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We propose a mechanism that forms primordial black holes (PBHs) via a first-order electroweak phase
transition (FOEWPT). The FOEWPT is realized by extending the Standard Model with a real singlet scalar,
while the PBH formation is achieved by the collapse of nontopological solitons called Fermi-balls. Such
solitons form via trapping fermions in the false vacuum during the FOEWPT, and they eventually collapse
into PBHs due to the internal Yukawa attractive force. We demonstrate that a scenario with PBH dark
matter candidate can exist, and the typical experimental signals include FOEWPT gravitational waves and
the multilepton/jet or displaced vertex final states at the LHC.
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I. INTRODUCTION

Usually, “black holes” refer to the compact objects from
the gravitational collapse of the massive stars running out
of fuel; the gravity of those objects is so strong that even
light cannot escape from them. However, it is proposed that
black holes can also form soon after the big bang, well
before the formation of any stars and galaxies [1,2]. Those
hypothetical black holes, known as primordial black holes
(PBHs), have important cosmological implications: they
could be a natural dark matter (DM) candidate [2–8], could
be the seeds of the supermassive black holes [9–13], or
could be the origin of some gravitational wave (GW)
signals observed by the LIGO/Virgo detectors [14–19], etc.
PBHs can form in the early Universe via the collapse of

an overdense region from the primordial fluctuations
during inflation [20–22], via the collapse of cosmic
topological defects [23–29], via scalar field fragmentation
[30–33], or via a first-order phase transition (FOPT)
[34–42]. Recently, there is a renewed interest in the
PBH formation from an FOPT, and many mechanisms
have been proposed and studied [43–52]. Especially,
Ref. [45] proposes a general mechanism that nontopolog-
ical solitons called “Fermi-balls” form during an FOPT,
and then collapse into PBHs due to the internal Yukawa
attractive force. In this article, we would like to apply this
mechanism to the extended Standard Model (SM),

discussing the possibility of forming PBHs in a first-order
electroweak phase transition (FOEWPT).
The SM EWPT is a smooth crossover [53–55]. However,

an FOEWPT can be realized if the SM is simply extended
with a real singlet scalar S [56–61]. If we further extend this
model with one fermion χ coupling to the scalar via
−yχSχ̄χ, then χ would have different masses inside and
outside the vacuum bubbles during the FOEWPT, as the S
vacuum expectation values (VEVs) are different in two
sides of the bubble wall. This mass gap, if significantly
larger than the FOEWPT temperature, would forbid the χ
fermions from penetrating into the true vacuum (i.e., EW
symmetry breaking phase). After the completion of the
FOEWPT, the fermions are trapped in the false vacuum and
then form nontopological solitons, dubbed Fermi-balls, if
there is a number density asymmetry for χ and χ̄ [62].
Inside a Fermi-ball, the constituent χs interact with each
other via the S-mediated attractive Yukawa force, and the
corresponding range of force increases as the Fermi-ball
cools down. When the range of force reaches the mean
separation of χs in a Fermi-ball, the ball collapses into a
PBH [45]. The mechanism is sketched in Fig. 1.
This article is not just a simple application of an existing

mechanism. The original study [45] illustrates the mecha-
nism with a toy model with a single-field induced FOPT,
adopts the preexisting χ asymmetry as an assumption, and
demonstrates that the PBHs are typically overproduced
compared to the DM relic abundance. In this work, we
demonstrate the nontrivial features caused by a two-field
induced FOPT, and build a concrete model which can
generate the χ asymmetry and provide necessary dilution
process to realize a PBH DM scenario. We will first discuss
the FOEWPT dynamics and Fermi-ball and PBH formation
in Sec. II, and then build the complete model in Sec. III.
After discussing the phenomenology of the model in
Sec. IV, we conclude in Sec. V.
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II. THE FOEWPT AND PBH FORMATION

A. The FOEWPT dynamics

Denote the Higgs doublet as H ¼ ð ffiffiffi
2

p
Gþ; hþ

iG0ÞT= ffiffiffi
2

p
and the real singlet as S, the scalar sector of

the model reads

L ⊃ DμH†DμH þ 1

2
∂μS∂μS − VðH; SÞ; ð1Þ

where the joint scalar potential is

VðH; SÞ ¼ −μ2jHj2 þ λjHj4 þ a1
2
jHj2S

þ a2
2
jHj2S2 þ b2

2
S2 þ b3

3
S3 þ b4

4
S4: ð2Þ

We have shifted S such that the tadpole term b1S vanishes.
At T ¼ 0, the above potential has a VEV ðh; SÞ ¼ ðv; vsÞ,
where v ¼ 246 GeV. Shifting h → vþ h and S → vs þ S,
one gets the mass term of h and S via the Hessian matrix of
the potential. Diagonalizing the mass term yields two mass
eigenstates,

�
h

S

�
¼

�
cos θ − sin θ

sin θ cos θ

��
h1
h2

�
: ð3Þ

Here we define h1 to be the Higgs-like boson discovered at
the LHC [63,64], thus Mh1 ¼ 125.09 GeV and the mixing
angle θ is expected to be small. Given Mh1 and v, there are
five free parameters in Eq. (2). We use the strategy the same
as Ref. [65] to find the parameter space satisfying the SM
measurements (i.e., Mh1 and v). When scanning, we keep
Mh2 ∈ ½250; 1000� GeV and θ ∈ ½0; 0.35�, and the other
three potential parameters are within the unitarity bound
and bounded-below range.

At finite temperature, the potential Eq. (2) is modified to

Vðh; S; TÞ ¼ −
μ2 − cHT2

2
h2 þ λ

4
h4 þ a1

4
h2Sþ a2

4
h2S2

þm1T2Sþ b2 þ cST2

2
S2 þ b3

3
S3 þ b4

4
S4;

ð4Þ

under the unitary gauge, where only the gauge invariant T2-
order terms are kept [66,67], and the coefficients are

cH ¼ 3g2 þ g02

16
þ y2t

4
þ λ

2
þ a2
24

;

cS ¼
a2
6
þ b4

4
; m1 ¼

a1 þ b3
12

: ð5Þ

For appropriate parameter choice, the thermal potential
Eq. (4) is able to trigger an FOEWPT from the false
vacuum ðh; SÞ ¼ ð0; visÞ to the true vacuum ðvf; vfs Þ.
An FOEWPT is the decay between two vacua separated

by a barrier. The Universe is initially in the EW symmetry
preserving vacuum ð0; visÞ. Below the critical temperature
Tc, the EW symmetry breaking vacuum ðvf; vfs Þ has a
lower energy, thus the system acquires a decay probability
per unit volume

ΓðTÞ ∼ T4e−S3ðTÞ=T; ð6Þ

where S3ðTÞ is the Euclidean action of theOð3Þ-symmetric
bounce solution [68]. The FOEWPT proceeds via bubble
nucleation and percolation, where nucleation happens
when the transition probability in a Hubble volume and
a Hubble time reachesOð1Þ, i.e., ΓðTnÞH−4ðTnÞ ≈ 1, while
percolation happens at Tp when the volume fraction of the
false vacuum falls to pp ¼ 0.71 that the connected bubbles
are able to form an infinite cluster [69]. As we will see, the
phase transition considered in this article is not an ultra-
supercooling one, thus the nucleation and percolation

FIG. 1. Sketch of the mechanism, where white and blue color regions represent the false and true vacua, and red and green dots
represent χ and χ̄, respectively. The FOEWPT proceeds by bubble nucleation and percolation. Soon after percolation, the trapped
fermions are squeezed into small false vacuum remnants to form Fermi-balls. After the completion of FOEWPT, the Fermi-balls cool
down and collapse into PBHs.
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temperatures are quite close that we treat them as the same
value, Tn ≈ Tp. The Hubble constant HðTÞ is given by

2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πg�=45

p ðT2=MPlÞ in the radiation domination era,
where g� ¼ 106.75 is the number of relativistic degrees
of freedom.
The potentials satisfying SM constraints are fed to the

CosmoTransitions package [70] to calculate S3ðTÞ, and the
nucleation temperature is determined by [71]

S3ðTÞ
T

����
Tn

≈ 140: ð7Þ

Above equation is defined the criterion of FOEWPT. The
parameter space we found for FOEWPT is demonstrated in
the left panel of Fig. 2 by the scatter plot of the initial (false)
vacuum ð0; visÞ and new (true) vacuum ðvf; vfs Þ. Tn is
shown in color. In the right panel of Fig. 2, we show two
important parameters of the transition, namely

α¼ 1

g�π2T4
n=30

�
T
∂U0

∂T
−U0

�����
Tn

;
β

Hn
¼T

dðS3=TÞ
dT

����
Tn

;

ð8Þ

where U0ðTÞ ¼ Vð0; vis; TÞ − Vðvf; vfs ; TÞ is the positive
free energy difference between the true and false vacua. By
definition, α and β=Hn are ratios of FOEWPT latent heat to
radiation energy density and Hubble timescale to FOEWPT
duration, respectively. After the FOEWPT, as T falls, the
vacuum eventually shifts to current T ¼ 0 value ðv; vsÞ.

B. Fermi-ball formation during the FOEWPT

Consider the fermion sector. Let χ be the singlet fermion,
the relevant Lagrangian is

L ⊃ χ̄ði=∂ −M0Þχ − yχSχ̄χ; ð9Þ

thus during the FOEWPT the fermion masses in the false
and true vacua are

Mi ¼ jM0 þ yχvisj; Mf ¼ jM0 þ yχv
f
s j; ð10Þ

respectively. If Mf −Mi ≫ Tn, then the fermions do not
have sufficient kinetic energy to pass the bubble wall to
enter the true vacuum. Instead, they are trapped in the false
vacuum. The trapping fraction Ftrap

χ can be derived as a
function of ðMi;Mf; Tn; vb; vþÞ, where vb and vþ are the
wall velocities relative to the plasma at infinite distance and
just in front of the wall, respectively; in general vþ ≤ vb
[72]. The detailed calculation is given in the Appendix. For
mass gap over temperature ratio ðMf −MiÞ=Tn ∼Oð10Þ,
the trapping is very efficient. For example, if Mi ¼ 0,
Mf=Tn ¼ 10, vb ¼ 0.4, and vþ ¼ 0.2, then Ftrap

χ ¼ 99.8%.
As the true vacuum bubbles expand and merge, occupy-

ing more and more space, the false vacuum remnants are
separated into individual pockets. This happens at T� when
the volume fraction of the false vacuum decreases to p� ¼
0.29 [62]. For a nonultrasupercooling transition, T� is
usually very close to Tn and Tp, and we use T� ≈ Tn

throughout this paper. Those separated false vacuum
pockets first split to smaller ones, then shrink to a negligible
size. During such shrinking, the trapped fermions are
forced to annihilate via χχ̄ → S and χχ̄ → SS, while the
Ss eventually annihilate/decay to SM particles. If there is a
preexisting χ-χ̄ number density asymmetry, then χs can
survive the annihilation and develop a degeneracy pressure.
Once such pressure is able to balance the vacuum pressure,
the Fermi-balls form [62].1 Below we perform a quantita-
tive calculation for the above physical picture.
First, we consider a false vacuum pocket at the end of

splitting and the beginning of shrinking. The radius R� of
such a pocket is determined by the consideration that it
should shrink to a negligible size before another true
vacuum bubble is created inside it, i.e.,

ΓðTnÞ
�
4π

3
R3�

�
R�
vb

∼ 1; ð11Þ

from which we can also infer the number density of those
pockets n�rem ¼ p�=ð4πR3�=3Þ. Since one such pocket
shrinks to one Fermi-ball, n�rem is also the Fermi-ball
number density at formation n�FB.
Second, we turn to the fermion number trapped in a

Fermi-ball. Define the χ asymmetry in a way similar to the
SM baryon asymmetry as

FIG. 2. Left: the collection of FOEWPT initial vacuum ð0; visÞ
and final vacuum ðvf; vfs Þ. Right: the collection of α and β=Hn

parameters. The transition temperature Tn is shown in color.

1It is worth mentioning the difference between our work and
Ref. [44]. While both considering trapping fermions during
an FOPT using the large mass gap, Ref. [44] assumes either a
tiny Yukawa (yχ ¼ 10−5

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tn=PeV

p
) or a high temperature

(Tn ¼ 1015 GeV) to suppress the annihilation cross sections
σðχχ̄ → SÞ and σðχχ̄ → SSÞ, such that the χ and χ̄ number in
a false vacuum remnant does not change, and hence during
shrinking the remnant’s energy density increases rapidly to cause
the direct collapse into a PBH. In contrast, we use yχ ∼Oð1Þ and
Tn ∼ 100 GeV, so that the χχ̄ annihilation is very efficient and no
significance overdensity is formed during the shrinking, and the
shrinking stops only when the surviving χs develop sufficient
degeneracy pressure to form the Fermi-ball.
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ηχ ¼
nχ − nχ̄

s
; ð12Þ

with sðTÞ≡ ð2π2=45Þg�T3 being the entropy density, then
after annihilation there are

QFB ¼ Ftrap
χ

ηχsðTnÞ
p�

�
4π

3
R3�

�
;

¼ Ftrap
χ

ηχsðTnÞ
p�

�
4π

3

�
1=4

�
vb

ΓðTnÞ
�

3=4
; ð13Þ

χs survive in a Fermi-ball, and all χ̄ s are gone. QFB is also
the net Q charge collected by a Fermi-ball, as the
Lagrangian (9) has a Uð1ÞQ invariance for χ → χeiα.
Finally, we obtain the Fermi-ball profile by solving the

balance between the Fermi-gas pressure and vacuum
pressure. This can be done by deriving the Fermi-ball
energy EFB under a given charge QFB, radius R, and
temperature T, and then varying R to find the balance point
dEFB=dR ¼ 0. For a grand canonical ensemble that con-
sists of noninteracting fermions with desperation relation
ϵ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jpj2 þM2

i

p
, the grand potential density is

ω̃ ¼ −2T
Z

d3p
ð2πÞ3 ln ð1þ e−ðϵ−μÞ=TÞ;

¼ −
1

3π2

Z
∞

Mi

ðϵ2 −M2
i Þ3=2dϵ

eðϵ−μÞ=T þ 1
: ð14Þ

Assuming the chemical potential μ ≫ T (which is reason-
able because there are only χs left inside the Fermi-ball),
the above expression can be calculated via the low temper-
ature expansion of the Fermi integral to be

ω̃ ≈ −
1

24π2

�
μ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2 −M2

i

q
ð2μ2 − 5M2

i Þ

þ3M4
i arccosh

μ

Mi

�
−
1

6
T2μ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
μ2 −M2

i

q
: ð15Þ

Using the grand potential, one is able to calculate other
observables of the system, e.g., the total fermion number
QFB, the fermion energy Ekin, etc. Given the relation
between μ and QFB, we can use QFB to rewrite the kinetic
energy as

Ekin ¼
3π

4

�
3

2π

�
2=3Q4=3

FB

R

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4δ2

p
ð1þ 2δ2Þ

−
6

π

�
3

2π

�
1=3

δ4arccschð2δÞ

þ 8π2

3
δ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 4δ2

p �
T
Mi

�
2
�
; ð16Þ

where δ≡ ðMiRÞ=ð18πQFBÞ1=3 is expected to be small. It
is clear in Eq. (16) that the fermion energy consists of the
Fermi-gas kinetic part (irrelevant to T) and the thermal
excitation part (proportional to T2).
The total energy of a Fermi-ball is

EFB ¼ Ekin þ 4πσ0R2 þ 4π

3
U0R3; ð17Þ

where the second term is the negligible surface tension term
(because it turns out that a Fermi-ball has a macroscopic
size), while the third term is the bulk energy defined below
Eq. (8). The physical radius and mass of the Fermi-ball can
be determined by

dEFB

dR

����
RFB

¼ 0; MFB ¼ EFBjRFB
; ð18Þ

but as Eq. (16) involves the nonpolynomial functions for R,
analytical expressions can be got only under the small δ
expansion up to Oðδ2Þ, which yields

Ekin ≈
3π

4

�
3

2π

�
2=3Q4=3

FB

R

�
ð1þ 4δ2Þ

þ 8π2

3
δ2ð1þ 2δ2Þ

�
T
Mi

�
2
�
; ð19Þ

and hence the Fermi-ball radius can be resolved
analytically

RFB ≈Q1=3
FB

�
3

16

�
3

2π

�
2=3 1

U0

�
1=4

�
1 −

M2
i

8
ffiffiffi
3

p
πU1=2

0

��
1 −

�
π

12
ffiffiffi
3

p
U1=2

0

þ M2
i

48U0

�
T2

�
;

MFB ≈QFBð12π2U0Þ1=4
�
1þ

ffiffiffi
3

p
M2

i

8πU1=2
0

��
1þ

�
π

4
ffiffiffi
3

p
U1=2

0

−
M2

i

48U0

�
T2

�
: ð20Þ

When taking Mi → 0 and T → 0, above profiles reduce to those in Ref. [62].
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Equation (18) only ensures the Fermi-ball’s stability
under the variation of radius. To be a really stable soliton,
the profile should further satisfy

dMFB

dQFB
< Mf;

d2MFB

dQ2
FB

< 0; ð21Þ

so that the Fermi-ball can be stable against decay and
fission. The first condition needs to be verified for a
concrete model but the second one is automatically
satisfied once the surface tension (∝ Q2=3

FB ) is taken into
account. After formation, Fermi-balls can cool down via the
emission of light SM fermions, and the cooling timescale is
much shorter than the Hubble timescale [45]. As a result,
Fermi-balls can track the cosmic temperature, and hence
the mass and radius profiles change slowly with the
temperature according to Eq. (20).
Now we investigate the possibility of forming Fermi-

balls in the FOEWPT data points derived in Sec. II A. For
simplicity, we set the bare fermion massM0 ¼ 0. Note that
this choice of M0 does not mean the mass in false vacuum
Mi ¼ 0, because hSi is generally nonzero in the false
vacuum, see Eq. (10) and Fig. 2. The wall velocity vb is
important in this aspect, as it affects both the trapping
fraction and the Fermi-ball mass, i.e., MFB ∝ v3b [45]. As
Ref. [45] shows that vb typically varies from 0.2 to 0.8 for a
phase transition at EW scale, we adopt vb ¼ 0.4 as a
benchmark, and derive vþ by solving the hydrodynamics
profile [73]. For each set of FOEWPT parameters, we
randomly assign a yχ ∈ ½2; 4π� and calculate Ftrap

χ . The χ
asymmetry is chosen and ηχ ¼ 10−8. With above values in
hand, together with the decay rate ΓðTnÞ, one is able to
derive the Fermi-ball profile (20) and check the stability
conditions (21). In Fig. 3 we present the data points
allowing the Fermi-ball formation at Tn. We can see that
a fairly large yχ ∼ 8 is needed for efficient trapping,2 and
the mass and radius of Fermi-balls are MFB ∼ 1017 g and

RFB ∼ 10 μm, respectively. The charge of a single Fermi-
ball is QFB ∼ 1038. The profiles shown in the right panel of
Fig. 3 are evaluated at Tn. When T falls, the profiles change
mildly, until the possible collapse to PBHs, as discussed in
the following subsection.

C. From Fermi-balls to PBHs

Section II B has assumed the χ fermions inside a Fermi-
ball are independent particles so that the Fermi-Dirac
statistics applies. However, in principle the χ fermions
attract each other via the S-mediated Yukawa force due to
the interaction −yχSχ̄χ. More precisely, after the h − S
mixing there are two Yukawa forces given by the potential

VYukðrÞ ¼ −
y2χs2θ
4πr

e−Mh1
r −

y2χc2θ
4πr

e−Mh2
r; ð22Þ

with r being the distance between two χ fermions, and cθ
(sθ) short for cos θ (sin θ). The Yukawa potential decays
quickly when r is larger than the range of force, which
equals to the inverse of the mediator mass. This subsection
only analyzes the parameter points in which the Yukawa
interactions are negligible during the Fermi-ball formation,
so that the calculations in Sec. II B are valid.3 However, as
we will see, Mh1;2 decreases when the Fermi-ball cools
down, and hence the range of Yukawa force increases.
When the internal Yukawa force is strong enough, a Fermi-
ball cannot maintain its stability; instead, it will collapse to
a PBH, somewhat similar to the stellar collapse due to
gravity.
Let us quantitatively derive the collapse condition for a

Fermi-ball. Using the uniform distribution of χ as a zero-
order approximation, the Yukawa energy of a Fermi-ball is
[45]

EYuk ¼ −
3y2χ
20π

Q2
FB

RFB

�
s2θf

�
Lh1

RFB

�
þ c2θf

�
Lh2

RFB

��
; ð23Þ

where

fðξÞ ¼ 5

2
ξ2
�
1þ 3

2
ξðξ2 − 1Þ − 3

2
ξðξþ 1Þ2e−2=ξ

�
; ð24Þ

satisfying fð0Þ ¼ 0 and fð∞Þ ¼ 1. Here Lhi ¼ 1=Mhi with
i ¼ 1, 2 is the range of Yukawa force. We can see EYuk < 0,
since the Yukawa interaction is attractive; and EYuk
vanishes in the limit Lhi → 0. But on the other hand,
EYuk is enhanced by Q2

FB, which has a higher power
dependence on QFB compared to the Fermi-gas kinetic
energy Eq. (16). As a Fermi-ball collects a huge amount of

FIG. 3. Left: the Yukawa coupling and trapping fraction of the
Fermi-ball formation data points. Right: the collection of Fermi-
ball profiles at formation temperature Tn.

2Such a large yχ may cause the Landau pole problem at TeV
scale, and we will comment on this at the end of the conclusion.

3The case that Yukawa interactions are too strong to form
solitons is discussed in the conclusion.
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QFB, Eq. (23) might dominate the total energy, causing the
collapse into a PBH.
Let us consider the case of Lh1;2 ≪ RFB, and then

Eq. (23) can be approximated as

EYuk ≈ −
3y2χ
8π

Q2
FB

R3
FB

�
s2θ
M2

h1

þ c2θ
M2

h2

�
≡ −

3y2χ
8π

Q2
FB

R3
FB

1

M2
eff

; ð25Þ

where Meff is the effective mediator mass, and we define
Leff ≡M−1

eff as the effective range of the Yukawa force. We
can resolve the energy profile of a Fermi-ball again by the
condition dEFB=dRjRFB

¼ 0 after adding Eq. (25) into
Eq. (17). This is a cubic equation of R2,

R4
dEFB

dR
¼ aðR3Þ2 þ bðR2Þ2 þ cR2 þ d ¼ 0; ð26Þ

which can be transferred into the standard form

u3 þ puþ q ¼ 0; ð27Þ

by u ¼ R2 þ b=ð3aÞ, where

p ≈ −
3

16

�
3

2π

�
2=3Q4=3

FB

U0

�
1 −

5M2
i T

2

108U0

�
;

q ≈
9y2χ
32π2

L2
effQ

2
FB

U0

�
1 −

M2
i T

2

12U0

�
þ Q2

FB

128U2
0

�
T2 þ 3M2

i

2π2

�
:

ð28Þ
Now we can use the knowledge of the cubic equation to
discuss the energy profile of a Fermi-ball and derive the
collapse condition.
Define the discriminant

Δ ¼
�
q
2

�
2

þ
�
p
3

�
3

; ð29Þ

which is a T-dependent value, as Mi, U0, and Leff are all
functions of temperature. When Δ < 0, there are two
positive roots for u in Eq. (27), with the larger one
corresponding to the Fermi-ball radius RFB, and the smaller
one giving the local maximum of the energy. When T
decreases,Δ increases. WhenΔ reaches 0, there is only one
real root for u and the energy profile is not bounded below
anymore. Physically, this is the collapse condition of a
Fermi-ball to a PBH; written in terms of effective range of
force, we obtain

Lcol≈
1

yχ

�
2π

3
ffiffiffi
3

p
�

1=2
�
2π

3

�
1=6 RFB

Q1=3
FB

�
1−

ð ffiffiffi
3

p
−1ÞM2

i R
2
FB

34=3ð2πÞ2=3Q2=3
FB

�

−
2π2ð ffiffiffi

3
p

− 1ÞR3
FBT

2

313=4yχQFB

�
1þð52− 30

ffiffiffi
3

p Þ1=3R2
FBM

2
i

ð9πQFBÞ2=3
�
;

ð30Þ

and Leff ≥ Lcol means collapse. At Tn, Leff < Lcol, thus we
have the Fermi-ball formation; while as the Fermi, ball
cools, Leff increases. When Leff ¼ Lcol, a Fermi-ball
collapses into a PBH. The collapse temperature is defined
as TPBH, and the PBH inherits its mother Fermi-ball’s mass.
The collapse of a Fermi-ball is illustrated in the left panel of
Fig. 4 by a benchmark selected from the Fermi-ball data
points derived in Sec. II B.
Collapsing into a PBH is just one possible fate of a

Fermi-ball. In general, when T decreases and Leff increases,
there could be three different final states for a Fermi-ball:
(1) Leff reaches Lcol at some temperature TPBH, and then

a Fermi-ball collapses into a PBH.
(2) Leff < Lcol is always satisfied, even at T ¼ 0. The

Fermi-balls survive today as a soliton DM candidate.
(3) Leff < Lcol, but at some temperature Teva the false

vacuum disappears and there is only one minimum
(the EW symmetry breaking vacuum) for the scalar
potential. In that case, Fermi-balls will evaporate to
free χs at Teva.

We find that among the Fermi-ball data points in Sec. II B,
around 72% can collapse to PBHs, 1.1% can survive until
today to be soliton DM, and the others evaporate. Final
state 3 is a novel feature from a two-field FOPT. Although
Fermi-ball DM is also an interesting scenario [62,74], we
will focus on the PBH data points hereafter. In the right
panel of Fig. 4, we show the collection of mass and collapse
temperature of the PBHs. One can see that the PBH masses
are quite similar to the Fermi-ball masses in Fig. 3, and
typically MPBH ∼Oð1017 gÞ, lying in the allowed mass
region for a 100% DM contribution [6–8]. This result is not
surprising, because it is actually the motivation of choosing
ηχ ¼ 10−8 as the benchmark in Sec. II B. The PBH mass
could be roughly estimated by [45]

FIG. 4. Left: illustration of the collapse of a Fermi-ball. At
formation (Tn, blue curve), there is a localminimum forEFB,which
can be explained as the Fermi-ball solution; however, when the
Fermi-ball cools to TPBH (dashed orange curve), EFB is not
bounded below, and the Fermi-ball collapses into a PBH. The
benchmark: μ2 ¼ ð21.37 GeVÞ2, λ ¼ 0.8253, a1 ¼ −2338 GeV,
a2 ¼ 2.797,b2 ¼ ð839.1 GeVÞ2,b3 ¼ −66.32 GeV,b4 ¼ 2.661.
Right: the masses and formation temperatures of the PBHs.
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MPBH ∼ 1.4 × 1021 g × v3b

�
ηχ

10−3

�

×

�
100

g�

�
1=4

�
100 GeV

T�

�
2
�
100

β=H

�
3

α1=4; ð31Þ

thus vb and ηχ as well as the FOEWPT strength and
duration affect the PBH mass, and we have tuned the
parameters such that the resultant MPBH lies in the allowed
DM range.
So far, we have been working under the SM extended

with two singlets: a real scalar S and a Dirac fermion χ. We
have discussed the PBH formation in the FOEWPT, and
evaluated the PBH mass profile. However, there are still
two questions remaining unsolved,
(1) How large is the relic abundance of the PBH?
(2) What is the origin of the χ asymmetry ηχ?

As for the first question, since we already get n�FB [the
number density of Fermi-balls at Tn, see the discussion
below Eq. (11)], the adiabatic expansion of the Universe
would give the current density as nPBH ¼ n�FBs0=sðTnÞ,
with s0 ≈ 2891.2 cm−3 as the cosmic entropy density today
[75]. By this we can obtain the relic density
ΩPBHh2 ¼ nPBHMPBHð8πh2Þ=ð3H2

0M
2
PlÞ, where H0 is the

current Hubble constant. As Ref. [45] already points out,
the PBHs from Fermi-ball collapse tend to be overpro-
duced, i.e., ΩPBHh2 ≳ΩDMh2 ¼ 0.12. In fact, we obtain
typically ΩPBHh2 ∼ 6000 ×ΩDMh2 for the data points in
Fig. 4. Hence, an appropriate dilution mechanism must be
combined to yield a PBH DM scenario. In next section, we
build a concrete model to both generate the χ asymmetry
and dilute the PBH density.

III. TOWARDS A COMPLETE MODEL

A. Generating the χ asymmetry

We extend the model with a Dirac fermion ψ and two
real scalars ϕi with i ¼ 1, 2. All those particles are singlets
under the SM gauge groups. The relevant Lagrangian reads

L ¼
X2
i¼1

�
1

2
∂μϕi∂

μϕi −
1

2
M2

iϕ
2
i

�

þ ψ̄ði=∂ −Mψ Þψ −
X2
i¼1

ðλiϕiχ̄ψ þ H:c:Þ: ð32Þ

A mass hierarchy M2 ≫ M1 is imposed, and the lighter
scalar ϕ1 can decay via ϕ1 → χψ̄=χ̄ψ . We also allow ϕ1 to
decay to the SM particles, and the relevant interactions are
not listed in Eq. (32). As wewill see, when Im½ðλ�1λ2Þ2� ≠ 0,
an ηχ can be generated. In addition, we assume ψ only
feebly couples to the SM particles, thus it never thermal-
izes. At late time, after the formation of PBHs, ψ will
dominate the energy of the Universe, leading to an early
matter domination era. After that, ψ decays to SM particles

and reheats the Universe, diluting the PBH density to
satisfy today’s DM observation. This subsection focuses on
the generation of ηχ , while the next subsection will discuss
the decay of ψ and the dilution of PBH.
The relevant Feynman diagrams for ϕ1 → χψ̄ are plotted

in Fig. 5. For simplicity, we set M1 ≫ Mχ , Mψ so that the
decay products can be treated as massless. At tree level, the
decay width

Γ0ðϕ1 → χψ̄Þ ¼ jλ1j2
8π

M1: ð33Þ

A similar calculation gives Γ0ðϕ1 → χ̄ψÞ ¼ Γ0ðϕ1 → χψ̄Þ.
At one loop level, there is one self-energy diagram and one
vertex correction diagram, and the standard loop calcu-
lation technique shows

ϵχ ¼
Γðϕ1 → χψ̄Þ − Γðϕ1 → χ̄ψÞ
Γðϕ1 → χψ̄Þ þ Γðϕ1 → χ̄ψÞ ;

≈ −
11

48π

Im½ðλ�1λ2Þ2�
jλ1j2

M2
1

M2
2

; ð34Þ

where M1 ≪ M2 has been used. The χ asymmetry after
reheating can be derived similar to the case of nonthermal
leptogenesis [76]

ηχ ¼
nχ − nχ̄

s
≈
3Trh

2M1

ϵχBrðϕ1 → χψ̄=χ̄ψÞ; ð35Þ

where Trh is the reheating temperature. At the same time a
ψ asymmetry ηψ ¼ −ηχ is generated.

B. Evolution of ψ and the dilution of PBH

After reheating, χ can thermalize due to the −yχSχ̄χ
interaction and the jHj2S2 portal couplings; however ηχ is
kept unchanged because those interactions preserve the
Uð1ÞQ symmetry. On the other hand, wewant ψ to be out of
equilibrium, i.e.,

nχhσvreli ≪ HðTrhÞ ¼ 2π

ffiffiffiffiffiffiffi
πg�
45

r
T2
rh

MPl
; ð36Þ

where

hσvreli ≈
jλ1j4
64π2

T2
rh

M4
1

; ð37Þ

FIG. 5. The ϕ1 → χψ̄ process, Feynman diagrams related to the
ηχ generation.
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is the thermal average of the cross section of the annihi-
lation χψ̄ → ϕ�

1 → χ̄ψ , and nχ ≈ 3ζ3T3
rh=ð2π2Þ.

Next we consider the decay of ψ . Since it is not in the
thermal bath, the yield

Yψ þ Yψ̄ ¼ nψ þ nψ̄
s

≈
3Trh

2M1

Brðϕ1 → χψ̄=χ̄ψÞ; ð38Þ

is kept as a constant. We assume the interaction −λψ l̄LH̃ψ
such that ψ can decay to SM leptons and the decay width

Γψ ¼ jλψ j2
16π

Mψ : ð39Þ

ψ will decay at Tψ which satisfies Γψ ≈HðTψÞ. If λψ is
sufficiently small, then ψ can be treated as stable down to a
very low temperature such that it dominates the energy of
the Universe. The domination of ψ happens at Tm when

MψYψ

�
2π2

45
g�T3

m

�
≈
π2

30
g�T4

m: ð40Þ

If Tψ < Tm, then below Tm the Universe comes to a ψ
(matter) domination era. The decay of ψ in such an era can
produce extra entropy injection and dilute the PBH density.
A more detailed discussion on an early matter era can be
found in Refs. [77,78], while here we adopt the simplified
treatment that all ψ decays quickly at Tψ . This gives the
entropy enhancement (dilution) factor [79]

Δψ ¼ Safter
Sbefore

≈
�
T 0
ψ

Tψ

�
3

≈ 1.83hg1=3� i3=4 MψYψffiffiffiffiffiffiffiffiffiffiffiffiffi
MPlΓψ

p ; ð41Þ

which can help to dilute the PBH density and realize the
PBH DM scenario.
The PBH data points obtained in Sec. II C (see Fig. 4)

typically require a dilution factor Δψ ∼ 6000 to give
ΩPBHh2=Δψ ¼ 0.12. For the sake of this, we choose the
relative phase between λ1 and λ2 to be φλ ¼ 3π=4 to
enhance the CP violation which is ∝ sin 2φλ. We further
choose the following benchmark

M1 ∼
M2

350
∼ 1010 GeV; Mψ ∼ 1 TeV;

jλ1j ∼ 0.1; jλ2j ∼ 1; jλψ j ∼ 10−12 ð42Þ

to rewrite the interaction rates and characteristic temper-
atures discussed above. First, the out-of-equilibrium con-
dition of ψ , Eq. (36), can be normalized to

nχhσvreli
HðTÞ

����
Trh

≈ 1.36 × 10−4 ×

�jλ1j
0.1

�
4
�
100

g�

�
1=2

×

�
Trh

4 × 108 GeV

�
3
�
1010 GeV

M1

�
4

; ð43Þ

and we can see that this is satisfied easily under the
parameters we choose.
For the ψ-radiation equality,

Tm ¼ 22.4 GeV ×

�
1.0
jλ2j

�
2
�
1010 GeV

M1

�
2

×

�
M2

3.5 × 1012 GeV

�
2
�

Mψ

1 TeV

��
ηχ

10−8

�
: ð44Þ

To avoid the complexity of an FOEWPT in a ψ domination
era, we require Tm < Tn. The ψ decay temperature is

Tψ ¼ 3.82 MeV ×

�
100

g�

�
1=4

�
λψ

10−12

��
Mψ

1 TeV

�
1=2

: ð45Þ

Therefore, Tψ < Tm is satisfied. Finally, the dilution factor

Δψ ¼ 6.24 × 103 ×

�
1.0
jλ2j

�
2
�

g�
100

�
1=4

×

�
M2

3.5 × 1012 GeV

�
2
�
1010 GeV

M1

�
2

×

�
Mψ

103 GeV

�
1=2

�
10−12

λψ

��
ηχ

10−8

�
; ð46Þ

and hence the required Δψ ∼ 6000 can be realized. In other
words, the parameter chosen in Eq. (42) can indeed provide
a PBH DM scenario for our model. We have also checked
that TψΔ

1=3
ψ ≳ 1 MeV, thus the reheated temperature after

ψ decay is higher than TBBN, as required by the cosmo-
logical observations.
The χ asymmetry after dilution is ηχ=Δψ ∼ 1.60 × 10−12.

Since ηχ=Δψ ¼ −ηψ=Δ, the ψ decay will generate a lepton
asymmetry, which is two orders of magnitude smaller than
the observed baryon asymmetry ηobsB ≈ 10−10 [75]. As Tψ is
much smaller than the decoupling temperature of the EW
sphalerons, which is around 130 GeV [80], the lepton
asymmetry will not be converted to a baryon asymmetry.
Note that ηχ=Δψ is unchanged when changing ηχ . This is
because MPBH ∝ ηχ , and hence increasing ηχ will also
increase Δψ , leaving a fixed ηχ=Δψ ∼ 10−2ηobsB determined
by the DM abundance. This is a feature determined by an
FOPT with Tn ∼ 100 GeV, and is already noticed in
Ref. [62].
While above discussions already demonstrate that for the

complete model can provide the necessary Δψ ∼ 6000
dilution factor for the PBH data points, we still need to
check two issues about the consistency of the treatment.

PEISI HUANG and KE-PAN XIE PHYS. REV. D 105, 115033 (2022)

115033-8



First, in Eq. (44), we have used ηχ to express
Brðϕ1 → χψ̄=χ̄ψÞ, thus it is necessary to see whether the
branching ratio is smaller than 1. Using the benchmark in
Eq. (42), one obtains Brðϕ1 → χψ̄=χ̄ψÞ ∼ 28.0%; thus this
is acceptable. The second issue is to make sure the
dominant decay channel of ψ is indeed to lH, as ψ can
also decay to χ plus two SM particles via an off shell ϕ1.
For the chosen benchmark, it turns out that the three-body
decay width is typically 10−8 × Γðψ → lHÞ due to the
huge suppression from ðMψ=M1Þ4. Therefore, our com-
plete model is self-consistent.

IV. PHENOMENOLOGY: GWS
AND COLLIDER SIGNALS

This section discusses the phenomenology of our model.
First, as a mechanism accompanied by an FOEWPT, our
scenario predicts phase transition GWs; second, the fer-
mion χ can manifest itself via the multilepton/jet and
displaced vertex signals at the LHC.

A. Phase transition GWs

It is well known that a FOEWPT can generate stochastic
GWs via bubble collision, sound waves, and magnetohy-
drodynamics turbulence in the plasma [81]. Typically a
transition happens at Tn ∼ 100 GeV yields GW signals at
frequency f ∼mHz at the current Universe [82]. As this
frequency lies in the sensitive region of the near-future
space-based detectors such as LISA [83], BBO [84],
TianQin [85,86], Taiji [87,88], and DECIGO [89,90], we
expect the FOEWPT can be explored experimentally in the
2030s. The GWs in the singlet scalar extended SM is
already extensively studied [91–93], and here we just focus
on the GW signals from the PBH data points.
The GW spectrumΩGWðfÞ can be obtained as a function

of the FOEWPT parameters ðα; β=Hn; Tn; vbÞ [82,94,95].
Given the spectrum, the signal-to-noise ratio (SNR)

SNR ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T
Z

fmax

fmin

df

�
ΩGWðfÞ
ΩdecðfÞ

�
2

s
; ð47Þ

can be evaluated, where Ωdec is the sensitivity curve of the
GW detector under consideration, and T is the correspond-
ing data-taking duration. For example, for the LISA
detector, T ¼ 9.46 × 107 s which is around four years
[95]. For the detection threshold of SNR, we adopt SNR >
10ð50Þ for the six-link (four-link) configuration LISA [94].
The collection of SNRs of the PBH data points is shown in
the left panel of Fig. 6,4 and one benchmark of the GM
spectrum is shown in the right panel of the same figure.

B. Signals at the collider

Current or future high energy colliders can probe the
FOEWPT of the real scalar extended SM via the on shell
production of the singletlike boson h2, the deviation of
Higgs couplings, etc. [65,99–105]. In this paper we are
mainly interested in the collider signals of our model at the
current LHC. Different from the real scalar extended SM,
our model contains an additional fermion χ. It turns out that
Mh2 > 2Mχ for the PBH data points, as shown in the left
panel of Fig. 7, where Mχ ≡ jM0 þ yχvsj is the χ mass at
true vacuum today. Due to the large yχ ∼ 8, h2 decays
dominantly to χχ̄, and the branching ratio is ≳85%. That
means pp → h2 → χχ̄ is the main signal channel, in which
h2 is produced via gluon gluon fusion and the h-S mixing.5

The production rates are shown in the right panel of Fig. 7.
To evade current direct detection searches for DM, the χ

fermion in our scenario cannot be stable. The χ fermions in
the true vacuum consist of two parts: the asymmetric

FIG. 6. Left: collection of SNRs at the LISA detector for the
PBH data points. Right: one GW spectrum benchmark, in which
the black solid curve is the total signal, while the red and blue
dashed curves are, respectively, the sound wave and turbulence
contributions. The benchmark parameter is the same as the left
panel of Fig. 4.

FIG. 7. Left: the Mh2 and Mχ distribution of the PBH data
points. Right: collection of pp → h2χχ̄ cross sections at the
13 TeV LHC and the decay lengths of χ.

4The suppression factor from the finite duration of sound wave
period is included [96–98].

5We have verified that the h2 → h1h1 and h2 → WþW−=ZZ
channels are not reachable even at the HL-LHC, due to the low
branching ratios.
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component, from the penetration of χs from the false
vacuum; and the symmetric component, from the S ↔
χχ̄ interaction. The latter component is negligible after
freeze-out, since yχ ∼ 8 provides a large annihilation cross
section σðχχ̄ → SÞ. For the former component, we obtain
Yχ ¼ ð1 − Ftrap

χ Þηχ , and the spin-independent scattering
cross section on a nucleon can be evaluated using the
formulas in Ref. [106] (the suppression factor from
Ωχ=ΩDM is taken into account, and Ωχ is the abundance
after ψ decay dilution). We found that for the PBH data
points σSI ≳ 5 × 10−45 cm2, which is already excluded if χ
can survive today [107]. Therefore, we need to let χ decay.
The way to decay χ is similar to that is applied to ψ : we

assume a vertex λχ l̄LH̃χ, which triggers the decay channel
χ → l−Wþ=νlZ=νlh, and Γχ ¼ jλχ j2Mχ=ð16πÞ. But be
aware this is the decay width in the true vacuum; in the
false vacuum, χ is typically lighter than the scalar degrees
of freedom, thus χ experiences a three-body decay to the
SM light fermions via an off shell scalar (including h1, h2,
and the Goldstones). We use the MadGraph5_aMC@NLO [108]
package to calculate the corresponding decay width, and
require χ in the false vacuum decays below TPBH to ensure
the Fermi-ball stability until collapse. A λχ ∼ 10−4 − 10−3

can satisfy this condition. On the other hand, the χ fermions
in the true vacuum should decay above TBBN ≈ 1 MeV to
evade the BBN constraint, yielding a rather weak bound
that λχ ≳ 10−13.
As shown above, the allowed λχ lies in a vast region, and

so does the χ lifetime, which can be as short as 10−30 s or as
long as 1 s. Therefore, the reaction pp → h2 → χχ̄, χ can
provide different signals at the LHC. If life time
τχ ≲ 10−10 s, the subsequent decay χ → l−Wþ=νlZ=νlh
gives multilepton or multilepton plus jets signals, which
might be probed by the supersymmetry searches such as
Refs. [109,110]. If χ is long lived but the decay length
cτχ ≲ 103 mm, then χ might decay inside the LHC detec-
tors, leaving the displaced vertex signals [111–115], and
such searches are already performed by the ATLAS, CMS,
and LHCb collaborations [116–119]. Precision timing of
the decay products can be also used to probe the long-lived
χ [120]. For longer decay lengths, χ becomes missing
transverse momentum, and we can only make use of the
initial state radiation, probing pp → h2j → χχ̄j via the
monojet signal [121]. In that case, the constraints are rather
weak. We leave the detailed collider study and the possible
correlation with the GW detection of our model for a
future work.

V. CONCLUSION

In this work, we propose an FOEWPT scenario that leads
to PBH formation. The SM is extended with a singlet scalar
S to realize the FOEWPT, and with a singlet fermion χ to
realize the trapping and Fermi-ball formation. As the

Fermi-balls cool down, they collapse into PBHs due to
the Yukawa attractive force. The model is further supple-
mented with two scalars ϕ1;2 and one fermion ψ to generate
the χ asymmetry and the necessary dilution factor for PBH
density. We have demonstrated that the model can explain
all DM via PBHs. This scenario can be tested via the GW
signals at the future space-based interferometers and the
multilepton/jet or displaced vertex searches at the current or
future LHC.
Our model could be treated as a prototype of more

general models. First, the FOEWPT in many models can be
reduced to a “Higgs plus singlet scalar” pattern; second, a
fermion that couples to the singlet is generally required by
trapping. In addition, the necessary χ asymmetry and
dilution factor are most easily realized via the decay of
heavy particles. Therefore, we conclude that the model
considered in this article has captured the most crucial and
general features of the FOEWPT induced Fermi-ball and
PBH formation mechanisms.
There are several directions to improve our work. As for

the formation mechanism, we only considered Leff < Lcol
at Tn, i.e., during the FOEWPT the Yukawa force is
negligible and hence the Fermi-balls can form. The for-
mation of PBHs comes from a second-step collapse of the
Fermi-balls. However, we also obtained parameter space
with Leff > Lcol at Tn, which means the false vacuum
remnants collapse into PBHs without forming any solitons.
The calculation of PBH profile in such a scenario requires
the detailed treatment of the Yukawa interaction at the first
stage, not like the treatment in Sec. II C, which just adds the
Yukawa energy by hand to the existing Fermi-ball solution.
The model in this article can also be improved. For

example, as shown in Sec. III B, the baryon asymmetry
caused by χ asymmetry is negligible; a more elegant model
may generate the χ asymmetry and baryon asymmetry
simultaneously. In addition, the large Yukawa yχ ∼ 8 might
cause the Landau pole problem at TeV scale. We remind the
reader that first, the Yukawa coupling yχ does not impact
the FOEWPT dynamics, because the contribution from χ is
Boltzmann suppressed. A large yχ is only required to trap
the fermions in the false vacuum. Second, a large yχ is only
necessary for the “Higgs plus singlet scalar” potential,
because the VEV gap of hSi is fairly small during the
FOEWPT; for other models, a smaller yχ is possible.
Finally, the large yχ issue can be addressed by embedding
the model into a strong dynamics framework and identify-
ing S as a pseudo-Nambu-Goldstone boson and χ as a
composite lepton resonance.6 In that case, the Landau pole
can be relaxed to a higher scale because of the contributions
from the TeV scale boson resonances, and at even higher
scale, beyond the confinement of the strong dynamics, the

6See Refs. [122–126] for the FOEWPT in composite Higgs
models.
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−yχSχ̄χ does not exist because the physical degrees of
freedom change to more fundamental particles.
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APPENDIX: TRAPPING THE FERMIONS
IN OLD VACUUM REMNANTS

The trapping fraction can be derived by calculating the
number of χ=χ̄ fermions passing through the bubble wall.
In the wall rest frame, the χ=χ̄ distribution in the false
vacuum is

ff:v:χ ðpÞ ¼ 1

eðγþϵþγþvþpzÞ=T� þ 1
; ðA1Þ

where ϵ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

i þ jpj2
p

, and the wall is taken as the Oxy
plane, and the z < 0 region is the true vacuum. γþ is the
Lorentz factor ð1 − v2þÞ−1=2. The number density in the
false vacuum is

nf:v:χ ¼ 2

Z
d3p
ð2πÞ3 f

f:v:
χ ðpÞ: ðA2Þ

A χ fermion with z-component momentum jpzj >ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f −M2
i

q
can pass through the wall. The particle current

per unit area and unit time is then

Jw:χ ¼2

Z
d3p
ð2πÞ3

−pz

jpj f
f:v:
χ ðpÞΘ

�
−pz−

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2

f−M2
i

q 	
; ðA3Þ

where Θ is the Heaviside step function. The particle current
can be transformed into the plasma frame by multiplying a
time dilation factor Jχ ¼ Jw:χ =γb. Therefore, in the true
vacuum, the χ density caused by the penetration is
npene:χ ¼ Jχ=vb. The fraction of trapped χ in false vacuum
is defined as

Ftrap
χ ¼ 1 −

npene:χ

nf:v:χ
¼ Jw:χ

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2b

q
vb

: ðA4Þ

Note that the derivation of Ftrap
χ is valid only when

npene:χ ≪ nf:v:χ , so that the χ=χ̄ fermions in the false vacuum
can be approximated as in equilibrium. Increasing the
bubble velocity generally decreases the trapping rate
because the χs are more energetic in the wall frame that
they are easier to penetrate into the bubble.
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