typical value. The Δ𝐿 = 2 lepton violating operator 𝐿𝐿𝐻𝐻, if it
enters in equilibrium will also erase the initial asymmetry

Γ(𝐻𝑐𝐿𝛼 → 𝐻𝐿𝑐𝛽) (𝑇) ≈
4

1.2𝜋2𝑔𝛼

∑︁
𝑖𝐼

𝜃4
𝑖𝐼

𝑚2
𝜒

𝑦2
𝑖𝛼𝑦

2
𝑖𝛽𝑇

3 ≈ 2
1.2𝜋2

(
𝑚𝜈

𝑣2
𝐸𝑊

)2

𝑇3 ,

⇒ 𝑇reh ≲ 5
√
𝑔★

𝑣4
𝐸𝑊

𝑀𝑝𝑚
2
𝜈

∼ 5 × 1012 GeV , (40)

where we took 𝑚2
𝜈 ∼ 0.0025 eV2.

In conclusion we can see that this construction can lead to a viable mechanism of leptogenesis
if there is a mild hierarchy between the scales; 𝑀𝐼 > ⟨Φ⟩ and 𝑚𝜒, 𝑀𝐼 > 𝑇reh. Finally, we obtain
that the matching with the light neutrino masses makes this mechanism operative in the range of
scales 109 GeV < ⟨Φ⟩ < 5 × 1012 GeV.

5. EW baryogenesis via PT with fast bubble walls

In the previous sections, we have discussed the high energy leptogenesis catalized by the
passage of a fast bubble wall. ElectroWeak baryogenesis also relies on the out-of-equilibrium
situation surrounding the bubble wall, but it is efficient only if the velocity of the bubble wall is
not much faster than the sound speed[36]. On the other hand, gravitational wave amplitude is
typically maximized for large velocities 𝑣𝑤 → 1[37], which makes large GW signal and efficient
baryogenesis more or less mutually exclusive.

However in this section, we would like to use the mechanism proposed above, using large
velocities and thus predicting copious amount of GW, to build a model of EWBG. One robust
prediction of such a scenario is the large amount of GW emitted at the transition, with peak frequency
fixed by the scale of the transition 𝑓peak ∼ 10−3 𝑇reh

GeV mHz (see [38] for review). Such SGWB
signal could be detected in future GW detectors such as LISA[37, 39], eLISA[40], LIGO[41, 42],
BBO[43, 44], DECIGO[45–47], ET[48–50], AION[51], AEDGE[52]. This array of observers will
be able to probe GW with frequencies in the window of mHz to kHz, which is the optimal scale for
this mechanism to take place.
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Figure 5: Mechanism at play in the low energy baryogenesis, from [35].

Below we present a prototype model, which we can consider as a first simple toy model:

L = L𝑆𝑀 + 𝑚2
𝜂 |𝜂 |2 +

∑︁
𝐼=1,2

𝑀𝐼 �̄�𝐼𝐵𝐼

+
( ∑︁
𝐼=1,2

𝑌𝐼 (�̄�𝐼𝐻)𝑃𝐿𝑄 + 𝑦𝐼𝜂∗�̄�𝐼𝑃𝑅𝜒 + 𝜅𝜂𝑐𝑑𝑢 + 1
2
𝑚𝜒𝜒

𝑐𝜒 + ℎ.𝑐.
)
. (41)

The model contains a Majorana field 𝜒 and two vector-like 𝐵 quarks with the masses𝑀1,2 ∼ 𝑚𝜒.
𝜂 is a scalar field (a diquark) which is in the fundamental representation of QCD with electric charge
𝑄(𝜂) = 1/3,𝑄, 𝑢, 𝑑 are the SM quark doublet and singlets respectively, we ignore the flavour indices
for now, We assume that the EW phase transition is of the first order and that the bubble wall becomes
relativistic, we will discuss later how to build such scenario. For the reasons that we will explain
later, we need to assume that only the third generations couples to the heavy vector like 𝐵 quark.
Notice however that the interaction 𝐿𝐻𝜒𝑐 allowed by the gauge symmetries of the model but would
violate the baryon number of one unit and lead to proton decay. We set it to zero in order to avoid
this as this feature can be attributed to some accidental discrete symmetry. The baryon number are
as follows: 𝐵(𝜂) = 2/3, 𝐵(𝜒) = 1, so that the 𝑚𝜒 violates the baryon symmetry by two units. The
sweeping of the relativistic wall, via the collision of the b-quarks with bubbles, produces 𝐵𝐼 , 𝐵

𝑐
𝐼

and inside the bubble, we obtain the following abundances

𝑛𝐵𝐼
− 𝑛𝐵𝑐

𝐼
= −𝜃2

𝐼 𝜖𝐼𝑛
0
𝑏 𝑛𝑏 − 𝑛𝑏𝑐 =

∑︁
𝐼

𝜃2
𝐼 𝜖𝐼𝑛

0
𝑏 (42)

where 𝑛𝑏 is the number density of the bottom-type quark, 𝜃𝐼 ≈ 𝑌𝐼 ⟨𝐻 ⟩
𝑀𝐼

is the mixing angle and 𝜖𝐼
is defined like in Eq. (26) (in this case there is no 𝑖 index since we coupled it only to the third
generation of quarks). The imaginary part of the loop function generated by a diagram similar to
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the one of Fig.3 becomes

Im[ 𝑓 𝐼 𝐽𝐵 (𝑥)] = 1
32𝜋

𝑀𝐼𝑀𝐽

𝑀2
𝐼
− 𝑀2

𝐽

√︃
(𝑀2

𝐼
− 𝑚2

𝜂 + 𝑚2
𝜒)2 − 4𝑚2

𝜒𝑀
2
𝐼

𝑀4
𝐼

(
𝑀2

𝐼 + 𝑚2
𝜒 − 𝑚2

𝜂

)
. (43)

Like in the leptogenesis scenario, the asymmetry is separated in the heavy (𝐵) and light 𝑏 sector,
with an opposite sign: ∑︁

𝐼

(
𝑛𝐵𝐼

− 𝑛𝐵𝑐
𝐼

)
= −(𝑛𝑏 − 𝑛𝑏𝑐 ). (44)

Let us see what will happen after 𝐵𝐼 decays. If the mass spectrum satisfies 𝑀𝐼 > 𝑚𝜒 > 𝑀𝜂 , there
are four different channels, two leading to wash-outs and two enhancing the asymmetries:

(𝑖) wash-out : 𝐵𝐼 → 𝜒𝑑𝑐𝑢𝑐 → (𝑏𝑑𝑢𝑑𝑐𝑢𝑐) 𝐵𝑐
𝐼 → 𝜒𝑐𝑑𝑢 → (𝑏𝑐𝑑𝑐𝑢𝑐𝑑𝑢)

(𝑖𝑖) asymm. generation : 𝐵𝐼 → 𝜒𝑐𝑑𝑐𝑢𝑐 → (𝑏𝑐𝑑𝑐𝑢𝑐𝑑𝑐𝑢𝑐) 𝐵𝑐
𝐼 → 𝜒𝑑𝑢 → (𝑏𝑑𝑢𝑑𝑢).

(45)

As a result the asymmetry between SM quarks and antiquarks will be given

(𝑛𝑞 − 𝑛𝑞𝑐 ) =
∑︁
𝐼

(𝑛𝐵𝐼
− 𝑛𝐵𝑐

𝐼
)
[(
−5

2
+ 1

2

)
𝐵𝑟 (𝐵𝐼 → 𝜒𝜂𝑐) + 𝐵𝑟 (𝐵𝐼 → 𝑏ℎ)

]
+ (𝑛𝑏 − 𝑛𝑏𝑐 )

, = −3
∑︁
𝐼

(𝑛𝐵𝐼
− 𝑛𝐵𝑐

𝐼
)𝐵𝑟 (𝐵𝐼 → 𝜒𝜂𝑐), (46)

where we have used 𝐵𝑟 (𝐵𝐼 → 𝜒𝜂𝑐) + 𝐵𝑟 (𝐵𝐼 → 𝑏ℎ) = 1 and Eq.44 to derive the last relation.
Finally, for the total baryon asymmetry we obtain

Δ𝑛𝐵𝑎𝑟𝑦𝑜𝑛

𝑠
≈ 135𝜁 (3)

8𝜋4

∑︁
𝐼,𝐽

𝜃2
𝐼

|𝑦𝐼 |2
|𝑦𝐼 |2 + |𝑌𝐼 |2

× 𝑔𝑏

𝑔★

(
𝑇nuc
𝑇reh

)3

×Im(𝑌𝐼𝑌 ∗
𝐽 𝑦

∗
𝐼 𝑦𝐽 )

(
−

2Im[ 𝑓 𝐼 𝐽
𝐵

]
|𝑌𝐼 |2

+
4Im[ 𝑓 𝐼 𝐽

𝐵
] |𝑚𝜒,𝜂→0

|𝑦𝐼 |2

)
. (47)

To match the observed baryon abundance, we need that

⇒ 𝜃2
𝐼

(
𝑇nuc
𝑇reh

)3
∼ 10−(6−7) . (48)

After this phase of fast decay, slow transition mediated by the heavy states can still wash out
the asymmetry. They can be of two types:

• 𝑏𝜂 → 𝜒: The Boltzmann equation controlling the interaction 𝑏𝜂 → 𝜒 is

𝑑𝜖𝑞

𝑑𝑧
= −0.42𝑒−𝑧𝑧5/2

𝑔
1/2
∗ 𝑔𝑞

(
𝑀𝑝

𝑚𝜒

) (
𝑔𝜒Γ(𝜒 → 𝜂𝑏)

𝑚𝜒

)
𝜖𝑞

Γ(𝜒 → 𝜂𝑏) ≈
�����∑︁

𝐼

𝑦𝐼𝜃𝐼

�����2 𝑚𝜒 (1 − 𝑚2
𝜂/𝑚2

𝜒)
8𝜋𝑔𝜒

(49)
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The requirement that this process is decoupled imposes a constraint on the mass of the field
𝜒: 𝑚𝜒/𝑇reh ≳ 30. At the end of the day, the main constraint on the mass spectrum of our
model is

𝑚𝐵,𝜒,𝜂

𝑇reh
≳ 30. (50)

This translates to bound 𝑚𝐵,𝜒,𝜂 ≳ 3 TeV, or to a wall boost factor of the form

𝑚2
𝐵,𝜒,𝜂

𝑇nuc𝑣
≳ 𝛾𝑤 (51)

or

𝛾𝑤 ≳ 103 . (52)

Using Eq.(4), we observe that this corresponds to a supercooling

𝑇nuc ≲ 10 GeV . (53)

• 𝑑𝑑𝑢 ↔ 𝑑𝑐𝑑𝑐𝑢𝑐: Integrating out all the new heavy fields 𝐵, 𝜒, 𝜂 also generates new dangerous
operators of the form

𝑑𝑑𝑢𝑑𝑐𝑑𝑐𝑢𝑐

𝑀4
𝜂

× 1
𝑚𝜒

× 𝜃2 ⇒ 1
4𝜋5

(
1

16𝜋2

)2 𝑇11
reh

𝑀8
𝜂𝑚

2
𝜒

𝜃4 ≲
𝑇2

reh
𝑀𝑝

. (54)

However, this interaction, in all our parameter space, is always decoupled and do not bring
any further wash out.

This low-energy model has the interesting consequence that it induces potential low-energy
signatures. In this section, we enumerate those possible signatures without assuming that𝑄, 𝑢, and 𝑑
are the third generation quarks.

𝑛 − �̄� oscillations Integrating out the heavy states, we obtain the following operator[53].

1
Λ5
𝑛�̄�

𝑢𝑐𝑑𝑐𝑑𝑐𝑢𝑑𝑑 ≡ (∑ 𝜅𝜃𝐼 𝑦𝐼 )2

𝑀4
𝜂𝑚𝜒

𝑢𝑐𝑑𝑐𝑑𝑐𝑢𝑑𝑑 ⇒ 𝛿𝑚�̄�−𝑛 ∼
Λ6
𝑄𝐶𝐷

𝑀4
𝜂𝑚𝜒

(
∑︁

𝜅𝜃𝐼 𝑦𝐼 )2. (55)

Current bounds on this mixing mass are of order 𝛿𝑚�̄�−𝑛 ≲ 10−33 GeV [54–58]. It is very
restrictive if 𝐵 couples to light quarks, we conclude that we need to require that 𝐵 only couples to
the third family. Depending on the flavor of 𝑄, 𝑢, 𝑑 (the first or the third family) our scenario can
be tested in the future experiment [59–62].

Flavor violation For the 𝜂-diquark field that we used in this model, the FCNC are absent at tree
level[63]. The loop level effects will however unavoidably lead to strong constraints if 𝜂𝑑𝑢 coupling
contains the light generation quarks [63]. FCNC also forces 𝐵 to couple mostly to the third family.
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Bounds from EDMs EDM are also typical signature of CP violation if it occurs at lowe energy

−𝑖
𝑔3𝑑𝑞

2
�̄�𝜎𝜇𝜈𝑇 𝐴𝛾5𝑄𝐺

𝐴
𝜇𝜈 (56)

which is the chromo-electric dipole moment (see [64] for a review). The dipole in our model can
be estimated to be

𝑑𝑒

𝑒
∼ 𝑚𝑒 (𝑦𝑌𝑒)2

(4𝜋)6

(
1

Λ2
𝐸𝐷𝑀

)
∼ 3 × 10−33 ×

(
10TeV
Λ𝐸𝐷𝑀

)2
cm (57)

which is much below the current experimental bound [65] |𝑑𝑒 | < 1.1 × 10−29cm · 𝑒.
So far we have left the phase transition sector inducing a fast wall for the EWPT undefined.

The necessary ingredient for the mechanism is a strong first order electroweak phase transition
and various studies indicate that even a singlet scalar (see ref.[66–72]) extensions of SM can help
making the EWPT strongly first order. In [73], authors studied a singlet augmented SM in the case
of a two steps phase transition. We study the following two steps PT

(0, 0) → (0, ⟨𝑠⟩) → (𝑣𝐸𝑊 , 0) , (58)

and focus on the region which induce relativistic bubbles. This pattern can occur if the𝑚2
𝑠 parameter

is positive. We will consider the following simple model

𝑉tree(𝐻, 𝑠) = −
𝑚2

ℎ

4
𝐻2 +

𝑚2
𝐻

8𝑣2
𝐸𝑊

𝐻4 −
𝑚2

𝑠

4
𝑠2 + 𝜆ℎ𝑠

4
𝑠2𝐻2 +

𝑚2
𝑠

8𝑣2
𝑠

𝑠4 . (59)

where 𝑣𝐸𝑊 =

√︃
𝑚2

𝐻
/2𝜆 GeV and 𝑣𝑠 =

√︁
𝑚2

𝑠/2𝜆𝑠 correspond to the local minima at (⟨𝐻⟩ =

𝑣𝐸𝑊 , ⟨𝑠⟩ = 0) and (⟨𝐻⟩ = 0, ⟨𝑠⟩ = 𝑣𝑠) respectively. The origin of two-step PT can be intuitively
understood from the following considerations. For simplicity let us ignore the Coleman-Weinberg
potential and restrict the discussion by considering only the thermal masses. Then the potential will
be given by

𝑉 (H , 𝑠) ≈ 𝑉tree(H , 𝑠) + 𝑇
2

24


∑︁

𝑏𝑜𝑠𝑜𝑛𝑠

𝑛𝑖𝑀
2
𝑖 (H , 𝑠)) + 1

2

∑︁
𝑓 𝑒𝑟𝑚𝑖𝑜𝑛𝑠

𝑛𝐹𝑀
2
𝐹 (H , 𝑠)

 ,
= 𝑉tree(H , 𝑠) + 𝑇2

[
ℎ2

(
𝑔′2

32
+ 3𝑔2

32
+

𝑚2
ℎ

8𝑣2
𝐸𝑊

+
𝑦2
𝑡

8
+ 𝜆ℎ𝑠

48

)
+ 𝑠2

(
𝑚2

𝑠

16𝑣2
𝑠

+ 𝜆ℎ𝑠
12

)]
.

(60)

From this expression we can clearly see that the temperatures when the minima with non zero vevs
appear for the Higgs and singlet fields can be different. Then it can happen that the 𝑍2 breaking
phase transition occurs before the EW one. This means that there will be first a phase transition from
(0, 0) → (0, 𝑣𝑠). We can now focus on the second PT, which is the real EWPT, (0, 𝑣𝑠) → (𝑣EW, 0).
Due to a tuning of the term −𝑚2

ℎ

4 𝐻
2 against 𝜆ℎ𝑠

4 𝑣2
𝑠𝐻

2, the potential can become very flat around the
false vacuum, leading to supercooling.
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Figure 6: Left: scan of the parameter for the second PT. Right: Tuning of the coupling 𝜆ℎ𝑠 as a function of
the nucleation temperature. The dashed green line represents the naive tuning ∼ (𝑇nuc/𝑚ℎ)2.

On Fig.6, we show the scan of the parameter of the second PT (Left) and the tuning required
to obtain a given 𝑇nuc (Right). We observe that having 𝑇nuc ∼ 10 GeV and leading to 𝛾𝑤 ∼ 103

requires only moderate O(0.01) tuning.
An interesting follow-up would be to combine such scenario with the production of DM

proposed in [35].
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