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1: Introduction -Thermal History and BSM

Kolb,Turner 1990

Kawasaki et al, 1709.01211

https://www.esa.int/
wikipedia

 
Beyond SM phenomena 
Inflation,  
baryon asymmetry,  

 
dark matter 

現代宇宙論の示唆： 
後ろの二つは初期条件 
じゃないだろう。 
c.f. Realignment mechanism 

ΔnBaryon

s
∼ 10−10



1. バリオジェネシスの３条件

Baryon number violation 
C and CP violation  
Out of thermal equilibrium

 Sakharov, 1967
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now

*Baryon number violation 

*C and CP violation  

*Out of thermal equilibrium

EWPT BBN Rec.QCDPT
t

T 0.1GeV∼ 100GeV 1eV1MeV 2.7K

Γsph
BV ∼ α4

wT

✔ if T ≳ 100 GeV

Minimal electroweak  
baryogenesis?

If EWPT were first order phase 

Morrissey, Ramsey-Musolf 1206.2942  

Kuzmin, et al, 1985; Shaposnikov, 1986; Huet, Sather, 9404302; Gavela et al, 9406289;

 Cross-over 😫

∝ 10−20Jarlskog determinant 😫

現実

ΓBV ∝ exp(−160)

CKM phase in SM

スファレロン

EWPT



*Introduction- 
Out of thermal equilibrium: First order EWPT 
  (+some BSM)



強い一次相転移(FOPT)
V[ϕ]

ϕv = < ϕ >

Vfalse

Vtrue

Tunnelling

T ≫ Tnuc

T = T
nuc

ΔV

If the Higgs potential has a potential barrier,  
the transition occurs by quantum tunneling. 
Coleman 77  

Γ[T] ∼ max[T4(
S3

2πT
)3/2e−S3/T, R−4

0 (S4/(2π))2e−S4]



Γ[T] ∼ H4

偽真空
真

真
真

真

@T ∼ Tnuc



Γ[T] ≳ H4

偽真空 真

真
真

真

真

真

真

真

真

真



偽真空

泡壁の速度はPressureとFrictionの 
兼ね合い Pressure: ΔV = Vfalse − Vtrue

Friction[velocity] from plasma
真

真
真

真

真 真

真

真

真



First order EWPT: Bubble wall velocity 

γ − 1γmax ∼ 106( 30GeV
Tnuc )

3

 
 
see also a discussion on  
photon emission  
H”och et al 2007.10343,  
and Azatov and Vanvlasselaer 
2010.02590

Friction due to SM 
plasma is too 
strong.

∼ 1

SM friction ∝ g3
2 < ϕ > γT3

nuc

Bodeker and Moore,  
1703.08215

∼ 0.2

 
at 

Veff(ϕ)

T = Tnuc

Bodeker, Moore, 0903.4099

Condition for  
relativistic bubble wall

EWBG 
(SM+ )α

Gravitational  
waves

speed of sound speed of light

No reflection from wall 

Favored

stronger gravitational waves

Relativistic bubble wallsNon-relativistic bubble walls

Very difficult 😫 

(with certain BSM)

∼ 10−4
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2. Out of thermal equilibrium  
by ultra-relativistic bubble-wall

Azatov, Barni, Chakraborty, Vanvlasselaer and WY 2101.05721, 2207.02230

https://arxiv.org/abs/2101.05721
https://arxiv.org/abs/2207.02230


Azatov, Barni, Chakraborty, Vanvlasselaer and WY,2207.02230

Ultra-relativistic bubbleはSM+Sで可
1. 1stepPTでは 

. 
2. 2stepPT works. 
3. A few tunings 

γ ≲ 10

1st step

2nd step



偽真空

Pressure: ΔV = Vfalse − Vtrue

Friction[velocity] from plasma
真

真
真

真

真 真

真

真

真
Q

Q

Q Q

Q

T = Tnuc

Bubble wallと重い粒子生成



( ⃗∂ϕ)2 + V(ϕ)Rest wall frame

Bubble Wall
ϕ → 0

z

M ≳ Y < ϕ >ℒ = − MB̄B − YϕB̄PLQ + h . c. + V(ϕ)

Lw
Q

Q

Q
Q

Q

Q

Q

Q

Q

Q

Q

Q

Q

E ∼ γTnuc(e . g . ∼ 107−8 GeV)

相対論的壁での粒子生成@壁の静止系



𝒫tree(Q → B) ≈
Y2 < ϕ >2

M2
Θ(γTnuc − M2Lw)

nB,B̄ ∼ θ2T3
nuc (θ ≡ Y < ϕ > /M)

⟨B, pf |Q, pi⟩tree =

[(2π)3δ(3)(p⊥f − p⊥i)∫ dze−izΔpzϕwall(z)] × ūB(pf )uQ(pi)Y

× (1 + O(
Y < ϕ >

E
)2)

( ⃗∂ϕ)2 + V(ϕ)Rest wall frame

Bubble Wall
ϕ → 0

ϕ → < ϕ >
z

Q

Q

Q
Q

Q

Q

Q

Q

Q

Q

Q

Q

Q

ℒ = − MB̄B − YϕB̄PLQ + h . c. + V(ϕ)

❌

B
ϕwall

Azatov and Vanvlasselaer, 2010.02590
See QFT treatment in Azatov, Vanvlasselaer, WY, 2106.14913 

M ∼ 104GeV

相対論的壁での粒子生成@壁の静止系

E ∼ γTnuc(e . g . ∼ 107−8 GeV)
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Azatov and Vanvlasselaer, 2010.02590
See QFT treatment in Azatov, Vanvlasselaer, WY, 2106.14913 

M ∼ 104GeV

EB = E

pB,z = E + Δpz,
|Δpz | ≲ 1/Lw ∼ mh

2. 運動量は保存しない!

1. エネルギーは保存する。

M2
B = E2

B − p2
B,z ≲ Emh

̶壁系での知見̶

相対論的壁での粒子生成@壁の静止系

E ∼ γTnuc(e . g . ∼ 107−8 GeV)



B
Q

Q

Q
Q

Q

M2
B ≲ Tnucγmh (e . g . ∼ (102TeV)2)

ECosmic frame
B ∼ γΔpz ∼ γmh(e . g . ∼ 108GeV) ⃗pB,z

大雑把には、 にboost された 
のHiggsとQのBへの 

 Inverse decay 

γ

E ∼ γmh

ϕwQ → B

Bubble重心系に戻ってみる

＊Backreactionはfriction



Short summary 
-out-of-equilibrium-

• Plasmaはほとんど、壁を素通りするけど、たま
に、重い高エネルギーの粒子を生成できる。 



3. CP violation  
via ultra-relativistic bubble wall 



CP violating particle production 
via relativistic bubble wall expansion

+
2

+
2

≠

baryon baryon

antibaryon antibaryon

Azatov, Vanvlasselaer, WY, 2106.14913 



Particle production at 1loop level
Azatov, Vanvlasselaer, WY, 2106.14913 

From LSZ reduction, we obtain

ℒ = − ∑
I=1,2

MIB̄IBI + YI(B̄Iϕ)PLQ + yIη*B̄IPR χ + h . c. − V(ϕ)

b

< h >

BJBI

*

⟨BI, pf |Q, pi⟩ |1loop ⊃ [(2π)3δ(3)(pf − pi)∫ dze−izΔpzϕwall(z)] × ūBI(pf)ub(pi)∑
J

y*I yJYJ fIJ

+ other loop diagrams  
of O(Y^3)

ϕwall

Im[ fIJ] =
1

32π
MIMJ

M2
I − M2

J

(M2
I − m2

η + m2
χ )2 − 4m2

χ M2
I

M4
I

(M2
I + m2

χ − m2
η)

Y ≪ y

Q



⟨BI |Q⟩tree ≃ [(2π)3δ(3)(pf − pi)∫ dze−izΔpzϕwall(z)] × ūBI(pf )uQ(pi)YI

⟨BI |Q⟩ |1loop ⊃ [(2π)3δ(3)(pf − pi)∫ dze−izΔpzϕwall(z)] × ūBI(pf)uQ(pi)∑
J

y*I yJYJ fIJ

ϵCPV

Im[ fIJ] =
1

32π
MIMJ

M2
I − M2

J

(M2
I − m2

η + m2
χ )2 − 4m2

χ M2
I

M4
I

(M2
I + m2

χ − m2
η)

= −
4∑I>J Im(YIY*J yJy*I )ImfIJ

∑I |YI |
2 + O(Y2) ∼ 0.1O(y2)

+
2

+
2

≠

Q Q

Q̄ Q̄

nB − nB̄ ∼ ϵCPVT3
nucθ2

CP violation via relativistic wall expansion
Azatov, Vanvlasselaer, WY, 2106.14913 



nB − nB̄ ∼ ϵCPVT3
nucθ2

nd − nd̄ ∼ − ϵCPVT3
nucθ2

Q = {u, d}

We have separated the  baryon asymmetry  
in heavy (BSM) and light (SM) sectors within  
the bubble wall.

ℒ = − ∑
I=1,2

MIB̄IBI + YI(B̄Iϕ)PLQ + yIη*B̄IPR χ + h . c. − V(ϕ)
y ≫ Y

Heavy sector (BSM)

Light sector (SM)

A baryogenesis model Azatov, Vanvlasselaer, WY, 2106.14913 



Short summary-CPV
• Ultra-relativistic bubble wallの場合、
重い粒子生成とともにCPVが起こりうる。 

• 高エネルギーと低エネルギーでbaryon数
を分ける。(c.f. 壁の外と内側で分ける
EWBG) 

• CPVには新物理が必要。



4. Baryon number violation  
via broken phase sphaleron



The only baryon number violating process in the SM 
is via anomaly. It is inefficient at low temperatures.

ΓSpharelon ∼ α5
2T(T ≫ 100GeV)

Kazuki Sakurai’s slide

Γinstanton ∝ mW exp[−
16π2

g2
w

] ∼ mW exp[−O(100)](T ≪ 100GeV)

People usually assume that the reheating temperature  
(the beginning of big-bang cosmology) is larger than 100GeV. 

Yoshimura-san’s slide, 09
 



3. 非平衡のスファレロンによるバリオン数生成
Jaeckel, WY 2206.06376 
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Q
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Q

Q

Q
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Q

B

E(2)
cm ∼ 104GeV

EB

107 GeV
TR

10 GeV



Kazuki Sakurai’s slide

The sphaleron-induced high-energy collision in the 
broken phase has been studied in the context of 
cosmic-ray/collider experiments. 

Pioneered by Ringwald ’90, Espinosa ’90
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Analytic result (
) 

[Khoze, Ringwald]

2 → many

σsph ≈
1

E2
cm

exp (−
4π
αw

F(Ecm))

but still under debate

e . g . QQ → 7Q̄ + 3L̄ + nZZ + nWW + nHH
Jaeckel, WY 2206.06376 

ΔB = ΔL = 3

 nW

2
W−

nHH

nW

2
W+

nZZ



Q

Q

Q
Q

Q

B

E(2)
cm ∼ 104GeV

EB

107 GeV
TR

10 GeV

Relativistic bubble wall に付随する反応は重心エネルギーが 
高いので、スファレロンが増幅されている可能性がある。



ΔnB ∼ ϵCPVT3
nucθ2

θ2
Γsph

Γth
ϵCPV ∼ 3 × 10−7 ( TR/Tnuc

10 )
3

Q

Q

Q
Q

Q

B

E(2)
cm ∼ 104GeV

EB

107 GeV
TR

10 GeV

ΔnBaryon ∼ ΔnB ×
Γsph

Γth
Boost BがThermalize/decay  

するまでにsphaleronが起きる回数

Γsph ∼ σsphT3
R

• SU(2) charged BSM particle 
BSM soon decays into left handed SM particle
B : • , since  contributes  

to thermalization

Γsph

Γth
≲ 1 Γsph



Optimisticな場合にはバリオン数は充分
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Pessimistic case: sphaleron を高いエネルギーで増幅する模型は簡単

ℒ = −
1

4g2
1

F1F1 + ℒHb
+ ℒSM(A2) ,SU(3)c × SU(2)1 × SU(2)2 × U(1)YSU(2)1

@μRG ≫ BSM scale ≳ TeV

Wikipedia

弱い 
SU(2)2

@μRG ≪ BSM scale

 
Higgs
21 × 22SM 但し の強いSU(2)1

Hb

 弱い pure SU(2)

構成要素 構成要素

< Hb > = vHδij

弱い 
軽い 

SU(2)2

ゲージ場混合により、弱い  
が低エネルギーで になる->SM

SU(2)2

SU(2)L

強い 
すなわち重い 
decouple

SU(2)1

X

SMフェルミオンに結合しているゲージ場の 
スファレロンもインスタントンも増幅, e.g. 1/α1 ∼ 1

＃No flavor, proton decay, neutron oscillation 問題

+ +
強い

SU(2)1



Conclusions,

電弱バリオン数生成以外のシナリオを作ってみた。
電弱相転移でバリオン数が生成されるシナリオは重要。

•CPV起こる。
•高エネルギー反応のスファレロンで、バリオン数破れる。

•強い相転移のultra-relativistic bubbleとプラズマは 
高エネルギー素粒子反応を引き起こす。
•重い、エネルギッシュな粒子が作れる。



Benoit Laurent, James M. Cline, 2204.13120+ Singlet extension

the energy-momentum tensor conservation + the non-linear Boltzmann equation

Ariel M ́egevand, Alejandro D. S ́anchez, arXiv:0908.3663

Bubble wall velocity, non-relativistic

c.f. EWBG, vw ≲ 0.1

速度の計算が難しい?

https://arxiv.org/search/hep-ph?searchtype=author&query=Laurent%2C+B
https://arxiv.org/search/hep-ph?searchtype=author&query=Cline%2C+J+M


応用: -> XXも可能, Heavy Higgs portal DM ϕwϕ

Bubble Wall

ϕDM

ϕDM

δℒ = −
1
2

(λp |ϕ |2 + m2
DM)ϕ2

DM

Azatov, Vanvlasselaer, WY 2101.05721

ϕ
ϕ
ϕ

ϕ
ϕ
ϕ

ϕ
ϕ
ϕ

ϕ
ϕ
ϕ

ϕ
ϕ
ϕ



Azatov, Vanvlasselaer, WY 2101.05721
Azatov, Barni, Chakraborty, Vanvlasselaer and WY,2207.02230

重めDMの予言が著しく変わる。 

Higgs portal DMは将来的
にXENONnT, Darwin  
CTAで探索可能。+重力波

•Bubble-expansion 
•Super-cooling 
•Freeze-out 
•Freeze-in

複数の効果:



GW from FOPT with  
relativistic bubble wall 

0.001 1 1000
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α = 1,β = 100

A.~Azatov, M.~Vanvlasselaer and WY, 2101.05721

https://arxiv.org/abs/2101.05721


Heavy Higgs portal DM is compatible

Bubble Wall

ϕDM

ϕDM

ϕDM

ϕDM

δℒ = −
1
2

(λp |ϕ |2 + m2
DM)ϕ2

DM

Azatov, Vanvlasselaer, WY 2101.05721
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A baryogenesis model ℒ = − ∑
I=1,2

MIB̄IBI + YI(B̄Iϕ)PLQ + yIη*B̄IPR χ + h . c. − V(ϕ)

+κηcdu +
1
2

mχ χ̄c χ − m2
η |η |2 + h . c .



1 5 10 50 100
1000

5000

1×104

5×104
1×105

Tnuc[GeV]

M
η
[G
eV

]

γmax ∼ 10 6( 30GeVT
nuc ) 3

→
M maxI ∼

γmax T
nuc 1/L

w

Assuming general flavor structure 
Green: slow enough n nbar oscillation 

Red: too fast n-nbar oscillation,  
(special flavor structure is required) 
 

Irrelevant constraints: 
3 loop EDM,  
1 loop FCNC.

Parameter region assuming MI > mχ > mη

Tested in neutron-antineutron  
oscillation and colliders. 
GW is a robust prediction!

Washout by , which is  
Boltzmann suppressed thanks to  
the heavy scales, is taken into account.

χ ↔ ηd

Azatov, Vanvlasselaer, WY, 2106.14913 



Heavy Higgs portal DM is compatible

Bubble Wall ϕ(z → ∞) = ϕsymmetric phase
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Azatov, Vanvlasselaer, WY 2101.05721
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Comparison with the other calculations

I Our results reproduce the results of original Bodeker-Moore paper
1703.08215 i.e. LO pressure P

LO
/ T

2�M
2, PNLO

/ �T 3�M

I Calculations of 2005.10875 and 2010.08013 find the pressure scaling
P / �2, but these calculations assume local thermal equillibrium ,
not applicable for ultra-relativistc bubbles.

I 2005.10875 for ultra-relativistic bubbles “ballistic limit” reproduces
LO result of Bodeker-Moore

The calculation of 2007.10343 (Hoeche et al) found P
NLO

/ �2
T

4 in
disagreement with our result as well as original BM paper

Taken from Azatov’s slide
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Comments/questions on 2007.10343

P
NLO

' #↵W �2
T

4 +#↵QCD�
2
T

4 ?

I Pressure is independent of order parameter, in the limit of zero
symmetry breaking when there is no electroweak symmetry breaking

vEW ! 0, P 6= 0?

Physics intuition tells us that P ! 0 in this limit.

I Calculation ignores the bubble wall width e↵ects, however this is

motivated only if the momentum transfer is less than �pz < L
�1 ,

but the pressure in (2007.10343) is dominated by the momentum
transfers of order ↵CF

8⇡ �T , which can be much larger than
L
�1

⇠ vEW .

Taken from Azatov’s slide


