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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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at a dedicated Higgs factory experiment like the CEPC.
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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,
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the transition may be either first order or a crossover depending on the structure of the
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Scenarios:
1. General Higgs + singlet[Kozaczuk et al, 1911.10210]

2. Singlet Z2
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Motivated by dark matter,[1407.0688] composite Higgs[1909.02014], etc

After EW symmetry breaking, Higgs exotic decay

<latexit sha1_base64="xiH5BUZkIGnOj3wD/bm5zgpchjI="></latexit>

V = �µ2

2
h2 +

�

4
h4 +

a2
4
h2S2 +

b2
2
S2 +

b4
4
S4

<latexit sha1_base64="1++S3Zx5KJz8LqHEjqlf8D8patI="></latexit>

V � �a2vEW

2
hS2

<latexit sha1_base64="6IEm8H6NtPASScuYcnzNjYL6VV4="></latexit>

�(h ! SS) =
a22v

2
EW

32⇡mh

s

1� 4m2
S

m2
h



The Z2 preserving scenario

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 7

Motivated by dark matter,[1407.0688] composite Higgs[1909.02014], etc
<latexit sha1_base64="xiH5BUZkIGnOj3wD/bm5zgpchjI="></latexit>

V = �µ2

2
h2 +

�

4
h4 +

a2
4
h2S2 +

b2
2
S2 +

b4
4
S4

<latexit sha1_base64="1++S3Zx5KJz8LqHEjqlf8D8patI="></latexit>

V � �a2vEW

2
hS2

<latexit sha1_base64="6IEm8H6NtPASScuYcnzNjYL6VV4="></latexit>

�(h ! SS) =
a22v

2
EW

32⇡mh

s

1� 4m2
S

m2
h

Thermal correction and phase transition
<latexit sha1_base64="l0vk/jY3E/OI1caNud2u9aw/nU0="></latexit>

V = �µ2 � chT 2

2
h2 +

�

4
h4 +

a2
4
h2S2 +

b2 + cST 2

2
S2 +

b4
4
S4

<latexit sha1_base64="Wd2Eu9kte9Dfi7uHxRT+LI/T+uQ="></latexit>

ch =
1

48

�
24a2 + 9g2 + 3g02 + 24�+ 12y2t

�
,

cS =
1

12
(2a2 + 3b4)

After EW symmetry breaking, Higgs exotic decay



The Z2 preserving scenario

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 8

Motivated by dark matter,[1407.0688] composite Higgs[1909.02014], etc
<latexit sha1_base64="xiH5BUZkIGnOj3wD/bm5zgpchjI="></latexit>

V = �µ2

2
h2 +

�

4
h4 +

a2
4
h2S2 +

b2
2
S2 +

b4
4
S4

<latexit sha1_base64="1++S3Zx5KJz8LqHEjqlf8D8patI="></latexit>

V � �a2vEW

2
hS2

<latexit sha1_base64="6IEm8H6NtPASScuYcnzNjYL6VV4="></latexit>

�(h ! SS) =
a22v

2
EW

32⇡mh

s

1� 4m2
S

m2
h

Thermal correction and phase transition
<latexit sha1_base64="l0vk/jY3E/OI1caNud2u9aw/nU0="></latexit>

V = �µ2 � chT 2

2
h2 +

�

4
h4 +

a2
4
h2S2 +

b2 + cST 2

2
S2 +

b4
4
S4

�

� ②
①

Two steps:
① 2nd-order phase transition
② 1st-order electroweak phase transition

<latexit sha1_base64="Wd2Eu9kte9Dfi7uHxRT+LI/T+uQ="></latexit>

ch =
1

48

�
24a2 + 9g2 + 3g02 + 24�+ 12y2t

�
,

cS =
1

12
(2a2 + 3b4)

After EW symmetry breaking, Higgs exotic decay



The Z2 preserving scenario

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 9

Motivated by dark matter,[1407.0688] composite Higgs[1909.02014], etc

Higgs exotic decay
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The potential in unitary gauge

Exotic decay
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The potential at finite temperature
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Strong 1st-order EWPT

The general Higgs + singlet case
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The potential at finite temperature
<latexit sha1_base64="RyNZJx0KGE9gcIjl62Kl+6kwlKE="></latexit>

V = �µ2 � chT 2

2
h2 +

�

4
h4 +

a1
4
h2S +

a2
4
h2S2 + b1S +

b2 + cST 2

2
S2 +

b3
3
S3 +

b4
4
S4

<latexit sha1_base64="Wd2Eu9kte9Dfi7uHxRT+LI/T+uQ="></latexit>

ch =
1

48

�
24a2 + 9g2 + 3g02 + 24�+ 12y2t

�
,

cS =
1

12
(2a2 + 3b4)

<latexit sha1_base64="Hd3BAihvX4UWD0NjukWFB3fZLbs="></latexit>

V (�s, T⇤)� V (�h, T⇤)

V (�b, T⇤)� V (�h, T⇤)
> �

Analytical estimation

<latexit sha1_base64="pfaOnwmhODYyl5cBlElN8swMG/o="></latexit>

�s

<latexit sha1_base64="/E5Yuo0KxIcqEsEsms3wIfWeMqE="></latexit>

�b

<latexit sha1_base64="CFPz53ERzsF7S8WaC+rsE26Qp7Y="></latexit>

�h

<latexit sha1_base64="fuLLTele/BxCqZscbvj26DaGPmk="></latexit>

a2 & m2
1

4v2EW

�

1��



The Z2 spontaneous breaking scenario

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 18

Motivated by dark symmetry breaking models[Carena et al, 1911.10206]

A complete one-loop level analysis
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Motivated by dark symmetry breaking models[Carena et al, 1911.10206]

A complete one-loop level analysis
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Z2 restoration Z2 non-restoration
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Correlation between exotic decay and EWPT [Carena et al, 1911.10206]



A short summary 
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Three strong 1st-order electroweak phase transition scenarios:
1. General Higgs + singlet; [Kozaczuk et al, 1911.10210]

2. Singlet Z2-preserving [Kozaczuk et al, 1911.10210] & spontaneous 
breaking[Carena et al, 1911.10206]
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All show the correlation between EWPT and Higgs exotic decay!!

Z2 preserving

General



Searching for Higgs to double-singlet exotic decay

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 22

If S decays invisibly: Br(h > invisible)
Current LHC bound < 14.5%;[2202.07953] future HL-LHC 2.5%;[1902.00134]

CEPC 0.27%.[1905.03764]

If S decays visibly: Br(h > SS > XXYY)
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[Gershtein et al, 2012.07864]



Probing EWPT with Higgs exotic decay

Ke-Pan Xie (谢柯盼), U of Nebraska-Lincoln 23

h > SS > XXYY as a probe [assuming S decays via h-S mixing]
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Z2 spontaneous breaking[Carena et al, 1911.10206]

General Higgs + singlet                       [Kozaczuk et al, 1911.10210]
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Shelton et al, 2110.13225

Liu et al, 1612.09284

Recently: probing 1st-order EWPT via long-lived particle searches 
for h > SS > jjjj at CMS, MAPP[Liu et al, 2205.08205]



Conclusion

Higher energy

New physics might be hidden at lower energy scale…

Origin of a strong 
1st-order EWPT?

Highly correlated with Higgs exotic decay, especially h > SS > XXYY



Conclusion

Higher energy

New physics might be hidden at lower energy scale…

Origin of a strong 
1st-order EWPT?

Highly correlated with Higgs exotic decay, especially h > SS > XXYY
Might be revealed at … LHC

CEPC/SppC

Other hopeful channels
• μμjj, ττjj, μμττ…



Backup: implications of first-order phase transitions
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Dark matter/primordial black holes
2201.07243, 2106.05637, 2106.00111, 
2105.07481, 2008.04430, 1912.02830, etc

2011.04821, 2005.13552, 1206.2942, 
hep-ph/9410282, 9408339, etc

Matter-antimatter asymmetry

2204.05434, 2008.10332, 1807.09495, 
1512.02076, 1512.06239, 1910.13125, etc

Gravitational wave signals


