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Key words

Sphaleron (𝑩 violation): SM is enough!

First order EWPT (out of equilibrium): Higgs mass should be lighter.

CP violation: CKM is not enough.

New physics? ⇒ EDM Signal

New physics ⇒ LHC signal

Any EWBG model free from EDM or LHC?

?

?

⇒ 𝑶𝒏𝒆 𝒆𝒙𝒂𝒎𝒑𝒍𝒆 𝒊𝒏 𝒕𝒉𝒊𝒔 𝒕𝒂𝒍𝒌

Only constraints are getting 
stronger and stronger…
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Advantage of ALP: The potential structure is (almost) independent of 𝒇.
(the potential is written in terms of 𝜃 = 𝜙/𝑓, not 𝜙 and 𝑓, individually)

Weakly coupled limit: simply large 𝑓 ≫ 𝑚𝑤

( 
𝒎𝒘
𝟐

𝝓𝟎
𝟐 ≲ 𝝀𝐦𝐢𝐱 ≪ 𝟏 )



Is 𝒇 really irrelevant?

One obvious change: the physical field distance between two local minima ∝ 𝒇.



Is 𝒇 really irrelevant?

One obvious change: the physical field distance between two local minima ∝ 𝒇.

It changes many things!!

How?



What changes at large 𝒇 ?

𝑇 > 𝑇𝑐

𝑇 = 𝑇𝑐

𝑇 ≲ 𝑇𝑐

𝑇2 ≲ 𝑇 < 𝑇𝑐

𝑓~𝑚𝑤



What changes at large 𝒇 ?

𝑇 > 𝑇𝑐

𝑇 = 𝑇𝑐

𝑇 ≲ 𝑇𝑐

𝑇2 ≲ 𝑇 < 𝑇𝑐

𝑓 ≫ 𝑚𝑤



Critical action: 𝑆3 = 4𝜋∫ 𝑟2𝑑𝑟
𝑑ℎ

𝑑𝑟

2
+

𝑑𝜙

𝑑𝑟

2
+ 𝑉 ℎ, 𝜃

= 4𝜋𝑓3∫ 𝑥2𝑑𝑥
ℎ′2

2𝑓2
+
𝜃′2

2
+ 𝑉 ℎ, 𝜃 ∝ 𝑓3, 𝑥 ≡

𝑟

𝑓
, ′ ≡

𝑑

𝑑𝑥

𝑻𝟐: 𝒃𝒂𝒓𝒓𝒊𝒆𝒓 𝒅𝒊𝒔𝒂𝒑𝒑𝒆𝒂𝒓𝒊𝒏𝒈 𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆

𝑆3/𝑇 ∝ 𝑇 − 𝑇2
𝑛𝑓3

⇒ 𝑇𝑛 ≃ 𝑇2, Δ𝑡𝑃𝑇 ≃
6

𝛽
∝ 𝑓3/𝑛 where 𝛽 = 𝑑(𝑆3/𝑇 )/𝑑𝑡 |T=Tn

What changes at large 𝒇 ?

Tn: nucleation begins
𝑓 increases

Γ𝑛𝑢𝑐 𝑇𝑛 ≃ 𝐻 𝑇𝑛 ⇒
𝑆3
𝑇
≃ 130 + 𝑙𝑜𝑔



Is 𝒇 really irrelevant? 
ans: NO

One obvious change: the physical field distance between two local minima ∝ 𝒇.

⇒ Phase transition is delayed (i.e. supercooling occurs): 𝑇𝑛 ≃ 𝑇2 < 𝑇𝑐

How does it affect baryogenesis?
e.g. diffusion effect



Higgs profile

bubble wall
bubble wall
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Diffusion effect around bubble wall
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broken phase
(𝑣ℎ > 𝑇)
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unbroken phase

(𝑣ℎ = 0)

𝑧: wall propagating direction
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Higgs profile

bubble wall
bubble wall
rest frame

Diffusion effect around bubble wall

Symmetry
broken phase
(𝑣ℎ > 𝑇)

Symmetry
unbroken phase

(𝑣ℎ = 0)

𝑧: wall propagating directionChemical potential
with diffusion

Sphaleron rate

baryon 
asymmetry



Whether the diffusion effect can give a significant enhancement 
is determined by 

𝐿𝑤𝑣𝑤vs Diffusion length scale ≃ 𝑂 100 /𝑇𝑛



Whether the diffusion effect can give a significant enhancement 
is determined by 

𝐿𝑤𝑣𝑤vs Diffusion length scale ≃ 𝑂 100 /𝑇𝑛

∝ 𝒇

~ 𝐢𝐧𝐝𝐞𝐩𝐞𝐧𝐝𝐞𝐧𝐭 𝐨𝐟 𝒇



Bubble wall width

Whether diffusion can be a significant effect is determined by two quantities:

𝐋𝐰 : approximated by a critical bubble size 𝒓𝒄

Just after tunneling Rolling down to minimum expansion

𝑟𝑐

≃ 𝐿𝑤 1 − 𝑣𝑤
2/𝑐2

minimum

fig from CSS slides
in Cosmo 2018



Bubble wall width

⇒ 𝑳𝒘~ 𝒓𝒄 ∼
𝚫𝚽 𝟐

𝟖𝚫𝑽
~

𝒇

𝒎𝒘
𝟐

ΔVc

|ΔΦ|

𝑉

𝜙

(rough estimation)



We also checked 𝑟𝑐, numerically.
CosmoTransitions (Wainwright, 1109.4189):
bounce solution, bubble profile, critical action

Bubble wall width

𝑓 = 1TeV, 𝐿𝑤 ≃ 10/𝑇𝑛

𝑟𝑐

𝑓 = 20TeV, 𝐿𝑤 ≃ 80/𝑇𝑛

𝑟𝑐

ℎ 200GeV0

0

0.5

𝜙/𝑓

Bounce solution

𝑓 = 1 TeV

𝑓 = 10TeV, 𝐿𝑤 ≃ 50/𝑇𝑛

𝑟𝑐



Bubble wall velocity

bubble wall
More likely to collide 
More likely to be reflected

Less likely to collide
More likely to be transmitted

Symmetry
broken phase
(𝑣ℎ > 𝑇)

Symmetry
unbroken phase

(𝑣ℎ = 0)

massive massless

bubble wall
rest frame

propagating direction

𝑣𝑤

𝑣𝑤

𝒗𝒘 : by solving Δ Pressure = Δ𝑉



Bubble wall velocity

Δ𝑃 = Pressure from outside − Pressure from inside = Δ𝑉

⇒ 𝑣𝑤 ≃ 𝑂 0.1 , numerically

Here, 𝒇 does not seem to play anything.



𝑣𝑤𝐿𝑤𝑇𝑛 ∼
𝑓

𝑚𝑤
𝑣𝑠 Diffusion length scale × 𝑇𝑛 ≃ 𝑂 100

Whether diffusion gives a significant effect 



𝑣𝑤𝐿𝑤𝑇𝑛 ∼
𝑓

𝑚𝑤
𝑣𝑠 Diffusion length scale × 𝑇𝑛 ≃ 𝑂 100

𝑓 ≲ 𝑂 10 − 100 TeV : diffusion is important
𝑓 ≳ 𝑂 10 − 100 TeV : diffusion is unimportant⇒

Whether diffusion gives a significant effect 



𝑣𝑤𝐿𝑤𝑇𝑛 ∼
𝑓

𝑚𝑤
𝑣𝑠 Diffusion length scale × 𝑇𝑛 ≃ 𝑂 100

𝑓 ≲ 𝑂 10 − 100 TeV : diffusion is important
𝑓 ≳ 𝑂 10 − 100 TeV : diffusion is unimportant⇒

𝐯𝐚𝐫𝐲𝐢𝐧𝐠 𝐭𝐨𝐩 𝐘𝐮𝐤𝐚𝐰𝐚𝐦𝐨𝐝𝐞𝐥
where  diffusion formalism is 

well-established

weak anomalous coupling

𝜽𝑾෪𝑾 𝐜𝐨𝐮𝐩𝐥𝐢𝐧𝐠

1811.03294

1806.02591

Whether diffusion gives a significant effect 



Charge transport mechanism

CP    

⇒ Boltzmann equations in the wall rest frame 
(with 𝑓 = 𝑓0 + 𝛿𝑓)

Formalisms are well-established in
Joyce et. al., 9408339
Fromme, Huber, 0604159
Konstandin et. al., 1706.08534

1806.02591

𝑓 ≲ 𝑂 10 − 100 TeV : diffusion is important

Transport mechanism is well-studied in a complex top quark mass scenario: 𝑚𝑡(𝑧)ത𝑞𝐿3𝑡𝑅𝐻

𝑚𝑡 𝑧 = 𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃 𝑧 ≡ 𝑚 𝑧 𝑒𝑖Θ(𝑧)

⇒ 𝐹𝑧 = −
𝑚2 ′

2𝐸0
±

𝑚2Θ′ ′

2𝐸0𝐸0𝑧
∓ 𝑠

Θ′𝑚2 𝑚2 ′

4𝐸0
3𝐸0𝑧

𝑣𝑤𝐾1𝜇2
′ + 𝑣𝑤𝐾2 𝑚2 ′𝜇2 + 𝑢2

′−< 𝐶 𝑓 > = 𝑆𝜇

−𝐾4𝜇2
′ + 𝑣2෩𝐾5𝑢2

′ + 𝑣𝑤 ෩𝐾6 𝑚2 ′𝑢2−<
𝑝𝑧
𝐸0

𝐶 𝑓 > = 𝑆𝜃 + 𝑆𝑢

where

𝑆𝜇 = 𝐾7Θ
′𝑚2𝜇1

′

𝑆𝜃 = −𝑣𝑤𝐾8 𝑚2Θ′ ′ + 𝑣𝑤𝐾9Θ
′𝑚2 𝑚2 ′

𝑆𝑢 = −෩𝐾10𝑚
2Θ′𝑢1

′

𝐿𝐶𝑃𝑉 = (𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃)ത𝑞𝐿3𝑡𝑅𝐻



direction of bubble expansion

center of the bubble wall
(wall rest frame)

After solving Boltzmann equations, 
the chemical potential of left-handed baryon is obtained

Charge transport mechanism

bubble wall
rest frame

𝝁𝑩𝑳

𝐿𝐶𝑃𝑉 = (𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃)ത𝑞𝐿3𝑡𝑅𝐻

1806.02591



direction of bubble expansion

center of the bubble wall
(wall rest frame)

After solving Boltzmann equations, 
the chemical potential of left-handed baryon is obtained

Charge transport mechanism

bubble wall
rest frame

Converted into
baryon number density 
through sphaleron

𝝁𝑩𝑳

𝐿𝐶𝑃𝑉 = (𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃)ത𝑞𝐿3𝑡𝑅𝐻

1806.02591



Charge transport mechanism

 For an UV completion, 𝑥𝑡≲0.3.

 large 𝑓 ⇒ large 𝐿𝑤 ⇒ small 𝜂𝐵 ⇒ requires larger 𝑥𝑡
⇒ smaller couplings (this is what I want)

Benchmark parameters
Λ = 130 GeV,
𝛼 = 1.4,

𝑀 = 103 GeV

𝑇𝑐 ≃ 68 GeV
𝑇𝑛 ≃ 𝑇2 ≃ 54 GeV

𝑣𝑤 ≃ 0.07

𝐿𝐶𝑃𝑉 = (𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃)ത𝑞𝐿3𝑡𝑅𝐻

1806.02591



Adiabatic electroweak baryogenesis

If 𝒇 > 𝑶(𝟏𝟎 − 𝟏𝟎𝟎 𝐓𝐞𝐕), diffusion effect is negligible.
(Particles in the plasma do not have enough time to transport from the wall to the outside.)
(They feel like that the Higgs vev changes in time, homogeneously.)

𝐿𝐶𝑃𝑉 =
g2
2

32𝜋2
𝜃𝑊𝜇𝜈

෩𝑊𝜇𝜈 = 𝜃 𝜕𝜇𝐽𝐶𝑆
𝜇
→ −𝜕𝜇𝜃 𝐽𝐶𝑆

𝜇
~ −𝜕𝑡 𝜃 𝑁𝐶𝑆 → 𝜇𝐶𝑆 = 𝜕𝑡𝜃

Γ𝑠𝑝ℎ ≡ 2lim
𝜇→0

ሶ𝑁𝐶𝑆𝑇

𝜇𝐶𝑆𝑉
⇒ ሶ𝑛𝐶𝑆 =

1

2

Γ𝑠𝑝ℎ
𝑇

𝜇𝐶𝑆 1 −
𝑛𝐶𝑆

𝑛𝐶𝑆
𝑒𝑞

⇒ ሶ𝑛𝐵 =
3

2

Γ𝑠𝑝ℎ
𝑇

ሶ𝜃 1 −
𝑛𝐵

𝑛𝐵
𝑒𝑞

Γ𝑠𝑝ℎ ≃ 18 𝛼𝑤
5𝑇4 ⇒ 𝑛𝐵 ≃ 27 𝛼𝑤

5 𝑇𝑛
3 Δ𝜃 𝑒−𝐾𝜙

1811.03294

𝑛𝐵
(𝑒𝑞)

=
13

2
ሶ𝜃

𝐾𝜙 becomes order one when 𝑓 > 106−7𝐺𝑒𝑉



Adiabatic electroweak baryogenesis

ሶ𝑛𝐵 =
3

2

Γ𝑠𝑝ℎ
𝑇

ሶ𝜃 1 −
𝑛𝐵

𝑛𝐵
𝑒𝑞

⇒ 𝑛𝐵 ≃ 27 𝛼𝑤
5 𝑇𝑛

3 Δ𝜃 𝑒−𝐾𝜙

𝑛𝐵
(𝑒𝑞)

=
13

2
ሶ𝜃

Large suppression if 𝑓 > 106−7𝐺𝑒𝑉

Two contributions to 𝐾𝜙

1. When 𝑓 ↑, 𝛿𝑡𝑃𝑇 ≃ 1/𝑚𝜙 ↑ (i.e. time scale increases)

⇒ ሶ𝜃 ↓ ⇒ 𝑛𝐵
(𝑒𝑞)

↓

2. Oscillation after tunneling does not stop (small dissipation rate).

1811.03294



Adiabatic electroweak baryogenesis

ሶ𝑛𝐵 =
3

2

Γ𝑠𝑝ℎ
𝑇
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𝑛𝐵

𝑛𝐵
𝑒𝑞

⇒ 𝑛𝐵 ≃ 27 𝛼𝑤
5 𝑇𝑛
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Large suppression if 𝑓 > 106−7𝐺𝑒𝑉
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1. When 𝑓 ↑, 𝛿𝑡𝑃𝑇 ≃ 1/𝑚𝜙 ↑ (i.e. time scale increases)

⇒ ሶ𝜃 ↓ ⇒ 𝑛𝐵
(𝑒𝑞)

↓

2. Oscillation after tunneling does not stop (small dissipation rate).

1811.03294



Adiabatic electroweak baryogenesis

𝑓 < 106−7𝐺𝑒𝑉 can naturally explain the observed baryon asymmetry.

1811.03294



Phenomenological constraints



EDM constraints

𝛾

𝛾

ℎ

𝜙

It can be from 𝑥𝑡𝑒
𝑖𝜃 ത𝑞𝐿3𝑡𝑅𝐻 or   

g2

32𝜋2
𝜃𝑊 ෩𝑊

In either case, coupling ∝ 1/𝑓

mixing ∝ 1/𝑓

EDM ∝ 𝟏/𝒇𝟐

for the top transport case: 𝑓 ≳ 3 𝑇𝑒𝑉
for the weak anomaly case: 𝑓 ≳ 5 𝑇𝑒𝑉

• Generally, electron EDM constraint (ACME II) provides the most stringent obstacle.
• Our axion coupling is suppressed by 1/𝑓, so it is not so severe.
• there are other ways bypassing the constraint: e.g. dynamical CP violation  

cancelation mechanism 

𝑒 𝑒

𝑐𝑓. condition for baryon asymmetry: 𝑓 ≲ 106−7 𝐺𝑒𝑉

(F. Huang, M. Zhang, Z. Qian)

(E. Senaha)



How can we test the model?
→ALP Searches



Flacke et. al., 1610.02025
Choi, Im, 1610.00680

ALP-Higgs mixing

→ 5MeV ≲ 𝑚𝜙 ≲ 100 MeV 𝑜𝑟 5 GeV ≲ 𝑚𝜙 ≲ 25 GeV



ALP Searches at future lepton colliders

𝑚𝜙 [GeV]

𝑔
𝑎
𝛾
𝛾
[G
eV

−
1
]

110−3 103

10−3

10−6

Jaeckel, Spannowsky, 
1509.00476  

𝛾∗ or 𝑍



ALP Searches at heavy ion collision

Knapen, Lin, Lou, Melia, 
1607.06083

Diphoton resonance search
at heavy ion collision



Summary
We considered an ALP extended Higgs sector where EWBG is realized.

• Strong first order phase transition is possible

• How large can 𝑓 be?

• Phenomenology

 ALP dependent Higgs mass drives a first order phase transition, independently of 𝑓.
 large 𝑓 → weakly coupled limit.

 It depends on CPV operator.
 If diffusion is required (top transport): Lw ∝ 𝑓 ⇒ 𝑛𝐵 ∝ 1/𝑓# ⇒ 𝑓 < 10 TeV.
 Weak anomalous coupling : wash-out term → 𝑓 < 106−7 GeV

 EDM ∝ 1/𝑓2 ⇒

 ALP searches from ALP-Higgs mixing ⇒

top transport: 𝑓 > 3 𝑇𝑒𝑉
weak anomalous coupling: 𝑓 > 5 𝑇𝑒𝑉

5 GeV ≲ 𝑚𝜙 ≲ 25 GeV ⟸ lepton collider?

heavy ion collision?
5 MeV ≲ 𝑚𝜙 ≲ 100 MeV ⟸ ? ? not clear

at current stage



Thank you for your attention!



Back up slides



Diffusion effect around bubble wall

It is well-known that a diffusion effect (so-called charge transport mechanism) 
around bubble wall helps the electroweak baryogenesis. (

)

In a wall rest frame, CP violation occurs proportionally to 𝜕𝑧ℎ (with 
𝑧 =coordinate along the bubble wall), and it drives a nonzero baryon number 
chemical potential.

If there is no diffusion effect, chemical potential is nonzero only at the wall 

(𝝏𝒛𝒉 ≠ 𝟎), while sphaleron rate is exponentially suppressed exp −
ℎ

𝑇
.

If there is a diffusion effect, chemical potential is spread away and becomes 
nonzero outside bubble wall where sphaleron rate is not suppressed.



UV Completion
Vector-like lepton pair 𝐿, 𝐿𝑐 and singlet pair 𝑁, 𝑁𝑐

charged under hidden non-Abelian gauge group,

−𝐿 = 𝑦 𝐻 𝐿 𝑁𝑐 + 𝑦′𝐻†𝐿𝑐𝑁 +𝑚𝑁𝑁 𝑁𝑐 +𝑚𝐿𝐿 𝐿
𝑐 + h. c.

𝑚𝑁 ≪ Λ𝑐𝑜𝑛 ≪ 𝑚𝐿,

−𝐿𝑒𝑓𝑓 → 𝑚𝑁 +
𝑦 𝑦′

𝑚𝐿
𝐻 2 𝑁 𝑁𝑐

Confinement → axion−𝜂′ mixing →< 𝑁 𝑁𝑐 > ∼ Λ𝑐𝑜𝑛
3 𝑒𝑖𝜙/𝑓 ,

−𝐿𝑒𝑓𝑓 → 𝑚𝑁Λ𝑐𝑜𝑛
3 cos

𝜙

𝑓
+
𝑦 𝑦′

𝑚𝐿
Λ𝑐𝑜𝑛
3 𝐻 2 cos

𝜙

𝑓
+ 𝛼

𝛼 = 𝐴𝑟𝑔
𝑦 𝑦′𝑚𝑁

𝑚𝐿

Similar to relaxion models
(Graham, Kaplan, Rajendran, 1504.07551)



UV Completion for (𝑦𝑡 + 𝑥𝑡𝑒
𝑖𝜃)ത𝑞𝐿3𝑡𝑅𝐻

Hidden sector confinement → axion−𝜂′ mixing →< 𝑁 𝑁𝑐 > ∼ Λ𝑐𝑜𝑛
3 𝑒𝑖𝜃 .

We need a contact interaction between 𝑁 𝑁𝑐 ത𝑞𝐿3𝑡𝑅𝐻 .

One example :

𝑥𝑡 ≃
Λ𝑐𝑜𝑛
3

𝑚𝑆
2𝑚𝑇

1806.02591


