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1. Dig a tunnel 
2. Pump a lot of energy into some object (and make sure it 

does not lose that energy), making it far more energetic 
than the ambient temperature 

3. Collide these objects: unravel the nature of physics/the 
Universe at high energies  

HIGH ENERGY COLLIDERS (SIMPLIFIED)



WHAT IS A COSMIC COLLIDER?                   



WHAT IS A COSMIC COLLIDER?                   

First order phase transition (FOPT)

The Universe quantum tunnels 
from one vacuum state to another



WHAT IS A COSMIC COLLIDER?                   

Releases significant 
latent energy stored in 

the false vacuum

 Energy pushed to the surface of 
the expanding bubbles: 

kinetic+gradient energy in the 
bubble walls



WHAT IS A COSMIC COLLIDER?                   

If there are multiple bubbles within a Hubble sized region, these 
bubbles collide with each other

Collisions of runaway vacuum bubbles  
= epic, cosmic scale supercolliders!
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ENERGY SCALE OF COSMIC COLLIDERS

crossing the wall and becoming massive in the broken phase. A full thermal distribution of a
particle species crossing into the bubble is known to produces a pressure [57] (see also [58, 59]):

PLO ⇡
1

24
m2T 2 , (2)

where m is the mass of the particle in the broken phase and T is the temperature of the bath.
If the sum of such e↵ects from all particles exceeds the energy available from the transition, �V ,
the walls achieve a terminal velocity corresponding to some steady state configuration; if not, the
walls continue to accelerate. As the walls become relativistic, friction due to splitting or transition
radiation, corresponding to radiation of gauge bosons from particles crossing into the bubbles,
becomes increasingly important [60–62], producing pressure that scales as

PNLO ⇠ g2 �w mV T 3 , (3)

where g is the gauge coupling and mV is now the mass of the gauge boson, and we have dropped
some O(1) factors. This implies that the bubble walls reach a terminal velocity corresponding to
�w ⇠ �V/(g3T 3v�) (where we have used mV = gv�) if they have not collided with other bubbles
before this value is reached.

If the frictional energy loss remains subdominant to �V , energy conservation dictates that
the boost factor of the wall grows with the growing bubble radius R as � ⇡

2R
3R0

[63]. In such
configurations, the boost factor can reach extremely large values; parametrically,

�max ⇠
1

�/H

MP l

v�
, (4)

where we have used the relations in Sec. 2.1 and assumed T ⇠ v�. The energy density in the bubble
wall at collision is then Ewall = �max/lw0 ⇠ MP l/(�/H), making it possible to produce heavy
particles up to this scale. Remarkably, note that Ewall is independent of v�: a transition at a lower
scale v�, where the bubble walls have lower energy, is compensated by a lower Hubble scale, which
allows the bubbles to expand for longer before collisions occur, and thus the bubble walls can get
boosted for a longer period.

Viable scenarios that can realize such � � 1 runaway behavior needed for producing ultraheavy
DM can broadly be classified into four distinct categories:

Scenario I: Thermal transition without a gauge boson

This corresponds to scenarios where the FOPT is thermally triggered, i.e. a thermal bath that
interacts with the bubble walls is present, but �V > PLO, so that the friction from particles
crossing into the bubbles and becoming massive is not su�cient to slow the walls down, and in the
absence of a gauge boson there is no PNLO contribution.

Scenario II: Thermal transition with a light gauge boson

Even if the broken symmetry is gauged, runaway behavior can be realized if the corresponding
gauge boson is light (mV ⌧ v�), i.e. the gauge coupling is small (g ⌧ 1). Recall that friction
due to splitting radiation (Eq. 3), which grows linearly with �w, eventually saturates the released
latent energy, resulting in a terminal value �w ⇠ �V/(g3T 3v�) for the wall boost factor. Assuming
T ⇠ v�, we have �w ⇠ cV /g3, hence �w � 1 is possible if g ⌧ 1. In such cases, the boost factor at
collision is

�w ⇠ min


cV
g3

,
2R⇤
3R0

�
, (5)

i.e. either the terminal behavior described above is reached, or the bubble walls collide before this
occurs.
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From energy conservation arguments,  
Lorentz boost factor of the runaway bubble wall grows linearly with 

bubble size 

Bubble wall energy per unit area at point of collision (independent 
of the energy scale of the FOPT!) 

Physical scale over which bubble 
collision occurs 

= Boosted bubble wall thickness

The collision process is sensitive to 
physics that couples to the 

background field at this scale! 

Energy scale at bubble nucleation: phase transition scale 
(~ temperature of plasma) 
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UNDERSTANDING THE PHYSICS OF BUBBLE COLLISIONS
SHAKYA, 2308.16224; MANSOUR, SHAKYA, 2308.13070;  

GIUDICE, LEE, POMAROL, SHAKYA, 2403.03252 
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production from such accelerating bubble walls can be estimated by making use of the equivalence
principle: a nonuniformly accelerating bubble wall is equivalent to a wall at rest in a changing
gravitational field, and the familiar calculation of gravitational particle production yields a number
density of produced particles ⇠ y2�R

�3
⇤ [53]. This will also be subdominant to the contribution

from bubble collisions discussed in the next subsection.

For thick-wall bubbles, the scalar field might not be at its true minimum anywhere in the bubble
when the bubble nucleates, and instead evolves towards the true minimum and performs oscillations
around it as the bubble expands. This can also be responsible for some particle production (for
related discussions, see [63,75]). Since we are focusing on DM particles that are more massive than
the background scalar field, such oscillations cannot produce any DM particles.

3.3 Bubble Collision

Particle production from the collision of bubble walls and the subsequent evolution of the back-
ground field is a complicated phenomenon due to the highly inhomogeneous nature of the process.
The collision of bubbles was first considered in [76], and particle production from such collisions
was first studied in detail in [50]. Based on the formalism in [50], analytic results were derived
in simplified ideal limits in [38], and recently refined with numerical studies of more realistic se-
tups in [52] and analytic treatment in [53]. Here we provide a brief outline of the formalism; the
interested reader is referred to [38,50,52,53] for greater details.

The probability of particle production from the dynamics of the field � is given by the imaginary
part of its e↵ective action,

P = 2 Im (�[� ] ), (8)

where �[� ], the e↵ective action, is the generating functional of one-particle irreducible (1PI) Green
functions

�[� ] =
1X

n=2

1

n!

Z
d4x1...d

4xn�
(n)(x1, ..., xn)�(x1)...�(xn). (9)

The leading (n = 2) term su�ces for our purposes (we will briefly discuss higher order terms in the
next section)

Im (�[�]) =
1

2

Z
d4x1d

4x2�(x1)�(x2)

Z
d4p

(2⇡)4
eip(x1�x2)Im(�̃(2)(p2)) , (10)

where �̃(2) is the Fourier transform of �(2).

The Fourier transform of the background field is �̃(p) =
R
d4x�(x)eipx. We assume that the bub-

ble walls are planar and collisions occur in the z�direction, so that �̃(p) = (2⇡)2�(px)�(py)�̃(pz,!).
Using these and the above expressions, the number of particles produced per unit area of colliding
bubble walls can be written as [38, 50]

N

A
= 2

Z
dpz d!

(2⇡)2
|�̃(pz,!)|

2 Im[�̃(2)(!2
� p2z)] . (11)

This formula invites the following interpretation. The classical background field configuration
can be decomposed via a Fourier transform into its momentum modes. Modes of definite four-
momentum p2 = !2

� p2z > 0 are to be interpreted as (o↵-shell) propagating field quanta of the
background field with mass m2 = p2 — we will henceforth denote these as �⇤

p — and the probability
for each such mode to decay is given by the imaginary part of its Green function.
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Probability of particle production: 
imaginary part of the effective action of the background field

Use the effective action formalism:
Watkins+Widrow Nucl.Phys.B 374 (1992)

UNDERSTANDING THE PHYSICS OF BUBBLE COLLISIONS

....

Konstandin+Servant 1104.4793 [hep-ph]
Falkowski+No 1211.5615 [hep-ph]

Also

Number of particles produced per unit area of bubble wall collision:

production from such accelerating bubble walls can be estimated by making use of the equivalence
principle: a nonuniformly accelerating bubble wall is equivalent to a wall at rest in a changing
gravitational field, and the familiar calculation of gravitational particle production yields a number
density of produced particles ⇠ y2�R

�3
⇤ [53]. This will also be subdominant to the contribution

from bubble collisions discussed in the next subsection.

For thick-wall bubbles, the scalar field might not be at its true minimum anywhere in the bubble
when the bubble nucleates, and instead evolves towards the true minimum and performs oscillations
around it as the bubble expands. This can also be responsible for some particle production (for
related discussions, see [63,75]). Since we are focusing on DM particles that are more massive than
the background scalar field, such oscillations cannot produce any DM particles.

3.3 Bubble Collision

Particle production from the collision of bubble walls and the subsequent evolution of the back-
ground field is a complicated phenomenon due to the highly inhomogeneous nature of the process.
The collision of bubbles was first considered in [76], and particle production from such collisions
was first studied in detail in [50]. Based on the formalism in [50], analytic results were derived
in simplified ideal limits in [38], and recently refined with numerical studies of more realistic se-
tups in [52] and analytic treatment in [53]. Here we provide a brief outline of the formalism; the
interested reader is referred to [38,50,52,53] for greater details.

The probability of particle production from the dynamics of the field � is given by the imaginary
part of its e↵ective action,

P = 2 Im (�[� ] ), (8)

where �[� ], the e↵ective action, is the generating functional of one-particle irreducible (1PI) Green
functions

�[� ] =
1X

n=2

1

n!

Z
d4x1...d

4xn�
(n)(x1, ..., xn)�(x1)...�(xn). (9)

The leading (n = 2) term su�ces for our purposes (we will briefly discuss higher order terms in the
next section)

Im (�[�]) =
1

2

Z
d4x1d

4x2�(x1)�(x2)

Z
d4p

(2⇡)4
eip(x1�x2)Im(�̃(2)(p2)) , (10)

where �̃(2) is the Fourier transform of �(2).

The Fourier transform of the background field is �̃(p) =
R
d4x�(x)eipx. We assume that the bub-

ble walls are planar and collisions occur in the z�direction, so that �̃(p) = (2⇡)2�(px)�(py)�̃(pz,!).
Using these and the above expressions, the number of particles produced per unit area of colliding
bubble walls can be written as [38, 50]

N

A
= 2

Z
dpz d!

(2⇡)2
|�̃(pz,!)|

2 Im[�̃(2)(!2
� p2z)] . (11)

This formula invites the following interpretation. The classical background field configuration
can be decomposed via a Fourier transform into its momentum modes. Modes of definite four-
momentum p2 = !2

� p2z > 0 are to be interpreted as (o↵-shell) propagating field quanta of the
background field with mass m2 = p2 — we will henceforth denote these as �⇤

p — and the probability
for each such mode to decay is given by the imaginary part of its Green function.
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Decompose background field excitation 
into Fourier modes

2 point 1PI Green function.

Imaginary part gives decay probability

Each mode can be interpreted as off-shell field excitation with 
a fixed four-momentum (“mass”) that can decay
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UNDERSTANDING THE PHYSICS OF BUBBLE COLLISIONS
Occupation number of modes with energy >> scale of phase 

transition, or temperature of plasma 
 ~1/E4 

UNIVERSAL to all ultrarelativistic collisions

W/ HENDA MANSOUR 2308.13070
SHAKYA, 2403.03252Analytic arguments: 

Numerical studies of bubble collisions: 
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UNDERSTANDING THE PHYSICS OF BUBBLE COLLISIONS
Occupation number of modes with energy >> scale of phase 

transition, or temperature of plasma 
 ~1/E4 

UNIVERSAL to all ultrarelativistic collisions

W/ HENDA MANSOUR 2308.13070
SHAKYA, 2403.03252Analytic arguments: 

Numerical studies of bubble collisions: 

CAUTION: off-shell excitations are not manifestly physical configurations; 
calculations may be gauge-dependent!

W/ GIAN GIUDICE, HYUN-MIN LEE, ALEX POMAROL



APPLICATION: HEAVY DARK MATTER
W/ GIAN GIUDICE, HYUN MIN LEE, ALEX POMAROL, 2403.03252
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DARK MATTER: SETUPground field:

• Scalar DM �s, with mass m�s and interaction �s
4
�2�2

s.

Note that this is a renormalizable operator that can be valid to arbitrarily high scales. Since
the above interaction term produces a mass contribution

p
�s/2 v� once � obtains a nonzero

vev, we will focus on the regime m2
�s

> 1

2
�sv2�, and treat m�s and �s as independent quantities

for simplicity.

• Fermion DM �f , with mass m�f and e↵ective interaction yf��f �̄f .

Here the ��f �̄f interaction implies that the �f �̄f combination is charged under the symmetry
that is broken by the � vev. Here �f could be a chiral fermion, obtaining its mass from the �
vev after the symmetry is broken, analogous to the fermions interacting with the Higgs field in
the SM; however, in this casem�f = yfv� . v�. Alternately, the e↵ective yf��f �̄f interaction

could have been derived from a higher dimensional operator of the form
y0f
⇤f

|�|2�f �̄f , where

⇤f is some ultraviolet (UV)-cuto↵ scale. In this case, �f does not have to carry any charge
associated with �, and its mass can be significantly larger than the symmetry breaking scale
of interest, m�f � v�, and the e↵ective coupling is yf = 2y0f v�/⇤f . A specific realization of
this (see [38]) involves � mixing with some singlet scalar S that couples to the fermion �f .
Here we remain agnostic about such underlying details and simply work with the e↵ective
interaction term yf��f �̄f . As with the scalar case, we will focus on masses larger than that
obtained from the symmetry breaking, m�f > yf v�, and consider m�f and yf as independent
parameters.

• Vector DM �v, with mass m�v and an interaction of the form 1

2
�V |�|2�

µ
v�v µ.

Again, this interaction does not necessitate that the gauge boson �v corresponds to the gauge
symmetry broken by �, as it could arise from integrating out intermediate particles (e.g. a
singlet mediator field, see [38] for more detailed discussions). For a vector boson, additional
subtleties arise from the interplay between its transverse and longitudinal modes; these aspects
will be discussed in Sec. 6.4. As in the previous two cases, we will treat the mass and coupling
as independent quantities.

In all scenarios, we will restrict ourselves to cases where DM is heavier than the scalar and the
gauge/Goldstone boson, i.e. m� > mf ,mt,mZ0 ,mG, so that DM cannot be produced from decays
of other particles in the dark sector, otherwise it can be produced from the oscillations of the scalar
field long after the bubble collisions, e↵ectively reaching a thermal abundance, in which case it
either re-establishes thermal equilibrium with the bath or tends to be overproduced and overclose
the Universe.

Note that the coupling of the scalar field � to particles far heavier than its mass can produce
radiative contributions that can lift its mass to the heavy scale, hence the hierarchy m�, v� ⌧ m�

could involve significant fine-tuning. Such concerns are best addressed in complete particle physics
models, and we ignore such considerations in our simplified framework treatment in this paper.

Finally, additional dark sector particles beyond the ones discussed above might exist, but their
existence is irrelevant as long as they do not couple more strongly to DM than the scalar � and do
not produce significant e↵ects on bubble wall dynamics; we will assume this to be the case for the
purposes of this paper.

8

Experiment foptimal/Hz v�/GeV mDM/GeV

Pulsar Timing Arrays (PTAs) [107] 10�8 0.1 1013 � 1016

LISA [108] 0.001 104 106 � 1015

BBO [109], DECIGO [110] 0.1 106 105 � 1013

Einstein Telescope (ET) [111], Cosmic Explorer (CE) [112] 10 108 106 � 1010

Table 1: Peak gravitational wave frequencies, corresponding scales of phase transition, and ranges of vi-
able (scalar) dark matter masses (with couplings in the range 10�4 to 1) for various existing and planned
gravitational wave experiments.

6.1 Gravitational Waves

Before delving into the details of DM production, it is worth discussing the connection with grav-
itational waves. One of the main attractive features of FOPTs in contemporary research is that
they can give rise to stochastic GW signals that can be observed with a variety of existing and
upcoming GW detectors. It is therefore judicious to examine whether the FOPTs that can produce
the correct DM relic abundance can also give sizable GW signals, which would provide a unique
observational probe of this DM production mechanism.

FOPTs can produce gravitational waves in several ways: through the scalar field energy densities
in the bubble walls after collision [4–7, 57, 75, 89–95], the production of sound waves [96–101] and
turbulence [7, 99, 102–106] in the surrounding plasma, or through energy transfer to nontrivial
spatial configurations of feebly-interacting particles [30]. In this paper, we are primarily interested
in runaway bubble configurations, where the bubble walls carry most of the energy released in the
transition, hence the GWs are primarily sourced by bubble wall collisions, i.e. the scalar field. For
such GWs, we use the peak frequency of the signal today as obtained from the results of [75], which
can be expressed as [34]

fpeak(GW) = 15 µHz
�

H
g1/6⇤

✓
T⇤

103GeV

◆
= 20 µHz

�/H

g1/12⇤

✓
(1 + ↵)

↵
cV

◆1/4 ⇣ v�
103GeV

⌘
. (43)

Using this relation, we can map the scale of the phase transition v� to the optimal frequencies
of various gravitational wave detectors, as shown in Table 1. The table shows the corresponding
scales of FOPTs that provide GW signals that peak at the optimal frequencies of various detectors
as determined by the above formula for some reasonable choices of parameters (�/H = 10, g⇤ =
100, ↵ = 1, cV = 0.1). For these parameter choices, we also list the viable window of DMmasses that
can be produced from bubble collisions for reasonable couplings between DM and the background
field (in the range 10�4 to 1) in each case, as derived from our calculations below (see Sec. 6.2,
Fig. 2 ; these numbers correspond to the case of scalar DM, but the numbers for fermion or vector
DM should be comparable).

Here, it is worth mentioning that if particle production (including DM production) from bubble
collisions is a strong e↵ect, it can a↵ect the subsequent production of GWs, modifying the amplitude
as well as shape of the GW signal.

6.2 Scalar Dark Matter

Consider scalar DM �s that couples to the background field � via 1

4
�s�2�2

s, and can be produced
via �⇤

p ! �2
s, ��2

s. Substituting the expressions from Eqs. 19, 20 into Eq. 42, and dropping the

24

Can be produced from bubble collisions even if extremely heavy, via

Other contributions, such as freeze in from the thermal bath, or other 
interactions between expanding bubbles and the surrounding plasma, can 

be important, but become irrelevant if dark matter is extremely heavy

(Story will be qualitatively similar for fermion or vector dark matter)



14

SCALAR DARK MATTER PARAMETER SPACE
GIUDICE, LEE, POMAROL, SHAKYA, 2403.03252

Contours: 

Size of coupling needed 
to produce the correct 
dark matter relic density

Viable over many 
orders of magnitude in 
parameter space. 

Can be of relevance for 
current and upcoming 
GW detectors



APPLICATION II: MATTER-ANTIMATTER ASYMMETRY
W/ MARTINA CATALDI, 2407.16747
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LEPTOGENESIS
One of the most attractive realizations: produce lepton asymmetry from out of equilibrium 
decays of heavy right-handed (sterile) neutrinos, sphalerons convert lepton asymmetry to 
baryon asymmetry

on the RHN mass, i.e. MN . 1013 GeV, since at higher temperatures �L = 2 washout
scatterings are in equilibrium, hence RHN decays cannot produce the desired asymmetry.

In this paper we propose a testable non-thermal realization of leptogenesis from the
dynamics of a first order phase transition (FOPT). FOTPs have been extensively studied
in the literature ( []): they are generally predicted in many extensions of the Standard
Model and their bubble dynamics can be a promising source of both gravitational wave
(GWs) and particle production. In particular, we focus on the production mechanism of
RHNs via bubble collisions, which can produce extremely heavy particles much heavier
than the scale of the phase transition or the temperature of the plasma when the bubble
walls achieve runaway behavior. This provides a natural setting for achieving the out-of-
equilibrium Sakharov condition necessary for generating a baryon asymmetry. The idea of
producing heavy particles in a FOPT whose decays can generate the BAU was first explored
in [?], which considered particle production via bubble collisions, realizing a low-temperature
baryogenesis and mainly using results from [?]. The idea was revisited more recently in [?,
?,?], which investigated baryogenesis/leptogenesis scenarios considering particle production
via bubble expansion due to the sudden mass gain of particles when they cross into bubbles
of true vacuum. [Discuss other related papers e.g. [?]...there are many others that consider
baryogenesis from particles suddenly getting massive and going out of equilibrium].

Our framework di↵ers from the work in [?,?,?] in two main aspects: since we do not
require the RHNs to gain mass from the FOPT, this allows us to consider more generic dark
FOPTs (unrelated to gauging B�L), and RHNs several orders of magnitude heavier than the
scale of the phase transition, opening up new parameter space. Moreover, the natural scale
(with O(1) couplings) for neutrino mass generation with type-I seesaw is MN ⇡ 1014 GeV.
While no other existing mechanism in the literature can successfully realize leptogenesis at
this mass scale, our framework can achieve this naturally, as we will see below.

2 Framework

In this section we illustrate our framework, consisting of a generic FOPT driven by a dark
scalar � and a simple neutrino portal setup (later we discuss a scalar portal scenario in
Sect.2.4). Some useful FOPT phenomenological parameters are introduced and features
of a runaway phase transition are presented. Eventually, we illustrate the mechanism of
production of heavy particles from bubble collisions.

2.1 Neutrino Portal Setup

In this setup, the RHNs N act as the portal between the dark sector undergoing the FOPT
and the SM sector. In addition to the scalar �, consider a dark sector fermion � such that
�� is a gauge singlet under the symmetry broken by the � vev. This enables us to write the
following Lagrangian for the RHNs (for more details of such models, see [?,?,?,?,?,?])

L � yD ��N + y⌫ LH N +MNNN (2)

The first term gives the coupling of N to the dark sector, whereas the second term gives its
coupling to the SM sector (L and H are the SM lepton and Higgs doublets respectively). We
consider the mass of the RHN, MN , to be much higher than the scale of the phase transition
v� and the temperature of the bath.

3

Can also generate neutrino masses; e.g. type-I seesaw:

RHNs tend to be heavy: e.g. O(1) coupling needs MN ~1014 GeV

Thermal leptogenesis works for MN ~107 - 1014 GeV

 (but no experimental signals, and requires large reheating temperatures above 
the RHN masses)

Strong washout close 
to this limit 
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LEPTOGENESIS VIA BUBBLE COLLISIONS

The simplest extension: couple N to FOPT field, mirroring the same interaction

on the RHN mass, i.e. MN . 1013 GeV, since at higher temperatures �L = 2 washout
scatterings are in equilibrium, hence RHN decays cannot produce the desired asymmetry.

In this paper we propose a testable non-thermal realization of leptogenesis from the
dynamics of a first order phase transition (FOPT). FOTPs have been extensively studied
in the literature ( []): they are generally predicted in many extensions of the Standard
Model and their bubble dynamics can be a promising source of both gravitational wave
(GWs) and particle production. In particular, we focus on the production mechanism of
RHNs via bubble collisions, which can produce extremely heavy particles much heavier
than the scale of the phase transition or the temperature of the plasma when the bubble
walls achieve runaway behavior. This provides a natural setting for achieving the out-of-
equilibrium Sakharov condition necessary for generating a baryon asymmetry. The idea of
producing heavy particles in a FOPT whose decays can generate the BAU was first explored
in [?], which considered particle production via bubble collisions, realizing a low-temperature
baryogenesis and mainly using results from [?]. The idea was revisited more recently in [?,
?,?], which investigated baryogenesis/leptogenesis scenarios considering particle production
via bubble expansion due to the sudden mass gain of particles when they cross into bubbles
of true vacuum. [Discuss other related papers e.g. [?]...there are many others that consider
baryogenesis from particles suddenly getting massive and going out of equilibrium].

Our framework di↵ers from the work in [?,?,?] in two main aspects: since we do not
require the RHNs to gain mass from the FOPT, this allows us to consider more generic dark
FOPTs (unrelated to gauging B�L), and RHNs several orders of magnitude heavier than the
scale of the phase transition, opening up new parameter space. Moreover, the natural scale
(with O(1) couplings) for neutrino mass generation with type-I seesaw is MN ⇡ 1014 GeV.
While no other existing mechanism in the literature can successfully realize leptogenesis at
this mass scale, our framework can achieve this naturally, as we will see below.

2 Framework

In this section we illustrate our framework, consisting of a generic FOPT driven by a dark
scalar � and a simple neutrino portal setup (later we discuss a scalar portal scenario in
Sect.2.4). Some useful FOPT phenomenological parameters are introduced and features
of a runaway phase transition are presented. Eventually, we illustrate the mechanism of
production of heavy particles from bubble collisions.

2.1 Neutrino Portal Setup

In this setup, the RHNs N act as the portal between the dark sector undergoing the FOPT
and the SM sector. In addition to the scalar �, consider a dark sector fermion � such that
�� is a gauge singlet under the symmetry broken by the � vev. This enables us to write the
following Lagrangian for the RHNs (for more details of such models, see [?,?,?,?,?,?])

L � yD ��N + y⌫ LH N +MNNN (2)

The first term gives the coupling of N to the dark sector, whereas the second term gives its
coupling to the SM sector (L and H are the SM lepton and Higgs doublets respectively). We
consider the mass of the RHN, MN , to be much higher than the scale of the phase transition
v� and the temperature of the bath.

3

Dark sector fermion charged under the symmetry broken at the FOPT
Gets mass from type-I seesaw (analogous to SM neutrinos). Is like a light sterile 
neutrino, has a small mixing with SM neutrinos.  

encoded in the 2-point 1PI Green function �(2). Using the Optical Theorem, the imaginary
part of the 2-point 1PI Green function is given by the sum [?,?]

Im[�̃(2)(p2)] =
1

2

X

k

Z
d⇧k|M̄(�⇤

p
! k)|2 (16)

Here the sum runs over all possible final states k that can be produced from the background
field excitations �⇤

p
, |M̄(�⇤

p
! k)|2 is the spin-averaged squared amplitude for the decay of

�
⇤
p
into the given final state k, and d⇧k denotes the relativistically invariant n-body phase

space element.
For fermions, the relevant expression is

Im[�̃(2)(p2)]�⇤
p!�f �̄f

=
y
2

f

8⇡
p
2(1� 4m2

�f
/p

2)3/2 ⇥(p2 � 4m2

�f
) . (17)

Note that this process is proportional to p
2.

The scalar � particles themselves can be produced through the background field excita-
tions, via the quartic term ��

4!
�
4 in the scalar potential; this gives rise to �

⇤
p
! �� (with a

single vev insertion) and �
⇤
p
! 3� decay processes. These lead to

Im[�̃(2)(p2)]�⇤
p!�� =

�
2

�
v
2

�

8⇡
(1� 4m2

�
/p

2)⇥(p� 2m�) (18)

and

Im[�̃(2)(p2)]�⇤
p!3� =

�
2

�
p
2

3072 ⇡3
(1� 9m2

�
/p

2)⇥(p� 3m�) (19)

Note that the 3-body process is suppressed relative to the 2-body process by a loop factor
due to an additional particle in the final state, but is proportional to p

2 rather than v
2

�
, hence

can become more important at higher p2 as it can be realized even in the v� ! 0 limit where
the symmetry is unbroken.

For scalar DM, which couples as �s
4
�
2
�
2

s
, the formulae for two- and three-body decays

�
⇤
p
! �s�s and �

⇤
p
! ��s�s are analogous to Eqs. 18, 19, with �� ! �s and appropriate

modifications of the final state masses in the phase space factors and step functions.

3 Leptogenesis

In this section we proceed describing the evolution of the non-thermal leptogenesis sourced
via particle production from bubble collisions. We estimate the baryon asymmetry generated
via this novel mechanism in the neutrino portal setup specified in Sect.2, and later identifying
the viable parameter space, commenting on the testability of our scenario via GW detection.

3.1 RHN Abundance

In our setup, the background field excitations decay as �
⇤
! �N . The number density of

RHNs from such decays is approximately (using a lot of approximations, to be explained
later)

nN ⇡ 1.7 y2
D

�

H

✓
30(1 + ↵)cV

⇡2↵

◆1/2
v
4

�

MP l

ln

✓
2EN

mN

◆
, (20)

9

Their decays produce the lepton asymmetry. Since T~vφ << MN, washout effects 
exponentially suppressed, easily achieving the out-of-equilibrium requirement. 

Idea: Produce heavy RHNs from bubble collisions

( Other variations, e.g. involving a heavy lepton-number-breaking scalar as the portal, also work )
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LEPTOGENESIS: PARAMETER SPACE

Contours: 

amount of      
baryon asymmetry
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PHENOMENOLOGY: GRAVITATIONAL WAVES
W/ KEISUKE INOMATA, MARC KAMIONKOWSKI, KENTARO KASAI, 241X.XXXXX
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Scalar field / 
bubble wall 

(Interacting) 
Sound waves/ 
turbulence in 

plasma 

(Non-interacting) 
Feebly interacting 

particles  

Distinct sources 
of gravitational 

waves from 
FOPTs, with 
distinct GW 

spectra }
2211.06405

GRAVITATIONAL WAVES FROM FOPTS

W/ Ryusuke Jinno, Jorinde van de Vis 

FOPTs are one of the most promising and well studied 
cosmological sources of GWs from the early Universe



21

GRAVITATIONAL WAVES
If particle production is efficient, the energy from the phase transition is 

now primarily stored in a nontrivial dynamic distribution of particles (that 
can survive long after all the bubbles have disappeared) 

A new source of gravitational waves from phase transitions?
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GRAVITATIONAL WAVES

PRELIMINARY
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SUMMARY: COSMIC COLLIDERS

• Collisions of runaway vacuum bubbles 
act as high energy colliders, leading to 

particle production with ultrahigh 
mass, energy close to the Planck scale 

• Recent work: Improved conceptual 
understanding and numerical results, 
which show a universal power law scaling of 

high energy excitations, and that naive 
calculations are gauge dependent 

• Many possibilities and applications: 
ultraheavy dark matter, high scale 
leptogenesis, gravitational waves


