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Key Ideas for this Talk

Extensions of the Standard Model scalar sector can
address key open questions in cosmology

Di-Higgs searches provide one important window on
the cosmological implications of extended scalar
sectors

This talk: focus on delineating the thermal history of
EWSB and consequences for baryogenesis and
gravitation wave searches

There are exciting opportunities and synergies
involving the LHC and prospective future colliders
- how might a muon collider fit into this picture?
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I. Cosmological Implications



The Origin of Matter

Cosmic Energy Budget

Dark Matter

68 %

Dark Energy

How can extended scalar sectors address this puzzle ?




Connections with Cosmology

 Dark Matter: stable h,

 Thermal history of EWSB: Was there
an electroweak phase transition ?



Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

* Baryogenesis — Was the matter-antimatter

asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in

next generation probes, could a cosmological
phase transition be responsible ?



Thermal History of Symmetry Breaking

f Future LHC Experiments

1Eaf’y Universe The Phases of QCD

‘ Current RHIC Experiments
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Hadron Gas Superconductor

Baryon Chemical Potential

QCD Phase Diagram - EW Theory Analog?



EWSB Transition: St’d Model

' 1st order } F = 2nd order FOEWPT
|
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= 125 GeV
Increasing m, > Higgs Mass
. " s .
Lattice Authors M~ (GeV) \ EW Phase Dlagram
4D Isotropic [76] 8047
4D Anisotropic ~ [74]  72.4+1.7
3D Isotropic (721 723407 How does new TeV scale
3D Isotropic [70] 724409 physics change this picture ?

What is the phase diagram ?
EWPT ? If so, what kind ?

SM EW: Cross over transition .



Electroweak Phase Transition

* Higgs discovery — What was the thermal
history of EWSB ?

* Baryogenesis — Was the matter-antimatter

asymmetry generated in conjunction with
EWSB (EW baryogenesis) ?

* Gravitational waves — If a signal observed in

next generation probes, could a cosmological
phase transition be responsible ?
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EW Phase Transition: Baryogen & GW

\ F 1st order \ F 2nd order

Increasing my, >

New scalars

Baryogenesis
Gravity Waves
Scalar DM
Collider Searches

“Strong ”
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Il. Was There an EW Phase Transition ?
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Thermal History of EWSB

Verr (H, @)

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking
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Thermal History of EWSB

What is the landscape
of potentials and their
thermal histories?

How can we probe this
T > 0 landscape
experimentally ?

How reliably can we
compute the
thermodynamics ?

n evolve differently as T evolves 2>
ilities for symmetry breaking
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Patterns of Symmetry Breaking

Verr (H, @)

How did we
end up here ?

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking 16



Experimental Probes

Bubble Collisions

Higgs precision tests

Grav Radiation
Direct Production
oo o
SM Higgs BSM Higgs
LKalls
BSM Higgs

Extrema can evolve differently as T evolves >
rich possibilities for symmetry breaking 17



T-y, Sets a Scale for Colliders

High-T SM Effective Potential
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First Order EWPT from BSM Physics

Veir T>T,

< . Generate finite-T barrier

NOT SURE IF HIGGS

Introduce new scalar ¢
interaction with h via
the Higgs Portal
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First Order EWPT from BSM Physics

Veir T>T,

< =L Generate finite-T barrier
/ T<T
h
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T¢ TEW

TEW TEW
l—>—> h > h — > h
a,H?¢? : T>0 a,H*¢* : T=0 a;H*¢: T=0

loop effect tree-level effect tree-level effect  ,,



Ill. Model lllustrations

NOT SURE IF HIGGS

Simple Higgs portal models:

 Real EW triplet (SM + 3)
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Real Singlet

Potential & conventions
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EW Phase Transition: Singlet Scalars

' 1st order \ ' 2nd order
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Increasing m,, > Higgs Mass
Lattice Authors  ME (GeV) \ EW Phase Diagram
4D Isotropic [76] 80+ 7
4D Anisotropic  [74] 724417 ..
3D Isotropic (721 723407 How does this picture
3D Isotropic [70] 72.4+09 change in presence of new

TeV scale physics ? What is
the phase diagram ?

SM EW: Cross over transition s



Real Singlet
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i loop effect tree-level effect i i tree-level effect i
No Z, breaking at T =0 Z, breaking at T =0
required (explicit or spontaneous)
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EW Phase Transition: New Scalars

\ F 1st order \ F 2nd order

Increasing my, > m,>2m,

500

New scalars

400
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Real Singlet: ¢ — S

Simplest Extension:
two states h, & h, 100
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Profumo, R-M, Shaugnessy JHEP 0708 (2007) 010 m, [Gel

Espinosa, Konstandin, Riva NPB 854 (2012) 592 25



EW Phase Transition: Singlet Scalars

\ F 1st order \ F 2nd order

" " Trivial Singlet ve.v.

Collider probes m,>2m,

Mixed étates: .
; Precision ¢
N/ ..ILC, CPEC, ]
By .. FCC-ee -

« Resonant di-Higgs production

* Precision Higgs measurements

mj|GeV

* Non-resonant di-Higgs & exotic
Higgs decays

|| en] | [ [ (S | [ |
200 30 My >2m;
m, [Ge .

Profumo, MJRM, Shaugnessy ‘07
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Real Singlet: Triple Scalar Couplings

1 o
1 = 7 (@) + 2a5x()c0s*0 + 4vy(a, — 34)cos?0 sin @
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Real Singlet: Triple Scalar Couplings

Insensitive to 6 and x,

M1 = 2a,Xx COS39 + 4vy(a, — 34 COS?'H sin &
4
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Real Singlet: Triple Scalar Couplings

Same combination 6 suppression

b = %[(a; +2a,x5)90s*0 + 4vy(a, — 34)cos*0 sin @
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Higgs self-coupling
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Exotic decays &
non-res di-Higgs
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Real Singlet: Triple Scalar Couplings

Portal coupling sensitivity without 6 suppression

1 - " Resonant di-Higgs
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IV. Di-Higgs: Opportunities

Apologies to all whose work
| cannot cover here !
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Singlets: Precision & Res Di-Higgs Prod

SFOEWPT Benchmarks: Resonant di-Higgs & precision Higgs studies
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Singlets: Non-Resonant Di-Higgs Prod

_ _ e*e- 2 Zh
Phase Diagram: EFT + Lattice @FCC, CEPC

Higgs self-
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33
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Singlets: Non-Resonant Di-Higgs Prod
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Phase Diagram: EFT + Lattice @FCC, CEPC
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Light Singlets: Exotic Decays
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Singlets: Triple Self-Coupling

Real Scalar Singlet Model
1 L. Scan
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Muon Collider: Comments
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Simple arguments: Tgy +
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Muon Collider: Comments

dsy H2¢2 : T>0
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V. Outlook

Extensions of the Standard Model scalar sector can
address key open questions in cosmology

Di-Higgs searches provide one important window on
the cosmological implications of extended scalar
sectors

This talk: focus on delineating the thermal history of
EWSB and consequences for baryogenesis and
gravitation wave searches

There are exciting opportunities and synergies
involving the LHC and prospective future colliders
- how might a muon collider fit into this picture?
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Heavy Real Singlet: EWPT & GW
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* Non-perturbative 42




Heavy Real Singlet: EWPT & GW
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