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The electroweak transition in unitary gauge
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The electroweak transition in unitary gauge

vac vac VT ((I))
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Crossover transition in lattice oo, rummukainen 2015
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Primordial magnetic field during the crossover?
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The same symmetry in high/low / phases

gauge symmetry: unbroken in both phases

difference: (®TP) / + 0
(D) =0 [Elitzur 1975]

Vr (®)

global symmetries: same breaking pattern low T
In particular, U(1),': SSB at high and low T.
| D |
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Spontaneous symmetry breaking of global U(l)l[\%]

V(r) ~ r~!

r
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Spontaneous symmetry breaking of global U(l)l[\%]
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Spontaneous symmetry breaking of global U(l)l[\%]

; Vo) ~ ] low I phase
| M M
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. - \\L
| ¥ \ ressed MY J [Nambu 1977]
N e

—

B, = VXA
A, =cos@, Y, —sin0, W?
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Spontaneous symmetry breaking of global U(l)l[\%]

low 7" phase
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[Nambu 1977]

—

”photon as the NGB = B, = V X A

[Gaiotto+ 2014], . : 3
A;=cosb, Y, —smnd, W

SSB of U(l)l[\(/)l] global symmetry at high/law 1 phases

V.-By=0 Bianchi identity as the conservation law

0 = J ds - E} charged operator = magnetic monopole
92
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O]

M at any I (Hamada, Mukaida, FU 202541

Magnetic field from U

assumption

U(l)l[\(/)l] global symmetry low 1"phase
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EffeCtive m iXi ng ang|e [D’Onofrio, Rummukainen 2015] [Kamada, Long 20106]

At low 7,
ﬁem (cos 6, —sin 9W> E}
B, sin6,, cosd,, B,

Ansatz at ' ~ Tyw

§¢ coSO.(T) —sin b, (T) E}
B ~ \sin 0.(T) cos O.{T) E’W

C
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One can compute 0. (1) perturbatively

Ansatz — —— B
AN (cos 0. —sin Heff) B,
— — . -
B SINO.  COSO.¢ B

st (By(P)By (@) = Cn)*8(p + §) (P<p> +S,60;) + 01518,
(Bi(P)B. (@) = QY8 B +3)  Sud;+ 015183
(B.(P)B. (@) = Qay’8*(B +§) Sucy + O(IP . 89

[Hamada, Mukaida, FU 20254]
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One can compute 0. (1) perturbatively

MR

Ansatz (g cosO., —sinf.\ [ B A ofp Y
— ]=1. W = W3 + O(g3/my)
B . S111 Heff COS Heff J— ]

- for gauge-invariance

== == — \ //._.
/
\
- e e — \ 1

St (By(P)By(@) = @m)’5 (B +§) Z*(Py(p) + Suedy) + 015 1. 83,
(By{P)B.(@)) = Qny’8 (B +§) 7 S48;+ O(1 1, 8.
(B.{P)B. (@) = u)’5°(P + §) SeeS; + OB, 83)

[Hamada, Mukaida, FU 20253]
Fumio Uchida (CTPU-CGA, IBS), 2025/12/12 12/27



One can compute 0. (1) perturbatively

(BeiP)By (@) = 2uy’8* (B + §) Z(P(p) + Seeby;) + OCIP 1. 85,
(Bei(P)B. (@) = 2m)’83 (P + §) Z2Ss.5;+ O(I |, g5,
(B.AP)B. D) = QaY’8*(p + §) S.5; + OB |, &%)

<Byl-([5)BY j(—ﬁ)>/ = |cos? HeﬂeZ¢ (P,- j(ﬁ) + S¢¢0; j) + (sin ZHCHZ”S;{C + sin® Heﬂchc>5,- ils

- A ) , ;
<By,-([5)Bw j(—ﬁ)>/ =73 sin ZﬁeffZ¢ (P,- i(p) + Syy0; j) + (cos 29eﬁ2¢25¢c + 5 sin ZHCHSCC) 0iil,

(Bw,-(ﬁ)Bw j(—ﬁ)>/ = |sin® OeffZ¢ (P,- j(ﬁ) + S¢40; j) — (sin 20 .47 ¢§S¢C — cos? Heﬂ:SCC)cS,- j

[Hamada, Mukaida, FU 20254]
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One can compute 0. (1) perturbatively

<BYiBYj>' <BYiB%j>' <BW1'B%]’> up to O(|p|, 8;,1) —>  O.4(1') and

=), new (2-loop CW)
cos?8.4(T), new (lattice)

[Hamada, Mukaida, FU 20254]
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Baryogenesis from magnetic helicity decay?

[Joyce, Shaposhnikov 1997] [Giovannini, Shaposhnikov 1998] [Fujita, Kamada 2016] [Kamada, Long 2016] ...
[Hamada, Mukaida, FU 20250]
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Baryogenesis from magnetic helicity decay?

[Joyce, Shaposhnikov 1997] [Giovannini, Shaposhnikov 1998] [Fujita, Kamada 2016] [Kamada, Long 2016] ...
[Hamada, Mukaida, FU 20250]

&;_4_9_5 — Cnfined magnetic helicity decay -
A ( H, := Jd%c A, ) #+ 0

e S — topO O |Ca Char”e O| aduge | Q +I. e
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Baryogenesis from magnetic helicity decay?

[Joyce, Shaposhnikov 1997] [Giovannini, Shaposhnikov 1998] [Fujita, Kamada 2016] [Kamada, Long 2016] ...
[Hamada, Mukaida, FU 20250]

chiral anomaly [Adler 1969] [Bell, Jackiw 1969

AQp.; =23 (AN@E(Z)L - AHY)

~ 3.2 cot’ Oy A [(tan2 Ocfr — tan’ OW)H¢] +3-2 ANgg(z)L

A0, AH, AN r

NP

time-dependent mixing dissipation of b non-perturbative

contributions
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We understand each contribution (?)

Aeeﬂ‘ T [GeV]
T)*sin” 0
time-dependent cos O, (T) = <1 + 8l ) sin W>cos 0., JB
mixing (1) AH — = ;! VZE;, oy~ T
[Hamada, Mukaida, FU 20253] ¢ dt
o suppressed at large scales
dissipation of B > 1/x/TH

electroweak sphaleron
SU(2)
ANCS :

non-perturbative /\ equilibrium established
contributions W

until ~ 130 GeV
[Kamada, Long 2010]
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Possibly we are missing something:

Magnetic helicity is sometimes ill-defined

|[Fukuda, Hamada, Kamada, Mukaida, FU 2025]

vector potential
defined outside the Dirac string

©)

Heuture = 7'[past T / FNF A im Z/ F (Ll;]
M T I - m} L,)

= Jd3x A> . B> = — 2Jd4x§ ﬁ L e R

@ hypersurfa}
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Possibly we are missing something:

Magnetic helicity is sometimes ill-defined

|[Fukuda, Hamada, Kamada, Mukaida, FU 2025]

. ®gd
n = defines , unless
OO, )
f:zinz —f,‘f,f sin Oy + F,,, cos Oy
1
.7:,?,5 =F Z‘V/a’na’ — ~€®n%D n°D,n® ['tHooft 1974]
g
HEM future — HEM,past = v FASF /N ANF nontrivial helicity change
. where higgs vanishes
= Jd3xA - B :—2[d4x§°§
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lllustrating toy example: Higgs dynamics matters

[Hamada, Mukaida, FU 20254]

SUR2) - U(l) » 1
‘L. R — —
Ol ~ E - B AQg,; ~ A[d%cA - B
= 9
>N

untying link by generating
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In general, Higgs winding may compensate AN

[Hamada, Mukaida, FU 2025a] [Fukuda, Hamada, Kamada, Mukaida, FU 2025]

Standard Model

SU2)y,

 Ngs ™" =Ny = Hy (6 =0)

when Dyn®* =0 holds,

0// Nes % = Ny = 0(8 = —Hy)
5::NCS_HY_NH=O //W

> Ny

initial

AQB+L ~ ANCS _ AHY
~ A0 +

uncertainty in higgs winding change O

Fumio Uchida (CTPU-CGA, IBS), 2025/12/12 22/27
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(Nyg = Nog ' =0, Hy = Hy)




Baryon overproduction constraint (helical PMF)

..., |[Fujita, Kamada 2016] [Kamada, Long 20106] — —>
(A - B) ~ B*y

Constraint on maximally helical PMF at 130 GeV
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Baryon isocurvature constraint (non -helical PMF)

[Giovannini, Shaposhnikov 1997], [Kamada, FU, Yokoyama, 2021]
< B) — O but still
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The constraints vs the void magnetic field

baryon overproduction (helical)

baryon fluctuation (non-helical)

Constraint on helical PMF
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PMF before the EWSB as the origin of void MF

No

In particular, PMF before the EWSB as the

commor

origin of void MF and the BAU
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If helical, Yes
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25/27



Outline

Introduction

Symmetries of 3d EFT of the thermal SM
Magnetic field during the electroweak crossover
Baryon asymmetry generation and constraints?

Summary



Summary Tew =~ 160 GeV

that interpolates and
as a consequence of jl@lﬁﬁf
OO......-‘g‘

. »ﬂ.‘f" g CMB EBL
. . . ‘0 V\'\'sfr{')p gf\/\/}
—) ". By MF'/://) ",

0.(T) 0.+(T) — confined helicity decay T

— generate baryons

BVOid > 10_17G
[INeronov, Vovk 2010], ...

PMF can be the common origin
of the void magnetic field and the BAU.
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