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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. The over-abundance of matter is commonly parametrized
via the baryon-to-photon density ratio

YB ≡
nB − nB̄

s

∣∣∣∣
0

(1.1)

with nB, nB̄ and s respectively the number density of baryons, anti-baryons and the entropy
density. The subscript 0 means “at present time”. Planck data and evolution models of
the early universe permit to compute this ratio with high accuracy [2]

YB = (8.75± 0.23)× 10−11. (1.2)
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Though this ratio is much smaller than unity, it calls for an explanation in terms of early
universe dynamics, i.e. baryogenesis. The necessity of baryogenesis aggravates in the infla-
tionary cosmology since this asymmetry ratio cannot be attributed to the initial conditions.

For a successful baryogenesis scenario, the well-known Sakharov requirements should
be satisfied [3] namely the violation of the baryon number, violation of C and CP symme-
tries, and the presence of an out-of-equilibrium process. Based on this general requirements
various models have been constructed (for reviews see for example [4, 5]) based on the differ-
ent realizations of the Sakharov’s conditions. One interesting possibility for the fulfillment
of the out-of-equilibrium process requirement is a scenario in which a first order phase
transition (FOPT) occurs in the early history of the universe and this will be the focus of
the study in the present paper. However in the standard model the phase transitions are
not of the first order (neither QCD PT [6] nor electroweak one [7]). This fact prevents the
realization, within the SM, of the very attractive idea of electroweak baryogenesis [8, 9].
This implies that physics beyond the standard model (BSM) is needed.

Various physically motivated extensions of the standard model, like MSSM or com-
posite Higgs models, could provide room for baryogenesis during the electroweak phase
transition (EWPT) [10–14] (see [15] for review) or some other phase transitions [16] in
the early universe. Interestingly, in most of the cases, the successful generation of the
baryon asymmetry requires the slow motion of the bubble walls (though bubble velocity
can be supersonic [17–19] or in the case of specific models even relativistic [20]. In this
paper we propose a new mechanism for the production of the baryon asymmetry during
the first order phase transition, which is only effective in the opposite regime i.e. for the
ultra-relativistic bubble wall expansions. The idea will be based on the recent observation
in [1], where it was shown that in the presence of a ultra-relativistic bubble expansion, with
Lorentz factor γw � 1, particles with mass up to M .

√
γwTnuc × v can be produced. The

parameters Tnuc and v are the temperature of FOPT (nucleation temperature) and the scale
of the symmetry breaking respectively. The process of the heavy states production during
the FOPT is obviously out-of-equilibrium, so that if it proceeds through a CP-violating
and process and baryon number is not preserved we can have a successful baryogenesis
scenarios.1 We confirm the statements above by analyzing the CP-violating effects in the
interference of tree and one loop level processes. Then we construct explicit models where
the baryogenesis is realized during the strong FOPT, which can be either the EWPT itself,
if it comes with the necessary new physics, or related to some other symmetry breaking in
the early universe.

One of the interesting feature of this class of models is that, contrary to the “tradi-
tional” baryogenesis models, it needs ultra-relativistic bubble wall velocities and is generi-
cally accompanied with strong gravitational waves signal.

The remaining of the paper is organized as follows: in the section 2, we review the mech-
anism of the heavy state production proposed in [1] and calculate the CP violation in this
process. In the section 3 we build two models of baryogenesis and discuss their phenomenol-
ogy and then in the section 4 we conclude by recapitulating the main results of this work.

1For other baryogenesis models with new heavy fields production during FOPT see [20].

– 2 –



J
H
E
P
1
0
(
2
0
2
1
)
0
4
3

2 Mechanism of CP-violation via bubble wall

2.1 Production of the heavy states in the phase transition

Let us start by reviewing the process of heavy states production during the phase transition
presented in [1]. We will assume that the phase transition is of first order and that the
bubbles reach ultra-relativistic velocities during the expansion γ � 1. We discuss the
conditions for such a dynamics in appendix A. To make the discussion explicit we assume
the following Lagrangian:

L = |∂µφ|2 + iχ̄ 6∂χ+ iN̄ 6∂N −MN̄N − Y φN̄χ− V (φ) (2.1)

where φ is a scalar field undergoing a FOPT of e.g. global U(1) symmetry, χ a light fermion
andN a heavy Dirac fermion with massM � 〈φ〉,M � Tnuc and Y is the coupling between
the scalar and the two fermions. V (φ) is a potential for the field φ, which we will assume
leads to the FOPT without specification of its explicit form. Here and hereafter, without
loss of generality, we work in the basis where fermion masses are real. So that before,
during and after the FOPT 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 [1] and is approximately equal to

Ptree(χ→ N) ≈ Y 2〈φ〉2

M2 Θ(γwTnuc −M2Lw) (2.2)

with Lw ∼ 1/〈φ〉 the length of the wall. Thus, when the ultra-relativistic wall hits the
plasma, it produces N and N̄ . Note that this abundance will be much larger than its
equilibrium value.

2.1.1 Method of calculation of the light → heavy transition

Before we proceed to the one loop calculation, let us present a generic method to compute
the transition amplitudes.2 We will then apply it to recover eq. (2.2) and later for the
computations of the one loop corrections. In this section we will omit the flavour indices
which we will easily recover once the loop functions will be derived.

Let us look at the correlation function 〈0|T{χ̄(x1)N(x2)}|0〉 and calculate it to first
order in O

(
〈φ〉
M

)
which will be our expansion parameter. We assume that the wall is located

in x− y plane at z = 0. The correlation functions writes

〈0|T{χ̄(x1)N(x2)}|0〉 =
∫
d4xY 〈φ(x)〉Sχ(x1 − x)SN (x− x2) +O

(
Y 〈φ〉
M

)2
(2.3)

where we are expanding the correlation functions of the theory with 〈φ〉 6= 0 in terms of the
correlation functions Sχ,N of the unbroken 〈φ〉 = 0 theory. Then performing the Fourier

2We are using slightly different derivation compared to the original paper [1].
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transformation we will obtain∫
d4xd4kd4qeik(x1−x)+iq(x−x2)Sχ(k)SN (q)Y 〈φ(x)〉

=
∫
d4kd4qeikx1−iqx2Sχ(k)SN (q)×

[
(2π)3δ(3)(k − q)

∫
dzeiz(kz−qz)Y 〈φ(z)〉

]
,

δ(3)(k − q) ≡ δ(1)(k0 − q0)δ(1)(kx − qx)δ(1)(ky − qy). (2.4)

Let us make a few comments regarding this expressions. The propagators Sχ,N have
poles at, respectively p2 = 0,M2 and this, together with energy and (x − y)-momentum
conservation, fixes the exchange of momentum ∆pz from the plasma to the wall;

∆pz = qz − kz = −kz +
√
k2
z −M2 ≈ −M

2

2kz
. (2.5)

Now we can use the LSZ reduction formula to relate the correlation function to the matrix
element of the χ→ N transition and we find that

〈N, q|χ, k〉 =
[
(2π)3δ(3)(k − q)

∫
dze−iz∆pz〈φ(z)〉

]
× ūN (q)uχ(k)Y (2.6)

which coincides with the result found in [1]. Note that the last factor is exactly equal to
the amplitude of the transition χ(k)→ N(q)φ(∆pz),Mχ(k)→N(q)φ(∆pz). Thus we can write

〈N, q|χ, k〉 =
[
(2π)3δ(3)(k − q)

∫
dze−iz∆pz〈φ(z)〉

]
Mχ(k)→N(q)φ(∆pz). (2.7)

Of course on-shell φ cannot have the space-like momentum ∆pz but since it is a scalar we
can still formally define such an “amplitude”. These relations are the consequence of the
following Ward identity which is satisfied if we are looking at the effects with just one VEV
〈φ〉 insertion:

〈O1(x1) . . . On(xn)φ(xn+1)〉|〈φ〉=0 =
∫
dz

[
δ

δ〈φ(z)〉〈O1(x1) . . . On(xn)〉|〈φ〉6=0

]
Dφ(xn+1 − z),

(2.8)
where Dφ is the propagator of the φ field. Then the application of the LSZ reduction
together with energy and transverse momentum conservation leads to the eq. (2.7).

2.1.2 Probability of the light → heavy transition

Armed with the generic expression in eq. (2.7) we can proceed to the computation of the
light → heavy transition probability similarly to the discussion in [1, 21],

Pχ→N =
∫

d3q

(2π)32q02k0
(2π)3δ(3)(k − q)|Mχ(k)→N(q)φ(∆pz)|2

∣∣∣∣∫ dze−iz∆pz〈φ(z)〉
∣∣∣∣2 . (2.9)

Performing the phase space integral and summing (averaging) over incoming (outgoing)
spins, we arrive at

Pχ→N =
∣∣∣∣∫ dze−iz∆pz〈φ(z)〉

∣∣∣∣2 × |Y |2kz(kz −
√
k2
z −M2)

2k0
√
k2
z −M2 (2.10)
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Let us evaluate the first prefactor which takes into account the shape of the wall. To
approximate the integral, we need to use some estimation for the shape of the wall. For
example for a linear wall ansatz of the form

〈φ(z)〉 =


0, z < 0

〈φ〉 z
Lw

0 ≤ z ≤ Lw

〈φ〉 z > Lw

(2.11)

(where we use 〈φ〉 as the VEV of φ in the true vacuum) we obtain∣∣∣∣∫ dze−iz∆pz〈φ(z)〉
∣∣∣∣2 = 〈φ〉

2

∆p2
z

(sinα
α

)2
, α = Lw∆pz

2 . (2.12)

We thus observe the appearance of a new suppression factor that becomes relevant in the
limit α = Lw∆pz

2 � 1 and quickly suppresses the transition. Similar results holds for more
realistic wall shapes when it is given by either tanh or gaussian functions

〈φ〉tanh(z) = 〈φ〉2

[
tanh

(
z

Lw

)
+ 1

]
, 〈φ〉gaussian(z) = 〈φ〉√

2πLw

∫ z

−∞
dz′ exp

(
− z′2

2L2
w

)
.

(2.13)
In these cases we find respectively (see for details of calculation [21]):

∣∣∣∣∫ dze−iz∆pz〈φ(z)〉
∣∣∣∣2
tanh

=

 πLw

2 sinh
(
Lw∆pzπ

2

)
2

〈φ〉2,

∣∣∣∣∫ dze−iz∆pz〈φ(z)〉
∣∣∣∣2
gaussian

= 〈φ〉
2

∆p2
z

exp
(
−L2

w∆p2
z

)
. (2.14)

Thus we can see that independently of the wall shape the transitions with ∆pz � L−1
w are

strongly suppressed. In the opposite regime ∆pz . L−1
w ∼ 〈φ〉 we will have kz & M2/〈φ〉.

Then expanding the eq. (2.10), we will obtain

Pχ→N '
Y 2〈φ〉2

M2 Θ(k0 −M2Lw), (2.15)

which reduces to eq. (2.2) when we notice that k0 ∼ γwTnuc. We can see that indeed there
will be an efficient production of the heavy states, which will not be Boltzmann suppressed,
however the Lorentz boost factor γw for the wall expansion needs to be large enough.

After this warm-up exercise we can proceed to the calculation of the one loop effects.
We will focus again only on the terms with just one VEV 〈φ〉 insertion and proceed in
the same way as we have done for the tree level calculation. Note that the eq. (2.7) will
remain true also at loop level if we are focusing only on the effects with one VEV insertion.
Indeed the momentum is not conserved only in the vertex with the 〈φ〉 insertion, however
the energy and x − y momentum conservation still fixes the value of the loss of the z
component of momentum. At this point since φ is a scalar (no polarization vectors are
needed) the matrix element is exactly the same as for the process χ(k)→ N(q)φ(∆pz) and
can be calculated using the usual Lorentz invariant Feynman diagram techniques.

– 5 –
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2.2 CP violation in production

So far we have been looking at χ→ N transition. However if there are more than one species
of χ,N then the couplings Y become in general complex matrices, and, if it contains a
physical phase, this can lead to CP violating processes. The Lagrangian (2.1) generalises to

L = iχ̄iPR 6∂χi + iN̄I 6∂NI −MIN̄INI − YiIφN̄IPRχi − yIα(hl̄α)PRNI + h.c. (2.16)

where h and lα are the usual SM Higgs and fermions that we couple to the heavy NI , PR, PL
are the chiral projectors. We choose this assignment of chirality in agreement with our fur-
ther toy models. In particular the rates Γ(χi → NI) 6= Γ(χ̄i → N̄I) and after the phase
transition there could be an asymmetry in N, N̄ and χ, χ̄ populations. Let us calculate
these asymmetries. It is known that at tree level no asymmetries can be generated since
both processes will be proportional to |YiI |2, so we need to consider one loop corrections
to it, in particular it is known that the imaginary part of the loop is the crucial ingredient
for asymmetry generation. In general performing such calculation in the presence of the
bubble wall background is quite involved, however things simplify if the bubble expansion
is ultra-relativistic. Then we can expand in 〈φ〉E ∼

〈φ〉
γT parameter. In this case it will be

sufficient, similarly to the tree level result, to focus only on the effects in the matrix element
at O

(
〈φ〉
γT

)
i.e. one scalar VEV insertion.

2.2.1 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. (2.16). First of all we need to know the CP
violating effects in the χi → NI transition, which will appear in the interference of the loop
and tree level diagrams.

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

∑
k,J

YiJY
∗
kJYkI × f

(χφ)
IJ +

∑
α,J

YiJy
∗
αJyαI × f

(hl)
IJ (2.17)

where the functions f (hl) and f (χφ) refer to the loop diagrams with virtual χ, φ and hl

respectively. As a consequence, there will be the following asymmetries in NI populations
immediately after the PT

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

=
2∑k,J Im(YiIY ∗iJYkJY ∗kI)Imf

(χφ)
IJ∑

i |YiI |2
+

2∑α,J Im(YiIY ∗iJyαJy∗αI)Imf
(hl)
IJ∑

i |YiI |2
, (2.18)

where εIi refers to asymmetry in NI particle population which are produced from the i
initial flavour of χi. The loop functions take the form

f
(hl)
IJ (x) ≡ 2

∫
d4p

(2π)4
PR/pPL(/pout +MJ)PL

(p2 + iε)((p− pout)2 + iε)(p2
out −M2

I + iε) (2.19)

f
(χφ)
IJ (x) ≡

∫
d4p

(2π)4
PL/pPR(/pout +MJ)PL

(p2 + iε)((p− pout)2 + iε)(p2
out −M2

I + iε) , (2.20)

– 6 –



J
H
E
P
1
0
(
2
0
2
1
)
0
4
3

where p, pout are the initial (particle i) and final (particle I) state four momenta. The
factor of two in front of the f (hl)

IJ (x) function comes from the two contributions with a loop
of νL, h0 and eL, h+. This factor is absent in the case of f (χφ)

IJ (x) because we have only the
loop of χ, φ. The imaginary part of those loop functions take the form

Im
[
f

(hl)
IJ (x)

]
= 1

16π

√
x

1− x, x = M2
J

M2
I

(2.21)

Im
[
f

(χφ)
IJ (x)

]
= 1

32π
1

1− x. (2.22)

Summing over the flavours of χi we arrive at the following asymmetry in NI abundance3

εI ≡
∑
i

εIi =
2∑α,J,i Im(YiIY ∗iJyαJy∗αI)Imf

(hl)
IJ∑

i |YiI |2
. (2.23)

Note that the only diagrams contributing to the asymmetry are shown on the figure 1)
and these have virtual hl.

So far we have shown that during the production we can create a difference in the
abundances of NI and N̄I inside the bubble. However since it was produced by 1→ 1 tran-
sitions exactly the same difference will be present inside the bubble also for the abundances
of χ̄i and χi. Using the “〈φ〉 6= 0” and “〈φ〉 = 0” subscribes for the particle densities inside
and outside the bubbles and taking into account that the number density of some particle
entering inside the bubble is n = ∆N

∆A∆t
∆t
∆z = J

vw
with entering flux J =

∫ pzd3p
p0(2π)3 fχ(p, Tnuc)

we can conclude that, in the plasma frame,

n
〈φ〉=0
NI

(Tnuc) ' 0, Boltzmann suppressed (2.24)

and

n
〈φ〉6=0
NI

' 1
γwvw

∫
d3p

(2π)3Pχ→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

|YiI |2

π2γ3
wvw

× 〈φ〉
2T 2

nuc
M2
I

(
M2
I /〈φ〉

1− vw
+ Tnuc(2− vw)
γw(vw − 1)2

)
× e−γw

M2
I
〈φ〉

1−vw
Tnuc

=
∑
i

|YiI |2T 3
nuc〈φ〉2

π2M2
I

e
−

M2
I

2〈φ〉Tnucγw +O(1/γw)

'
∑
i

θ2
iIn
〈φ〉=0
χi

(Tnuc), (2.25)

where vw =
√

1− 1/γ2
w ≈ 1− 1

2γ2
w

is the velocity of the wall. The integral is performed in
the wall frame and the γ−1

w factor in front takes care of the conversion to the plasma frame.
In the second line we introduced the expression eq. (2.15) of the probability of light to heavy

3The asymmetry can be equivalently obtained from the “tree-level” graph of the 1PI effective action by
integrating out the fermions.

– 7 –



J
H
E
P
1
0
(
2
0
2
1
)
0
4
3

N
J

N
I

h

l α
⟨ϕ⟩

Figure 1. The diagram contributing to the function f (hl).

NI N c
I χi χci ∆nNI

ε = 0, without CP-violation
Out 0 0 nχi nχi 0
In θ2

Iinχi θ2
Iinχi (1− θ2

Ii)nχi (1− θ2
Ii)nχi 0

ε 6= 0, with CP-violation
Out 0 0 nχi nχi 0
In θ2

Ii(1− εIi)nχi θ2
Ii(1 + εIi)nχi (1− θ2

Ii(1− εIi))nχi (1− θ2
Ii(1 + εIi))nχi 2εIiθ2

Iinχi

Table 1. Densities and asymmetry, with and without CP-violation, inside and outside of the
bubble. For clarity we got rid of the temperature dependence, assuming that the density have to
be evaluated at the nucleation temperature.

transition and assumed that, the transition being a detonation, the density distribution of
χ is the equilibrium distribution f eqχ ≈ e−

γw(Eχ−vwp
χ
z )

Tnuc (using Boltzmann distribution as a
simplifying assumption) and Eχ =

√
p2
z + ~p2

⊥. In the third line we performed the phase
space integral. In the last approximation, we have taken the exponential to be unity since
the wall is relativistic and γwTnuc �MI , and defined

θiI ≡
|YiI |〈φ〉
MI

. (2.26)

This means that some of the abundance of χi has been removed from the plasma and since
we are focusing on 1→ 1 transitions, this gives:∑

I

∆nNI = −
∑
i

∆nχi ⇒∑
I

(∆nNI −∆nN̄I ) = −
∑
i

(
∆nχi −∆nχ̄i

)
, (2.27)

where ∆nN,χ are the differences in abundances of the particles in the broken and unbroken
phases. As a consequence, there will be also an asymmetry in the abundances of the light
fields. Note that the asymmetry in the χ field will be further diluted by the factor ∼ y2〈φ〉2

M2

due to the large symmetric thermal densities of the light fields during and after the phase
transition. In table 1, we show the abundance inside and outside the wall, as well as the
final asymmetry.

– 8 –
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3 Application of the mechanism for baryogenesis

In the previous section we have shown that the wall, if it becomes relativistic enough, can
produce states much heavier than the reheating temperature and also that this production
process can induce CP-violation via the interference of tree-level and loop-level diagrams.

Now we will present some examples of applications of this new CP-violating source
for the explanation of the observed matter asymmetry. Of course, many other examples
could take advantage of the configuration presented in the previous section, so what we
will present now serve as a proof of existence.4 For this reason, in the following we will
present two classes of models that take advantage of the mechanism present above.

3.1 Phase-transition induced leptogenesis

Let us consider the following extension of the Lagrangian in eq. (2.16), where we have
introduced φ -dependent Majorana mass for the field χ and kept the rest of the interactions
the same. We restrict to only one specie of the Majorana fermion χ, since it is sufficient
for the generation of CP phase.

Lint =
∑
I

(
YI(φ†χ̄)PLNI+Y ?

I N̄IPR(φχ)
)
−V (φ)+ 1

2λχφχ̄
cχ+

∑
I

MIN̄INI︸ ︷︷ ︸
Toy model of Dark Sector

(3.1)

+
∑
αI

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

.

The interactions in eq. (3.1) respect U(1) lepton number with the following charge assign-
ments L(χ) = −1, L(N) = 1 and L(φ) = 2. This symmetry is obviously broken after the
phase transition by the VEV of 〈φ〉 field and the Majorana mass of the χ field mχ = λχ〈φ〉.
Perturbativity bound imposes that λχ .

√
4π. This model is only an example of the re-

alisation of our scenario, we list some alternatives in appendix B. The generation of the
baryon asymmetry proceeds as follows: during the bubble expansion we generate asymme-
try in N and χ, as they have been estimated in the section 2.2.1. Immediately after the
transition, the asymmetry in χ is washed out due to the lepton-number violating Majorana
mass term, which constitutes the first source of asymmetry for the system. Part of this
asymmetry in N is passed to the SM lepton sector during the decay N → lh, which consti-
tutes 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 [35]. The scheme of the construction is shown on the figure 2.

4It is also clear that the baryogenesis model can be built from CP-violating decay of the produced heavy
particle due to the bubble expansion. This is nothing but the non-thermal baryogenesis [22–34]. In the
models in this paper, this component of the asymmetry production is negligible.
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Figure 2. Mechanism at play in the phase transition-induced leptogenesis. In the diagrams the
black dot denotes a mixing between χ and N and so the insertion of a factor of θ, the white
diamond is a χ mixing insertion. A thicker arrow designates a larger flux (though it is exaggerated
on the figure).

3.1.1 Estimating the baryon asymmetry
So far we have generated the asymmetry in N particle population, however we need to find
what part of it will be passed to SM lepton sector. This can be done by comparing the
branching ratios of N → hl and N → χφ decays

nl − nlc
s

' 1
s(Treh)

∑
iI

εIi
3ζ(3)|YiI |2T 3

nuc〈φ〉2

4π2M2
I

× Br(NI → hl)
Br(NI → hl) +Br(NI → χφ)

' 135ζ(3)gχ
8π4g?

∑
I

θ2
I

2∑α,J Im(YIY ∗J yαJy∗αI)Imf
(hl)
IJ

|YI |2
(
Tnuc
Treh

)3
×

∑
α |yαI |2∑

α |yαI |2 + |YI |2

(3.2)

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. The reheating temperature, Treh, is the temperature
of the plasma immediately after the end of the transition, when the latent heat of the
transition warmed up the plasma. If the transition is instantaneous, we can estimate
π2g?[Treh]

30 T 4
reh = V [0]−V [v] + π2g?[Tnuc]

30 T 4
nuc where V should be understood as the thermally

corrected potential at the transition. By assuming O(1) parameters in the potential and
dominant latent heat, Treh ∼ v. The factor θ2

I is the suppression due to the heavy field
production and

(
Tnuc
Treh

)3
factor come from the fact that nN is fixed by the nucleation

temperature (see eq. (2.25)) and s is at the reheating temperature after the PT. The
factor

∑
α
|yαI |2∑

α
|yαI |2+|YI |2

appears since a part of the asymmetry in N is decaying back to φχ,
thus washing out a part of the asymmetry.
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Lepton asymmetry generation in decay. Note that there is an additional effect con-
tributing to the baryon asymmetry generation. The decays of the heavy fields N are out
of equilibrium and there is a CP phase in the Yukawa interactions. Thus the rates

Γ(N → h̄l) 6= Γ(N̄ → hl̄) (3.3)

induce a non-vanishing CP-violation in decay

εIdecay ≡
Γ(N I → h̄l)− Γ(N̄ I → hl̄)
Γ(N I → h̄l) + Γ(N̄ I → hl̄)

. (3.4)

As a consequence, after the asymmetry induced by the production of heavy states, there
will be an additional asymmetry due to the decay scaling as:

nl − nlc
s

∣∣∣∣
decay

∼
∑
I

θ2
I

g?
εIdecay

(
Tnuc
Treh

)3
×

∑
α |yαI |2∑

α |yαI |2 + |YI |2
(3.5)

where the asymmetry in decay εI will be generated by the diagram similar to the one in
figure 1 with h, l in the final state and φ, χ inside the loop. In the limitmχ,mφ �MI (which
is exactly where one VEV insertion approximation used in the section 2 is motivated) the
loop function for both production and decay will be exactly the same up to the factor of
2 (particles running in the loop are EW singlets) compared to eq. (2.23). However the
couplings will be complex conjugates so that

εIdecay = −
Im[YIY ∗J yαJy∗αI ]Im[f (hl)

IJ ]∑
α |yαI |2

. (3.6)

Combining both effects and taking into account sphaleron rates converting the lepton
asymmetry to the baryon, we obtain the following baryon asymmetry:

∆nB
s
≡ nB − nB̄

s
' −28

79 ×
135ζ(3)gχ

8π4g∗
×
∑
I

θ2
I

∑
α,J

Im(YIY ∗J yαJy∗αI)Imf
(hl)
IJ

×
( 2
|YI |2

− 1∑
α |yαI |2

)(
Tnuc
Treh

)3 ∑
α |yαI |2∑

α |yαI |2 + |YI |2
(3.7)

The prefactor −28
79 comes from the sphalerons rates (see [36]). The observed asymmetry is

given by ∆nB
s ∼ 8.8× 10−11. The quantities in eq. (3.7) can be estimated in the following

way; outside of the resonance regime but for mild hierarchy between the masses of the
heavy neutrinos M1 . M2 . M3, 2Imf (hl)

IJ → 1
8π , g? ∼ 100 and ∑α |yαI |2 & |YI |2 induces∑

α
|yαI |2∑

α
|yαI |2+|YI |2

∼ 1. As a consequence, the production of the observed asymmetry demands,
in order of magnitude,

Max[θ2y2]
(
Tnuc
Treh

)3
∼ 10−6, (3.8)

with an O(1) CP phase and |YI | ∼ |YJ |.
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3.1.2 Constraints on the model

Let us examine various bounds on the construction proposed. Let us start from neutrino
masses. Indeed after the PT, the Lagrangian (3.1) generates a dimension 5 operator of the
see-saw form [37–41] ∑

I,α,β

θ2
I

yαIy
∗
βI(l̄cαh)(lβh)
mχ

(3.9)

which induces a mass for the active neutrinos (for the heaviest light neutrino)

Max[mν ] ∼ Max
[∑

I

|yαI |2θ2
I

]
v2

EW
mχ

. (3.10)

Combining eqs. (3.7), (3.10) 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. (3.11)

Let us list additional conditions on this baryogenesis scenario which must be satisfied. First
of all, the decay processes of χ → hl, and χ → (hl)∗ have the same probability since χ is
a Majorana fermion. Then we need to make sure that, immediately after the reheating,
processes involving χ do not erase the asymmetry stored in the SM sector. Let us list these
processes and their rates:

• χ production in lh collisions: ideally we have to solve the Boltzmann equation for
the density evolution, which focusing only on this process will be given by:

szH(z)dYl,l
c

dz
= − Yl,lcYh

Y eq
l,lcY

eq
h

γ(hl→ χ) + Yχ
Y eq
χ
γ(χ→ lh, (lch)), (3.12)

where z ≡ mχ/T (not to be confused with the spatial direction z along the wall) and
Yi ≡ ni/s. However note that χ, χc decay quickly with the rate Γ ∼ y2θ2mχ

4π � H

unless we consider the scales close to the Planck mass, this process induces that the
density Yχ is always kept close to equilibrium. Introducing the asymmetry density
Y∆α ≡ Ylα − Ylcα and subtracting for the matter anti-matter densities, we obtain

szH(z)dY∆α

dz
= −Y∆α

Ylα
γ(hlα → χ) (3.13)

where γα[z] ≡ γ(hlα → χ) is given by [42]

γα[z] = gχT
3

2π2 z
2K1(z)Γα (3.14)

where the Bessel functions K1(z) satisfy the two limiting behaviours

zK1(z) =

1 z � 1,√
πz
2 e
−z z � 1.

(3.15)
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So, for large values of z, we get

dY∆α

dz
' −0.42e−zz5/2

g
1/2
∗ gα

(
Mp

mχ

)(
gχΓα
mχ

)
Y∆α , Γα ≈

∣∣∣∣∣∑
I

yαIθI

∣∣∣∣∣
2
mχ

8πgχ
. (3.16)

Solving this equation numerically we can find that Y∆α remains invariant for
mχ/Treh & 15 (for the scale mχ ∼ 109 GeV), so that the wash out process can be
safely ignored. The following approximate relation for the minimal mχ/Treh to avoid
wash out is valid

mχ

Treh
& log Mp

mχ
− 9 (3.17)

where we took θI ∼ 10−2 as a typical value. Similarly to the process above there will
be additional effects which can lead to the wash-out of the lepton asymmetry like;
hl → φχ. However the rate of this reaction will be further suppressed by the phase
space and it will be subleading compared to the hl→ χ.
The mild hierarchy in eq. (3.17) between mχ and the reheating temperature is eas-
ily achievable in the case of long and flat potentials where the difference of ener-
gies between false and true vacua is smaller than the VEV: Treh ∼ (∆V/g∗)1/4 .
O(10−1)〈φ〉 ∼ O(10−1)mχ, which can be achieved for example by simply taking
small quartic coupling in the φ potential. This happens typically in models with ap-
proximate conformal symmetry [43–46], and in the case of models containing heavy
fermions [47, 48].

• On top of these wash out effects there will be the “usual” processes from the llhh
operator hcl → hlc, ll → hh and hh → ll which will violate the lepton number with
rates

Γ(hclα → hlcβ)(T ) = 2gβ
π4

∑
iI

θ4
iI

m2
χ

y2
iαy

2
iβ

nh
neqh

1
neqα

T 6 ≈ 4
1.2π2gα

∑
iI

θ4
iI

m2
χ

y2
iαy

2
iβT

3.

⇒ Γ(hcl→ hlc) ≈ 2
1.2π2

(
mν

v2
EW

)2

T 3. (3.18)

(where we consider the heaviest light neutrino mν in our estimates) and may wash
out the asymmetry created. Requiring these processes to be slow, we arrive at the
condition

Γ(hcl→ hlc) < H(Treh) ⇒ Treh . 5√g?
v4

EW
Mpm2

ν

∼ 5× 1012 GeV, (3.19)

where we took m2
ν ∼ 0.0025 eV2.

• During the symmetry breaking topological defects may be formed. For the cosmic
strings 〈φ〉 . 1014 GeV is needed to evade the CMB bound [49]. If the U(1) is explic-
itly broken by the potential of φ, domain walls will form. Depending on the explicit
breaking the domain wall or string network would be unstable and decay. In this
case the CMB bound is absent. Instead, the string-wall network emits gravitational
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waves and may be tested in the future with VEV & 1014 GeV and the axion mass
range of 10−28–10−18 eV [50, 51].

• (Pseudo) Nambu-goldstone boson which may be identified as arg φ, exists in this
scenario. If it acquires mass via the explicit breaking of the U(1) symmetry, the
late-time coherent oscillation should not over-close the Universe. This requirement
sets an upper bound on the explicit breaking-term or the decay should happen early
enough. In the former case, we have a prediction on dark radiation corresponding
to the effective neutrino number of ∆Neff ∼ 0.03, since the light boson is easily
thermalized around and after the PT. This can be tested in the future.

In conclusion we can see that this construction can lead to the viable baryogenesis if
there is a mild hierarchy between the scales; MI > 〈φ〉 and mχ,MI > Treh. In particular
we need MI/〈φ〉 & 10 in order to remain in the range of validity for our calculation from
perturbation theory point of view and we need (mχ,MI)/Treh & 15 to suppress the wash-
out. Correct reproduction of neutrino masses makes this mechanism operative in the range
of scales 109 < 〈φ〉 < 5× 1012 GeV. We would like to emphasize that the discussion above
assumed one mass scale for all MI , and similarly all of the couplings Y, y are of the same
scale. However this is not the case in general and the discussion of such “flavour” effects
can significantly modify the allowed scale of the transition.

Before going to the next model let us mention that there is no lepton number violation
in the symmetric phase, and in the broken phase χ is heavier than the plasma temperature.
Thus the thermal leptogenesis does not happen in the parameter range for this scenario.

3.2 Low-energy baryogenesis via EW phase transition

In the previous section we have presented a model generating the baryon asymmetry during
the phase transition at the high scale. However we can wonder whether the mechanism
proposed (in section 3.1) can be effective for generation of the baryon asymmetry during
the EW phase transition. The necessary ingredient for the mechanism is a strong first
order electroweak phase transition and various studies indicate that even a singlet scalar
(see refs. [52–58]) or dimension six operator (see refs. [58–62]) extensions of SM can do
the job. In this paper however we take an agnostic approach about the origin of such EW
FOPT and just assume that it has happened with nucleation and reheating temperature
as an input parameters and leave the detailed analysis of the explicit realizations for the
future studies. Below, we present a prototypical model and schematically illustrate how it
operates on figure 3:

L = LSM +m2
η|η|2 +

∑
I=1,2

MIB̄IBI

+

 ∑
I=1,2

YI(B̄IH)PLQ+ yIη
∗B̄IPRχ+ κηcdu+ 1

2mχχ̄cχ+ h.c.

 . (3.20)

As before we do not write kinetic terms. The model contains a Majorana field χ and two
vector-like B quarks with the masses M1,2 ∼ mχ. Here η is a scalar field which is in the
fundamental representation of QCD with electric charge Q(η) = 1/3, Q, u, d are the SM
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Figure 3. Mechanism at play in the low energy baryogenesis.

quark doublet and singlets respectively, we ignore the flavour indices for now, H is the SM
Higgs and we assume that the EW phase transition is of the first order with relativistic
enough bubbles.5 Note that the interaction LHχc is consistent with all the gauge symme-
tries of the model, however we set it to zero in order to avoid proton decay. This can be
attributed to some accidental discrete symmetry.

Let us assume that only the third generations couples to the heavy vector like B quark,
Q = (t, b) in eq. (3.20), then unlike the previous leptogenesis model, asymmetry will be
generated when the relativistic SM b quarks are hitting the wall.

Let us look at the baryon number assignments of the various fields in our lagrangian:
B(η) = 2/3, B(χ) = 1, so that the mχ violates the baryon symmetry by two units. In this
case, the story goes as follows: the sweeping of the relativistic wall, via the collision of the
b-quarks with bubbles, produces BI , Bc

I . Thus inside the bubble

nBI − nBcI = −θ2
I εIn

0
b

nb − nbc =
∑
I

θ2
I εIn

0
b (3.21)

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. (2.18) (in this case there is no i index since we coupled it
only to the third generation of quarks). CP asymmetry will be generated by the diagram
represented on the figure 4 with χ, η fields running inside the loop. The loop function
generated by the diagram of figure 4 becomes

f IJB (x) =
∫

d4p

(2π)4
PR(/p+mχ)PL(/pout +MJ)PL

(p2 −m2
χ + iε)((p− pout)2 −m2

φ + iε)(p2
out −M2

I + iε) (3.22)

5This model is not the only possible realisation of the successful baryogenesis via the EW phase transition.
In appendix B, we list several variations of this model.
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b

< h >

BJBI

*

Figure 4. One loop diagram contributing to the b→ B transition.

after taking the imaginary part, we obtain

Im
[
f IJB (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

)
(3.23)

Compared to eq. (2.21) we have an additional 1/2 factor (at the massless limit of η, χ)
because η, χ are SU(2)L singlet now.

Similarly to our general discussion after the passage through the wall the following
asymmetric abundances will be generated∑

I

(
nBI − nBcI

)
= −(nb − nbc). (3.24)

Let us see what will happen after BI decays. There are two decay channels that lead
back to b quarks and thus can erase the asymmetry, one which is direct back-decay to
SM BI → bh (h is the CP even neutral component of the Higgs doublet) and the other
through χ, η, BI → χηc if kinematically allowed. The last channel will lead to the following
decay chain

BI → χηc → χdcuc. (3.25)

Let us look at the decays of the χ field. For concreteness we will assume the following
ordering of the masses

MI > mχ > Mη. (3.26)

Then the Majorana fermion χ is not stable and decays

χ→ bη, (3.27)

where χcbη interaction is generated after EWSB due to the mixing between vectorlike
quarks and SM fields once the Higgs boson develops the VEV. The η field later decays
to two quarks. However the Majorana nature of the field χ makes the decay to the CP
conjugate final state open as well so that

χ→ bη → bdu

χ→ bcηc → bcdcuc, (3.28)
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decays are allowed and both final states have the same probabilities. As a result there
will be two decay chains of B one leading to the generation of the baryon asymmetry and
another to the wash-out

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

(ii) asymm. generation : BI→χcdcuc→ (bcdcucdcuc) Bc
I→χdu→ (bdudu) (3.29)

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

(nq − nqc) =
∑
I

(nBI − nBcI )
[(
−5

2 + 1
2

)
Br(BI → χηc) +Br(BI → bh)

]
+ (nb − nbc)

= −3
∑
I

(nBI − nBcI )Br(BI → χηc), (3.30)

where we have used Br(BI → χηc) + Br(BI → bh) = 1 and eq. (3.24) to derive the
last relation. At last we have to take into account CP violating decays of the B particles
similarly to the discussion in eq. (3.4)

εIdecay = Γ(BI → χηc)− Γ(BI,c → χcη)
Γ(BI,c → χηc) + Γ(BI,c → χcη) = −

4Im(YIY ∗J y∗IyJ)Im[f IJB ]|mη,χ→0

|yI |2
(3.31)

where the loop function is exactly equal to the one in eq. (3.23) with zero masses of the
particles inside the loop and an extra factor of 2, since inside the loop will now circulate
the EW doublet. Thus for the total baryon asymmetry we obtain

∆nBaryon
s

≈ 135ζ(3)
8π4

∑
I,J

θ2
I

|yI |2

|yI |2 + |YI |2
× gb
g?

(
Tnuc
Treh

)3

× Im(YIY ∗J y∗IyJ)
(
−2Im[f IJB ]
|YI |2

+
4Im[f IJB ]|mχ,η→0

|yI |2

)
. (3.32)

With 135ζ(3)
8π4 × |yI |2

|yI |2+|YI |2 ×
gb
g?

Im[Y2Y ∗1 y
∗
2y1]

16π|YI |2 ∼ 10−(3−4) and gb = 6 being the degrees of
freedom of b quark and assuming yI = O(1) and |yI | � |YI | ∼ |YJ |, recovering the observed
baryon abundance ∆nBaryon

s ∼ 8.8× 10−11 requires, in order of magnitude,

⇒ θ2
I

(
Tnuc
Treh

)3
∼ 10−(6−7). (3.33)

The decay chains described above are very fast compared to the Hubble scale so that
we can treat them as instantaneous. Indeed the

Γ(χ→ ηb) ≈
∣∣∣∣∣∑
I

yIθI

∣∣∣∣∣
2
mχ(1−m2

η/m
2
χ)

8πgχ
⇒ (3.34)

Γ(χ→ ηb)
H(vEW) ' 10−3Mp

mχ
� 1, (3.35)

since in the range of interest θ . 10−2 ⇒ mχ < 102 TeV.
Thus, after this first phase of very fast decays, that produces the baryon asymmetry

in the quark sector, slow transition mediated by the heavy states can still wash out the
asymmetry. In this part, we check for which region of the parameter space it is not the
case. The various wash-out transitions include
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• bη → χ

The decoupling of this transition provides the following condition, reminiscent of
eq. (3.16). In particular writing the Boltzmann in equation for the B-asymmetry we
will get:

szH(z)d(Yb − Ybc)
dz

' −γχ→ηb

(
YbYη − YbcYηc

Y eq
b Y eq

η

)
(3.36)

assuming that the asymmetries in B and η are related as follows

Yb,bc = (1± εq)Y b
eq, Yη,ηc ' Y η

eq (3.37)

then, we arrive at the following equation

szH(z)d(εqYeq)
dz

' −γχ→ηbεq, γχ→ηb = gχT
3

2π2 z
2K1(z)Γ(χ→ ηb)

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/m
2
χ)

8πgχ
(3.38)

Then the process is decoupled for the temperatures of EW scale if mχ/Treh & 30,
which pushes us to the limits of the maximal asymmetry which we can achieve in the
mechanism. Indeed assuming Treh ∼ 100GeV, we are required to have mχ & 3TeV
and mB & 3TeV. Note that on top of the process above there will be reactions
ηb → ηcbc which will also lead to the wash out of the asymmetry. This process is
suppressed by the Boltzmann factor for η field abundance so that the condition to
not erase the asymmetry becomes

mB,χ,η

Treh
& 30. (3.39)

• ddu↔ dcdcuc

After integrating out all the new heavy fields the following baryon violating number
operator is obtained.

ddudcdcuc

M4
η

× 1
mχ
× θ2 ⇒ 1

4π5

( 1
16π2

)2 T 11
reh

M8
ηm

2
χ

θ4 .
T 2

reh
Mp

. (3.40)

However, it can easily be seen that the rate of the baryon number violating processes
mediated by it are much slower than the Hubble expansion as well.

3.2.1 Experimental signatures

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 that
Q, u, and d are the third generation quarks.
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Neutron oscillations. The baryon number violating processes in the model will violate
the baryon number only by 2 units, so proton decay is not allowed but n − n̄ oscillations
can be present [63]. Integrating out the heavy states, we obtain the following operator

1
Λ5
nn̄

ucdcdcudd ≡ (∑κθIyI)2

M4
ηmχ

ucdcdcudd (3.41)

thus inducing a neutron mixing mass of the form

δmn̄−n ∼
Λ6
QCD

M4
ηmχ

(∑
κθIyI

)2
. (3.42)

Current bounds on this mixing mass are of order δmn̄−n . 10−33 GeV [64–68]. This is
extremely significant if the SM quarks in the Lagrangian are in first or second generation.
If we take order 1 couplings and θ2 ∼ 10−5, it places a bound on the typical mass scale of

Λnn̄ & 106GeV (Mη,mχ) & 105GeV (3.43)

This bound becomes weaker if the new particles couple only to the third generation. Then
we have an additional suppression factor (V 4

tdV
2
bu)1/5 ∼ 10−2. As a consequence, depending

on the flavor of Q, u, d our scenario can be tested in the future experiment [69–72].

Flavor violation. The model predicts new particles in the 1–103 TeV range coupled
to the SM light quarks-η field. So the question about low energy bounds naturally rises.
However the FCNC are absent at tree level for the η-diquark field [73]. The loop level effects
can lead to strong constraints if ηdu coupling contains the light generation quarks [73], but
if du are only the third generation fields tR, bR the bounds are practically absent.

Bounds from EDMs. If there is CP violation in the mixing between bottom quark and
heavy bottom partners then we expect an operator of the form

− ig3d̃q
2 Q̄σµνTAγ5QG

A
µν (3.44)

which is the chromo-electric dipole moment (see [74] for a review) with coefficient scaling
like

d̃q ∼ Im[y2
I ]
θ2
Imb

16π2
1

Λ2
EDM

(3.45)

where ΛEDM ∼ Mη ∼ mχ ∼ (1–100)TeV is the scale of the new physics that we are
considering. Up-to-date bounds [75, 76] are d̃b < 1.2 × 10−20 cm ∼ 10−6 GeV−1, which
include the nucleon EDM bound via the RG effect. Taking typical values of the mixing
angle θ2 ∼ 10−4, it can be seen that those bounds are not stringent.

Electron EDM is known to be one of the important test of the EW baryogenesis
theories. In our model the leading contribution appears at three loop level due to the Barr-
Zee type [77] of diagram with b−B mixing. The estimate of the dipole operator goes like

de
e
∼ me(yY e)2

(4π)6

( 1
Λ2

EDM

)
∼ 3× 10−33 ×

(10TeV
ΛEDM

)2
cm (3.46)

which is four orders of magnitude below the current experimental bound [78] |de|< 1.1×
10−29cm·e.
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Gravitational waves. One very 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 [79] for review). Such SGWB signal could be detected in future
GW detectors such as LISA [80, 81], eLISA [82], LIGO [83, 84], BBO [85, 86], DECIGO [87–
89], ET [90–92], AION [93], AEDGE [94]. 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.

Direct production in colliders. An almost coupling- and flavor-independent bound
is the LHC one. The heavy quark can be produced via the strong or electro-magnetic
interaction. From the recent squark or gluino bounds in the LHC e.g. [95, 96], we expect
a mass bound of ∼ 2TeV on the lightest colored particle.

3.2.2 Parameter region

By combining all the previous bounds and by numerically solving the washout condi-
tion eq. (3.38) we show the parameter region of this scenario in figure 5. Here the horizon-
tal axis is the Tnuc which, in order to produce a relativistic bubble wall, is favored to be
smaller than Treh, which we took equal to 100GeV. The vertical axis denotes Mη(< MI),
which is the lightest diquark in this scenario. All the data points give the correct baryon
asymmetry ∆nB/s = 8.8 × 10−11, with all the couplings smaller than

√
2π. The green

points satisfy the bound on n − n̄ oscillation in eq. (3.43). The red and blue points do
not satisfy it, which implies a special flavor structure for example that only b is coupled to
the BSM particles. For both red and green points, both M1 and M2 satisfy the relativistic
wall condition (A.8) in the appendix, which is denoted by the black solid line. For the
blue points, the lighter of M1 and M2 satisfies the condition. The horizontal dotted at
2TeV is the typical bound on new colored particles. Therefore our mechanism predicts
light quark, which may be searched for in the LHC and future colliders. Moreover, since
our data points include parameter space both consistent and inconsistent with the neutron-
anti-neutron oscillation bound, some points with BSM particles that also couple to the first
two generation quarks can be tested in the future. Note again that Tnuc ∼ O(0.1)Treh may
be the consistent range for our scenario to work.

3.2.3 Baryogenesis from non-EW FOPT

At last we note that, with a simple modification of the model in eq. (3.20), the mechanism
can be operative for an arbitrary phase transition. Indeed let us assume that φ is the field
experiencing the FOPT then the following lagrangian:

Lφ = LSM +
∑
I=1,2

ỸI(B̄Iφ)bR +MIB̄IBI + λIBIχ
cη + κηcdu+ mχ

2 χ̄cχ (3.47)

can induce the required baryon asymmetry. The phenomenology remains similar to the
model of eq. (3.20) however the experimental constraints from n− n̄ oscillations and other
low energy searches become even weaker. At the limit, the only robust experimental
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Figure 5. Mη (which is the lightest colored particle mass) vs Tnuc in the low energy baryogenesis.
The green points satisfy (3.43), while the red and blue points do not satisfy it and thus require a
special flavor-structure. Both (the lighter of) M1 and M2 are taken to satisfy the conditions from
maximal wall velocity (A.8), which is shown by the black solid line, in the appendix for green and
red (blue) points. Here we fix 〈H〉 = Treh = 100GeV to consider the electroweak phase transition
and fix ∆nB/s = 8.8 × 10−11. Other parameters are randomly chosen within the perturbative
unitarity range. Below the 2TeV (dotted line) may be disfavored by the null detection of new
colored particle in the LHC.

signature of such a scenario is the GW background emitted if the VEV is not extremely
larger than the EW scale.6

4 Summary

In this paper we have presented a novel mechanism for the generation of the baryon asym-
metry during the early universe evolution. We have first shown that the mechanism of
production of the heavy particles from the relativistic bubble expansion during the FOPT
can lead to CP violating effects. This mechanism of particle production is out of equi-
librium, so that if baryon number violating interactions are present a baryon asymmetry
can be generated. We have constructed two viable baryogenesis models implementing this
idea. The first scenario is the phase-transition-induced leptogenesis, where the bubble wall
should be composed by some new Higgs field charged under the lepton number, and after
the phase transition we are still in the symmetric phase of the EW interactions but in the
broken phase of the lepton number. Later EW spharelons transfer the lepton asymmetry
to the baryon sector. In this scenario, a net B − L asymmetry is generated since the
Majorana term of the right-handed neutrino after the PT violates the B − L symmetry.

6For the values the VEV 〈φ〉 & 1012 GeV, there is no need to suppress the interaction HLχ since the
bounds from proton decay become compatible with experiment.
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Neutrino mass observations make the mechanism viable if the scale of the phase transition
is between [109, 1012]GeV, which makes it borderline detectable for the future gravitational
wave experiments such as ET [90–92]. The second scenario can happen during EW phase
transition. In this case, new fields charged under QCD with . 100TeV scale masses are
needed to have enough baryon number production. In both cases the baryon/lepton num-
ber violating interactions are coming from the Majorana masses of new heavy particles.
This leads to the Majorana neutrino masses in the first class of models and n−n̄ oscillations
in the second class of models. Another feature of this mechanism is that baryogenesis hap-
pens for the ultra-fast bubble expansions thus generically strong stochastic gravitational
wave signatures are expected. Moreover, in the case of the second scenario, the frequency
range is well within the reach of the current and future experiments.

Note added. When this paper was close to completion we have become aware of another
project discussing the baryon asymmetry generation due to the heavy particles production
in phase transition [97].
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A Dynamics of the transition

In our discussion of the phase transition we have been completely agnostic regarding the
origin of the potential and treated the Lorentz factor γw as a free input parameter. This
is obviously not the case and the nature of the phase transitions as well as the dynamics
of the bubble expansion depend on the details of the potential and the particle content.
However even without going into explicit models we can make few semi-quantitative claims
on whether the values of γw needed for the heavy particles production can be achieved or
not. In this respect it is important to recall the forces acting on the wall, which determine
the velocity of the expansion of the bubbles. First of all there is a driving force which is
given by the potential differences between true and false vacua

Driving force = Vfalse − Vtrue ≡ ∆V, (A.1)

and then there are friction forces due to the plasma particles colliding with the bubble
walls. Generically the calculation of these effects is quite involved but for the relativistic
expansions γw � 1 calculations become much simpler. At tree level (leading order LO),
the pressure from the plasma on the bubble wall [98, 99] has the form:

∆PLO →
∑
i

gici
∆m2

i

24 T 2
nuc, (A.2)
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where Tnuc is the nucleation temperature (roughly temperature when the PT occurs) and
∆m2

i is the change of the masses of the particle i during the PT and ci = 1(1/2) for
bosons(fermions). In the presence of the mixing between light particles and heavy particles,
which is exactly our scenario of production of out-of-equilibrium heavy states, there is a
second LO friction contribution from the mixing [1]. For the models under consideration,
this friction takes the form

∆Pmixing
LO → T 2Y 2

48 〈φ〉
2Θ(γwTnuc −M2Lw) (A.3)

and in this section we consider that 〈φ〉 is the scale of the symmetry breaking. At last in
the presence of the gauge bosons which gain mass during the phase transition the pressure
receives Next-To-Leading order (NLO) correction [100]

∆PNLO '
∑
i

gig
3
gaugeγwT

3
nuc
〈φ〉

16π2 , (A.4)

where ggauge is the gauge coupling. Unlike the LO pressure contributions this effect is
growing with γw thus eventually stopping the accelerated motion of the bubbles.7 In order
to estimate the maximal value of the γw achievable during the FOPT let us consider the
bubble expansion in two cases; i.e. with and without the γw dependent friction (that is to
say, with and without gauge bosons).

1. Friction is independent on γw (no phase dependent gauge fields8). In this case, if
∆V > PLO, the bubbles will keep accelerating till the collision and the γw at collision
can be estimated as [103, 104],

γw,MAX'
2R∗
3R0

(
1−PLO

∆V

)
, R0∼ 1/Tnuc, R∗≈

(8π)1/3vw
β(Tnuc)

, β(T ) =HT
d

dT

(
S3
T

)
⇒ γw,MAX∼

MpTnuc
〈φ〉2

(A.5)

where R? is an estimate for the bubble size at collision and R0 is the bubble size at
nucleation and β the inverse duration parameter of the transition.

2. Friction depends on γw: (gauge symmetry is broken during the PT). In this case
equating the friction and the driving force gives the maximal velocity of the bubble;

∆V = ∆PNLO(γw ≡ γw,MAX) ⇒ γw,MAX ≈
16π2

g3
gauge

( 〈φ〉
Tnuc

)3
. (A.6)

Combining the results for the two regimes of the bubble expansion we get

γMAX
w = Min

[
16π2

g3
gauge

( 〈φ〉
Tnuc

)3
,
MpTnuc
〈φ〉2

]
if ∆V > ∆PLO. (A.7)

7Interestingly for the confinement phase transition [101] even the LO contribution is found to be pro-
portional ∝ γ.

8There is a claim that even the gauge fields which do not get mass during the PT can provide γ dependent
friction, see ref. [102] for original calculation and [1] for criticism.
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This results in the maximal mass of the heavy states which can be produced during the
PT which is given by

MMAX ∼ Min
[

4π
g

3/2
gauge

〈φ〉2

Tnuc
,
M

1/2
p Tnuc
〈φ〉1/2

]
(A.8)

If we assume Tnuc ∼ (0.1–0.01)〈φ〉, then for EW phase transition the maximal mass of the
state we can produce becomes

MMAX
EW ∼ (102–103)vEW ∼ (10–100)TeV (A.9)

So that the model in the section 3.2 immediately satisfies this criteria. The same is true
as well for the model in section 3.1 since in this case

MMAX ∼ (0.3–0.1)
√
Mp〈φ〉 (A.10)

and, for an efficient production of heavy states we needed 10−(2−3) . θ ∼ 〈φ〉M .

B Variations on the models

In this appendix, we will list the modifications of the models presented in the main text in
section 3, which can realize a successful baryogenesis scenario with significantly different
phenomenology.

B.1 Alternative phase-transition induced leptogenesis

The simplest modification we can take of the eq. (3.1) is the consider the opposite chiralities;

Lint =
∑
iI

(
YiI(φχ̄i)PRNI+Y ?

iIN̄IPL(φ†χi)
)
−V (φ)+

∑
i

λχφχ̄
c
iχi+

∑
I

MIN̄INI︸ ︷︷ ︸
Toy model of Dark Sector

(B.1)

+
∑
αI

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

In this case the generation of CP asymmetry proceeds in the similar way to the discussion
above but neutrino masses are generated at one loop level. As a result parameter space
with lower masses mχ by around two orders of magnitude becomes accessible. We leave
the thorough study of this case to further studies.

B.2 Alternative baryogenesis models

Let us here enumerate the possible change that we can make in the Lagrangian of eq. (3.20)

• We can couple η instead of the right-handed to the left-handed ones via ηcQQ.

• We can also couple the opposite chirality to the diquark with the coupling yηχPRB.
In the case of the coupling yηχPRB, on the top of the previous estimates, there will
be an additional mb/MB suppression in the χ decay and a similar m2

b/M
2
B is the n−n̄

oscillations.
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• We may also replace Bi by an up-type-like quark, and assume that it mainly couples
to the top quarks, this effect is suppressed by a further Boltzmann factor. Then the
Lagrangian is given as∑

i=1,2
Yi(ŪiH∗)Q+MBiŪiUi + λiUiχ

cη + κηcdd+ mχ

2 χ̄cχ+mη|η|2. (B.2)

Here dd denotes (d2d3 or d1d2). The FCNC constraint is stringent but there is a
viable parameter region.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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