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The Higgs potential
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Patterns of the electroweak phase transition
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

of the electroweak phase transition, we require precision measurements of Higgs physics
at a dedicated Higgs factory experiment like the CEPC.

First Order Phase Transition or Continuous Crossover?

Despite years of careful study at the LHC, we still have such a poor understanding of the
Higgs that it is impossible to determine even the order of the electroweak phase transition.
In general, these two scenarios are used to classify symmetry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, and eventually fill the system.

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Fig. 2.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, plasma viscosity, and so on.

The Higgs Potential

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, h, there is an associated potential energy
density, V (h). During the electroweak phase transition, the Higgs field passes from h = 0
where the electroweak symmetry is unbroken to h = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (h) in the region 0 < h < v.

For instance, if the Higgs potential has a barrier separating h = 0 from h = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (h),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(h, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Fig. 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around h = v. By measuring the strength of the weak interactions, GF = (

p
2v2)�1

'

1 ⇥ 10�5 GeV�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.
By measuring the Higgs boson’s mass, we learn that the local curvature of the potential
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Figure 2.10: An illustration of a continuous crossover (left) and a first order phase transition (right).

of the electroweak phase transition, we require precision measurements of Higgs physics
at a dedicated Higgs factory experiment like the CEPC.

First Order Phase Transition or Continuous Crossover?

Despite years of careful study at the LHC, we still have such a poor understanding of the
Higgs that it is impossible to determine even the order of the electroweak phase transition.
In general, these two scenarios are used to classify symmetry-breaking phase transitions:

A first order phase transition proceeds through the nucleation of bubbles that grow,
coalesce, and eventually fill the system.

By contrast, a continuous crossover occurs smoothly throughout the system.

See also Fig. 2.10. If the phase transition is determined to be first order, there would be
profound implications for early-universe cosmology and the origin of the matter-antimatter
asymmetry. Moreover, determining the order of the EWPT is simply the first step in a
much richer research program that deals with other aspects of the phase transition includ-
ing its latent heat, bubble wall velocity, plasma viscosity, and so on.

The Higgs Potential

The order of the EWPT is intimately connected to the shape of the Higgs potential energy
function. For each value of the Higgs field, h, there is an associated potential energy
density, V (h). During the electroweak phase transition, the Higgs field passes from h = 0
where the electroweak symmetry is unbroken to h = v ' 246 GeV where the electroweak
symmetry is broken and the weak gauge bosons are massive. Thus the order of the phase
transition is largely determined by the shape of V (h) in the region 0 < h < v.

For instance, if the Higgs potential has a barrier separating h = 0 from h = v, then
electroweak symmetry breaking is accomplished through a first order phase transition with
the associated bubble nucleation that we discussed above. If there is no barrier in V (h),
the transition may be either first order or a crossover depending on the structure of the
thermal effective potential, Ve↵(h, T ).

Currently we know almost nothing about the shape of the Higgs potential. This situation
is illustrated in Fig. 2.11 and the following discussion. When we make measurements
of the Higgs boson in the laboratory, we only probe small fluctuations of the potential
around h = v. By measuring the strength of the weak interactions, GF = (

p
2v2)�1

'

1 ⇥ 10�5 GeV�2, we learn that the Higgs potential has a local minimum at v ' 246 GeV.
By measuring the Higgs boson’s mass, we learn that the local curvature of the potential
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Black holes from 1st-order phase transitions
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Primordial 
black holes

1st-order PT

Bubble collisions

Hawking et al, PRD1982;
…

Jung et al, 2110.04271; etc

Particle trapping
Baker et al, 2105.07481;
Kawana and KPX, 2106.00111;
Baker et al, 2110.00005;
Marfatia et al, 2112.14588;
Huang and KPX, 2201.07243;

Delayed vacuum decay

Liu, Bian, Cai, Guo and Wang, 2106.05637;
Hashino et al, 2111.13099;



Extending the scalar sector

Scalar potential (unitary gauge)
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The 1st-order EWPT 
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Particle trapping in a phase transition
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Particle trapping in a phase transition
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What happens for the trapped fermions?
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The Fermi-ball profile
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Evolution of Fermi-balls
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From Fermi-balls to black holes
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Yukawa (attractive) interaction 
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What can primordial black holes do?
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PBHs

Dark A natural dark matter candidate;

Seeds of the supermassive black holes;

Explaining LIGO/Virgo observations;

Origin of the matter-antimatter asymmetry;

……

This talk: can be from a 1st-order electroweak phase transition!

Depending on mass:
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See review 2007.10722
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Stochastic GWs:
ü Collision of the bubbles
ü Sound waves in plasma
ü Turbulance in plasma

[See Fa Peng’s talk for a review]



Phenomenology: collider
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<latexit sha1_base64="D0aDgbnrZT2WBKVwbdkWImoIjuk="></latexit>

��
¯̀
LH̃�χ decay:

• Multi-lepton & jets;
• Displaced vertex;
• Mono-jet & missing energy.

Singlet-like
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First-order phase transition (FOPT)

FOPT proceeds: bubble 
nucleation and expansion

Fermi-balls collapse into PBHs.

Non-topological solitons called Fermi-balls form,

Fermions get trapped in the 
old vacuum remnants!

Relevant works:
2008.04430, Hong, Jung and KPX;
2106.00111, Kawana and KPX;
2201.07243, Huang and KPX.



Backup: the 1st-order electroweak phase transition
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Decay rate per unit volume[Linde, NPB1983]

�(T ) ⇠ T 4 exp {�S3(T )/T}
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Fraction of old vacuum [Guth et al, PRD1981]

Old

New

p(T ) = e
�I(T )

, I(T ) =
4⇡

3

Z Tc

T
dT

0 �(T 0)

T 04H(T 0)

"Z T 0

T
dT̃

vb

H(T̃ )

#3

<latexit sha1_base64="aFvigZRRQQpCiRZIwxjT2vctUXc="></latexit>
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Old New

Bubble distribution
<latexit sha1_base64="+34WPela3FXV9qZr28FqXn99nkc="></latexit>

dn

dR
(t) =

�(t0)

vb
p(t0)

a4(t0)

a4(t)



Backup: volume of old vacuum remnants
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Old New

Average volume 

A detailed study see [Lu, Kawana and KPX, 2202.03439]; a simple model here

Shrink to a Fermi-ball

Split

�(T⇤)V⇤�t ⇠ 1, V⇤ =
4⇡

3
R3

⇤, �t =
R⇤
vb

<latexit sha1_base64="c+c6NFvpB5kZNgh2ccieG/I4iu8="></latexit>

Charge collected in a Fermi-ball 
<latexit sha1_base64="oNPPVKfJcxB5fi2oFMFvhpNYsKU="></latexit>

QFB = F trap
� ⌘�sV Remnant volume

Important!



Backup: stability condition
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MFB = QFB

�
12⇡2U0

�1/4
, RFB = Q1/3

FB

"
3
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✓
3

2⇡

◆2/3 1

U0

#1/4

<latexit sha1_base64="JBhH2F/JHipSWAtyOR04AQ+6DtU="></latexit>
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MFB/VFB = 9.15⇥ 1028 kg/m3

 
U1/4
0

100 GeV

!4

<latexit sha1_base64="gIw38U6hc/jWBZOif/C0R/F69JI="></latexit>

QFB⇥

<latexit sha1_base64="RXMZlh8DjdBXSSmjBXG7bIrPxgs="></latexit>

A neutron star

ρNS ≈ 1017 kg/m3

>

QFB⇥

<latexit sha1_base64="RXMZlh8DjdBXSSmjBXG7bIrPxgs="></latexit>

(QFB � 1)

⇥

<latexit sha1_base64="TELdgEz9J3Sdf1vDrHhXcFfm1bw="></latexit>

Decay

QFB⇥

<latexit sha1_base64="RXMZlh8DjdBXSSmjBXG7bIrPxgs="></latexit>

Fission
d2MFB

dQ2
FB

< 0

<latexit sha1_base64="3P6rzVAhVXDvQ4ezUl57PcItaNI="></latexit>

Satisfied when the surface 
tension (∝ QFB

2/3) is included. 

<latexit sha1_base64="V2TLcU1nA7PAasK0a+zOd82YI7s="></latexit>

dMFB

dQFB
< M� ⌘ y�vs

The stability conditions

Mass density of a single Fermi-ball



Backup: the Fermi-ball profile
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At phase transition temperature
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QFB ⇠ 1038, Tn ⇠ 100 GeV

������� �	 
����	�� (��)

��� ��� ��� ��� �����

��

�	

�


��

��� [���� �]

� �
�
[�
�
]

<latexit sha1_base64="A9Pycgq1iBk1PYsq3WvioYJMP2k="></latexit>

⌘� = 10�8
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MFB / QFB / ⌘�

Large Yukawa required by trapping.
Composite Higgs model?

Trapping fraction
<latexit sha1_base64="MIlHiyJsw8PuYT4MpGiaSbDDBxw="></latexit>

, RFB / ⌘1/3�


