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Intro:
Standard EWBG



Electroweak Baryogenesis

First order EW phase transition proceeds through bubble nucleation:
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Electroweak Baryogenesis

First order EW phase transition proceeds through bubble nucleation:

Va
h=20

EW sphalerons:

B+L violation:
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Electroweak Baryogenesis

First order EW phase transition proceeds through bubble nucleation:

Va
h=20

EW sphalerons:

rate ~ exp [~ Espon/T] ~ exp [—h/T]

= convert-BintoLat h/T < 1
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Electroweak Baryogenesis

First order EW phase transition proceeds through bubble nucleation:

Va
h=20

Baryon asymmetry is created close to bubble walls:




Electroweak Baryogenesis




How to get first-order EWPT?



How to get first-order EWPT?

® New particles s.t. thermal/quantum corrections moditfy

SM Higgs potential

N/AWE
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The Minimal EWBG Model



SM + Singlet

1 1 1 1
Viree (h, S) = = p h* + ZAh“ + 5/\HSh%‘Q + 5;@52 + ZASS“

®» Only an extremely small explicit § — — . breaking is

needed to get B asymmetry and remove domain
walls. e.g. Espinosa et al, 1110.2876

» Consider the case with § — — S respected by the
today’s minimum
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SM + Singlet
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SM + Singlet

1 1 1 1 1
Viree(h, S) = —=p*h* + “Ah* + “Agsh®S? + —usS* + = AsS*
2 4 2 2 4
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5 wrong minimum S V(T = 0) < View
céa 2+ T (. ;_z > 1 EWBG)
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05 EWPT happens too early, |
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SM + Singlet
Pheno: S-h mixing

1 1
V:cree(h, S) = —§u2h2 + Z

1 1 1
AR + §AHSh2SZ + 5;[@52 + ZASS“

D S5 - — § symmetry:
= NO Sizeable Higgs-S mixing

sin 0 o Ay (h)(S)

= loop-induced effects of Ay



SM + Singlet

Pheno: ¢y
h. h
ﬁ~“)'"1s:~\\ ”/{' @ 1 (a | H |2)2 CH AIZ{S 1
HS o Ags H=— < — =
AN AN 2 F A2 4872 m2
he et g g

M.Carena et al, 2104.00638
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SM + Singlet

Pheno: i’

h

' 3 _ _ 2
R e 6 Oh3 hevo 20 247r2m5

lsh §
R . Y A.Benival et al, 1702.06124
he T A h
h HLLHC+FCCee: 306 —20—10c

60 100 200 500 1000 2000
mgs [GGV]
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SM + Singlet: CPV

@ CPV from varying top quark phase

& D =y, 2 ith (14 S/f)

52 i
— SCPV x Im (@m;{) Tr+
H/_/
CPV when S varies

@ For unbroken Z2 internal S always comes in pairs
= protection from EDMs
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The Minimal
Defect-Mediated EWBG Model



SM + Singlet: EWBG on

discrete symmetry of
vacuum manifold

V.,
\\/\// ;
S = vgtanh ms=

2

Defects

J.Azzola,OM,A.Weiler
work in progress

see also talk by M.Younes Sassi
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler
work in progress

see also talk by M.Younes Sassi

discrete symmetry of
vacuum manifold

S A
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mesz<
2

S = vgtanh
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SM + Singlet: EWBG on Defects

discrete symmetry of
vacuum manifold

mesz<
2

S = vgtanh

J.Azzola,OM,A.Weiler
work in progress

see also talk by M.Younes Sassi

domain walls can be
formed

In Z2 breaking phase
transition
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SM + Singlet: EWBG on Defects

discrete symmetry of
vacuum manifold

mesz<
2

S = vgtanh

J.Azzola,OM,A.Weiler
work in progress

see also talk by M.Younes Sassi

domain walls can be
formed

In Z2 breaking phase
transition

Press,Ryden,Spergel,
Astrophys.J. 347 (1989)
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SM + Singlet: EWBG on

domain walls can be

discrete symmetry of
vacuum manifold

Defects

J.Azzola,OM,A.Weiler

work in progress

see also talk by M.Younes Sassi

formed

transition

In Z2 breaking phase

mesz<

S = vgtanh :

Press,Ryden,Spergel,

Astrophys.J. 347 (1989)
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SM + Singlet: EWBG on

® h-S trajectory curved towards h=0

1 2 2
Z D —EMHSHH\ S

Defects
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[

SM + Singlet: EWBG on

CPV similar to the minimal EWBG

L D =y, 2 ith (1+iS°/f7)
H/_/
insensitive to S sign

Defects

* domain walls in the
scaling regime have
an appropriate
velocity for EWBG

26



SM + Singlet: EWBG on Defects

Brandenberger, Davis, Prokopec, Trodden
Phys. Rev. D 53 (1996) 4257-4266

1%t order EWPT EW restoration in walls
EW sphalerons EW sphalerons
R 4 Vwall . 7 S h 4 VUwall —
—> —>
§ N\ N[
0 > (0 >
N g , e N _ .
CP violation CP violation <
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SM + Singlet: EWBG on

107°

10710

sin@

[preliminary]

AT/GeV

Defects

J.Azzola,OM,A.Weiler
work in progress
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SM + Singlet: EWBG on

Defects

v

107°

sin@

10710

J.Azzola,OM,A.Weiler

work in progress
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SM + Singlet: EWBG on Defects

meg < H

® nowallsto
talk about

® Sis frozen
because of

Hubble
friction

J.Azzola,OM,A.Weiler

A 4

work in progress

Zvvall < lsphaleron

® walls are too thin
to allow for
efficient
production of B

1
(8}

0.01 10
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4mr

g\
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SM + Singlet: EWBG on Defects

vS 1 1

J.Azzola,OM,A.Weiler

; \ e work in progress

—Us i
P———
10-5:
D I
% 10797
10-15:
—
mS < H mS/eV wall width _ EW
@ T=100 GeV ~ 1/mS sphaleron
|
P—— e e—
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SM + Singlet: EWBG on Defects

J.Azzola,OM,A.Weiler
work in progress

AT/GeV

107° |

sin@

107"

10-15

10-5 0.01 10 10* 107 1010
mS/eV

a wide range of experimental probes
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SM + Singlet: Summary

Vs +

S

4 EWBG during
1st order PT

EWBG on
defects
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Further Models



Where and Why to Extend?

The nature doesn’t have to be minimal, and if it is, the
question of minimality depends on the perspective and
sometimes needs more information than we have.
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Where and Why to Extend?

® The nature doesn’t have to be minimal, and if it is, the
question of minimality depends on the perspective and
sometimes needs more information than we have.

® EWBG models can be arbitrarily more complex:

700 |

) sizeable Z, breaking aool.
s00[

400 -

GeV]

0 300+

200

JEllis, M Lewicki, M Merchand, J M No, MZych

[ ~ JLEP
2210.16305 R <.
107 10% 105 104 103 102 10! 100
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Where and Why to Extend?

The nature doesn’t have to be minimal, and if it is, the
question of minimality depends on the perspective and
sometimes needs more information than we have.

EWBG models can be arbitrarily more complex:

sizeable Z, breaking

extra EW multiplets (2HDM, ...)
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Where and Why to Extend?

The nature doesn’t have to be minimal, and if it is, the
question of minimality depends on the perspective and
sometimes needs more information than we have.

EWBG models can be arbitrarily more complex:

sizeable Z, breaking

extra EW multiplets (2HDM, ...)

shift part of EWBG to the dark sectors
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Where and Why to Extend?

The nature doesn’t have to be minimal, and if it is, the
question of minimality depends on the perspective and
sometimes needs more information than we have.

EWBG models can be arbitrarily more complex:
sizeable Z, breaking
extra EW multiplets (2HDM, ...)

shift part of EWBG to the dark sectors

embedding in more “complete” models
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Where and Why to Extend?

If there is anything at a scale very close to the EW
scale, it's tempting to assume that there is some

fundamental reason for that.

Such as EW scale Naturalness.

Note that even the “Minimal EWBG” requires
higher-dimensional operators to get CPV, such as

& D =y, 2 ith (14 S/f)

with yet another physics scale f (on top of mS) not far
from EW scale.

40



EWBG with Composite Higgs



Composite Higgs

> Higgs is a bound state of new strong interactions
confining at f ~ 1TeV

. @
ks

spectrum:

AT My ~ few TeV

Higgs is pNGB

Kaplan,Georgi ‘84
Agashe,Contino,Pomarol ‘0442



Phase Transitions in CH models

el 2
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Phase Transitions in CH models

X A
h = “ x f1 2
‘ L _ : >
‘ 0 v h
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Phase Transitions in CH models

Two-Step Transition
X
h = “ X i TS

-l o

Confinement happens before EW phase transition



Phase Transitions in CH models

Two-Step Transition

X
h = “ och ’ >0

-y _
< 4
>~V

At this point the lightest scalar is the SM-like Higgs, hence
no first-order PT unless extra physics is added

46



Phase Transitions in CH models

. @
ks

X
x f

!

> e

Two-Step Transition with a Singlet

1st order PT from an extra
composite scalar i

SO(6)/SO(5) gives H and a
singlet

\\

-y _

De Curtis, Delle Rose, Panico
[1909.07894]

T ———————m====—



Phase Transitions in CH models
Two-Step Transition with a Singlet

Ekhterachian, Le Dorze, Rattazzi, Stelzl
However: to appear soon

We want:

V(n,h) = pin® + Ayn’h* + ...

n/f

2
1st order U‘n < O

and

h/ ,LL,,27 + )\hnv2 > 0
slide bx S. Stelzl from LFC24
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Phase Transitions in CH models
Two-Step Transition with a Singlet

However:

n/ f

1st order

h/f

Ekhterachian, Le Dorze, Rattazzi, Stelzl
to appear soon

We want:

V(n,h) = p2n® + Xenn°h® + ...

u,27<0

and

,11,727 + )\hnv2 > 0

~ >‘h77“2/|l%27‘ 1

fine-tune,

slide bx S. Stelzl from LFC24

but in practice: ~ v?/f* < 0.1

or go less minimal.
49



Phase Transitions in CH models
One-Step Transition

X A
h = “ x f1
‘ L _ : >
‘ 0 v h

1-step: if T(confinement) < T(EWSB)

h  y and EWPT is 1st order if confinement PT is

50



Confinement Phase Transition

> X

Phase Transition >

v

2 2 4
0<me - 1%

reheating
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Confinement Phase Transition

> X

Phase Transitio >

2 2 4
x m, f* — T,

v

reheating

It T, > 130 GeV the EW symmetry is ~restored again
(EW sphalerons are on)

To keep EWBG results we neead
T, S130GeV = m, < 500GeV x=

0GeV 1
f W 12
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f[GeV]

using HiggsBounds

LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

5-103-

2-103

103 -

300 -

—— N=3,C49=0
—— N=3,cyg=1
—— N=10,c4g=0
N=10,cqog=1

100

200

500

m,[GeV]

103 - 3.103

SM

* extra N for ggy

*in fact o< v/xo
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f[GeV]

using HiggsBounds

LHC bounds

Bruggisser,vonHarling,OM,Servant,2212.00056

5-103 -

2-103

103 -

300 W

A N=1310,C,n=1
fine-tuned ™

100

200 500
m,[GeV]

103 - 3.103
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f[GeV]

LHC bounds

using HiggsBounds
Bruggisser,vonHarling,OM,Servant,2212.00056

' —— N=3,¢,u0=0
5.103- %7
. N=10,c4=1
fine-tuned
2-103-

103 -

300
100 200 500 103 - 3.103
m,[GeV]

A small portion of parameter space
survives in the minimal case.

T corrections to V(h)
V
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High-T EWBG



Electroweak Symmetry Non-Restoration at High T

» SM states
T
2 ot
ith = h-——-—-«  Dpeee-- h
% G

positive thermal mass &
restoration at 7'~ 160 GeV
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Electroweak Symmetry Non-Restoration at High T

» new light scalars ho X
Weinberg '74 (toy model) ~hy
Meade, Ramani, 1807.07578

o
Baldes, Servant, 1807.08770 , ’ X
Glioti, Rattazzi, Vecchi, 1811.11740
» new light fermions h, L N
“s A

OM, Servant, 2020.05174



Electroweak Symmetry Non-Restoration at High T

» new light scalars ho X
Weinberg '74 (toy model) ~hy o
Meade, Ramani, 1807.07578

Baldes, Servant, 1807.08770 , X
Glioti, Rattazzi, Vecchi, 1811.11740

» new light fermions h

1
A
OM, Servant, 2020.05174 )
he N



Electroweak Symmetry Non-Restoration at High T

T
» new light scalars no, X
Weinberg ‘74 (toy model) h)( 5o
Meade, Ramani, 1807.07578 . = oV, ~ /lh)(T h
Baldes, Servant, 1807.08770 5 Y
Glioti, Rattazzi, Vecchi, 1811.11740
T
» new light fermions h, LN

A MN 22
OM, Servant, 2020.05174 < = oV, ~ T T<h
" NN



Electroweak Symmetry Non-Restoration at High T

T
» new light scalars no, X
Weinberg ‘74 (toy model) hy -
Meade, Ramani, 1807.07578 . — 5Vh ~ ﬂh%T h
Baldes, Servant, 1807.08770 5 Y
Glioti, Rattazzi, Vecchi, 1811.11740
T
» new light fermions h. LN -
A N 7212
OM, Servant, 2020.05174 ;< = oV, ~ N T<h
h N

can be < 0



High-T EWSB vs Naturalness



SNR & Naturalness

» Can SNR be motivated by, or at least compatible with EW
naturalness-motivated physics?

63



SNR & Naturalness

no quadratic UV add new d.o.f. such that

sensitivity of Higgs mass 5V 1100y A2STr[M?] # f[h]



no quadratic UV

SNR & Naturalness

STrM? = Tr[M? — 2| M, ,|* + 3M?] # f[}]

sensitivity of Higgs mass
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no quadratic UV

SNR & Naturalness

STrM? = Tr[M? — 2| M, ,|* + 3M?] # f[}]

sensitivity of Higgs mass

thermal potential

(high-T)

|
oVr D ZTzTr[Mg + M| + 3M?
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SNR & Naturalness

» different-spin naturalness (SUSY)
e.g. chiral supertield

no quadratic UV STrM? = Tr@g - 2|M,), @4_ 3M?] # f[h]
sensitivity of Higgs mass

X 3

/7 N\

1
thermal potential §Vy D —TTr[Ms + | M, ), % + 3M7]
: 24
(high-T)

1

H.E.Haber '82
M.Mangano ‘84
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SNR & Naturalness

» different-spin naturalness (SUSY)
e.g. chiral supertield

no quadratic UV STrM? = Tr@g - 2|M,), @4_ 3M?] # f[h]
sensitivity of Higgs mass

X 3

/7 N\

1
thermal potential §Vy D —TTr[Ms + | M, ), % + 3M7]
: 24
(high-T)

1

way around, e.g. additional supertfields with non-renormalizable
interactions and large-n Svali Tamvakis ‘96

Bajc, Melfo, Senjanovic ‘96
OM, Unwin, Wang 2211.09147 ©



SNR & Naturalness

» same-spin naturalness (e.g. Goldstone Higgs)

no quadratic UV STrM? = Tr [|M1/2 3, 3M?

sensitivity ot Higgs mass +flh]  #f[h] %Sl

1
thermal potential SVy D ZTZTr[Mg
(high-T)

My, 3M7] # f1h]

9

1
e.g. top effect oV, = g/”ttz T>h* is cancelled => potential SNR
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SNR & Naturalness

» same-spin naturalness (e.g. Goldstone Higgs)

Twin Higgs Chacko et al, hep-ph/0506256

SM states couplings to the Higgs o sin h/f

Twin states couplings to the Higgs o cos h/f

70



SNR & Naturalness

» same-spin naturalness (e.g. Goldstone Higgs)

Twin Higgs Chacko et al, hep-ph/0506256

V ~ f2A%(sin® h/f + cos® h/f) = f2A?

| :

SM contribution

Twin contribution

V(T)

A

S\I\/l x twin i
h

71



SNR & Naturalness

» same-spin naturalness (e.g. Goldstone Higgs)

Twin Higgs Chacko et al, hep-ph/0506256

V ~ f2A%(sin® h/f 4+ cos® h/f) = f2A?

| :

SM contribution

Twin contribution Z, breaking by light quark/

V(T) lepton Yukawas

A

S\I\/I twir/
0 l >1 OM, 2008.13725
\/ 2

Aq faq cosh/ f




f[GeV]

LHC bounds

vonHarling,OM,Servant,2307.14426
Bruggisser,vonHarling,OM,Servant,2212.00056

5-103 -

2-103

103 -

300 W

h.pbtentisl fine-tuned "

100

500 10
m,[GeV]

200

Search for heavy dilaton

y

Assume twin Higgs
structure

High-T EWSB
V
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Summary

> EWBG necessarily predicts < TeV scale new physics,
providing an important target for future colliders and other
experiments

+> Large variety of implementations with various signatures

*> Combined explanation with EW naturalness may require
extra assumptions about the model structure
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Thank you!



Backup slides
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SM + Singlet: EWBG on

E

DM bounds

parametric estimate for Barr-Zee:

do/e ~ #1622 \/2G pm, {sin O 50/ £}

(47)°

to get h<T in the core:

v/f ~v/(S) <sinbg

bound (in GeV):

de/e ~5x 10755 < 6 x 1071°

Defects

J.Azzola,OM,A.Weiler

work in progress
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SM + Singlet: EWBG on Defects

10_4 =

sin@

10”12 |

10~16 |

J.Azzola,OM,A.Weiler

work in progress

.10_8 =

, Colliders

mS/eV
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SNR: # of new d.o.f.

» large multiplets needed for perturbativity:

O(10) Dirac fermions for T < 1 TeV (T3 ~ V/nmy)

@(100) scalars

» In 2HDM: ~5 less d.o.f. and DM candidate SRR AR |
0.4 -

M.Carena,C.Krause,Z.Liu,Y.Wang 2104.00638 ;

> 03] _

OM,J.Unwin,Q.Wang 2107.07560 = —hy |

N 0.2;\ ho :

< :

;tt y 0.1} :

¢tth2 f f

\/5 0.0 b I ‘



Z 55|

4.0t

7.0y
6.5

6.0

5.0

4.5}

washout factor wi.t, glueball

H

200 300 400 500 600
my [GeV]

Bruggisser,vonHarling,OM,Servant,2212.11953

80
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T,/GeV for n=12
1 T 1 T T T [ T T 1 T 1 T
/I I.I 77777777 |
o minimum problem%
e m,>m,/2

o dilut.'< 107
e LHC for c4q=0.3 /)

o~ i
[

! | L 1 ! | ! ! ! | L L

1 4 1.6 1.8 2.0
m,/TeV

81 vonHarling,OM,Servant



SNR: Twin Higgs

> Sources of ZQ

necessarily broken in the light fermion sector: eg twin neutrinos cannot be light.

simplest realisation: larger Yukawas A for light twin fermions

+V(T)

—_— SM twin
Ag faq cosh/f \X /
0 \/ h
> This also spoils the cancellation of T=0 quadratic divergences
to the Higgs mass: dmj ~ (A\2/167%)A?

take a lower cutoff A in
= the twin light quark =
sector

light twin partners
(no SM QCD charge)
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SNR: Twin Higgs

> Jo not SpOI| the nggs Mass, We need: Light Twin partners with EW charge

() SM EW charge
mr 5 5 5 SM mj
SO(3) mes — My S 1TeV fermions Wew
SO@)su \__/ twin
5 T partners
mi A Mmixi SO(8
fermions @ Ty ®)
SO(4)sw

50(8) D) SO(4)SM X 30(4)31\/{’
»> Collider signal:

W,Z, h
YEw
A : decays .
W,z ; ’ *
q,y¥ EW neutral twin states T Fedrorieato, Missing energy ]
YEw
W.Z, h *one can arrange for

83 visible signatures too



> fine-tuning

Apg =

SNR: Twin Higgs

A 2,2 2
fqyim? cos® v/ f
202
2memy,
100 t .S ¢ ]
Goldston® itk
50 -
0] ‘n H109S
g SNR TWIT
10 |
' Twin Higgs
5,
100 200 500 1000 2000
L (fo™")

84

lower bound from a pair production
of one top partner,

does not include single production
or pile-up from several partners



SNR & Naturalness

H.E.Haber ‘82

» different-spin naturalness (SUSY) M.Mangano ‘84

1
in renormalizable theories M, = const or h, hence

Tr| M, |* = Z |M1/2ij|2 = ¢+ oh”
N J —/
> 0 > 0

]

positive thermal mass
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SNR & Naturalness

Dvali, Tamvakis ‘96

» different-spin naturalness (SUSY) Bajc, Melfo, Senjanovic ‘96
OM,Unwin,Wang 2211.09147

1
in nonrenormalizable theories M, ; = const, h, h*,... , hence

Tr| M, |* = Z |M1/2ij|2 = | + h? + c;h”
N J NN
> 0 4 > 0

unconstrained thermal mass
86



> assume large n

SNR & SUSY

U(n)
M
_ Sxh

W = ,UX(Xl-XZ) ! A (Hqu) (Xl-XZ)

2 4+ ‘X2|2) T %th/ix(|X1|2 T

H,|* + |Hal*)x1-x2)* + (Ixa

87

OM,Unwin,Wang
2211.09147

X2|2)(Hu-Hd + h.c.)
>+ |x2|%) | Hy-Hal*}

29



SNR & SUSY

> assume large n OM,Unwin,Wang
U(n) 2211.09147

PN %l " ' “t
"0 X \‘ l‘ 1 :
. . : ‘ F "l
\x ! K h -------- : -:'*{1 """" h
oo e h ’
A ) ' A
unconstrained thermal mass positive thermal mass
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SNR & SUSY

> assume large n OM,Unwin,Wang
U(n) 2211.09147

)

C
W = py(x1-x2) 1 jX\h (Hy-Ha) (X1-X2)

- h
h — h
unconstrained thermal mass positive thermal mass
Hy T2 1 a?T?
xn—- =a X H— =
A A2 n u?

89
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