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125 GeV Higgs gives the mass to the SM particles through 
spontaneous symmetry breaking. 

Dezso Horvath: Higgs and BSM studies at 
the LHC

Introduction
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Universe been through an electroweak (QCD) phase 
transition at T~100 GeV (100 MeV)

Introduction

1st orderCross over
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Universe been through an electroweak (QCD) phase 
transition at T~100 GeV (100 MeV)

Introduction

1st orderCross over
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The origin of DM mass may come from the spontaneous 
symmetry breaking inducing by another scalar. 

We consider 1st order phase transition (FOPT). 

D.Marfatia, P.Y.Tseng

Introduction
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More rich phenomenologies, if we consider 1st order phase 
transition (FOPT).

DM particles inside the bubble becomes the DM relic 
density (bubble filtering DM: prof. C.S. Shin).

DM particles outside the bubble could form macroscopic 
DM (Fermi Ball or primordial black hole)

J.P.Hong, S.Jung, K.P.Xie: 2008.04430

Introduction
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Introduction

K.Kawana, K.P.Xie: 2106.00111

FB, PBH

More rich phenomenologies, if we consider 1st order phase 
transition (FOPT).

DM particles inside the bubble becomes the DM relic 
density (bubble filtering DM: prof. C.S. Shin).

DM particles outside the bubble could form macroscopic 
DM (Fermi Ball or primordial black hole)
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Bubble filtering

During FOPT, massless (massive) DM particles locate 
outside (inside) the bubble, and momentum conservation 
much be satisfied at the bubble wall.

Bubble Wall

Outside Inside

DM

DM

DM
v_DM

v_w
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Suppose DM particle mass is very heavy:

DM particles, remaining in outside the bubble (trapped in 
the false vacuum), will be aggregate by the expanding 
bubbles and form a macroscopic Fermi-Ball(FB).

For this to occur, there must be non-zero asymmetry             
                       in the false vacuum so that the an excess 
remain after pair annihilation.

The      must carry a conserved global U(1)_Q charge so that 
FB attains stability 

Bubble filtering

2022 CAU BSM                                                      2022 CAU BSM                                                      P.Y. Tseng                                             p.7      P.Y. Tseng                                             p.7      



  

Number density of FB

FBs start to form at       in the false vacuum, it shrinks and 
separates into smaller volumes.

Critical volume                 , there is no other bubble forming 
inside during its shrinking                        ,  corresponds to 
one FB.

The number density of FB            is determined by                 
                        : 

The net Q-charge for a FB:
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

FB mass profile

Fermi gas kinetic energy
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

Yukawa potential

FB mass profile
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

Temperature-dependent potential

FB mass profile
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

FB relic abundance:

FB mass profile
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The mass and radius of FB are obtained by minimizing the 
FB energy with respect to the radius                      :

If the FB temperature further cool down, attractive Yukawa 
potential dominate when                         . FB starts 
collapsing to PBH.

FB collapse to PBH
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We consider the finite-temperature quartic effective 
potential induce the FOPT:

D.Marfatia, P.Y. Tseng: 2107.00859 

Quartic effective potential
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Signals from FB



  

Fermi ball

We consider the finite-temperature quartic effective 
potential: D.Marfatia, P.Y. Tseng: 2107.00859 
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We consider the finite-temperature quartic effective 
potential:

Input 
parameters 
from 
effective 
potential

Fermi ball
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We consider the finite-temperature quartic effective 
potential:

FB mass, 
radius and 
Q-charge

Fermi ball
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We consider the finite-temperature quartic effective 
potential:

GW 
parameters

Fermi ball
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y. Tseng: 2107.00859 
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GW spectra from the benchmark points:

D.Marfatia, P.Y. Tseng: 2107.00859 

Gravitational Wave
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These FB mass and radius ranges can induce microlensing 
effects.

The separating angle of two images of the background star 
are too small to be resolved, but we can observe the sudden 
luminosity enhancement of the star.

D.Croon, D. McKeen, N. Raj: 2002.08962 

FB

Microlensing
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Astrophysical Sky surveys are ideal for observing 
microlensing. Ex. Subaru-HSC (observing M31).

Milky Way Destined for Head-On Collision | NASA 

FB halos surround MW 
and M31. FBs and stars 
have relative velocity of 
250 km/s.

Microlensing
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Astrophysical Sky surveys are ideal for observing 
microlensing. Ex. Subaru-HSC (observing M31 for 7 hrs).

Milky Way Destined for Head-On Collision | NASA 

FB halos surround MW 
and M31. FBs and stars 
have relative velocity of 
250 km/s.

M31 image from Subaru-HSC 

Microlensing
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If the lenses have a universal mass         , with Maxwell-
Boltzmann velocity distribution, then event rate per source 
star is

The         is the time duration for each event.

Microlensing
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If the lenses have a universal mass         , with Maxwell-
Boltzmann velocity distribution, then event rate per source 
star is

Total event rate, we need to sum over the stars in M31

Microlensing
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The 95% CL on the fractional FB relic abundance        
requiring                    corresponds to one observed event at 
Subaru-HSC:

Here we included the finite size effect for microlensing.

Microlensing
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Microlensing

The 95% CL on the fractional FB relic abundance        
requiring                    corresponds to one observed event at 
Subaru-HSC:

Here we included the finite size effect for microlensing.
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The temperature of FOPT is lower than the BBN, and robust 
 95% CL upper limit is                 .

Temperature 
of FOPT

Relativistic degree of freedom

2009.09745, 1103.1261
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The temperature of FOPT is lower than the BBN, and robust 
 95% CL upper limit is                 .

We consider decoupled dark and SM sectors with 
temperature ratio                    .

The extra effective neutrino number

      is the entropy ratio after the phase transition.

2009.09754:1103.1261

Y.Nakai,M.Suzuki,F.Takahashi,
M.Yamada: 2009.09754

Relativistic degree of freedom
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The temperature of FOPT is lower than the BBN, and robust 
 95% CL upper limit is                 . 2009.09754:1103.1261

Relativistic degree of freedom
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Signals from PBH



  

Benchmark points for PBHs from FOPT.

PBH: benchmark points

D.Marfatia, P.Y. Tseng:2112.14588
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Benchmark points for PBHs from FOPT.
D.Marfatia, P.Y. Tseng:2112.14588

PBH: benchmark points
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GW spectra from the benchmark points:

Gravitational Wave

D.Marfatia, P.Y. Tseng: 2112.14588 
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The evaporation of a PBH produces all particles with mass 
below the PBH temperature:

For                           , PBHs evaporated before today.

The Hawking emission rate of primary particles:

PBH evaporation
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The extragalactic gamma-ray background due to PBH 
evaporation

with average DM density                                    .

The evolution of the Universe is approximated as matter 
dominated until the current epoch

PBH evaporation
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The extragalactic gamma-ray background due to PBH 
evaporation for the benchmark points

PBH evaporation
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Summary



  

We discuss two scenarios of fermion DM particles undergo  
FOPT by a quartic effective potential.

FOPT endows DM mass and induces stochastic background 
GW signals.

Fermion DM particles aggregate to form Fermi Ball via 
FOPT.

FB of mass                                     , correlated observations 
of GW (                           ) from FOPT (at SKA/THEIA) and 
microlensing (at Subaru-HSC), can be made.

Summary
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Via the attractive Yukawa potential, FB collapse to PBH. 

In the quartic effective potential framework with vacuum 
energy difference                                 , it produces PBHs of 
mass                                           .

The correlated observations of GW (                            ) from 
FOPT (at THEIA, muAres) and extragalactic MeV gamma-
ray (at AMEGO-X, e-ASTROGAM), can be made.

Summary
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Thank you for your attention!



  

Back up



  

Part-1: Bubble wall velocity

Particles reflected by the bubble wall exert pressure on it, 
and slow down the bubble wall velocity.

DM
v_w
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If a thermal DM flux is incident on the wall, the number 
density of DM that enter the bubble is:

DMs are filtered by the non-relativistic and relativistic 
bubble wall velocity:

D.Chway, T.H.Jung, C.S.Shin: 1912.04238

Part-1: Bubble filtering
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If                 , the DM inside the bubble is decoupled from 
the thermal bath and become DM relic abundance.

DM relic abundance today can be calculated by dividing       
        by entropy                          :

Part-1: Bubble filtering
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If                 , the DM inside the bubble is decoupled from 
the thermal bath and become DM relic abundance.

DM relic abundance today can be calculated by dividing       
        by entropy                          :

For example:                                requires

Part-1: Bubble filtering
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If                 , the DM inside the bubble is decoupled from 
the thermal bath and become DM relic abundance.

DM relic abundance today can be calculated by dividing       
        by entropy                          :

Part-1: Bubble filtering
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Sudden DM freeze-out induced by a FOPT can easily 
accommodate DM mass above a PeV, which is beyond the 
current DM direct detection and LHC searches.

We focus on the Gravitational Wave (GW) signals of 
Sudden DM freeze-out with a FOPT.

Part-1: Bubble filtering
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Part-1: Gravitational wave production

A FOPT generates GWs from three processes: I). Bubble 
collisions, II). Sound wave in the plasma, III) 
Magnetohydrodynamic (MHD) turbulence.

The relevant parameters are required to calculate the GW 
signals:
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A FOPT generates GWs from three processes: I). Bubble 
collisions, II). Sound wave in the plasma, III) 
Magnetohydrodynamic (MHD) turbulence.

The Euclidean action:

Bubble nucleation rate per unit volume:

Part-1: Gravitational wave production
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A FOPT generates GWs from three processes: I). Bubble 
collisions, II). Sound wave in the plasma, III) 
Magnetohydrodynamic (MHD) turbulence.

The fraction of space in the false vacuum:

The percolation temperature         of FOPT is determined 
by :

Part-1: Gravitational wave production
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A FOPT generates GWs from: I). Bubble collisions

The peak frequency is determined by the time scale of 
FOPT          :

C.Caprini et. al: 1512.06239

Part-1: Gravitational wave production
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A FOPT generates GWs from: I). Bubble collisions

The peak frequency is determined by the time scale of 
FOPT. Then red-shift to present epoch

C.Caprini et. al: 1512.06239

Part-1: Gravitational wave production
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Part-1: Scalar quartic Model

The finite-temperature quartic effective scalar potential is:

Including one-loop Coleman-Weinberg and finite-
temperature contributions, potentials of this form are 
commonly found in inert singlet, inert doublet, MSSM, and 
Majoron models.

F.C.Adams: hep-ph/9302321

NTNU HEP seminar 2021                                           NTNU HEP seminar 2021                                           P.Y. Tseng                                             p.19       P.Y. Tseng                                             p.19       



  

The finite-temperature quartic effective scalar potential is:

D.Marfatia, P.Y. Tseng: 2006.07313 

Part-1: Scalar quartic Model
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The finite-temperature quartic effective scalar potential is:

Correct DM relic:

D.Marfatia, P.Y. Tseng: 2006.07313 

Part-1: Scalar quartic Model
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The finite-temperature quartic effective scalar potential is:

Benchmark points:

D.Marfatia, P.Y. Tseng: 2006.07313 

Part-1: Scalar quartic Model
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The finite-temperature quartic effective scalar potential is:

GW signals:

Part-1: Scalar quartic Model

D.Marfatia, P.Y. Tseng: 2006.07313 
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Part-1: Summary

We studied the sudden freeze-out DM as an alternative to 
the continuous thermal freeze-out.

A necessary ingredient is a FOPT generates DM mass.

The DM relic abundance may be determined by bubble 
filtering.

Because FOPT triggers sudden DM freeze-out, GW offers a 
signature.
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Part-1: Introduction

The                 needed to produce the DM relic abundance 
depends on the velocity of bubble wall        .
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Part-1: Bubble wall velocity

In the ultrarelativistic limit, the pressure on bubble wall can 
be obtain from the light degree of freedom inside and 
outside the bubble:

The       can be obtained by solving the eq.               :

D.Chway et.al : 1912.04238
J.R.Espinosa et.al: 1004.4187
D.Bodeker et.al : 0903.4099
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For bubble wall velocity        faster than the sound speed in 
plasma, but not ultrarelativistic, we use the approximation:

P.J.Steinhardt, Phys. Rev. D. 25, 2074 (1982)
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Part-2: anti-correlation

The percolation condition using saddle point approximation:

Since           is almost constant, thus                    and from 
above condition, we have

Bubble nucleation rate per unit volume grow with vacuum 
energy density.

For fixed             , we obtain
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Part-2: Anti-correlation

We consider the finite-temperature quartic effective 
potential.

Anti-correlation between the FB mass and energy scale of 
FOPT.
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Solving the Tolman-Oppenheimer-Volkoff(TOV) equation 
to find the density profile of FB

AS-IoP HEP seminar 2021                                         p.32                                                            P.Y. TsengAS-IoP HEP seminar 2021                                         p.32                                                            P.Y. Tseng

D.Marfatia, P.Y. Tseng: 2107.00859 

Part-2: Number density of FB



  

From BBN, the robust  95% CL upper limit is                  .

Yellow: microlensingYellow: microlensing
Green: GWGreen: GW
Red: GW+microlensingRed: GW+microlensing

Part-2: Correlated signals
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If the lenses have a universal mass         , with Maxwell-
Boltzmann velocity distribution, then event rate per source 
star is

The         is the time duration for each event.

u1.34=1 for point-like 
lens and background 
star.

Part-2: Microlensing
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If the lenses have a universal mass         , with Maxwell-
Boltzmann velocity distribution, then event rate per source 
star is

The radius distribution of stars in M31:
N.Smyth et.al: 1910.01285 

Part-2: Microlensing
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Part-2: Microlensing: Finit-size

Finite-size effect:

Solve the lens equation for along the edge of the source:

The magnification is the area of each image:

D.Croon, D.McKeen, N.Raj, and Z.Wang: 2007.12697 
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Finite-size effect:

The effective size for 1.34 times magnification:

D.Croon, D.McKeen, N.Raj, and Z.Wang: 2007.12697 

D.Marfatia, P.Y. Tseng: 2107.00859 

Part-2: Microlensing: Finit-size

NTNU HEP seminar 2021                                           NTNU HEP seminar 2021                                           P.Y. Tseng                                             p.37       P.Y. Tseng                                             p.37       



  

If the lenses have a universal mass         , with Maxwell-
Boltzmann velocity distribution, then event rate per source 
star is

Finite-size effect:

D.Marfatia, P.Y. Tseng: 2107.00859 

Part-2: Microlensing
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Correlated signals of GW and microlensing:

Yellow: microlensingYellow: microlensing
Green: GWGreen: GW
Red: GW+microlensingRed: GW+microlensing

Subaru HSCSubaru HSC

Part-2: Correlated signals
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Correlated signals of GW and microlensing:

Yellow: microlensingYellow: microlensing
Green: GWGreen: GW
Red: GW+microlensingRed: GW+microlensing

THEIA, SKATHEIA, SKA

Part-2: Correlated signals
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Correlated signals of GW and microlensing:

Yellow: microlensingYellow: microlensing
Green: GWGreen: GW
Red: GW+microlensingRed: GW+microlensing

muAresmuAres

Part-2: Correlated signals
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From BBN, the robust  95% CL upper limit is                  .

Yellow: microlensingYellow: microlensing
Green: GWGreen: GW
Red: GW+microlensingRed: GW+microlensing

Part-2: Correlated signals
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