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Explaining the baryon asymmetry

• Matter-antimatter asymmetry

1

Abundance: (baryonic) matter >> antimatter

Sakharov conditions [Sakharov,1967]:
① Baryon number violation; ② C/CP violation;
③ Departure from equilibrium.

The Standard Model: satisfies ① by EW sphaleron, however:
② CPV too tiny. 
③ Fails in EWPT 

Needs new physics!!
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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).
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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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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

The SM What Sakharov needs

nB

s
⇡ 10�10, nB̄ ⇡ 0
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Realizing EW baryogenesis with Higgs+singlet

• Satisfying the Sakharov conditions
S

Singlet scalar!

The thermal potential

The phase transition pattern: two-step

CP violation: comes from the S-relevant interactions

VT =
µ2
H
+ cHT 2
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① 2nd-order PT
② 1st-order EWPT

�

�

①
②
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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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• EW baryogenesis during EWPT

3

EW breaking vacuum EW symmetric vacuumBubble wall
vwhhi 6= 0

hSi = 0
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• EW baryogenesis: 4 steps

4

EW breaking vacuum EW symmetric vacuumBubble wall
vw

fL fR

fL fR

1. CP violating reflection 
generates chiral asymmetry

hhi 6= 0

hSi = 0
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• EW baryogenesis: 4 steps
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EW breaking vacuum EW symmetric vacuumBubble wall
vw

fL fR

fL fR

2. Chiral asymmetry diffusion

fL fR

1. CP violating reflection 
generates chiral asymmetry

hhi 6= 0

hSi = 0
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• EW baryogenesis: 4 steps
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EW breaking vacuum EW symmetric vacuumBubble wall
vw

fL fR

fL fR

2. Chiral asymmetry diffusion

Net
baryon

Baryon number asymmetry 

�EW
sph. ⇠ 18↵5

WT
<latexit sha1_base64="l3noTdBt5O2jZxLkbB6oux9GN38="></latexit><latexit sha1_base64="l3noTdBt5O2jZxLkbB6oux9GN38="></latexit><latexit sha1_base64="l3noTdBt5O2jZxLkbB6oux9GN38="></latexit><latexit sha1_base64="l3noTdBt5O2jZxLkbB6oux9GN38="></latexit>

3. Electroweak sphaleron

fL fR

1. CP violating reflection 
generates chiral asymmetry

hhi 6= 0

hSi = 0
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• EW baryogenesis: 4 steps
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EW breaking vacuum EW symmetric vacuumBubble wall
vw

fL fR

fL fR

2. Chiral asymmetry diffusion

Net
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Net
baryon

4. Capture

Survives till today!

3. Electroweak sphaleron

fL fR

1. CP violating reflection 
generates chiral asymmetry

hhi 6= 0

hSi = 0
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A “strong” EWPT --
vn/Tn > 1:



• Which fermion do we need?

Naively: large Yukawa => large CPV => large baryon asymmetry?

The most studied scenario: top quark transport [M. Joyce et al, 1994]

8Ke-Pan Xie (谢柯盼), Seoul Nat'l U.



• Which fermion do we need?

Naively: large Yukawa => large CPV => large baryon asymmetry?

The most studied scenario: top quark transport [M. Joyce et al, 1994]

For the top quark, inside the plasma: 

Strong enhancement v.s. strong washout effects: not as efficient as 
expected.

9

CPVDiffusionQCD sph.Yukawa
Chiral asymmetry (ChA)

Enhancing ChAWashing out ChA

f t Large: yt=1Small: Dq=6/TLargeLarge: yt=1
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• Which fermion do we need?

Naively: small Yukawa => small CPV => small baryon asymmetry?

The τ lepton transport [Jordy de Vries et al, 2018]

For the τ lepton, inside the plasma: 

Moderate enhancement v.s. small washout effects: more efficient 
than expected!
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CPVDiffusionQCD sph.Yukawa
Chiral asymmetry (ChA)

Enhancing ChAWashing out ChA

Small: yτ=0.01Large: Dl=100/TAbsentSmall: yτ=0.01f τ
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τ-mediated EW baryogenesis with Higgs+singlet

• Satisfying the Sakharov conditions

During the 1st-order EWPT: wall frame, planar approximation 

Dim-5 operator with CP violation phase ϕτ : effective mass
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• τ-mediated EW baryogenesis

① Boltzmann equation: generating a chiral asymmetry (ChA)

② EW sphaleron: converting the ChA to baryon asymmetry
12
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Diffusion constant
Wall velocity

Helicity flipping & Yukawa rates

CP violating source

mτ : the (space-dependent) mass
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• Phase transition and gravitational waves

5 parameters, 2 fixed by Mh = 125 GeV
and v = 246 GeV.

Deriving the strong 1st-order EWPT by
calculating the vacuum decay rate.

1st-order EWPT generates stochastic 
gravitational waves:

ü Collision of the bubbles
ü Sound waves in plasma
ü Turbulance in plasma
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• Collider phenomenology: the 4τ final state

Pair production of the singlet at a pp collider
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• Collider phenomenology: the 4τ final state

Pair production of the singlet at a pp collider

The decay of τ: leptonic (35%) and hadronic (65%)
Consequently, the 4τ final state yields
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• Collider phenomenology: the 4τ final state

16

Search for the 1 lepton + 3 τ-jet channel.
Cut I: 1 lepton + 3 jets; Cut II: 3 τ-jets; Cut III: b-veto.

Ke-Pan Xie (谢柯盼), Seoul Nat'l U.

�� �������	


�������
��
�
��
� �
�-
�

��
�
� �
�-
�

��
-�
��
��
��

-�

�		 
		 �		 �			

�




�

�� [���]

� �
�

�� �������	


�������

��
�
��
�
��

-�
��
�
� �
�-
�

��
-�
��
��
��

-�

�		 
		 �		 �			

�




�

�� [���]

� �
�

Strong 1st-order EWPT 



We propose an EW baryogenesis model:
q The 1st-order EWPT is induced by SM extended with a singlet
q The chiral asymmetry is meditated by τ lepton transport.

The gravitational waves from EWPT is detectable at future space-
based interferometers such as LISA.

The 4τ final state can be efficiently probed at current or future 
colliders.

Conclusion

17Ke-Pan Xie (谢柯盼), Seoul Nat'l U.



Details of BP1 and BP2

Details of cut flow

Backup

18Ke-Pan Xie (谢柯盼), Seoul Nat'l U.

BP1 : MS = 100 GeV, �HS = 0.46; Tn = 64.44 GeV, vn = 239.06 GeV, wn = 132.13 GeV;

BP2 : MS = 200 GeV, �HS = 0.88; Tn = 94.32 GeV, vn = 220.55 GeV, wn = 108.97 GeV
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