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Abstract

First order phase transitions (FOPT) in the early Universe can be powerful emitters of both rel-
ativistic and heavy particles, upon the collision of ultra-relativistic bubble shells. If the particles
coupling to the bubble wall have CP-violating interactions, the same collision process can also
create a local lepton or baryon charge. This CP-violation can originate from different channels,
which have only been partially addressed in the literature. We present a systematic analysis
of the different channels inducing CP-violation during bubble collisions: 1) the decay of heavy
particles 2) the production of heavy particles and 3) the production of light and relativistic
Standard Model (SM) particles.

As an illustration of the impact that such mechanisms can have on baryon number and dark
matter (DM) abundance, we then introduce a simple model of cogenesis, separating a positive
and a negative lepton number in the SM and a dark sector. The lepton number asymmetry in
the SM can be used to explain the baryon asymmetry of the Universe (BAU), while the opposite
asymmetry in the dark sector is responsible for determining the abundance of DM. Moreover,
the masses of light neutrinos can be understood via the inverse seesaw mechanism, with the
lepton-violating Majorana mass originating from the FOPT.

A typical signal produced by a FOPT is the irreducible gravitational wave (GW) background.
We find that a substantial portion of the parameter space can be probed at future observatories
like the Einstein Telescope (ET).
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1 Introduction

In the era of multimessenger cosmology, phase transitions (PTs) occurring in the early Universe have enjoyed
an ever-increasing focus from the particle physics community. PTs are associated with a change in the order
parameter, which in particle physics is usually given by the vacuum expectation value (vev) of a scalar
field, responsible for spontaneously breaking a symmetry of the theory. A particularly interesting case is
a first order PT (FOPT) whereby the vev changes discontinuously across a barrier between the symmetric
and broken phases. FOPTs proceed via the nucleation of spherically symmetric true vacuum bubbles in
the false vacuum background. The nucleated bubbles then expand outwards until they collide with other
bubbles, and the true vacuum bubbles fill the whole Universe. The physics of the FOPT is rather subtle.
It entails a rich variety of phenomenological applications such as baryogenesis describing the observed
BAU [1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13], providing production mechanisms for heavy DM [14, 15, 16, 17,
18, 19, 20, 21, 22, 23, 24, 25, 26] and primordial black holes [27, 28, 29, 30, 31]. Complementarily to collider
experiments, FOPTs featuring GW signals also provide an additional avenue for testing models of new
physics [32, 33, 34, 35, 36, 37, 38]. An additional attractive feature of FOPTs is that, though not occuring
in the SM, they can rather easily be realized in a large variety of well-motivated beyond the SM (BSM)
models like composite Higgs [7, 8, 39, 40, 41, 42, 43], extended Higgs sectors [44, 45, 46, 47, 48, 49, 50, 51, 52],
axion models [53, 54], dark Yang-Mills sectors [55, 56] and B — L breaking sectors [57, 58].

The interactions between the bubble wall and the surrounding thermal plasma which we will refer to
as BP interactions in what follows have recently been studied in great detail. In the regime of relativistic
bubble expansion, when the boost factor grows very large, v, = 1/4/1 —v2 > 1 where v,, denotes the
velocity of the wall, it was first shown in [59] that the ultra-fast bubble wall could allow exotic 1 — 2
interactions, otherwise forbidden in vacuum. Subsequently, [60] argued that particles much heavier than the
scale of the transition could be produced in 1 — 1 and 1 — 2 processes due to the Lorentz violating bubble
wall background, which will subsequently propagate in shells around the bubble wall [61]. The maximal
mass of particles that can be produced via such interactions scales like MgE* ~ /7uvThue, Where Thyc is
the nucleation temperature to be defined later and v the scale of the symmetry breaking.

The later occurring collision of bubbles have been shown to also be a powerful source of heavy particles,
through the so-called bubble collision mechanism, that we will refer to as BC or the BC mechanism from now
on, whereby particles as heavy as MpEE* ~ v,v can be produced upon the collision of bubble walls[14, 62, 25].
This mechanism of production has been studied for different phenomenological purposes. Its impact on the
DM abundance was investigated in [14, 25], mainly in the context of heavy DM. Authors [63] discussed a
model where the heavy particles that are created by the collision of ultrarelativistic bubbles decay out-of-
equilibrium and violate the CP symmetry, contributing to the baryon number of the Universe. A similar
setup was studied in [64] and applied to baryogenesis via leptogenesis. In those two studies, the CP-violation
was assumed to lie only in the decay of the heavy particles produced during the BC. However, it is known
that in the context of the BP interactions, CP-violation in the production of heavy state can lead to the
dominant contribution to the final baryon number [10]. This CP-violation in production was neglected in
former studies on the BC mechanism. Hence, in this paper, we extend the previous studies by computing the
asymmetry resulting directly from the production of heavy particles, and we analyse the phenomenological
impact.

Our study contributes to three different aspects:

e First, we analyse the CP-violation in the production of the heavy particles in the case of the BC
mechanism.

e Secondly, we study the CP-violation in the 1 — 3 processes where the heavy particle is not produced
on-shell, but the light particles from the SM are produced via an off-shell heavy particle. We will see
that this process also contains CP-violation, and we will quantify it.

e Thirdly, we show the equivalence between the QFT formalism used in the studies of the BP interactions
(see for example [10]) and the formalism used in the literature on the BC mechanism [14, 62, 25].

The remainder of this paper is organised as follows. In section 2, we review the mechanism of particle
production via the collision of bubble walls and lay down a series of relevant expressions for the rest of
the paper. In section 3, we present the computation of the CP-violation during the BC. In section 4,
we introduce a minimal model, taking advantage of the BC mechanism to produce the observed BAU
and the DM abundance of the Universe while also providing a possible explanation for the masses of the



light neutrinos via the seesaw mechanism. We finally evaluate the prospects for testing the model by GW
observatories. Eventually, in section 5, we conclude.

2 Production of relativistic and heavy particles via bubble to bubble
collisions

In this section, we first review the production mechanism of the BC and present most of the necessary
material for the rest of the study. We will consider two qualitatively different cases: in the first case the
collision of the scalar shells of the true vacuum bubbles results in the production of heavy particles, while
in the second case light boosted particles are produced instead.

2.1 General set-up

As a first toy model, let us augment the SM Lagrangian with the following terms
- 1 _ 1 -
LD Y@PrNx + 5myNN + omyxx + > yaPrN(HLo) - V(¢,T), (1)
o

where N,y are heavy Dirac fermions. In particular, N, that we will occasionally also refer to as a heavy
neutrino, is absent from the plasma during the bubble wall collision, due to Boltzmann suppression. The
lepton number assignments are as follows L(N) = L(L,) = L(x) = 1. We consider the following hierarchy
of scales:

my > mX > Treh ~ U > VEW , (2)

where (¢) = v is the scale of the symmetry breaking associated with the potential V (¢, T) and vgw is the
electroweak (EW) symmetry breaking scale. The reheating temperature Ty, denotes the temperature of
the plasma after the PT has completed. At this level, the lepton number is a symmetry of the Lagrangian
before and after the PT, and the field ¢ is not charged under the lepton number. Conversely, the ¢ vev,
associated to the minimum value of the potential V (¢, T') which we assume to induce a FOPT, could break
some new global or gauge symmetry independently of the lepton number. We remain agnostic about the
exact form of the potential for simplicity and generality.

Before moving on, let us briefly comment on the terms not included in our toy Lagrangian in Eq.(1).
In principle, interactions of the type ¢NN, ¢x¥ are also allowed by symmetries, however they are only
subleading corrections to the masses of the heavy N and x in the broken phase, and do not impact the
CP-violation in production. Notice that the chirality assignments in Eq.(1) are not the only possibility.
Thus, we also study the opposite possibility in Appendix A. Finally, another interaction allowed without
imposing additional symmetries is of the form LHPry. We will study the impact of such an operator at
the end of section 3.2. In Appendix B we discuss a concrete model with a new local U(1) symmetry where
such terms are avoided by construction.

2.1.1 First order phase transitions and particle production

Now let us connect our chosen toy model with the physics of FOPTs and the associated particle production
mechanism. FOPTs proceed via the nucleation of true vacuum bubbles surrounded by the false vacuum. At
the interface between the two phases, the scalar field ¢ interpolates between an unbroken (¢) = v = 0 and
a broken phase (¢) = v # 0. The energy difference AV between the two vacua corresponds to the latent
heat released by the PT. For strong PTs where vacuum energy dominates over thermal radiation AV can
be parameterized via

AV =Vig—o — Vigy—o = eyt (3)

After nucleation, the bubbles start to accelerate and can either i) reach a terminal velocity, or ii) enter the
so-called runaway regime, accelerating closer and closer to the speed of light until collision. In the first case,
most of the latent heat released by the transition goes to the formation of plasma sound waves and the
heating of the plasma, thus limiting the energy available for particle production processes. In the second
case, a significant (order 1) fraction of the latent heat goes to the shear stress in the scalar wall, which
accumulates energy until collision.



Whether case i) or ii) is realized depends heavily on the model under consideration and depends on the
forces acting on the bubble wall, which in turn control the bubble expansion velocity. These forces include,
first, a driving force arising from the difference in vacuum energy between the false and true vacua:

Driving force = AV, (4)

as well as frictional forces due to interactions with plasma particles colliding with the bubble wall. In general,
computing these effects is quite complex. However, in the highly relativistic regime ~,, > 1, the calculations
simplify significantly. At tree level (leading order, LO), the pressure exerted by the plasma on the bubble
wall [65] takes the form:

APro — Z giciTZ’Tguc ) (5)

where Ty is the nucleation temperature (i.e., the temperature at which the phase transition occurs), Am? is
the change in the squared mass of particle ¢ during the transition, and ¢; = 1 for bosons (1/2 for fermions).
When there is mixing between light and heavy particles, with coupling Y, a second leading-order (LO)
friction term arises, originating from the mixing itself [60]. For the models relevant to our analysis, this
friction contribution takes the form:

T2Y?
T 0?0 (YoThue — M2Ly,) . (6)

So, for pure scalar and fermionic theories with mild supercooling or gauged theories, since the two sources
of pressure above saturate to a maximal value at large 7, one can conclude that if [65]

mixing
AP g ° —

AV > APro + Pinci)xmg (Bodeker-Moore criterion) , (7)

i.e. the so-called Bodeker-Moore criterion is satisfied, the wall can runaway, and display large amounts of
energy stored in the shear stress of the wall.

In the case of gauged theories, due to the emission of soft gauge bosons, the so-called transition radiation
effect, the friction on the wall scales linearly with the boost factor v, = 1/4/1 — v2, [59, 60, 66, 67, 68]

yggvT?’ 1672 v \°
ransition radiation 1672 ' Vterm g3 Thuc

(8)

If this Yierm is bigger than the boost factor at collision of bubbles 4! (to be specified later, in Eq.(25)),
then one can consider the bubble being effectively in a runaway regime, it accelerating until collision.
Requiring effective runaway puts an upper bound on the gauge coupling g. For the numerical values that

will be considered in this paper, we find, using Eq.(25) below and definitions around it, an upper bound
Gmax ~ (47r)2/3 (v5/T4 Mpl) 1/3, which lies in the range gmax € [0.001, 1] for the values of v/Th, € [1,10]

nuc
that are used in our numerical analysis. This corresponds to a regime of moderate supercooling.

Finally, we briefly summarize the different particle production mechanisms that can be sourced by
the PT dynamics, discussed above. First of all, a single bubble wall expanding in vacuum cannot produce
particles. This can be intuitively understood by going to the wall frame where the scalar field profile is at
rest, and no particle creation can thus occur. However, the interaction of a bubble with thermalized particles
in the plasma violates the Lorentz symmetry and thus facilitates the production of both light and boosted
particles [59, 66, 67] as well as heavy particles [60, 17, 10]. Moreover, the Lorentz invariance violation during
the collision of ultrarelativistic bubble walls provides another source for particle production independently
of the presence of thermal plasma. In the remainder of this section, we will study the two CP-violating
processes during the BC, that are encoded in the Lagrangian in Eq.(1): the production of a heavy fermion
N, via ¢* — xIN and the production of two light SM particles via ¢* — xYHL. On Fig.1, we present an
illustration of the process discussed in this paper, along with the intrinsic CP-violation.

2.2 The production of a pair of heavy particles

We start our investigation with the study of the process ¢* — xN. The probability of emitting heavy
particles is given by [14, 62] !

IThe factor of 2 in front of the integral comes from the fact that the probability of particle production from the dynamics
of the scalar is given by the imaginary part of its effective action, P = 2Im[I']. See [25] for more details.
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Figure 1: Left Panel: Cartoon of the particle production from the BC mechanism. The bubbles in blue
collide, producing boosted particles via the channels ¢* — YN and ¢* — yHL, with an off-shell N. Right
Panel: Diagrams inducing the CP-violation via one loop insertion, the analytic form of those diagrams will
be computed in this paper.

dp.dw  ~
Porav =2 [ G162 PlnfEo syl - 21, )

where ¢(p,,w) is the Fourier transform of the scalar profile and Tm[S4 , xy (w? — p?)] denotes the imaginary

12
z

part of the two point function <q~5(w2 —pp(w? —p )> given by the decay rate of ¢ via the optical theorem.

It is given by

1 d>qd®k
vl =220 = 5 | Gryrae M3 v 20600 — k=)

2 | (2m)52E.2E,
1 (w2 —p2 — (m, +mpy)2)3/2
= i e I ot = e (0)
z

The probability of production is computed via two methods in Appendix C, where we show that the method
used in Ref. [10] to compute the production rate from the BP interactions (AVY method) is equivalent to
the computation in Ref. [62] (WW), used for the rate in the context of the BC mechanism. Let us note that
the result in the main text has a further factor of 1/2 compared to the result in the Appendix because of
the additional projector on the right-handed degree of freedom present in the Lagrangian Eq.(1).

Consequently, in the context of planar walls, the number of heavy particles per surface area produced
during the BC is given by

E’._Ew__/ dp.dw (w? — p2 — (my +my)?)3/?
Aly Al (

27)28nw W2 — p2

Y P0(w? = p2 — (my +mp) )bz ). (11)

At the locus of the bubble wall collision, the Fourier transform of the double wall becomes non-trivial.
We parameterize it by defining a function f(p?)

f(°) = |o(w® — p2)I?, (12)

which has been computed in the literature [14, 25] and is reported in Appendix D. The number of produced
particles per unit surface becomes

N YV[2 1 [Pra p? — (my, + my)?)3/?
Z} _ %16_7‘-/ dp2( ( X 2 N) ) f(p2) ) (13)
N (mx+mN)2 \/ D

The upper cut-off p2 .. is introduced by hand and is given by the thickness of the wall in the plasma
frame ~ (27,/Ly)?, where L, ~ 1/v. After the collision of the bubbles has finished, the particles produced
by the collision diffuse over the radius of the bubble, homogenizing their distribution®. At the end of this

2The heavy particles could of course, decay before diffusing. We will consider this effect later on in section 4.



process, the yield of heavy particles is given by

production per surface  Jiffusion

1 N 3
_ NN _ Ny
Yv=— =2 = —_ X
N s s $(Tren) Aly 2Rcon
1 36H Y|? [Phax P2 — (m, +my)2)3/2
~ = 4/3 X ’2 ’2 / dp2( ( X > ) ) f(pQ), (14)
5(Tren) 4(8m)* /3wy, T Jimy+m)? p

where R.op is the average radius of the bubbles at collision and the entropy density s is given by s(7T') =

g*%T?’ with g, denoting the number of relativistic degrees of freedom. The radius of the bubbles at collision
is controlled by the typical dimensionless duration of the transition 5(7")

(8%)1/3%} d <53>
Rt = s B =T (7)) 15
ol H(Tren)B(Tren) (T) dI' \'T ( )
where v,, denotes the speed of the expanding wall and the Hubble rate is given by
2 Prad 1 72gs, 4

3ME,  3ME 30

where Mp) ~ 2.4 x 10'® GeV is the reduced Planck mass and S3 is the O(3)-symmetric Euclidean action of
the nucleating bubble, obtained by solving the bounce equation for the scalar profile, which determines the
rate of the PT. The nucleation temperature T}, can be estimated from S3 via

53 ( Tnuc ) 3 < SB )
~4log| ——— | +=1o . 17
Thue & H (Tnuc) 2 & 21T e ( )
Using energy conservation, both T, and Ty, can be expressed as
301 +a) \Y4 30 1/4
Trch = <(2)CV> v, Tnuc - 2 cy v. (18)
gxT ¢ GxiT= X

where g, g.; are the number of relativistic degrees of freedom at 7' = T}ep, Thuc respectively with g, =
gxi = 106.75, and « the strength of the PT, determined by the ratio of the energy released in the transition
to the thermal energy of the plasma o = AV/pyaq.

After the PT completes, the Universe is filled by the true vacuum, while the rest of the latent heat
is relased to the plasma, which heats up, increasing the entropy. To obtain the yield Yy = ny/s one can
perform an order of magnitude estimate:

(2ywv)? 2 2\3/2 (2vwv)? 2 2\3/2
/ dp? (p (my +mn)?) f(p2) ~ N x 161)2/ dp? (p* — (my +mn)*) ’ (19)
(mx+mN)2 \/p (mX+mN)2 p5

where N denotes the approximation for the p-dependent logarithm in the f-function, 2log (v22 — 1+ 2) &~ N,
where z = 2v,,v/p, as explained in Appendix D. We will keep using this expression in the rest of the paper.

An important comment is now in order: before the results of [69] it was believed that only elastic
collisions could generate an appreciable abundance of very heavy particles. In [69], however, it was shown
numerically that both elastic and inelastic collision share the same dominant contribution term fpg for the
production, making the particle production almost independent of the type of the collision. As a conservative
model-independent assumption, in the following we will only consider the contribution from perfectly elastic
collisions, neglecting the oscillation around the peak that was also found in [69].

Combining Eqs. (14) and (19) the yield of heavy particles N due to BC will scale like?

yBC 0012N|Y|2ﬁ< o )1/4 . ( 2w > (20)
~ 0. — 0 ,
N 1w \30(1 + a)gecy ) Mpp ° \my + my

We observe immediately that, except for the cases of very large v, the produced abundance YEC is
much smaller than the abundance of light particles in the plasma, which is typically Yjight ~ 1073.

%Notice that this result differs by a factor 1/3.2 with respect to the one presented in [64]. A factor of 1/2 is explained by
the fact that we have accounted for a missed factor of 1/2 in Eq.(10).



2.2.1 A possible saturation and implementation of the UV cut-off

For consistency, it is important to check that the energy of the particles produced via the BC mechanism
does not exceed the overall energy released by the PT, otherwise the production would backreact on the
wall dynamics and likely suppress the resulting number density. Before any rescattering with the plasma,
we can estimate the energy in the produced particles to be*

E E 1 dp.dw (w? —p? — (my + mN)2)3/2 9
Bl s] v o
Aly Al 2) (2m)%8n w2 — p2

z

w? =% = (my +my)?)|o(w? —p2)*. (21)

The overall factor of 1/2 is added to take into account the fact that more or less half of the energy goes into
each particle. After diffusion of the fast particles, the energy density becomes

36H E
N X —| . 22
pi 4(8m)4/3v, A ‘Z (22)
In our model, those expressions can be estimated to give
1 3BH v ? /p?m ( )3/2

BC BC 2( .2 2 2
PN = Pt N = X dp*| p* — (my + mn f(p*). 23
N X 2 4(8m)4/3y,, 2w (my+mu)?2 (mx ) (v°) (23)

Using Eq.(23) the energy density stored in the heavy particles at the production can be then estimated as

T2 U2
R = 2 = o002y P LI (24)
w

This energy density is a linear function of the wall boost factor, and thus the energy of produced
particles may grow without limit unless a cut-off is introduced. The boost factor for runaway bubbles at
collision is given by

2 R 2 2/ 10 Mp| Topue (877) /3 Mpi T,
Y(R) & s5— ~ 2RTwe =35~ Pilunc(87) Tow g o MeiTouct (25)
3 Ruue 3 W\/SZB Treh \/ﬁﬁ Treh

Using Eq.(25), the energy density in heavy particles becomes
PS¢ &~ 0.016N|Y |20 Thye - (26)
Neglecting backreactions of the particle production on the wall motion would require
o+ pC < AV, (27)

The opposite regime p%c + pgc ~ AV denotes the regime of strong backreaction of the emission on the wall.

As a conjecture, let us now explain how to implement a cut-off to ensure that the energy of the particles
produced by the BC mechanism does not exceed the energy released by the PT, for all of parameter space.
To make this requirement more concrete, we define an upper cut-off s by replacing the upper bound in
the integral of Eq.(23) pmax — s

3/2
2 2
1 38H Y2 e P (p — (my +my) )
BC BC 2 2
PR Guan) = o2 (uar) ~ <oz [ dh W, e8)
X 2 4(87‘(‘)4/3vw 272 (my+my)2 2 V2
The value of the upper cut-off is then set by
20N (uar) = AV, (29)

4Notice that we did not include the dilution factor due to the injection of entropy into this expression. This is because we
are computing the energy density injected in the daughter particles, to study the possibility of a backreaction on the collision
process. Consequently, we need to consider this energy density before any dilution.



which can be solved for pps. The rationale behind this cut-off is that the production of particles, when it
starts to backreact on the wall shape, is naively expected to make the wall thicker, which decreases the upper
bound in the integral set by the thickness of the wall. Let us now estimate the effect of the backreaction
on the number of emitted particles. When we implement this same cut-off for the density produced, one
obtains

2

Y3 ~ 0. 012N\Y\ Ta Vo log ( Min2ywv, par]) (30)
30(1 + Oé)g*Cv Mpy my +my

We conclude that the backreaction effects are only expected to lead to a logarithmic correction to the
number of particles produced. This is only an order one correction if pipr > mpy +m,. We will use Eq.(30)
in the remainder of this paper.

2.3 Emission of light boosted particles

Due to the hierarchy outlined in Eq.(2), the N produced during BCs will almost immediately decay either
to ¢x or to HL. Importantly, however, for such production, N does not necessarily have to be on-shell. In
particular, if the scalar shells of the bubble walls are not boosted enough, i.e., if v,v < my, the production
of YHL or x¢ can also occur via off-shell N. In this section, we make use of that observation to specifically
investigate the emission of light boosted particles via an off-shell N. In this case, the dominant interaction
is o* — xHL. The three-body decay rate, for H LY, is given by

max max

o) = g WL [ [ A
¢*4)Hpr - (271-)3 32\/@ min Smln SlQ_mN) + ?VFZ

512

d812 d323 N (31)

containing a sum over the outgoing spins and where I'y denotes the total decay width of N. The integration
limits for so3 are given by

s = (B + B2 - (/B0 it - /(B —m) (32)

sgir = 51+ 57— (5~ + B2 ) 33)

with

The integration limits over si9 are

min max

S = (mu +mp)?, s =(p— mx)Q- (35)

In our regime of interest my > m, > my, mpy the asymptotic behaviour of the integral at low and high
energies can be described by simple analytic formulae:

. : Iy\ v|?
Low energies: pLmy: Ty 15367r3 (36)
High energies: p>my TosHLy QM@ . (37)
X 51272 Ty

We have explicitly checked the validity of these analytic estimates against the numerical evaluation of
Eq.(31). Let us now study those two regimes separately.

2.3.1 Emission of light particles at low energies

Assuming my, myg < p < my, we now compute the number density and energy density of the emitted H L
pair (denoted by Ngy and psy respectively), via an expression analogous to Eq.(13)

2
Ny L ~ Q‘me‘Z /pm‘md]'ﬁlz’4 ) (38)
A ¢*—xHL 1536773 mi 2772 m2 ’

38H  |yl'IY[? /pmax dp? p'
(8m)1/3vy, 153673 2 212 m2,

(*). (39)

= NH,Lyx ~



Following the same logic as in the previous subsection, one can estimate the yield of light boosted LH pair
and x produced by the bubbles in the plasma to be

1 3BH  plax N x 16yl |Y ]

VEC  ~
EX ™ §(Tren) (87) Y30, ~ m3, 153673 (272)
1/4
~ 13 x 105Ny P2 o " Pt . (40)
v \ 30(1 + ) g«cy m3%; Mp)

Similarly, the energy density is given by

(41)

30(1+04)Cv>1/2 1 phaxt’
2

PH.Lx = PL + pH + py ~ 4 X 10_6]\7|Z/|2|Y|2UB<
w

4o Mp; m?\,

where both equations are valid in the limit p2,, < m%. Thus, we see that the number density and the

energy density from the light SM states is suppressed by pﬁlax / m?v compared to the energy density released
by the PT. Consequently, backreaction effects can be safely neglected.

2.3.2 Emission of light particles at high energies

On the other hand, when p > my, the number density of emitted particles for the process ¢* — yHL can
be written as

A |pmt (2m)2 51272 Ty Ty 2 A |y N
N—

Production rate averaged over final N spins

with the total decay rate I'yv = 2I'nv,zm + 2'nv—yg and T'nopg = ly|>my/(16m). We can interpret the
ratio

<FN—>LH

Ty ) =Br[N — HL], (43)

as the branching ratio of the decay of N to the light SM species. Notice the factor of 1/2 in front of the
production ¢* — Nx, which can be understood from the fact that Ny /A «_,,y 1s the rate of production
of N summed over final states. To correct for this, we average over the spin of the final state N-s.

This result hints that for energies larger than the resonance, the production of light HL is largely
dominated by the creation of on-shell fermion IV, also in the case of very large energies.

3 The asymmetry produced by the bubble collision

3.1 Baryon asymmetry of the universe (BAU)

One of the most interesting open questions in modern cosmology is the observed asymmetry between matter
and antimatter, the so-called BAU.

BAU can be expressed as the net comoving number density of baryons. The numerical value, obtained
by the latest measurements of the cosmic microwave background (CMB) [70] and the primordial abundance
of light elements [71], is given by

TLB—’HJE

~ (8.6940.22) x 10711 (44)
§ 0

YAB =
where np, ng and s denote the number densities of baryons, antibaryons and entropy at present. The
observed value of BAU cannot be simply interpreted as an initial condition in the very early Universe,
because inflation would dilute away any pre-existing asymmetry. Instead, the value given by Eq.(44) needs
to be generated during the evolution of the Universe via the so-called ‘baryogenesis’ mechanism occurring
after inflation. For a successful baryogenesis mechanism, the three Sakharov requirements need to be

satisfied [72]: 1) violation of Standard Model (SM) baryon number, ii) violation of charge (C) and charge-
parity (C'P) symmetries, and iii) departure from thermal equilibrium in the early universe. In principle, all
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Figure 2: Feynman diagrams for the CP-violation in the production of the N; and ;.

three Sakharov conditions could be satisfied in the context of the SM: strong electroweak (EW) or quantum
chromodynamics (QCD) PTs could provide the necessary departure from thermal equilibrium, the chirality
of the EW sector maximally breaks C', the Cabbibo-Kobayashi-Maskawa (CKM) matrix responsible for the
quark mixing includes a C'P-violating phase and sphaleron interactions violate the conservation of baryon
number. However, in the context of the SM neither the QCD [73] nor the EW [74] PTs are first order, and
so the departure from thermal equilibrium is not enough to explain the observed value of BAU. Moreover,
the CP-violation contained in the CKM matrix is below the amount needed to account for the observed
BAU [75]. Hence, it is tempting to conclude that explaining the value in Eq.(44) requires BSM physics.

An attractive way to explain the observed BAU in the context of BSM, is to first produce an asymmetry
in the lepton number and then transfer it to the baryons via sphaleron interactions. This is realized through
the scenario of leptogenesis [76] which takes advantage of the out-of-equilibrium CP-violating decay of the
right-handed neutrino to the SM. Several channels of production of the heavy fermion N, before their decay,
have been explored in the literature, including the prototypical thermal leptogenesis [76], the production via
the decay of heavier particles [77, 78, 79] or via a FOPT [63, 10, 13, 11, 64]. A somewhat particular feature of
leptogenesis via FOPT is that since the right-handed neutrino can be produced non-thermally, its mass can
be much heavier than the temperature of the ambient plasma when it decays. Consequently, leptogenesis
via the BC mechanism can be achieved even if the reheating temperature of the Universe never reaches the
mass scale of the right-handed neutrino. For the same reason, strong washout can also be avoided even for
heavy values of the right-handed neutrino mass, my ~ 104 GeV, as typically dictated by the type I seesaw
mechanism.

The possibility to decouple the mass of the right-handed neutrino from the temperature of the plasma
has motivated several studies of leptogenesis via the decay of the right-handed neutrino that is produced in
the presence of ultrarelativistic PT bubbles. However, in the context of PTs, to the best of our knowledge,
the CP- violation in the production of the heavy fermions N during BCs or in the direct production of light
SM states via off-shell N : ¢* — yHL has not been investigated in depth (with the exception of [10], that
considered the production mechanism from the BP interactions but not the BC mechanism.). This is what
we aim to do in this section.

To begin, we generalise the Lagrangian in Eq.(1) to include more than one flavour of y and N

L= YudNiPrx1+ Y i PRNi(HLo) + > m) NiN; + Y - m¥xixs — V(¢,T) + hec. (45)
i I

il 1%

where the indices take the values i, I = 1, 2.

Notice that there are several terms allowed by the presently imposed symmetries that we have not
included in our Lagrangian. The opposite chirality for the y/N¢ term is examined in Appendix A, while the
effect of coupling of ¥ to the SM is discussed at the end of this section. Furthermore, we have not included
any L violating interactions, since the masses of all of the gauge singlet fermions are of the Dirac nature,
and the field undergoing the PT ¢ is not charged under lepton number. We will discuss the inclusion of
lepton-number-violating terms in section 4.3.

3.2 CP-violation from bubble collisons

We now compute the CP-asymmetry resulting from the BC mechanism, separately considering the two-body
processes ¢* — x°N followed by N — HL, and the three-body process ¢* — x“*HL.
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3.2.1 CP-violation in the production of heavy fermions

We start with the production of a pair of heavy on-shell particles via ¢* — N;x§, where we use capital indices
for x, lower case indices for N and Greek letters for the SM families L,.> Using the model in Eq.(45), there
are three distinct diagrams up to 1-loop level, which are illustrated in Fig.3.1. The CP-asymmetry in the
N; and x7 populations immediately after the collision of bubbles is given by

‘M¢—>Ni>21|2 - ’M¢)~>N1X1|2

Zi] |M¢—>Ni>21‘2 + ‘Md)%N XI’Q

Zi,] |Yd| Zi,[ |Yzl|

where ¢;; refers to asymmetry in the population of N;x§ with respect to that of NSy ;. At this point, let
us emphasize that the coupling to the SM is crucial to avoid the freedom to define a further U(1) which
would enforce the cancellation of the CP-violation (see, for example [80]). This can be avoided if N has two
different decay channels®.

In the limit my > m,,my > mp, my the loop functions take the form”:

€I =

(HL) o) = d*p mim; Tr {poPR}
fij (v) = 2/ (zw)4 (p2 —ie)((p _Px)2 _ ie)(pN mz — %) [pr PL} (48)
fig?‘@(x) = / (d4p 1 Ir [@N?XWNWPL} ’ (19)

2m)t (p? —ie)((p — px)? — i) (P} —mf —i€) Ty [J/’prp L}

where the upper index ((HL) or (x¢)) identifies the particles running in the loop, py, pn denote the
momentum of the respective final states and p denotes the momentum of H or x in the loop.

The extra factor of 2 in the fi(jHL) () function comes from the SU(2) symmetry of the SM doublet.
The imaginary part of those loop functions can be easily computed:

1 1 m
Tjj = —5

£ (@)] = —— Y0 [0 ()] =

50
K 167‘(’1—(15'1‘]'7 327’[‘1—5(31']" ( )

Sl

The final effect of the CP-violating interaction is to produce an imbalance between Nixj and N;X;.
However, since no interaction is violating the lepton number, no net lepton number can be produced at this
step. What we observe instead is a separation of the lepton number in the x and the NV sector, respectively
nN; — NN, = niANi ~ Z € NN, My — MXT = NAx; = — Zedn)a ) (51)

i

with ny, and n,, denoting the number densities of IV; and x; from the BC mechanism and ¢ given by only
the contribution from the H L loop:

i 1 2]7&1 a Im [yzaya]szI}/;}] mlm]
bred = Tz o TVl o
®Notice that we do not use Einstein summation convention.
SFor example, consider decoupling the heavy fermions N; from the SM, by having a Lagrangian of the form
L= ZK1¢NPRX1+ZmZ N;N; —I—Zmlexf—i—hc (47)
il
Then one could define a x number such that x[x] = 1,x[N] = —1,x[¢] = —2, this symmetry immediately enforces that

I[N — ¢x] = T[N — ¢x]. Thus we need two different decay channels for N, which are given by the coupling to the x and ¢
and the SM particles.

"From now on, for the sake of clarity, we will drop the subscript x and N whenever they are not necessary, and so we will use
m; = mny,; and my = my, 1, where the capitalisation of the index will indicate if the mass designates the x or the /N fermion.
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In particular, in the limit that m; ~ m,, where m, is a typical mass of m, after summing over flavors, the
x¢ loop does not contribute in creating asymmetry in N.®

We have seen how the production of ¥ and N can entail lepton number violation in their separate
populations. However, since we have not introduced any lepton number breaking terms, the total change in
the lepton number should still be zero. Indeed, one can easily check that

The key difference between N and y, however, is that only IV interacts with the SM particles and thus can
decay to light SM states, transferring its asymmetry to the SM population. If the abundances in N and
x were left as such, the efficient interactions between the y, and N would equilibrate the lepton number.
However, once produced, the N will quickly decay to i) the SM via N — HL and transfer its lepton
asymmetry to the SM or ii) to the dark sector via N — ¢y, partially equilibrating the asymmetry. Since x
cannot directly decay into the SM, a net lepton asymmetry in the SM can thus be produced. Taking into
account the decay to the dark sector, we obtain

AL rod = MLa = N1 | rod & Z el oann, Br[N; — HLy) . (54)

prod

In section 4 we will discuss how such a scenario can be implemented in a concrete particle physics
model, leading to a realization of leptogenesis, and we explore how such a model can be modified to also
account for the observed amount of DM, inducing cogenesis.

3.2.2 CP-violation in the decay of the heavy Dirac fermion

In addition to CP-violation in the production, there will also be a contribution to CP-violation in the decay
of the produced N particles. In the decay of the heavy fermion N to HL, only the loop of ¢x leads to
CP-violation”. The CP-violation parameter €'“ from the decay of N; is defined by:

ia |MN~HLQI§|2 - ’MN'%EQHP

aa— L L . (55)
Yia My poal? + My SLaal

The contribution of the ¢x-loop mentioned above, then gives

m]ml

1 Z[ NEZ) Im [y]ayal}/zli/;*]]

7,0( - (56)
€decay = 397 Zz‘,a |ym|
The lepton number asymmetry resulting from the decay of IV is thus given by
NAL, ‘decay =NL, — nr., }decay ~ Z EziaecaynNiBr[Ni — HLQ] . (57)

i
3.2.3 Total asymmetry from the production and decay of on-shell heavy states

Combining the lepton number asymmetry resulting from production and the decay of the heavy fermion IV,
the total lepton number in the SM sector produced during the BC is given by

NALq 1 i >
e~ e“ny, + e“ny, |Br[N; - HL
S(Treh) (Treh) <Z Z ]

N L Z NN; m;m; (Z[ Im [yjayaiYEIYj*[] 225 Im [yzﬁyEJY;}Y;I]
327 i 5(Tren) ’I?’L2 - m2 Zi,ﬁ |yZ,3’2 Zi,] |Y;I|2

),

)Br[Ni — HLd],

(58)

8We have Im > el(.fX) = 0, where the superscript emphasizes that we consider the contribution from the x, ¢ loop. However,
one should remember that the sum over I is performed after multiplying with ny, that implicitly also depends on m,, (see
Egs.(51) and (20) ). Instead in the limit that m; = 7, for all I, we have nhy =nni >, Efx =0.

% Analogously to the production of N, in this case the contribution of the H L-loop to the n; — n; asymmetry cancels when

summed over the final state leptons, assuming that mr, < mn.
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Figure 3: CP-violation resulting from the process ¢* — H L, X5.

where ny; is the abundance of the heavy fermion N; given by Eq.(20).

As noted in the previous section, as soon as the on-shell production is allowed 2v,,v > mp, the final
abundance and thus also the lepton number asymmetry, depends only logarithmically on the boost factor
Yw-

Another contribution to the production of baryon number comes from the collision of y in the plasma
and the wall condensate [60, 10]. This contribution is only sizable if My < v, i.e. the x are abundant in
the plasma and the mixing between N and y is large enough. The baryon number produced by the BP
interactions is of the order

BP 2
AL -5 (Yﬁ)) m;my
~—4x10 g Y Im(YEY ey
S(T‘reh) %: m; ml- JzaJ tt Ijoag az)

: <2-1|2Y;1|2 > ﬁyaa?) a +1oz)3/4Br[N = HI X fog X 0w = mi/ (Tt (59)

X
In the regime m, > Ty, we have :r’e‘l ~ e Mx/Toue  For y ~ Y ~ Im[y] ~ Im[Y] and ma > mq, this
X

simplifies to

~4x10" X
5(Tren) momy (14 a)3/4 ngcel

nRY s Y4? Bi[N — HL] n, m3
Yo = 7 : (60)
nuc¥
We will compare this typical yield from the BP interactions with the one from the BC mechanism in Section

4.4.

3.3 CP-violation in the production of light SM particles

Previously, we considered the CP-violation associated with the production and decay of heavy on-shell
fermions. In addition, one can also consider the emission of ¢* — HL,x; with the heavy fermion N
appearing as an off-shell intermediate state. Perhaps surprisingly, such channels also carry CP-violation, as
we will describe now. The three diagrams contributing to the CP-violation are illustrated in Fig.3.

The contribution to the CP-violation is obtained by taking the imaginary part of the loop function, as
done before. Again, we define the € - parameter

| M7 —|M
e= _ ¢oXAL oL . (61)

|M|¢)—) YHL - |M|¢HXHL

For clarity, we split this parameter in terms of outgoing families, the fermion species in the propagators
(denoted by subscripts) and the loop inserted in the diagram (denoted by superscripts). Considering a loop
of HL, one obtains

(L) Im [mekzyjayﬁijiYﬂ p?vmimk
ea B4, k= 2 2\
zl” <ym o ey )) @mYHﬁ) (PR — mi) (R — mi) (R — m§)
where 7, j and k& denote the generation of the heavy fermion N appearing in the loop and tree level diagrams

respectively, « and I denote the indices of the outgoing L and ¥, and 5 denotes the family of the SM lepton
running in the loop.

(62)
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Obviously, this combination of couplings has a vanishing imaginary part if ¢ = j = k. Assuming two
generations for IV, this leaves us with the cases i # j = k and k = i # 5.'0 Summing over all intermediate
states as well as over the outgoing Y we then obtain for the H L-loop:

ey _ 2 T\ GRmDR - Wh—m) @ —m)? , (63)

: _167 i#j Zk 11 <ykaykfﬁ) (ylaYUW)*

5 (|¥er PyiotSavapvp|mivk | Imluse *YrYivesp Jmymipk
/37

This expression can be simply tested by scrutinizing its limit for py — m; and py — m;. We obtain
the two following limits

mjm; C
eHD) () — mj) = oo Z 0SS, [V P Z Z Im[Y, IYhyZﬁy]B]( ) CP-violating prod of NV; (64)
IV j#i BT "
m2
egHL) (pv = m ~ 167 |y2 | ZZIm ymngya]yﬁz]( ‘ UL ) CP-violating decay of N;. (65)
il 44

(HL

Those two pieces have a nice physical interpretation in terms of disconnected diagrams. € )(pN — mj)
can be interpreted as the production of an on-shell N; in CP-violating way with an inserted HL loop. In

this sense, it corresponds to CP-violation counted in Eq.(52). On the other hand, the term e (pn — my)

is the CP-violating decay of the N; with an H L loop. This term however, cancels after summing over «, as
was shown in the previous section.
Conversely, the CP-violation from the ¢y loop reads

(x9) ! fm [y’my“ vy VYo | pRm
a7/8’17i7j7k

5 (66)

167 S (ym . )) (yzaY (L) (P& — m3) (P — m3) (py —m})

Again, if we consider only two generations of N, then we have either j = k or ¢ = k. Summing over
the intermediate states and the outgoing x, we then have

3 (mlmeNthl Im(yaiys, Y7, Yis] mip?ﬂyajZlm[YﬂY,z&g*JYﬁ])
I,J

— 2y2 PR 2
egj)x) _ _i (pN my )(pN m; ) (pN m]) (pN* m ) (67)
16
T Dokl (ykayk](ﬁﬁil;li)) (ylayil(ﬁvnjilm%))
Doing the same test as above by taking py — m;, m;, we obtain
1 mym I ([Y 7 Y595 Yol
(¢X)( N - - J jJday o . '
e (py — my) = CP-violating decay of N, (68)
a 7 22 - |

mZmJIm ][Ylehyv;]]

16@1%\2 22T

i#j I,J J

(¢X) (pn — mj) = CP-violating prod of NVj. (69)

The piece e (

pn — m;) describes the CP-violating production of N; and vanishes upon summation

(¢X)(

of final states as we discussed before. On the other hand, €
N;, already captured in Eq.(56).

The regime of resonant leptogenesis m; — mo implies resonance in the CP-violating piece. We however
do not explicitly deal with this complication and assume I'i 2 < m; — mo. We emphasize that our result
might have relevant consequences on the scenario of leptogenesis catalyzed by the decay of a heavy particle
like the inflaton [81, 82, 83] or heavy ALP [77].

pN — m;) is the CP-violating decay of the

0The case i = j, corresponds to a loop correction to the mass of N in the propagator and thus does contribute to the
CP-violation.
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As we have seen, the number of H, L and x can be computed in the following way

3BH  NaL

dp.dw _, o |2
. p)|o(p°) = NAL R —— X — : (70)
$*—xHL / (2m)? o () | 2 A g yHL

NarL
A

where Nap, designates the N, — Ny. Computing the lepton asymmetry requires including the CP-violation
into the integral for the particle rate. The rate of the asymmetry production takes the form

St 25 2
re. / / MG (519, 523)| €ar(s12)dsi2 dsas (71)
( ¢ *)HLX) 27T 3 32p mln srzréin ‘ 0 ‘ @

The € - parameter is defined by

€a,l = Z Z €a ,8,[ ijk T Z €q, 1 J,z,j k (72)

i)j)k /B
and the tree-level spin-summed amplitude squared, including the resonance, is given by

mgmy(s23 — m% a mi )

s12 — m2 +imgTng)(s12 — mZ —im,;T'np)

‘MO 3127323 Zyaq q,Iyar 7“1( (73)

3.3.1 CP-violation mediated by an on-shell NV}

For simplicity, we assume that during the BC the N> is never produced on-shell, i.e. mo > ~,v. The
expression in Eq.(71) in the range where only m; can be produced on-shell, namely when

my +mr +mpg K mp < p <yt K mg (74)

then simplifies in the following way: first, the CP-violating parameter becomes dominated by the peak,
so that eq7(s12) — €ar(s12 = m?) and can be factorised out of the integral. This CP-violating parameter
receives two contributions in Eq.(68) and Eq.(64). On the other hand, the pure production part can be
computed in a similar way as in Eq.(42). Putting everything together, the lepton number produced simplifies
to Eq.(58), accounting for the lepton number produced in the production and the decay of N.

3.3.2 CP-violation mediated by an off-shell N;

When the asymmetry is produced by purely off-shell N, ppax < m1,2, where ppax denotes the upper limit of
the integral in Eq.(70), then for mg > m; the production rate can be approximated as

Nar N xC 2 194 Pmax?”
e R L (R L (75)
¢*—xHL myma

in excellent agreement with numerics as displayed on Fig. 4. Here C is a factor counting the number of
contributions with C' &~ 3, for the case where Y = y and C' =~ 1/3 for the case where Y < y. Since we
mainly focus on the case |Y| = |y| in our numerical studies of the parameter space, we will use C' ~ 3.

Putting everything together, we obtain for the lepton asymmetry in the SM L., equal to the opposite
lepton asymmetry in the dark sector x;:

dpzdw 30H Nar
~ / (27-() ‘@ ‘ = NLy — ’I’LEQ ~ 2(87‘(‘)1/32} X A ’ (76)
¢*—xHL w ¢—xHL

where we called the asymmetry AL. For low energies this expression can be computed numerically.

Nar
A
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Figure 4: Comparison of the off-shell production computed numerically (colored points) with analytic ap-
proximation (solid lines) using Eq.(75), for y =Y = /4n (left-panel) and y =Y =1 (right panel).

3.4 A possible suppression of the asymmetry

Notice that we have not included another coupling, allowed by the present lepton number assignments, of
the form:

LD ysuX(HL), (77)

which induces a partial decay y to the SM instead of the dark sector made of ¢~5, X, that will be introduced
in the next section. The presence of such a coupling would leave the relation in Eq.(79) intact but could
partially suppress the asymmetry. While the heavy N would decay partially to SM, successfully transmitting
the asymmetry to the SM, a part of the carriers of the opposite charge, x, would also decay to the SM and
cancel this newly created asymmetry. The final asymmetry would then be suppressed by the following
branching ratio

yi

Y+ ¥

Br[x = ¢x] N

Yps = —Ysm, Ysm = Yar x ~— ~
Br[x — ¢x] + Br[x — HL]

YAL X (78)

yi

In this paper, we will assume that -1
YitYsm

~ 1, such that the effects of the ygy can be neglected for simplicity.

4 Implementation into a viable scenario

In the previous section, we have shown how the BC mechanism can produce equal and opposite lepton
number asymmetries in the SM and dark sector,

YarL = —Yay (BC separation). (79)

However, equilibrating reactions between the SM and the dark sector could still erase the imbalance
in the individual sectors. In this section, we compute the equilibration rates of these reactions and the
restrictions that are consequently imposed on the parameter space.

Moreover, the lepton number stored in the dark sector could also play a role in determining the abun-
dance of DM. This happens specifically if light dark sector particles with non-zero lepton number are coupled
to x. In this case, when y decays, it transfers its lepton number asymmetry to the light dark states, providing
a natural explanation to the coincidence problem via the well-known mechanism of cogenesis.

Finally, we explore the implications of our model on light neutrino masses. We will see how Majorana
masses for the heavy fermions can be induced by the PT, after ¢ gets a non-zero vev, allowing to explain
the light neutrino masses via the seesaw mechanism.

4.1 The danger of equilibration

Since the H, L particles are typically produced with very high initial energies, the qualitatively different
thermal and non-thermal processes could both lead to the elimination of the lepton number. We incorporate
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all of the suppressions into a prefactor of the form
vl ~ ()i (50)
where the individual contributions to wash-outs W; are computed in what follows.

4.1.1 Non-thermal equilibration

Particles emitted by the collisions of bubble walls are initially propagating in the plasma with very high
energies. This includes specifically the HL and ¢y pairs which carry the newly created lepton number.

A fast particle produced by the bubble wall collision, such as for example L, could subsequently scatter
with a thermal H from the plasma to produce an on-shell heavy N, equilibrating the two sectors. To
estimate this effect, we follow the reasoning of [12]. The rate of production of an on-shell N via this process
can be estimated as [12]

\y|2 Tm?v m?\,
TN o< —— ——2— X Exp| — —~— |, (81)
8 E%,initial Er initial T

where E7, initial is the typical energy carried by the fast H or L, which is initially of the order ~,, 7. By
inverting this relation, one can find the typical timescale for equilibration.

In thermal plasma, the fast L thermalises mostly due to t-channel scatterings with gauge bosons
with differential cross section of the form dopw _pw/dt ~ g*(u? + s%)/64nt?s?, and with energy exchange
approximately given by dE ~ —t/T [21]. The time evolution of the energy of a fast L-particle is thus given
byll

dEL = dopw—Lw g'T?
— dtoE ~— . 82
ar "W /0 dt 6473 (82)
By integrating over 7, we find the typical thermalisation time:

6473 B initial
Ttherm ™~ g4 W .

(83)

Comparing the typical thermalisation time in Eq.(83) with the time of inverse decay computed in Eq.(81), it
appears that even for larger energies Ey, the inverse decay timescale is always larger than the thermalisation
timescale, and thus equilibration processes via non-thermal particles can be neglected. This can also be
understood intuitively by noticing that unsuppressed production of N via wall collision requires ~,, 7" 2 my,
while unsuppressed equilibration by scattering with the thermal plasma requires /7,1 2 my, as we can
see from the exponential in Eq.(81).

4.1.2 Equilibration via thermal scatterings with off-shell N: Wgr_,4,

Thermal reactions of the form HL — ¢x mediated by the heavy fermion IN; could also erase the lepton
number from the two sectors. Since we are in the regime in which Tiep, ~ v < mpy, we can compute the
equilibration rate by integrating out the IV; field. For E < my, the squared amplitude averaged over initial
spin states is given by

2 2 2
ms —t domr, 1 1 |Mpgp | IMmur, |
Mzl = Py PS5, SN = g = R (84)
my t |pL] 64ms 167s
where we used that in the center of mass frame, in the limit of zero masses for L, H, |pL| = |pH| = %
Assuming that my = mp = 0 for simplicity, we integrate over t, with the integration limits given by
S S S S
tmin:mi_ﬁ_ S Z_mi tmax:mi_i"i'\/g Z_mia (85)

HNotice that elastic collisions of non-thermal particles on the bath could lead to even faster thermalisation, suppressed
however by the LPM effect [84, 85]. We ignore those complications as they do not modify our qualitative conclusion.
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and thus obtain
B 4m§<
UHL—>X¢>(5) = |y|2’Y’2647r7m28’ (86)
N

The thermally averaged cross section 7 (ij — kl) can be computed using [806]

. 95T m3 m?
i > k) = 92 | dss3/2K1<¢§/T>A< =L, j)ds), (87)

where \(a,b,c) = (a — b —¢)? — 4bc ~ 1, K7 is a Bessel function of the second kind and g; are the internal
degrees of freedom of the particle 7. This expression has two useful limits, at 7" > m, and T" < m, which
are given by

VIFT(HL — x¢) = |3/|2|Y|2ﬁ ) (88)
64momy,
T6 2 00 p Am2 \ 1/2
T<mx (HL — x¢) ~ |y[*|Y]? / dzzty [ —e (1 - X 89
N%(%)W?C—me/T
where for T' > m, we used that
(o]
270 / deat K (z) = 3215, (90)
0
and for T' < m, we used that
2K1(z) — %Ze_z. (91)
This leads to the following Boltzmann equation for the equilibration of lepton number
dy, Y, dy, Mpyzt
H(x)z—2E ~ —y(HL — x¢) =L = ZAL o Plxg ——(HL — x¢)(z) x Yar, (92)
dx sYr dx 0.00031¢%*m3

where = m, /T and we have used Y7, ~ 2.15 x 1072 for the relativistic abundance of the SM leptons.
In order to estimate the maximum amount of wash-out, we solve the Boltzmann equation from reheating
Zyreh = My /Tren until the present time & — co. In the relativistic regime Tyen, 2 My, we obtain

dYarL Y Mpymy
dzx 0.3 x 64mom3;

o ‘y|2|Y‘2MPlTreh
0.3 x 647r5m?v

VAL = Wy ~ Exp (93)

Instead, in the non-relativistic regime 7}, < m,, we obtain approximately the following evolution equation

dYar

_ 2 Mplmx
dx

Y|
44571’4771?\,

232e YL, (94)
which can be solved analytically to compute the value of Wy _.4, in the ultra non-relativistic case. We
observe that in the deep non-relativistic regime, the washout process are almost completely switched off due
to the Boltzmann suppression factor as one would expect. For the numerical studies of the parameter space

that will follow we numerically interpolate between the analytic solutions for the extremely relativistic and
nonrelativistic regimes.
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4.1.3 Equilibration via thermal production of heavy N: Wy .n

There is also equilibration from the direct production of N via thermal HL collisions. The Boltzmann
equation which controls the evolution of the asymmetry is

dyY, Y, T3
AL _ AL (HL — N), v(HL — N) = g;\;z 2K (2)Tar-n, (95)

H
szH(z) 1 Y,

where the Bessel function Kj(z) with z = mpy/T has the two limiting behaviours

SRy (2) = {1 et (96)

w/%zefz z> 1.

Hence, for large values of z, we get

2
mpy
. (97)

dYar  2e 7257 (Mpl> (FHL%N

~ — Y, r =
p 7 p— p— > AL, HL-N

Z Yol
o

Integrating this Boltzmann equation from z.., = my/Tren to 2 — 00, we obtain the wash-out factor

Whr N =~ EXP[— 91/2 (mN> ( St x T §aﬂ ) (98)

where we only kept the contribution from the lighest N species with mass m;. Requiring that those
production channels are suppressed amounts to ensuring that mpy /Ty, > 10, implying a mild hierarchy
between the scale of the PT and the mass scale of the heavy fermion V7.

4.2 Cogenesis realisation

F W
¢ X “ow. H L
it

o x -AL

—_—
CP violation

Decay: X = ,)Z= DM

X ) Freeze-out
symmetric O A X ~
component ‘¥ >"N\‘ o ¢ - H

Asymmetric component

= anproton

proton Qb

Figure 5: Scheme of the cascade of interactions leading to the production of ADM in the dark sector. The
Lagrangian in Eq.(99) allows x and ¢ to quickly decay into x and 6. The coupling of ¢ to H will allow
to freeze-out the abundance of ¢ and the symmetric abundance y. This requires typically large enough
couplings and mg < 500 GeV.

Now we slightly extend our previous scenario in such a way that the asymmetric dark sector abundance
could account for the observed DM abundance. Due to the existence of asymmetry both in the SM and
in the dark sector, a natural way to do this is by considering the scenario of asymmetric DM (ADM) (see
[87, 88, 89] for reviews and original papers). To that end, we extend the field content of the dark sector
with a new fermion ¥, and a scalar ¢, both in the vector-like doublet representation under a new dark
SU(2)p symmetry, which remains unbroken. Under the lepton number, those particles have assignments

L(x) =1,L(¢) = 0. Let us consider the following extension of our former Lagrangian [90]

m

~ ~ 2
mgXX — ’ -

=~ |@>;/

]és ]&]4 ¥ hee., (99)

DN |
DN
Tan

L 2 y1X(XD) +y20xx + gy [ H? |8 —
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where y1 2 and A jm are new dimensionless couplings.

In this case, all the asymmetry stored in the y is transmitted to the x via an interaction of the type
y1q~5>2>~<, allowing for the decay y — g5>2. The yo¢xx interaction also makes the ¢ field unstable, and ¢
consequently decays to the ¢~) and y 4-body finally state via 2 off-shell x-s. In this minimal realisation, ¢
remnants might lead to a period of early matter domination, which can however, be avoided by complexifying
the model. In this regard, we discuss in Appendix B another model of the dark sector with similar properties,
but free of any period of early matter domination.

Once an asymmetry has been produced in the dark sector, efficient interactions annihilate the symmetric
component, leaving only the asymmetric one intact. The annihilation of the symmetric component of the
dark sector proceeds via dark gauge-mediated yxy — (]3(% followed by the annihilation of q; to the SM via the
Higgs portal. Efficient freeze-out of ¢~> imposes that m 3 < 500 GeV.

Note that another coupling of the form

L£>OXHL), (100)

which would induce a very efficient equilibration, is forbidden by the gauge symmetry imposed in the dark
P
sector. A " d;‘qb‘ |gZ)|2 coupling could also be there in principle, but it has to be very small so that ¢ vev does

not make ¢ very heavy.

The energy fraction of the asymmetric component that remains unaffected by the annihilations depends
on the mass of y. Requiring that its abundance explain that of DM, the DM mass is naturally set by the
ratio of the DM abundance and the BAU,

79
Yay =Yay=—-Yar = _%YAB AND Qg ~ 58, = mg ~ 1.8Mproton (101)
as is well-known in the models of ADM. Notice that the factor % has been introduced to account for the

sphaleron conversion rate.

4.3 See-saw masses: light from heavy

So far, we have not introduced any explicit breaking of the lepton number in the Lagrangian. One can
however write the new terms

LD Z ANRONRING 1+ AN,LONL 1N 1, (102)
T

which give Majorana masses to the N particle after symmetry breaking. Notice that such interactions break
the lepton number explicitly, which is then not an accidental symmetry of the Lagrangian anymore.

Assuming that Ay = Ay g = A and (Yv)? < mi for simplicity, the Lagrangian in Eq.(102) generates
a dimension-5 Weinberg operator of the seesaw form [91, 92, 93, 94, 95]

Yarys (LEH)(LgH) v
OWeinberg = E ap - 5 ) (103)
Tof N

which induces a mass for the neutrinos

Max[m,] ~ Max[zlz \ya1|2]

VAU
B (104)
N

Imposing that those masses recover the observed neutrino masses implies a constraint on our model,
which is of the type

2
My

A~r107P— N
GeV x y2 v

(105)

This scenario resembles the models of inverse seesaw [96, 97]. The perturbativity of the Yukawa
coupling A < v/47 then implies

2
Var 2 10715% (effective see-saw condition), (106)
al
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which is shown on the plot in Fig.6 with a dotted-dashed line. Above this line, the condition in Eq.(106)
cannot be fulfilled and one needs to assume another unrelated mechanism for the production of neutrino
masses.

On top of this constraint, of course, adding the interactions in the Lagrangian Eq.(102) opens the
possibility of producing two heavy fermions N via ¢* — NN, with subsequent CP-violating decays to
SM, thus creating some additional lepton number. For the sake of simplicity, we neglect this additional
contribution to the lepton number asymmetry in the present study.

4.3.1 Impact of wash-outs from lepton violating interactions

The Majorana mass introduced for the N implies that there are lepton-violating interactions that can be
a further source of washout of the lepton asymmetry. The most important among those processes is the
H¢L — HL® interaction, which is governed by the following Boltzmann equation

dY, e c dY, 6 M, cLe
AL _ ,YH°L—HL Y N AL Plz’)’HL—>H L Yap . (107)

H _ _oH°L—HL®
szH|z] dz Y4 AL dz gi/Q m3; sy 4

In the limit 7' < my, the scattering rate simplifies to [98]

eLe T3 Y m;,
’VHL# =lnersmre =TrrsHene = PR (108)
nL 7I8 UEW
which decouples for T < Tyec = 3 x 10'3 GeV. We thus obtain for the wash-out factor
dy, 62=2 Mpmy Y. m2 6 MpT, m2
oL 12 = ]ZZ % x Yar =  Whersnre = Exp| — 7 i th Yil (109)
dz 213gs VEw 213gs VEW

4.4 Summary and study of the parameter space

Let us now summarize the different aspects of the model, which addresses the 1) baryon number of the
universe, 2) DM abundance and 3) mass of the light neutrinos by the inverse seesaw mechanism.

The first important aspect is the effect of the different wash-outs and equilibration processes, which
can be accounted by a simple multiplication

init

fin
YAL = Whersmre X Warsn X WhiSee X YAL (110)

Eq.(109) Eq.(98) Eq.(93) and Eq.(94)

where the wash-out factors W; have been computed previously and encode the different sources of suppres-
sion. On Fig.6, we present the numerical study of the mechanism we discussed in this paper. The contours
presented allow to recover the observed baryon abundance after sphaleron conversion via Yap = %YAﬁE in
the window v ~ [107,10'6] GeV, where the final lepton abundance Y% is given by Eq.(110). We present
four benchmark scenarios with fixed parameters my, = 10 my,, ¢y = 1 while varying m, and y,Y. Smaller
Yukawa couplings, e.g. y =Y = 1 (bottom panels in Fig.6), produce less lepton number carrying heavy
fermions N and, consequently, less baryon asymmetry, but allow to avoid backreactions (see Eq.(27)) in the
whole parameter space, which partially dominate with y = Y = v/47 (top panels), even though we expect
that backreactions only affect the particle production by the BC mechanism logarithmically, as explained in
section 2.2.1. Instead, the value of the mass m, affects the impact of the equilibration processes ¢y — HL:
a lighter y can attain the relativistic regime in a larger portion of parameter space, thus washing-out the
BAU produced. Below the solid black line the xs are relativistic, while above that they are not. Notice that
for v > 3 x 10" GeV, the produced abundance is washed out immediately by the HL¢ — HCL process,
which is only unavoidable if we require that our model is compatible with the inverse see-saw scenario,
that is possible only below the dotted-dashed curve. Moreover, the black-shaded region where my, < v is
excluded, since several assumptions of the BC particle production formalism do not hold there anymore.
In order to investigate the amount of BAU produced by the BC, we carefully distinguish between the
on-shell and off-shell contributions, represented by the solid and dashed lines in Fig.6, respectively. The
solutions for the on-shell N production via the decay ¢* — x N, i.e. when my,1 < 7,v, are computed using
Eq.(58). In this case, there are typically two solutions for my, for a given value of v - at small and large
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mp, - determining thus two branches in my,: the upper one where the curves for different 5 and « are
split and the lower one where those curves merge. One can observe that the lower branch is controlled by
the equilibration rates ¢x — H L, while the upper branch is due to the suppression of the production by
large my,. Imposing the perturbativity condition for the see-saw masses in Eq.(106) splits the parameter
space into a region in which the light neutrino masses can be explained (below the dotted-dashed line) and
a region in which they cannot (above the dotted-dashed line). Finally, let us stress that in our numerical
studies we also implement the production of the heavy fermion N from BP interactions, contributing to
the baryon asymmetry via Eq.(60) in parts of the parameter space. In particular, production from the BP
interactions dominates over the BC mechanism production in the lower-left corner of the plots, inducing a
spike in the solution Yg%.

The dashed lines denote the off-shell contribution, i.e. when 7, v < my,, where the production is
dominated by the process ¢* — xLH. The lepton asymmetry produced is thus given by Eq.(76). This
extends the BC mechanism to even higher masses of my;.

One can see that the produced baryon asymmetry has a mild dependence on «, while increasing 3
allows to reproduce the observed amount of BAU for smaller values of v and my ;. To interpret this we
notice that a larger 5 reduces the boost factor, which decreases the yield of the BAU only logarithmically.
On the other hand, the increase of § also implies a larger amount of bubbles per Hubble volume, i.e. more
collisions, thus enhancing the particle number density and the BAU produced by the BC mechanism.

4.5 Gravitational wave (GW) detectability

In the previous sections we studied the production of BAU and DM as a consequence of PT dynamics. We
saw that it required runaway walls or at least 7, > 1, hinting at rather strong FOPTs. Such PTs are
expected to induce a large background of GW due to the sound waves in the plasma and the collision of
bubble walls, making this mechanism possibly detectable via GW interferometers. The GW signal from a
FOPT is expected to resemble a broken power-law with peak frequency around

fGWNHZXB< (111)

v
108GeV> '
This suggests that part of the parameter space where the model we presented is successful overlaps with the
sensitivity range of the future Einstein Telescope (ET) observatory.

After the bubbles have collided, the energy of the PT is transmitted to very thin plasma and scalar
gradient shells, which keep propagating in the Universe. The anisotropic stress sourced by those shells
induces GWs. For v, > 1, the behaviour of such shells of plasma and scalar field is best described by
the bulk flow model [99] 12 (see also [100] for another model adequate for strong interactions). In the
runaway or effectively runaway regime relevant to us, bubble wall motion is expected to produce extremely
thin and highly relativistic fluid shells around its scalar profile, which evolve into long-lived shock waves
following bubble collisions [101]. The significant disparity in scales between the bubble radius and the shock
front thickness presents a major challenge for numerical simulations. However, from the perspective of GW
generation, a sharply peaked momentum distribution in the plasma is expected to be indistinguishable from
the one carried by the scalar field. Consequently, the resulting gravitational wave signals in both cases
should be similar and be described by the bulk flow model, which was initially designed to capture the GW
signal from relativistic scalar shells. [102, 103]. Finally, a recent study[104] conducted in the moderately
relativistic regime (7, < 10) suggests that the GW spectrum once again resembles the one predicted by the
bulk flow model.

Following Ref. [99] the GW signal, assuming v,, — 1, takes the form
(@ +b) foea

hQQtOday = hQQ eakS<f7 f eak) S(f, f eak) = peak 5
GW P p p bfé’é;f) +af(a+b)

with the energy density parameter Qpcax and the peak frequency fpeak given by

2 1/3
h2Qpearc ~ 1.06 x 10—65—2<0‘“> (10()) ,

(a,b) ~ (0.9,2.1), (112)

1+« Jx
~ Tt 100\ ~/6
eak 212 x 10738 —=2 Hz. 11
Tpeak x 10 ﬁ<100GeV><g*> R (113)

12The authors thank Jorinde Van De Vis and Ryusuke Jinno for helpful discussions on the bulk flow model.
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Figure 6: Top Left Panel: Contours on the v — my, plane reproducing the observed BAU. We set
my, = 10my,, my =mpy, /10, cy =1,y =Y = V/4m. The solid part of the curves features the asymmetry
produced by on-shell production ¢* — y N, while the dashed part of the lines proceeds via the off-shell
production ¢* — yHL. Above the “see-saw” dotted-dashed line, from the perturbativity condition in
Eq.(106), the model cannot reproduce the light neutrino masses, while below the line it can. At T' = Tiep,
the particles y are relativistic below the solid black line named “rel. x”. Top Right Panel: Same plot for
my = mpy, /1000 and y = Y = V/47. Bottom Left Panel: Same plot for m, = my,/10 and y =Y = 1.
Bottom Right Panel: Same plot for m, = my, /1000 and y =Y = 1.

Note that on the top of this spectrum, one needs to impose an IR cut-off required by causality for f <
Hien /27, where Hye, denotes the Hubble rate evaluated at the reheating temperature after the transition
has completed. Since the energy of the transition goes mostly to the sound waves and to the scalar field, we
can set £ = 1 to capture those two contributions.

Moreover, GWs could also be produced by free-streaming heavy particles produced by the BC [105] (see
also [104]). We do not consider this source in the current paper, because the heavy particles are strongly
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decay  8m ~w 8 _Mp;

interacting and decay fast: the IV decays in a timescale 7 W ma ™ Ty Bomn which is parametrically

smaller than the duration of the PT by a factor v/my.

We show the region of the parameter space that would be, in principle, observable at the future
Einstein Telescope (ET) observatory [106, 107, 108] (see [109] for a review) on Fig.7. We observe that
models reproducing the observed baryon asymmetry can be detected at the ET observatory if the transition
is slow enough, 5 < 100. As mentioned above, for a given value of the my mass, there are typically two
solutions for the scale of the symmetry breaking v, one corresponding to the left and upper branches of
the triangle in Fig.6, controlled by the yield of fast particles, and one corresponding to the lower branch in
Fig.6, controlled by the wash-outs. For a given my, the latter corresponds to a larger VEV than the former.
We infer that only the regime which is controlled by the “yield” (and not by the wash-out) can be detected.

Let us conclude with a word of caution. The complicated problem of the separation of the unavoidable
astrophysical background from the possible cosmological background is still under vivid investigation [110,
111, 112, 113]. This foreground is still subject to very large uncertainties and will depend on our abilities
to resolve individual sources. From the inspiral phase of the merger of black holes compact binaries, one
expects a background of the form

QoW =0 S 7 0 — 114
binaries — “*CBC 25Hy, X (fCllt f): ( )

where Qcpc is a constant that is expected to be extracted from observations. Its value is thought to be
around Qcpc ~ 1072 [114, 112]. The cut of the background comes from the merging of the lightest compact
binaries, which we expect to be around a solar mass, corresponding to fews ~ 3 x 103 Hz. Indeed, the
frequency associated to the innermost stable circular orbit (ISCO) when the inspiral GW emission is close
to maximal is fisco = 4400HzMg,n/(m1 + me), and so the merging of two solar mass black holes would
lead to a maximal frequency around feui. Motivated by the recent development of subtraction methods (see
for example [115]), we assume in our analysis that this astrophysical background can be exactly removed,
which is probably an optimistic assumption.

Our mechanism is also successful for PTs with GW signal peaking at frequencies higher than the
ones observables at ET, in the range fpeak > 103 Hz. To be properly explored, this range necessitates the
development of new detectors, but has the virtue of being free from astrophysical GW background. Several
proposals of detectors have already been put forward in such directions [116].

5 Conclusion

In this paper, we have studied the production of heavy states from the collision of bubbles of a FOPT, and
the associated CP-violation. In our setup, the FOPT does not break the lepton number. We compute the
CP-violation during 1) the production of N, via ¢* — xN and via 2) the direct production of light SM
states ¢* — H Ly and 3) during the decay to the SM N — HL. Since the lepton number is not directly
broken in our setup, the lepton number in the visible sector is equal and opposite to the lepton number in
the dark sector: the result of the BC is to separate the lepton number into the visible and the dark sectors.

Through a direct implementation of our mechanism, we study a minimal model of cogenesis, where the
negative lepton number in the dark sector cascades down to lighter particles with masses of the order of a few
GeV. The BC mechanism is thus a natural process allowing for the separation of lepton number necessary
for cogenesis, which explains both BAU and DM abundance via ADM with mpa ~ 1.8mproton. We observe
that such a cogenesis mechanism is compatible with the observations for a PT with the symmetry breaking
scale in the range v ~ [107,10'%] GeV. For each given value of the VEV v, we observe that two values of
my, can explain the observed abundance.

To include the masses of the light neutrinos into the picture, we introduce an explicit lepton number
violating coupling between the scalar field ¢ and the heavy fermion N which produces a Majorana mass
for the heavy fermion IV after the PT. The masses of the light neutrinos are then obtained via the familiar
seesaw mechanism. We, however, observe that such a mechanism is only efficient to explain the light neutrino
mass in a subset of the cogenesis parameter space. However, in the current analysis, we have neglected the
effect of the lepton number violating Yukawas in the production of asymmetry.

As a possible smoking gun of such a scenario, we discuss the GW signal emitted during the FOPT,
modelling the GW signal using the bulk flow model. We observe that a subset of the parameter space,
allowing cogenesis, could be detectable at the future GW observatory ET for v < 10! GeV. The BC

25



a =10, m, =my,/10, cy =1 a=1,m,=mp/10, cy =1

\‘—
<
%
Z,

200.

T T 200. T T

150.

Q. 100.F E Q. 100.

ET
50.

7. 8. 9 10. 7. 8. 9 10.

log;o(v/GeV) log;o(v/GeV)

Figure 7: GW sensitivity curve for ET (blue-shaded region) and baryon asymmetry Yap produced in our
scenario for my, = 10! GeV (green line), 10'* GeV (red line), and o = 10 (left panel), 1 (right panel). We
set y =Y = V/4dn, my = mpy,/10,my, = 10my,. The contour for ET is made requiring SNR = 1 [106, 117]
and ignoring the impact of an astrophysical foreground, which makes it a very optimistic contour.

mechanism thus offers a possibility to unify cogenesis with light neutrino masses, while being possibly
detectable at future GW experiments.
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A An alternative chirality assignment: the opposite chirality couplings

In the main text, in Eq.(1), we opted for one particular chirality assignment. An alternative option is to
consider

-1 -1 .
L=YOPLNx+ 5 MyNN + Smyxx + > yaPrN(HL.) - V($,T). (115)
o

where the only modification to the Lagrangian studied in the main text, Eq.(1), is the chirality assignment
Y$Pr,Ny. In this case, an opposite chirality of N couples to HL and ¢y respectively, while in the main
text it was the same chirality. We however show now that this assignment leads to suppressed production
of light particles and CP-violation, and so we do not study it further.

A.1 On-shell production

For the the on-shell production, the chirality assignment obviously cannot impact the density of heavy
particles produced. Consequently, Eq.(11) remains valid.
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A.2 Off-shell production

The rate of production is now given by

2 |yP[Y)? [T Y sia(ses —mi —m?)
oo smin (p?) = / / dsia dsas, 116
P*— x( ) (27)3 32 ﬁp gmin i 312_mN)2 ?VIQ (116)
where we notice that s factor replaced the factor my appearing in the main text. Since for the off-shell
production s12 < m%\,, we conclude that the off-shell production with the current assignments receives a

further suppression roughly by a factor of p2,. / m?v

A.3 CP-violation in the on-shell production

The CP-violation for the on-shell production proceeds via very similar lines with the only difference that
the loop functions now read

i)y [ i | Tr [pp P PP
W= | G e pp P )
- ' | Tt [P PP P
570= | GG s e =) Te[pp ] (118)
leading to the imaginary part of the form
i) = oo WSOl = =t (119)

From this result, we observe that the asymmetry produced via this assignment is suppressed by a further
factor of m;/m; with respect to the scenario considered in the main text. Focusing on the regime where
m1 < Y0 <K mo for the masses of N1 and Ny we then see that the CP-violation in production is suppressed
by a factor of % for the chirality assignment in Eq.(115) as compared to that in Eq.(1). Similar conclusions
can also be drawn about the CP-violation in the decay of the heavy fermion N, and thus we conclude that
the contribution to CP-violation of the charge assignment in Eq.(115) is subdominant to that of Eq.(1).

A.4 Conclusion

We conclude that in general, the chirality assignments discussed in this Appendix show a further suppression
in the CP-violation and in the off-shell production with respect to the ones discussed in the main text.
Consequently, we do not discuss them further.

B U(1) gauged symmetry for the dark sector

In this Appendix, we present an alternative realisation of the dark sector we discussed in the main text. We
keep the same particle content, but now we introduce a new dark gauge symmetry U(1)p associated to a
dark gauge boson X* and assign the following U(1)p charges

a=-1 a=1 =1 q3=0, ¢u=0, qv=0. (120)
In this setting, after ¢ gets a vev, the U(1)p symmetry is spontaneously broken, and the PT can then be
associated with the breaking of this gauge symmetry. The Goldstone boson associated with the phase of
¢ will be absorbed by the dark gauge boson X, longitudinal mode, and so X, becomes massive. In this
setting, a growing pressure from the emission of soft gauge bosons of the form [59, 60, 66, 67, 68]

Pasbxn X Y~ (121)

is unavoidable. Here a,b are emitters coupling to X, that can be scalars, fermions or gauge bosons. This
source of pressure leads to an upper bound on the terminal boost factor

167T20V < v >3
max — ] . 122
7’!11 g%{ Tnuc ( )
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We thus impose gx < 1 to still let the the bubble walls accelerate to very high velocities. In this framework,
the list of allowed Yukawa interactions includes '3

Lyukawa D Y(LH)PRN + Y (N@)Prx + y1X(X0) + y3XXP + YaXXP - (123)

Notice that importantly, the dangerous Yukawas of the form y;(EH Prx and yXEH Pgrx are forbidden by
the charge assignments. In this realisation, the decay of the ¢ remnants is quick via ¢ — XX and does
not lead to any early matter domination. The asymmetry in the dark sector is again transmitted via the
interaction y; X(X¢) X — X¢ Freeze out of the ¥ symmetric abundance proceeds in the same way as in the
former realisation: first from y — gb via y4xxgz5 and then to the SM via the allowed interactions p;|H \ gi) and

Ay &’H | ‘qb‘ . The decay of the heavy dark photons can also be facilitated by a small kinetic mixing with

the SM photon.
The neutrino mass generation mechanism also proceeds in the same way with the explicit requirement
that y has to be a Dirac fermion. Importantly, the form of Eq.(104) remains intact.

C Computation of the production from bubble collision: two methods,
one result

Production of particles due to the presence of a non-trivial classical field configuration requires modifica-
tion of typical QFT Feynman rules. In the literature different methods have been developed to estimate
the abundance of heavy particles produced by the collision between the plasma and the non-trivial scalar
condensate, that is the bubble wall; and between two bubble walls. More specifically, two different methods,
respectively presented in [62] and in [10] (which we will from now on refer to as WW [62] and AVY [10]) have
been used in those two physically similar processes. In this Appendix, we compare the two computations
and show that they are actually equivalent. In the main text, we have used the AVY approach to compute
loop correction and the related CP-violation.

As a toy model for the computation, we will consider the following interactions between the scalar
condensate ¢ and a heavy Dirac fermion v

_ 1 _
L=Youi+ Smyii, (124)

where 1) is produced by the wall collision via ¢ — 1. We will designate the condensate with ¢ and the
quantized scalar particles with ¢. We will assume that m,, > v, so that the initial abundance of ¢ particles
is vanishing and it is only produced by the bubble wall. We first review the computation following the AVY
approach and then show that the WW computation actually leads to the same result.

C.1 AVY computation of the production

To compute the production of heavy particles, we start by computing the following correlation function
O|T{¢(x1)1(x2)}|0). We assume that the wall is located along the x — y plane. The correlation function
reads

Yv
O vl =¥ [ daa@sin - slo= 08w -slo=0+0 (X)) a2
where we are expanding the correlation functions of the theory in the broken phase v # 0 in terms of the
correlation functions Sy (z, y|¢ = 0) of the unbroken v = 0 phase. Such an expansion is called VEV Insertion
Approzimation which was for example justified in [68]. Defining the Fourier transform in the following way

4
@) = [ e oto). (126)

13For notational simplicity, we write this Lagrangian for only one family.
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and going to momentum space, the correlation function becomes

- dAxdikdtq | X
mwwmnwmmw:Y/gﬂg%M“@“WQQ%@¢:m%@m:mwaw

d4kd4q 1kx1+igx
=Y/ eREtian g (ko = 0)Sy(qle = 0)

(2m)®
X {(%)25(2)(15 L+qL) / dzdte?*(F=taz)itlkotao) o 4y | (127)
where by definition
5P (ky +q1) = 6W (ke + ¢2)6W (ky + qy) (128)

and in the second line, we assumed that all the energies involved in the transition are larger than the inverse
length scale of the wall

ko~ qo~k, ~ k., > 1/L,, (129)

such that the Fourier transform can indeed be performed over a constant background.
Now we can use the LSZ reduction formula to relate the correlation function to the matrix element of
the v production (¢, k;1¢, q). We obtain

<¢m¢a@:[@m%®@L+@y/mww%ﬁw%““%wu¢ﬂxumwummy. (130)
—_————
wall effect Mq&ﬁw’w

This expression has a nice interpretation as a factorisation of a wall effect allowing the transition to occur
and a traditional matriz element, M,_,, ;. Squaring this amplitude and summing over final spins, one
obtains

2
0.0, )P = 1Y Pk |20 0+ ) [ s34 ks o ) (131)

From this, we can integrate over the phase space to obtain the probability of production

dqd’k iz —i ?
P(g:;w _ / m@ﬂ%@)(h +QL)‘M¢H¢J,‘2 ’/dzdte (k2+q2) t(ko+qo)gp(z,t) (132)
or, after integrating over the perpendicular momenta
PAVY _ _ d/{:zd3q M _12 dzdtet?(k=+a=)—it(qo+ko) ¢ ? 133
¢_>»¢;¢ (27T>44q0]€0 | ¢(kz+qz,q0+k‘0)—>w’¢| z € SO(Z7 ) ( )

We first focus on the wall part, with the Fourier transform given by

2(p) = (2m)%6(p2)d(py) P w), (134)

and the wall part of the production probability simplifying to
2

‘ /dZdteiz(kz+qz)_it(q0+ko ‘ ‘ / d dtelz(kZ‘HZz) it(QO+k0)e+ipm¢(p)
d4 2 ) 2
‘ / O(pz — k2 —q2)0(po — qo — ko)e” P74 3 (p)
:|¢ pz:kz"‘Qz;"‘):qo—"kO”Q‘ (135)

Thus, we obtain

dle,d® . 2
AVY z 12 _ _
Posyg = / r)idgoky otk +a ko) ] |6(p= = k= + gz, w0 = g0 + ko))

_ / dkz d2 q1 qu

12| d(p. — — 2
(27)*4q0ko Mot 4z 00 +k0) il |S(P= = bz + 42,0 = qo + ho) |~ (136)
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The wall and the squared matrix element are independent of the x — y directions. We can thus directly
perform the ¢, g, integration in cylindrical coordinates:

2 2
/ d?q, :/ mdqi _ / 27wa‘ (137)
00w—q) Jogw—q) Jo w

The probability of emission then becomes

wdk,dq,dw ~ 2
P;?X?Zw =Y? / W(Sk - q—8m3)|b(p: = k2 + ¢z w = qo + ko)

wdp,dPdw ~ 2
= / iy (2~ 20E = 8my)[6(p: = kg w = a0+ Ro)| (138)

where we performed the change of variables P = k., — q.,p, = k. + ¢.. We can therefore integrate over P in
the range

Plw e [= /1 —dm2 /(@2 - p2), /1 - 4m3 /(w2 - p2)]. (139)

The production probability can thus be simplified to

dp,dw (W? —p?—4m2)3/2 _
AVY 2 z P 2 2\ |2
PNY =Y /(27r)247r N |o(w® = pI)|”. (140)

Finally, to arrive at the number of particles produced per unit surface, one needs to multiply by the
number of emitted particles per interactions:

N AVY d Zdw (w2 _ pg o 4m2 )3/2 )
S —we [ g — i dm)|o(w? — p2) . (141)
PP (2m)24m AVAZRE

C.2 WW computation

On the other hand, the WW computation (which can be followed step by step in Ref. [62]) yields a result
of the form

dp,dw
PS5 =2 [ BN el — 52 (142)
9 1 d3qd®k 44
Im[2¢_>w(p )}25 mp\/l %ww‘ 271' 5( )(p k — ) (143)

When considering the decay of ¢ into two identical fermions, the following expression can be derived from
Eq.(143)

V2 (2 = = )

N
Im[z(b—n/)w(p )] - S \/prz (144)
And satisfactorily, the number of particles per unit area computed in the WW method is given by
Ny dp.dw w? — p2 — 4m?)3/2 ~ )
‘ / : z24 Y2( z2 : ) 9(w2_p§_4m2)’¢(w2_pg)‘ ' (145)
- (27)24m Vo —p?

D Computation of the Fourier transform of the wall

In this Appendix, we remind the basic formulae to compute the Fourier transform of the bubble wall collision,
which we called f function in the main text. Several papers attempted to estimate this function [14, 69, 118].
Here, we present the results obtained from the numerical simulations in [69, 118].

First of all, let us remind that two qualitatively different types of collisions have been analytically and
numerically studied: the elastic and the inelastic collisions. In the former case, occurring when the minima
are (almost) degenerate, the two colliding bubble walls reflect off each other several times. The energy of
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the collision is used to re-establish the false vacuum in the region between the receding walls. In the second
instance, the energy of the collision is directly converted in scalar waves and the false vacuum is never
re-established.

For a perfectly elastic collision, i.e. when the walls bounce back with the same relative speed and there
is no energy dissipation in scalar waves, the efficiency factor can be computed analytically [14]:

2
1602 27w/ Lu)? = x + 524/ (32) —x 9{

om0 = 55 x log ww/Lw)?—x], (146)

X

where L,, denotes the length-scale of the wall in the wall frame, and y = p? denotes the squared 4-momentum
of the off-shell ¢.

As for the case of elastic and inelastic collision the fit functions for the Fourier transform of the wall
were obtained by the authors of [69] and are summarized below.

1. Elastic collision numerically: In the case of a purely elastic BC, a good fit of the numerical results
is provided by

(147)

U2L2 (X _ (mtrue)Q + 12mtrue/L )2
fetastic(X) = fre(X) + L 5 €Xp | — 4 2 r )

15(mf;ue) 440(mf;“e)2/L:,2,
where we denote the mass of the scalar field ¢ around the true vacuum by m%4¢. The second term
captures the contribution due to the frequency of oscillations around the false minimum, producing
a peak in the Fourier transform. This peak becomes more and more Gaussian for larger values of
space-time L,, considered. In those expressions, one defined

L, =min (Reon, I7") , (148)

where Rgo is the radius of the bubble at collision and I'"! is the inverse decay rate of the scalar
waves that gain energy from the oscillations. Notice that for y > mgue only the fpg term contributes
because the oscillation around the true minima is exponentially suppressed. This will be the relevant

contribution in our study.
2. Inelastic collision numerically: In the case of a totally inelastic collision, the numerical fit becomes

’U2L]2) (X _ (mf;lse)2 4 31m£;1se/Lp)2
ER

— .5 X
4(mfplse 650(mf2s)2 /1.2

finelastic = fPE(X) + (149)

Here, one again encounters the fpg function already introduced for the elastic collisions, while the
false

second term describes the oscillation around the false vacuum characterised by the mass m p

In the main text, we will always neglect the contribution from the peak, either elastic or inelastic,
and keep the fpg(x) piece. This is a conservative choice for the production mechanism motivated by the
hierarchy p ~ my > mf;ue, mfflse. In other words, the oscillations around the peak can be neglected, and
the Fourier transform in our case is simply given by fpr(x) regardless of whether we use elastic or inelastic
collisions.

To simplify the numerics further, we assume that the integral of the efficiency factor for elastic collisions

can be written as follows

/ o dx fee(x) = N(z = v/ Xmax/X)

min

Zmax Xmax 16 2
X / dx—s—, (150)
Xmin X

Zmin

where N = 2log (V22 — 1+ z). N is evaluated at the extrema zmax = \/Xmax/Xmin a0d Zmin = v/ Xmax/ Xmax =

1. Let us remind that xmax = (27,v)? and in our scenario Ymin = (my+m ~)? for the on-shell N production
and Ymin = mi for the off-shell one. The function N is plotted in Fig.8 as a function of the N mass my.
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Figure 8: Evaluation of the function N = 2log (v'2? — 1 + z), with z = (2y,v)/(my + my) for on-shell N
production and z = (27v,v)/m, for off-shell one. We set m, = mn/10, ¢y = 1.
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