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VT (Φ)

|Φ |

high T

low T

⟨ |Φ |2 ⟩ = v(T)2

2

 　  

                      　　　　
T ≫ TEW Φvac = 0

Φvac → U Φvac SU(2)L × U(1)Y

 　        T ≪ TEW Φvac = ( 0
v/ 2)

　　　　           　　　　 Φvac → eiαQem Φvac U(1)em

EWSB
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3d space, ⃗x

0 ≤ τ < β = 1
T

partition function for thermal SM
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有限温度の標準模型 (3次元有効理論)

zero-modes

3d space, ⃗x

3d space, ⃗x

0 ≤ τ < β = 1
T

integrating out the hard scale …∼ πT

partition function for thermal SM

Higgs , gauge fields , , …Φ Yi Wa
i
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[D’Onofrio, Rummukainen 2015]

finite Higgs susceptibility finite coherence lengthno jump in ⟨Φ†Φ⟩

ℒ3

ignoring gluons and integrating out the soft scale …gT
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格子シミュレーションによると電弱クロスオーバー



Yi Ai = cos θw Yi − sin θw W3
i

⃗B Y := ⃗∇ × ⃗Y ⃗B em := ⃗∇ × ⃗A

- continuous transition during the electroweak crossover? 
- possible generation of baryon (and lepton) number?

?
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電弱クロスオーバー中の宇宙磁場



Introduction 

Symmetries of 3d EFT of the thermal SM 

Magnetic field during the electroweak crossover 

Baryon asymmetry generation and constraints? 

Summary

Symmetries of 3d EFT of the thermal SM
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VT (Φ)

|Φ |

high T

low T

look different:   ⟨Φ†Φ⟩ = 0 / ≠ 0

gauge symmetry: unbroken in both phases 

     ⟨Φ⟩ = 0 [Elitzur 1975]

global symmetries: same breaking pattern

in terms of symmetries…
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対称性で高温・低温相は区別されない



⃗B Y := ⃗∇ × ⃗Y

MY M̄Y

Ai = cos θw Yi − sin θw W3
i

⃗B em := ⃗∇ × ⃗A

Mem M̄em
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  global symmetryU(1)[0]
M

  ,⃗∇ ⋅ ⃗B Y = 0

Q = ∫S2
d ⃗s ⋅ ⃗B Y

SSB, “photon”
[Gaiotto+ 2014], …

dressed  MY [Nambu 1977]

 の自発的破れU(1)[0]
M



  global symmetry : Coulomb phase (SSB) at any  (assumption)U(1)[0]
M ( ⃗∇ ⋅ ⃗B Y = 0) T

Ai = cos θw Yi − sin θw W3
i

⃗B Y := ⃗∇ × ⃗Y ⃗B em := ⃗∇ × ⃗A

MY M̄Y Mem M̄em

high T low T
 interpolates   and ∃ ⃗B c/ ⃗B Y

⃗B em

as the NG boson,
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つねに  ならつねに磁場があるU(1)[0]
M
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有効弱混合角 [D’Onofrio, Rummukainen 2015] [Kamada, Long 2016]

(
⃗B em
⃗B Z ) = (cos θw −sin θw

sin θw cos θw ) (
⃗B Y

⃗B W3)
Ansatz at T ∼ TEW

(
⃗B c/
⃗B c) = (cos θeff −sin θeff

sin θeff cos θeff ) (
⃗B Y

⃗B W3)
θeff
θeff θeff

θeff

at low T

mixing

θeff = 0
θeff(T)

θeff = θw
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, 

, 

⟨Bc/ i( ⃗p)Bc/ j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Zc/(Pij( ̂p) + Sc/ c/δij) + 5( | ⃗p | , g4
3)

⟨Bc/ i( ⃗p)Bc j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Zc/ 1
2 Sc/ cδij + 5( | ⃗p | , g4

3)
⟨Bc i( ⃗p)Bc j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Sccδij + 5( | ⃗p | , g4

3)

Ansatz

(
⃗B c/
⃗B c) = (cos θeff −sin θeff

sin θeff cos θeff ) (
⃗B Y

⃗B W3)
massless pole

Pij( ̂p)

θeff
θeff θeff

θeff

mixing

s.t.
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3)

Ansatz

(
⃗B c/
⃗B c) = (cos θeff −sin θeff

sin θeff cos θeff ) (
⃗B Y

⃗B W3)
massless pole

Pij( ̂p)

θeff
θeff θeff

θeff

mixing

s.t.

for gauge-invariance
6

Zc/

Zc/ 1
2

wavefunction renormalization
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, ,  up to 　 　  and ⟨BYi BYj⟩ ⟨BYi B6j⟩ ⟨B6i B6j⟩ 5( | ⃗p | , g4
3) ⟶ θeff(T) Zc/(T)

Zc/(T)

(
⃗B Y

⃗B 6) = ( cos θeff sin θeff
−sin θeff cos θeff) (

⃗B c/
⃗B c),

, 

, 

⟨Bc/ i( ⃗p)Bc/ j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Zc/(Pij( ̂p) + Sc/ c/δij) + 5( | ⃗p | , g4
3)

⟨Bc/ i( ⃗p)Bc j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Zc/ 1
2 Sc/ cδij + 5( | ⃗p | , g4

3)
⟨Bc i( ⃗p)Bc j( ⃗q)⟩ = (2π)3δ3( ⃗p + ⃗q) Sccδij + 5( | ⃗p | , g4
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 を摂動的に計算できる！θeff(T)
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,  :   topological charge of the gauge fieldsNSU(2)L
CS HY

chiral anomaly

B ⃗B c/( ⃗x) B ⃗B c/( ⃗x)

⃗B c( ⃗x)

B ⃗B c/( ⃗x)

confined helicity decays  baryons?⟶

infinitesimal transition during the EWSB

[Joyce, Shaposhnikov 1997] [Giovannini, Shaposhnikov 1998] [Fujita, Kamada 2016] [Kamada, Long 2016] …
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磁気ヘリシティ崩壊によるバリオン数生成



これまで議論されてきたシナリオ

 T ≪ TEW

baryons baryons 

ΔNCS = − 1

electroweak sphaleron  
  at Γsph ∼ H 130 GeV

[D’Onofrio, Rummukainen 2015]

EWSB 

[Kamada, Long 2016]

equilibrium with sphaleron washout　→　baryons  magnetic helicity∝
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helicity decay

 allows quantitative estimation!θeff(T)



baryons 

EWSB 

Higgs 
winding

⃗B c( ⃗x)

untying link by generating monopole pairs　
→　   ?∂μ jμ

B+L ∼ ⃗E ⋅ ⃗B = 0

※ not conclusive [ongoing]

/2319

ヒッグス場が  を消すかもしれないΔNCS

helicity decay
Illustrating toy example:

In the SM, gauge-invariant quantity 
involves both  and  NCS NH

δ := NCS − HY − NH
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バリオン数過剰生成の制限 (ヘリカル磁場)

large uncertainty!

topological charge of  magnetic field may result in too much baryonsU(1)Y

ηB,PMF ≤ 10−10

…, [Fujita, Kamada 2016] [Kamada, Long 2016]
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large uncertainty!

[Giovannini, Shaposhnikov 1997], [Kamada, FU, Yokoyama, 2021]

バリオンゆらぎの制限 (非ヘリカル磁場)

 magnetic field fluctuations may result in too much baryon fluctuationsU(1)Y

(δηB,BBN)2 ≤ 0.016 (ηB)2

[Inomata+ 2018]



compensation of  by Higgs winding 

PMF before the EWSB as the origin of void MF 

In particular, PMF before the EWSB as the  
common origin of void MF and the BAU

ΔNSU(2)L
CS ineffective 

No 

No

effective 

Yes 

Yes (if helical)
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制限 vs 観測されたボイド磁場
baryon overproduction (helical) baryon fluctuation (non-helical)



まとめ

U(1)[0]
MAs a consequence of 　　　　, 

 that interpolates  and .∃ ⃗B c/ ⃗B Y
⃗B em

PMF may (or may not) be the common origin of the void magnetic field and the BAU.

?
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 → confined helicity decay → generate baryons (?)θeff(T)


