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Primordial black holes from an electroweak phase transition
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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),
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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 y coupling to the scalar via
=y, Skx, then y would have different masses inside and
outside the vacuum bubbles during the FOEWPT, as the §
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 y
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 y and y [62].
Inside a Fermi-ball, the constituent ys 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 ys 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 y 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 y 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.

Published by the American Physical Society
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FIG. 1.

Fermi—ball

Sketch of the mechanism, where white and blue color regions represent the false and true vacua, and red and green dots

represent y and jy, 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.

II. THE FOEWPT AND PBH FORMATION

A. The FOEWPT dynamics

Denote the Higgs doublet as H = (vV2G*, h+

iGO)T/ \/5 and the real singlet as S, the scalar sector of
the model reads

1
LD D”HTD”H + Eaﬂsaﬂs -V(H,S), (1)
where the joint scalar potential is

V(H.S) =~ |H] + 4| + 5 |HPS

@ oo 2w b3 b
—HPS? + =8+ =8 +—
+5 [HPS® + +385+

S (2)
We have shifted S such that the tadpole term b, S vanishes.
At T = 0, the above potential has a VEV (h, S) = (v, v,),
where v = 246 GeV. Shifting h - v+ hand S — v, + S,
one gets the mass term of / and S via the Hessian matrix of
the potential. Diagonalizing the mass term yields two mass

eigenstates,
h cosf —sinf hy
()= (oo w)C) o
sind cosd hy
Here we define £, to be the Higgs-like boson discovered at
the LHC [63,64], thus M), = 125.09 GeV and the mixing
angle 6 is expected to be small. Given M), 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., Mj, and v). When scanning, we keep
M,, € [250,1000] GeV and 6 € [0,0.35], 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

2 2
H —CHT 2 A 4 ap 2 ar 2
T = - —
V(h,S,T) 3 h+4h+4hs+4hs
b2+CsT2 b3 b4
T2 2 3 4
T8 + 28 S s

under the unitary gauge, where only the gauge invariant 72-
order terms are kept [66,67], and the coefficients are

3¢ +9% i A, @
A TR I 7!

2247
_% b _atbs
=Ty M= )

For appropriate parameter choice, the thermal potential
Eq. (4) is able to trigger an FOEWPT from the false
vacuum (h, §) = (0, v}) to the true vacuum (v/, v]).

An FOEWPT is the decay between two vacua separated
by a barrier. The Universe is initially in the EW symmetry
preserving vacuum (0, v%). Below the critical temperature
T., the EW symmetry breaking vacuum (v/,v) has a
lower energy, thus the system acquires a decay probability
per unit volume

[(T) ~ T*e=5(DIT (6)

where S3(7) is the Euclidean action of the O(3)-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 reaches O(1), i.e., I'(T,)H™(T,) ~ 1, while
percolation happens at 7', when the volume fraction of the
false vacuum falls to p, = 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
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FIG. 2. Left: the collection of FOEWPT initial vacuum (0, v%)
and final vacuum (v, v}). Right: the collection of a and /H,
parameters. The transition temperature 7, is shown in color.

temperatures are quite close that we treat them as the same
value, 7, % T,. The Hubble constant H (T) is given by
27\/7g,/45(T?/Mp) in the radiation domination era,
where g, = 106.75 is the number of relativistic degrees
of freedom.

The potentials satisfying SM constraints are fed to the
CosmoTransitions package [70] to calculate S3(7), and the
nucleation temperature is determined by [71]

S5(T)
T Iz

~ 140. (7)

n

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 (0, vf) and new (true) vacuum (v, vi). T, is
shown in color. In the right panel of Fig. 2, we show two
important parameters of the transition, namely

I U, p . d(SyT)
- (1=22-vu L
“ g*nZTﬁ/3o< oT 0)

;. H, ar |’
(8)

where Uy(T) = V(0, 04, T) — V(v v],T) is the positive
free energy difference between the true and false vacua. By
definition, a and f/ H,, 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 7' = 0 value (v, vy).

B. Fermi-ball formation during the FOEWPT

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

LD j(ig —Mo)y —y,Six )

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

Mi = |M0 +y){1}§|, Mf = |M0 +y;(U£

. (10)

respectively. If My — M; > T,, 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 F)t{rap can be derived as a
function of (M,-,Mf, T,, vy, v,), where v, and v, are the
wall velocities relative to the plasma at infinite distance and
Jjust in front of the wall, respectively; in general v, < v,
[72]. The detailed calculation is given in the Appendix. For
mass gap over temperature ratio (M, — M;)/T, ~ O(10),
the trapping is very efficient. For example, if M; =0,
M;/T, =10,v, =0.4,and v, = 0.2, then F;** = 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 7', when
the volume fraction of the false vacuum decreases to p, =
0.29 [62]. For a nonultrasupercooling transition, 7, is
usually very close to T, and T, and we use T, ~T,
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 yy — S and yy — SS, while the
Ss eventually annihilate/decay to SM particles. If there is a
preexisting y-y number density asymmetry, then ys can
survive the annihilation and develop a degeneracy pressure.
Once such pressure is able to balance the vacuum pressure,
the Fermi-balls form [62]." 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.,

(T,) <43”Ri> R . 1,
Vp

(11)

from which we can also infer the number density of those
pockets nj., = p./(4xR3/3). Since one such pocket
shrinks to one Fermi-ball, n}., is also the Fermi-ball
number density at formation ngg.

Second, we turn to the fermion number trapped in a
Fermi-ball. Define the y asymmetry in a way similar to the
SM baryon asymmetry as

"It 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 (y, =107,/T,/PeV) or a high temperature
(T, = 10" GeV) to suppress the annihilation cross sections
o(yy — S) and o(yy — SS), such that the y and 7 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 y, ~ O(1) and
T, ~ 100 GeV, so that the yy annihilation is very efficient and no
significance overdensity is formed during the shrinking, and the
shrinking stops only when the surviving ys develop sufficient
degeneracy pressure to form the Fermi-ball.
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My = )(’ (12)

with s(T) = (2#?/45)g,T? being the entropy density, then
after annihilation there are

n,s(T,) (4r
= Ul R3
O = P02 (3 )

- (3) () o

s survive in a Fermi-ball, and all y s are gone. Qgp is also
the net Q charge collected by a Fermi-ball, as the
Lagrangian (9) has a U(1), invariance for y — ye'.
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 Epg under a given charge Qgp, radius R, and
temperature 7', and then varying R to find the balance point
dEgg/dR = 0. For a grand canonical ensemble that con-
sists of noninteracting fermions with desperation relation

€ = /|p|* + M?, the grand potential density is

d3p
Y In(1 —(e=p)/TY
/ (1 o)

1 o (€2 — M2 3/2
——— M (14)
37° Jum, ele=m/T 41

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

1
N—— - M?(2u% — 5M?
Y [M\/ﬂ ( i)
1
+3M?arccosh%] —gTz/u/uz -Mz.  (15)

Using the grand potential, one is able to calculate other
observables of the system, e.g., the total fermion number
Org, the fermion energy E;, etc. Given the relation
between u and Qpp, we can use Qg to rewrite the kinetic
energy as

h

3 3 2/3 1 1/4
1/3

~ — (=) — 1-
m ~ Orp {16 (27:) UO] (

Mgp ~ O (1272U, 1/4(
FB FB ( 0) 3 U(l)/z

=l

3 3\2/3 03
Eyn = ”( > Ors. [\/1+452(1+252)

4 \2n R

6(3\/3

-—(==) ¢ h(25

”<2ﬂ> arccsch(26)

87’ T \2

— V1 +48— | |, 16
i 3 i <Mi) ] 1e)

where § = (M;R)/(187Qrg)"/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 7') and the thermal
excitation part (proportional to 77).

The total energy of a Fermi-ball is

4
Epg = Epy + 470,R? + ?” UoR?, (17)

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

dR

-0,

Rep

Myg = Epglg,,» (18)

but as Eq. (16) involves the nonpolynomial functions for R,
analytical expressions can be got only under the small &
expansion up to O(6?), which yields

3 2/3Q4/3 X
()% v a)

+8§52(1 +252)<Ml,->2]’ (19)

and hence the Fermi-ball radius can be resolved

analytically

M? MY,
1 T b
sxfnUl/Z){ (mful/2 48U) ]

b3 M?
- )72 20
+<4\/§U5/2 48U0> } 20

When taking M; — 0 and T — 0, above profiles reduce to those in Ref. [62].

115033-4



PRIMORDIAL BLACK HOLES FROM AN ELECTROWEAK PHASE ...

PHYS. REV. D 105, 115033 (2022)

1.00

vvvvvvvv RBRR SRR a s s e

Profiles at formation (T},

0.95F

trap
F X

0.90F

0.8

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 7 ,,.

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

dQrp - dQ%:B

<0, (21)

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 (cx leg{f) 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. Il A. For
simplicity, we set the bare fermion mass M, = 0. Note that
this choice of M| does not mean the mass in false vacuum
M; =0, because (S) is generally nonzero in the false
vacuum, see Eq. (10) and Fig. 2. The wall velocity v, is
important in this aspect, as it affects both the trapping
fraction and the Fermi-ball mass, i.e., Mg 1)?, [45]. As
Ref. [45] shows that v, typically varies from 0.2 to 0.8 for a
phase transition at EW scale, we adopt v, = 0.4 as a
benchmark, and derive v, by solving the hydrodynamics
profile [73]. For each set of FOEWPT parameters, we
randomly assign a y, € [2,4x] and calculate F,*. The y
asymmetry is chosen and 7, = 1078, With above values in
hand, together with the decay rate I'(T,), 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 7,. We can see that
a fairly large y, ~ 8 is needed for efficient trapping,2 and
the mass and radius of Fermi-balls are Mgy ~ 10'7 g and

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

Rpg ~ 10 pum, respectively. The charge of a single Fermi-
ball is Qg ~ 1038, The profiles shown in the right panel of
Fig. 3 are evaluated at 7',,. 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 y fermions inside a Fermi-
ball are independent particles so that the Fermi-Dirac
statistics applies. However, in principle the y fermions
attract each other via the S-mediated Yukawa force due to
the interaction —y,Syy. More precisely, after the 7 —§
mixing there are two Yukawa forces given by the potential

2S2 2C2
Vya(r) = —%e_Mhlr _ %E_M’Ur, (22)

with r being the distance between two y fermions, and cgy
(sp) short for cos@ (sin@). 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.? However, as
we will see, M), , 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 y as a zero-
order approximation, the Yukawa energy of a Fermi-ball is
[45]

3y2 Q% Ly, Ly,
Eo., — _ 22 XFB [ 0 1 2 2 o)
Yok 207 Rgp (sgf (RFB> * cgf Rgp ’ ( 3)

where

5

f(§) = 562 [1 + %5(62 -1)- %J:(é + 1)2e—2/<f] . (24)

satisfying f(0) = O and f(oo0) = 1. Here L;, = 1/M,, with
i = 1, 2 1is the range of Yukawa force. We can see Evy < O,
since the Yukawa interaction is attractive; and Ev
vanishes in the limit L, — 0. But on the other hand,
Eyy is enhanced by QZ;, which has a higher power
dependence on Qpg compared to the Fermi-gas kinetic
energy Eq. (16). As a Fermi-ball collects a huge amount of

The case that Yukawa interactions are too strong to form
solitons is discussed in the conclusion.
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Org, Eq. (23) might dominate the total energy, causing the
collapse into a PBH.

Let us consider the case of L, , < Rgg, and then
Eq. (23) can be approximated as

87 Riy

EYuk x -
2 2
Mh1 Mh2

where M is the effective mediator mass, and we define
L = M} as the effective range of the Yukawa force. We
can resolve the energy profile of a Fermi-ball again by the
condition dEpg/dR|z =0 after adding Eq. (25) into

Eq. (17). This is a cubic equation of R?,

dEFB -

R4
dR

a(R)?*+b(R*)*+cR*+d =0, (26)
which can be transferred into the standard form
w4+ pu+qg =0, (27)

by u = R? + b/(3a), where

pro 33V (| _SMiT
16\27) U, 1080, )’
qgr 9y)2(2Lgfo%B 1_M12T2 + Q]%B2 T2_|_3A4212 .
322 U, 120,) " 12802 2
(28)

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

S CRG—

which is a T-dependent value, as M;, U, and L are all
functions of temperature. When A < 0, there are two
positive roots for u in Eq. (27), with the larger one
corresponding to the Fermi-ball radius Rgg, and the smaller
one giving the local maximum of the energy. When T
decreases, A increases. When A 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

Lo~ (22 12 (2m\ /6 Ryp 1_(\/§_I)M%R123B
col ¥ 3 1/3 43 (7 \2/32/3
Y \3V3 FB 3%°(27)"° Opp
_2n2<ﬁ—1>sz-BT2<1+<52—3m>'/3R%BM%>
3]3/4y)(QFB (9”QFB)2/3

(30)
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FIG. 4. Left: illustration of the collapse of a Fermi-ball. At
formation (7', blue curve), there is a local minimum for Erg, which
can be explained as the Fermi-ball solution; however, when the
Fermi-ball cools to Tpgy (dashed orange curve), Epg is not
bounded below, and the Fermi-ball collapses into a PBH. The
benchmark: p?> = (21.37 GeV)?, 1 = 0.8253, a; = —2338 GeV,
a, =2.797,b, = (839.1 GeV)?, by = —66.32 GeV, b, = 2.661.
Right: the masses and formation temperatures of the PBHs.

and L. > L., means collapse. At T, Loy < L, thus we
have the Fermi-ball formation; while as the Fermi, ball
cools, L. increases. When L. = L.y, a Fermi-ball
collapses into a PBH. The collapse temperature is defined
as Tpgy, 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 L. increases,
there could be three different final states for a Fermi-ball:

(1) Leg reaches L at some temperature 7'pgy, and then

a Fermi-ball collapses into a PBH.
(2) Le < Lgy 1s always satisfied, even at T = 0. The
Fermi-balls survive today as a soliton DM candidate.
(3) Leg < Ly, but at some temperature 7., 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 ys at Toy,.
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 Mpgy ~ O(10'7 g), 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
n, = 107® as the benchmark in Sec. Il B. The PBH mass
could be roughly estimated by [45]

115033-6
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Mpgyg ~ 1.4 % 102 g x v} (%)

1/4 2 3
o <100> / (100 GeV) <100> s (31)
9. T, B/H
thus v, and 7, as well as the FOEWPT strength and
duration affect the PBH mass, and we have tuned the
parameters such that the resultant Mpgy 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 y. 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 y asymmetry 7,?

As for the first question, since we already get npy [the
number density of Fermi-balls at 7, see the discussion
below Eq. (11)], the adiabatic expansion of the Universe
would give the current density as npgy = njigso/s(T),).
with sy ~ 2891.2 cm™ as the cosmic entropy density today
[75]. By this we can obtain the relic density
Qppuh® = npguMppn(87h?)/(3H3M?3,), where H, is the
current Hubble constant. As Ref. [45] already points out,
the PBHs from Fermi-ball collapse tend to be overpro-
duced, i.e., Qpgph® = Qpyh® = 0.12. In fact, we obtain
typically Qppyh® ~ 6000 x Qpyh? 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 y asymmetry
and dilute the PBH density.

III. TOWARDS A COMPLETE MODEL
A. Generating the y asymmetry

We extend the model with a Dirac fermion y and two
real scalars ¢p; with i = 1, 2. All those particles are singlets
under the SM gauge groups. The relevant Lagrangian reads

2. /1 1
L= le (5 0uipid b ~ 5M%¢%>
2
+(ig— M,y = (igaw +He).  (32)

i=1

A mass hierarchy M, > M, is imposed, and the lighter
scalar ¢; can decay via ¢p; — yi/w. We also allow ¢, to
decay to the SM particles, and the relevant interactions are
not listed in Eq. (32). As we will see, when Im([(2]4,)?] # 0,
an 7, can be generated. In addition, we assume y only
feebly couples to the SM particles, thus it never thermal-
izes. At late time, after the formation of PBHs, y will
dominate the energy of the Universe, leading to an early
matter domination era. After that, y decays to SM particles

X v X

FIG.5. The ¢y — yi process, Feynman diagrams related to the
1, generation.

and reheats the Universe, diluting the PBH density to
satisfy today’s DM observation. This subsection focuses on
the generation of 7, while the next subsection will discuss
the decay of y and the dilution of PBH.

The relevant Feynman diagrams for ¢p; — yy are plotted
in Fig. 5. For simplicity, we set M, > M,, M, so that the
decay products can be treated as massless. At tree level, the
decay width

A4

Lol = xw) Ile- (33)

A similar calculation gives I'o(¢; — ) = To(d1 — xw).
At one loop level, there is one self-energy diagram and one
vertex correction diagram, and the standard loop calcu-
lation technique shows

o T =) =T(¢1 = 2y)

Y Ty = @) +T(hy = qw)’
11 Im[(474)%] M}
S48 WP ME

(34)

where M; < M, has been used. The y asymmetry after
reheating can be derived similar to the case of nonthermal
leptogenesis [76]

vy~ 3Ty,
S 2M1

n, = Br(d = xw/iy).  (35)
where T, is the reheating temperature. At the same time a
w asymmetry 1, = —1, is generated.

B. Evolution of y and the dilution of PBH

After reheating, y can thermalize due to the —y, Syy
interaction and the |H|?S? portal couplings; however 7, is
kept unchanged because those interactions preserve the
U(1), symmetry. On the other hand, we want y to be out of

equilibrium, i.e.,

ng. Th
y <Uvrel> < H(Trh) =2 45 MPI ’ (36)
where
\l* T3,
<Gvrel> ~ 64ﬂ,’2 M? ’ (37)
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is the thermal average of the cross section of the annihi-
lation yy — ¢} — jyw, and n, = 35;T3 /(27%).

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

oyt ny 3Ty
N N ~2M1

Y, +Y; Br(¢y — xw/7w),  (38)

is kept as a constant. We assume the interaction —4,, 2, Hy
such that y can decay to SM leptons and the decay width

_ AP

I, = .
LA 1Y A

(39)

w will decay at T,, which satisfies ', ~ H(T,,). If 4, is
sufficiently small, then y can be treated as stable down to a
very low temperature such that it dominates the energy of
the Universe. The domination of y happens at T,, when

27? n?
MU/YW <4—59*T§n> %%Q*Tﬁz (40)

It T, <T,, then below T, the Universe comes to a y
(matter) domination era. The decay of y 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 y decays quickly at T,,. This gives the
entropy enhancement (dilution) factor [79]

/N 3
Ay/ B Safter ~ (Tl//> o 1.83<g}/3>3/4 Ml//YlI/ (41)

B Sbefore Ty/ vV M Plry/ ’

which can help to dilute the PBH density and realize the
PBH DM scenario.

The PBH data points obtained in Sec. Il C (see Fig. 4)
typically require a dilution factor A, ~ 6000 to give
Qppnh?/ A, = 0.12. For the sake of this, we choose the
relative phase between A; and 4, to be ¢; =3z/4 to
enhance the CP violation which is « sin2¢,;. We further
choose the following benchmark

M,
M, ~222 1010 Gev
1~ 350~ 107 GeVs

‘/11| NOl,

M, ~1 TeV,

ol ~ 1 |4, [~ 1077 (42)

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

n}( <Gvrel>
H(T)

4 12
~1.36 x 107* x (M) <100>
T 0.1 G
3 /1010 4
§ Ty 100Gyt
4 x 108 GeV M,

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

1.0 2(1010 GGV>2
T, —224GeVx ) (27
<|/12|> M,

M2 2 Ml// T]Z
(44
x (3.5 x 1012 Gev> (1 TeV) (10—8 (44)

To avoid the complexity of an FOEWPT in a v domination
era, we require 7, < T,. The y decay temperature is

100\ /4 /A M, \1/2
T, = 3.82 MeV —r_ v . (45
v eV X <g* ) <1o—l2> <1 TeV) (43)

Therefore, T, < T, is satisfied. Finally, the dilution factor
1.0\2/ g, \ /4
A, =624 x 103 —) ==
. (w) (100>
o M, 27100 GeV) 2
3.5 x 10'2 GeV M,

M 2 710712\ [ 5
v « ), 46
% (103 GeV) ( 2 )(10—8) (46)

and hence the required A, ~ 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 TV,A.},/ 3 2 1 MeV, thus the reheated temperature after
y decay is higher than Tggy, as required by the cosmo-
logical observations.

The y asymmetry after dilution is 17,/ A,, ~ 1.60 x 1072,
Since n,/A,, = —n,, /A, the y decay will generate a lepton
asymmetry, which is two orders of magnitude smaller than
the observed baryon asymmetry 73> ~ 10719 [75]. As T, 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 n,/A,, is unchanged when changing #,. This is
because Mpgy o 17,, and hence increasing 7, will also
increase A, leaving a fixed 7,/A, ~ 107273 determined
by the DM abundance. This is a feature determined by an
FOPT with T, ~ 100 GeV, and is already noticed in
Ref. [62].

While above discussions already demonstrate that for the
complete model can provide the necessary A, ~ 6000
dilution factor for the PBH data points, we still need to
check two issues about the consistency of the treatment.
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First, in Eq. (44), we have used 7, to express
Br(¢, — y/jy), thus it is necessary to see whether the
branching ratio is smaller than 1. Using the benchmark in
Eq. (42), one obtains Br(¢; — yw/jy) ~ 28.0%j thus this
is acceptable. The second issue is to make sure the
dominant decay channel of y is indeed to £H, as y can
also decay to y plus two SM particles via an off shell ¢;.
For the chosen benchmark, it turns out that the three-body
decay width is typically 1078 x I'(y — #H) due to the
huge suppression from (M,,/M,)*. 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 y 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 7,, ~ 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 spectrum Qgw (f) can be obtained as a function
of the FOEWPT parameters (a,f/H,,T,, v,) [82,94,95].
Given the spectrum, the signal-to-noise ratio (SNR)

= [T [~ (B0

can be evaluated, where Q. is the sensitivity curve of the
GW detector under consideration, and 7 is the correspond-
ing data-taking duration. For example, for the LISA
detector, 7 = 9.46 x 107 s which is around four years
[95]. For the detection threshold of SNR, we adopt SNR >
10(50) 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,* and one benchmark of the GM
spectrum is shown in the right panel of the same figure.

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

103 prrrrrrrr e e e 3 10O grrrrm ey S——

10°F J
- E

DECIGO,

BBO

Bl vsund sl vl il sl sl 1

sl vl S Nl e
1074 107 10°
f [Hz]

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.

13 TeV LHC
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FIG. 7. Left: the M), and M, distribution of the PBH data
points. Right: collection of pp — h,yjy cross sections at the
13 TeV LHC and the decay lengths of y.

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 #,, 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 y. It turns out that
M, > 2M, for the PBH data points, as shown in the left
panel of Fig. 7, where M, = |M + y,v,]| is the y mass at
true vacuum today. Due to the large y, ~ 8, h, decays
dominantly to yy, and the branching ratio is 285%. That
means pp — h, — yj is the main signal channel, in which
h, is produced via gluon gluon fusion and the A-S mixing.5
The production rates are shown in the right panel of Fig. 7.

To evade current direct detection searches for DM, the y
fermion in our scenario cannot be stable. The y fermions in
the true vacuum consist of two parts: the asymmetric

We have verified that the h, — h,h; and hy, > WTW~/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 ys from the false
vacuum; and the symmetric component, from the S <>
xx interaction. The latter component is negligible after
freeze-out, since y, ~ 8 provides a large annihilation cross
section o(yy — S). For the former component, we obtain
Y, = (1-F;")n, and the spin-independent scattering
cross section on a nucleon can be evaluated using the
formulas in Ref. [106] (the suppression factor from
Q,/Qpy is taken into account, and Q, is the abundance
after y decay dilution). We found that for the PBH data
points o = 5 x 1074 cm?, which is already excluded if y
can survive today [107]. Therefore, we need to let y decay.

The way to decay y is similar to that is applied to y: we
assume a vertex /112 1 Hy, which triggers the decay channel
x =W v Z/veh, and T, = [4,[*M,/(16x). But be
aware this is the decay width in the true vacuum; in the
false vacuum, y is typically lighter than the scalar degrees
of freedom, thus y experiences a three-body decay to the
SM light fermions via an off shell scalar (including 4y, h,,
and the Goldstones). We use the MadGraph5_aMC@NLO [108]
package to calculate the corresponding decay width, and
require y in the false vacuum decays below Tppy to ensure
the Fermi-ball stability until collapse. A 4, ~ 10+ — 1073
can satisfy this condition. On the other hand, the y fermions
in the true vacuum should decay above Tgppy = 1 MeV to
evade the BBN constraint, yielding a rather weak bound
that 4, > 10713,

As shown above, the allowed 4, lies in a vast region, and
so does the y lifetime, which can be as short as 1073 s or as
long as 1 s. Therefore, the reaction pp — h, — yj, ¥ can
provide different signals at the LHC. If life time
7, $1071% s, the subsequent decay y — £~W* /v,Z /v h
gives multilepton or multilepton plus jets signals, which
might be probed by the supersymmetry searches such as
Refs. [109,110]. If y is long lived but the decay length
ct, < 10> mm, then y 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
x [120]. For longer decay lengths, y becomes missing
transverse momentum, and we can only make use of the
initial state radiation, probing pp — h,j — yyj 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 y 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 ¢ , and one fermion y to generate
the y 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 y 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 L.y < L
at T,, ie., 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 L. > Lo, at T,, 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 y asymmetry is negligible; a more elegant model
may generate the y asymmetry and baryon asymmetry
simultaneously. In addition, the large Yukawa y, ~ 8 might
cause the Landau pole problem at TeV scale. We remind the
reader that first, the Yukawa coupling y, does not impact
the FOEWPT dynamics, because the contribution from y is
Boltzmann suppressed. A large y, is only required to trap
the fermions in the false vacuum. Second, a large y, is only
necessary for the “Higgs plus singlet scalar” potential,
because the VEV gap of (S) is fairly small during the
FOEWPT; for other models, a smaller y, is possible.
Finally, the large y, issue can be addressed by embedding
the model into a strong dynamics framework and identify-
ing S as a pseudo-Nambu-Goldstone boson and y as a
composite lepton resonance.’ 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

®See Refs. [122-126] for the FOEWPT in composite Higgs
models.
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—y,Skx 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 y/y fermions passing through the bubble wall.
In the wall rest frame, the y/jy distribution in the false
vacuum is

£ (p) = :

o e(7+€+y+v+pz)/T* + 1 ’ (Al)
where € = \/M? + |p|?, and the wall is taken as the Oxy
plane, and the z < O region is the true vacuum. y, is the
Lorentz factor (1 —v%)~!/2. The number density in the
false vacuum is

dp
fv. — 19
%y (2”)3

I3 (). (A2)

A y fermion with z-component momentum |p,| >

\/M7 — M can pass through the wall. The particle current
per unit area and unit time is then

W. __ d3p —P: f.v. 2 2
I3 —2/(27[)3 ol Iy (P)®(_Pz_\/Mf_Mi )» (A3)

where © is the Heaviside step function. The particle current
can be transformed into the plasma frame by multiplying a
time dilation factor J, = J}"/y,. Therefore, in the true
vacuum, the y density caused by the penetration is
ny™ = J,/v,. The fraction of trapped y in false vacuum

is defined as

e 1203
Fow =g - . (A4)

fv. —
I’l)( Uy

Note that the derivation of F,* is valid only when

ny™ < nkY, so that the y/j fermions in the false vacuum
can be approximated as in equilibrium. Increasing the
bubble velocity generally decreases the trapping rate
because the ys are more energetic in the wall frame that
they are easier to penetrate into the bubble.
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