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Strong First Order Electroweak Phase Transition (SFOEWPT)
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The singlet extension of the SM

» One of the most generic extensions that can enhance the EWPT
» An important benchmark as the most elusive extension
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EWPT with spontaneous Z2-breaking  [Carena, Liu, Y.W. '19]
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EWPT with spontaneous Z2-breaking  [Carena, Liu, Y.W. '19]
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EWPT with spontaneous Z2-breaking  [Carena, Liu, Y.W. '19]

high-T approximation
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EWPT with spontaneous Z2-breaking [Carena, Liu, Y.W. 19

1 1 1 1 1
Vo(h,s) = —=pu2h? + S Aph* + S p2s% + S Aes* + S\, k282
O( ) ) 2 h 4 h 2 S 4 S 4 m
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EWPT with spontaneous Z2-breaking  [Carena, Liu, Y.W. '19]

1 1 1 1 1
g Tree-level Effects Vo(h,s) = —§/Lih2 + Z)\hh4 + 5/@82 + Z)\Ss4 — Z)\thSZ

high-T approximation
)\2

AV o N ly with  Aer = Ay —
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1. mg

e sinf < 0.4 bounded by Higgs precision
measurements
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Probing the EWPT with exotic Higgs decays

1 1 1 1 1
Vo(h,s) = —=u2h? + =\, h* N e Wy L
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high-T approximation
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— o 1+ sin” 6 ( —1
T, m%

* sinf < 0.4 bounded by Higgs precision
measurements

|

* A firm prediction of a light scalar

10-2y\

ATLAS pppp 139 fb1

1 llllllll 1 llllllll 1 llllllll

~

(7] ~ Parameter regions for CMS pppp 137 ™!

? 3: strong 1'—order EWPT CMS pppp 359 fb! e BR(H — SS) tO be bOllnded fl'Ol'n
10_ = CMS pptr 359 fb~!

6 . CMS pptr 359 fb~! belOW

E CMS rrr7 359 fb~!

1 0_4 _ ATLAS bbuu 139 fb™!

CMS bbrr 359 fb~!
ATLAS bbbb 36.1 fb™!

Observation window: Higgs exotic decay

Illllll 11 lllllll

107> 3 ATLAS bbbb 36.1 fb™!
106t e i i ]
10 20 30 40 [Kozaczuk, et al, 19]
Current ms [GeV] [Carena, et al, 22]
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Probing the EWPT with exotic Higgs decays

high-T approximation

¢ x AV AT ith A =\ A
Tc h ,eff Wi h,eff — \h — 4)\3

Ve 12 2
— o 1 4 sin? 9(( 5(}26\[) —1)
1. mg

* sinf < 0.4 bounded by Higgs precision
measurements

* A firm prediction of a light scalar

« BR(H — S95) to be bounded from
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Higgs factory
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[
<
N
\
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g f Observation window: Higgs exotic decay
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A new probe to SFOEWPT: the gravitational wave signals

A first order phase transition proceeds through
bubble nucleation. The expanding bubbles
collide and produce stochastic gravitational
waves (GW).

W Qow ~ h*Qy + h*Qsw + Qb

e Bubble collisions

e Sound waves
e Turbulent MHD

Today

Life on earth

Acceleration -
Dark energy dominate

Solar system for

Star formation peak e 3 bilfion

Galaxy formation era
Earliest visible galaxi

Recombination atwms torm
Relic radiation decouples (CMB)

Matter domination
Onset of gravitational collapse

Nucleosynthesis
Light elements created - D, He, Li

Nuclear fusion bhegins

Quark-hadron transition
Protons and neutrons formed

Electroweak transition
Eleclmmaqnellc and weak nuclear
forces frst differentiate

Supersymmelry breaking

Axions etc.?

Grand unification transition
Electroweak and strong nuclear
forces differentiate
Inflation

Quantum gravity wall
Spacetime description breaks down

Yikun Wang, Caltech, Higgs 2023

Parameters affecting the power spectrum:

* (inverse) duration of the PT
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~T =R

T=T.

 fraction of vacuum energy released
w.r.t. the radiation bath

. Po,w — Pu,w ‘

Prad
e The bubble wall velocity Uy

T=T,

14 billion years
“
11 hillion years

= For example, the power spectrum from bubble collisions can be treated by the
s -.Q P e,

‘envelope approximation’
KO 0.11v3

L (H\? 2 7100\
B Qeny (f) = 1.67 x 10 5<5) (1+a> (g*) <m> Senv (f)

Power spectrum of GWs from a SFOEWPT
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Electroweak symmetry non-restoration

vevof EW &4
charged fields

0 &— > Temperature
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vevof EW &4
charged fields

Electroweak symmetry non-restoration

+ High scale asymmetry
creation;

« UV Model building has
little dependence on EW
scale physics;

« Avoid low scale
constraints such as
electron dipole moment on
CP violation;

()™ #0

> Temperature
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry

creation;

« UV Model building has
little dependence on EW
scale physics;

« Avoid low scale
constraints such as
electron dipole moment on
CP violation;

0 &— > Temperature

Correction from Beyond the Standard Model (BSM) to the Higgs potential
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Electroweak symmetry non-restoration

vev of EW A

charged fields - High scale asymmetry

creation;

« UV Model building has
little dependence on EW
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CP violation;
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— Higgs
— Inert

Field value at global minimum

A new approach to EWNR

[Carena, Krause, Liu, YW, 23]

Yikun Wang, Caltech, Higgs 2023
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A new approach to EWNR
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A new approach to EWNR

[Carena, Krause, Liu, YW, 23]
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Benchmark scenarios: numerical results

¢ of BM A
5 ;
no th. mass
---- high-T" th. mass
4 - —-— truncated th. mass
2 |
w |
1
0 T T T : rrrrt T T LI ] T T T T L
Q Q O O 0O NN & O D > > > D
SRR P R IR VUSSP S SIS SRS S
N Y 9@ qf AT qf W
T [GeV]

= Higgs invisible decays I'(h— ss)=
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Dilution factor f,, =1—

no th. mass

np (tnow

nB(O)

)zl—exp [
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VT
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= Z boson invisible decays

Excludes all inert masses below 45 GeV (LEP II)
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Summary

» A SFOEWPT 1s a necessary condition for baryogenesis, that can explain the
observed baryon asymmetry;

» This finite temperature phenomenology inevitably has an impact on the Higgs
potential that we can probe today. The concrete observational channels depend on
the model and extension;

» A light scalar 1s observed to be responsible for a SFOEWPT, that can be searched for
with Higgs exotic decays;

» Electroweak symmetry non-restoration is a novel signature to explore for
baryogenesis. With a concrete example, 1t 1s shown that Higgs invisible decay 1s a
powerful channel to test such a scenario.
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Supplementary - mean field analysis

N -
| Transition: Py —> Py
=
2
=
g [
L NG
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2 v(T)
+
(v}
E
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>
=
2
e
>
1. :
4 Transition: Pp —> Pho —> Py

Field value at global minimum
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Pg phase : w(T) = \/ S Py phase : v(T) = \/ ;)
o H

g+ T? w2 — cpT?

P+ VAR Ao kg
Ch — \/)\H/)\q)c(p

The critical temperature : T, =

2. — T2 72 c.T2
Pras phase:/ﬁ(T):\/'uHNCh : @(T):\/—'uq)tcsp
>\H >\<I>

which is the global minimum as long as existing if 4 \e Ay — A5 > 0

iy iy
The critical temperatures : 75 = | =2, T§ = 4| =2
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A A
~2 _ 2 H® 2 ~2 _ 2 H® 2
Relevant parameters: My = Ui + g Mo He = He T o, HHo
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Supplementary - sphaleron washout and dilution factor

Dilution factor f,, =1

. r
with V= Aw_NgpNoyor T <

Normalization Prefactors
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