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Open questions

e Origin of the Electroweak Symmetry Breaking (EWSB)
 Hierarchy problem

* Flavor puzzle

 Dark Matter

* Origin of the Baryon Asymmetry of the Universe (BAU)
* Neutrino mass

 Dark Energy

e Inflation

 Quantum Gravity
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* Hierarchy problem

* Flavor puzzle

 Dark Matter

* Origin of the Baryon Asymmetry of the Universe (BAU)
* Neutrino mass

 Dark Energy

e Inflation

 Quantum Gravity

How can scrutinizing the Higgs help to answer these questions?
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Let’s ask the Higgs about itself first

e Is it elementary or composite?

e Is it supersymmetric?
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Let’s ask the Higgs about itself first

e Is it elementary or composite?

e Is it supersymmetric?

= Radiative generation of the EWSB
= Solution to the Higgs hierarchy problem
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Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?

e Is the Higgs sector minimal?

 Does it have CP or flavor structures?

Yikun Wang, Caltech, LHCP 2024 4



Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?
e Is the Higgs sector minimal?
* Does it have CP or flavor structures?
=7 Multi-Higgs Doublet models

Extended Higgs sectors > Additional singlet(s)
% Additional triplet(s)

Yikun Wang, Caltech, LHCP 2024 4



Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?
e Is the Higgs sector minimal?
* Does it have CP or flavor structures?
=7 Multi-Higgs Doublet models

Extended Higgs sectors > Additional singlet(s)
% Additional triplet(s)

Example: adding a singlet
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Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?

e Is the Higgs sector minimal?

 Does it have CP or flavor structures?
=7 Multi-Higgs Doublet models

Extended Higgs sectors [ Additional singlet(s)
&j Additional triplet(s)

Example: Two Higgs Doublet Models (2HDM)
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ei — ( %(vilel-I?#—iA?)

with v:\/vf—l—v22:246 GeV

Five physical states: H {), Hg, Ay, H
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Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?
e Is the Higgs sector minimal?
* Does it have CP or flavor structures?
=7 Multi-Higgs Doublet models

Extended Higgs sectors > Additional singlet(s)
% Additional triplet(s)
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Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?

e Is the Higgs sector minimal?

 Does it have CP or flavor structures?

=7 Multi-Higgs Doublet models

Extended Higgs sectors > Additional singlet(s)
%j Additional triplet(s)

= Stabilize the Higgs vacuum

= Facilitate the generation of BAU

= Provide Dark Matter candidates

= Additional CP source for BAU; Axion like particles

= Flavor textures
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Let’s ask the Higgs about itself first

e Is it a portal to the dark sector?
e Is the Higgs sector minimal?
* Does it have CP or flavor structures?
=7 Multi-Higgs Doublet models

Extended Higgs sectors > Additional singlet(s)
%j Additional triplet(s)

= Stabilize the Higgs vacuum

€. generation of BAﬁ) and how to probe experimentally?
= Provide Dark Matter candidates
= Additional CP source for BAU; Axion like particles

= Flavor textures
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Baryon Asymmetry of the Universe and the Higgs
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Baryon Asymmetry of the Universe and the Higgs

V(h;T)

V(H) = —pg|H* + Ag|H|*
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Baryon Asymmetry of the Universe and the Higgs

V(h;T) Q& >
§ <

V(H) = (caT? — p2)|H|? + Mg |H|*

0

V(H) = —pg|H* + Ag|H|*
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Baryon Asymmetry of the Universe and the Higgs

e Nature of the Electroweak Phase Transition

V(h;T) Q& =
§ <

V(H) = (CHT2 _,UJ%I)‘HP +)‘H‘H‘4 EWPT

T

V(H) = —pg|H* + Ag|H|*
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Baryon Asymmetry of the Universe and the Higgs

e Nature of the Electroweak Phase Transition
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Baryon Asymmetry of the Universe and the Higgs

e Nature of the Electroweak Phase Transition

e Origin of the Baryon Asymmetry of the Universe (BAU)
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Baryon Asymmetry of the Universe and the Higgs

e Nature of the Electroweak Phase Transition

e Origin of the Baryon Asymmetry of the Universe (BAU)
Sakharov’s conditions for BAU creation
 Baryon number violation

e C and CP violation

* QOut-of-equilibrium
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Baryon Asymmetry of the Universe and the Higgs
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Baryon Asymmetry of the Universe and the Higgs
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Baryon Asymmetry of the Universe and the Higgs
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Electroweak phase transition and Higgs properties

A
Verr(h, T) = cg(T? — T3)h? — (ET + e)h’ + 7Hh4 4.
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Electroweak phase transition and Higgs properties

A\
Verr(h, T) = cg(T? — T2)h? — (ET + €)h® + 7Hh4 T
E+elT
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Electroweak phase transition and Higgs properties
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Electroweak phase transition and Higgs properties

A\
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Electroweak phase transition and Higgs properties
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Electroweak phase transition and Higgs properties

A
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O Tree-level Effects

Example: heavy scalars e « (s) # 0
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Electroweak phase transition and Higgs properties

A\
Verr(h, T) = cg(T? — T2)h? — (ET + €)h® + 7Hh4 T
E+elT

> ]
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At
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O Tree-level Effects

A more complicated example: NMSSM [Baum, Carena, Shah,
Wagner, Y.W. "20]

2
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An open question: can the CP odd scalar play a role’ O e e

mp [GeV]
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Electroweak phase transition and Higgs properties

1 1 1 1 1 .. :
Vo(h,s) = —iuiiﬂ -+ Z)\hh‘l -+ 5/@32 -+ Z)\SS4 + Z)\thSQ + (explicit Z2 — breaking terms)

— VEFF(h, S, T)
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Electroweak phase transition and Higgs properties

Vo(h,s) = —%uiiﬂ + %)\hh‘l + %/@32 + %)\334 + i)\thSQ +(explicit Z2 — breaking terms)
— VEFF(h7 S, T)
0 Tree-level Effects
SA S A
(0, @) \ Kj%é\
@%0 %53
@*@&

- /o preservin

(0, 0) L“Wﬁwh 0.0 > h (0,0) > h
Z, preserving Z, breaking (explicit) Z, breaking (spontaneous)
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Electroweak phase transition and Higgs properties

1 1 1 1 1 . :
Vo(h,s) = —iuihQ -+ Z)\hh‘l -+ §,u§32 -+ Z)\SS4 + Z)\thSQ + (explicit Z2 — breaking terms)

— VEFF(]Z, S, T)

[Carena, Liu, Y.W. “19]
O Tree-level Effects

(0,0) @ » h

_
/12
Example: Order of the Phase Transition o (lh — —m>
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Electroweak phase transition and Higgs properties

1

Vo(h,s) = —=puih* + i)\hh‘l + 1@32 + i)\ss‘l + ixmh%? +(explicit Z2 — breaking terms)

2 2

— VEFF(h7 S, T)

O Tree-level Effects
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Example: Order of the Phase Transition o </1h — ﬁ)
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[Carena, Liu, Y.W. “19]
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Electroweak phase transition and Higgs properties

1 1 1 1 1 . :
Vo(h,s) = —§Mi21h2 -+ Z)\hh‘l -+ §,u§32 -+ Z)\SS4 + ZAthSQ + (explicit Z2 — breaking terms)

— VEFF(ha S, T)

[Carena, Liu, Y.W. “19]
O Tree-level Effects
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Example: Order of the Phase Transition o (ﬂh — 4—m> o 1 +sin* 6 <

A

(125GeV)? 1)
mg
* sinf < 0.4 bounded by Higgs precision
measurements
A firm prediction of a light scalar
« BR(H — SS) bounded from below
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Electroweak phase transition and Higgs properties

1 1 1 1 1 . :
Vo(h,s) = —§u%h2 -+ Z)\hh‘l' -+ 5/@32 -+ 1)\834 + ZAthSQ + (explicit Z2 — breaking terms)
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O Tree-level Effects
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Higgs Exotic Decays: a rich variety of phenomenological interests

* The SM decay width of the Higgs is tiny
» Small couplings to BSM can lead to sizable BRs
AL = %S2|H\2 BR ~ 6(0.1) for ¢ ~ 0.01; AL = %IHI%W BR ~ 0(0.01) for A > 1 TeV.
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Higgs Exotic Decays: a rich variety of phenomenological interests

* The SM decay width of the Higgs is tiny

» Small couplings to BSM can lead to sizable BRs

AL = %SQ|H\2 BR ~ 0(0.1) for ¢ ~ 0.01;

Topologies and final states

Decay Topologies

Decay mode F;
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[Zhen Liu et al ’13, 16’]
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AL = %IHI21W BR ~ 0(0.01) for A > 1 TeV.
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AL = %82|H\2 BR ~ 0(0.1) for { ~ 0.01;

Topologies and final states

Decay Topologies

Decay mode F;

h -2
h—>2-3

K

h—>2-334

<

h—2-(1+3)

S

h - )ET
h =+ Er

h — (bE) + Bt

h = (37) + £
h—=(r v )+Er

h = (yy) + &1
h— (64 )+ET

h — (bb) +ET

h = (j7) +Ev
h—= ("7 )+ET

h = (vy) + &1
h— (64 )+ET

h = (pp”) +E&1

h — bb + BT
h = jj+Er
h= 75 4+ Er
h—= vy +Er
h €48 4+Er

[Zhen Liu et al ’13, 16’]

Yikun Wang, Caltech, LHCP 2024

Decay Topologies

Decay mode F;
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h— (EHe ) (ptp)
h= (php ) utp)

l A= ()
h =~y +Er
h294-6 |ho (£ )+
h— (£ ) +Er+ X
h—2-6 h— "800 +Er
é h—E0H8 +Bp+ X
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AL = %IHI21W BR ~ 6(0.01) for A > 1 TeV.

Model motivations (‘simplified’)

 Extended Higgs sectors
- SM + scalars
- 2HDM
- etc
 SM + fermion(s)
- Neutrino portal
- Higgs portal
 SM gauge extensions
- Dark photon, dark Z
- Dark Higgs portal
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Summary and Outlook

» The Higgs 1s tightly connected to many open questions that need introduction of
beyond the Standard Model physics;

» The extended Higgs sector contains ample opportunities to answer such questions;

» Connected to the origin of the Baryon Asymmetry of the Universe, an extended
Higgs sector can provide both the necessary out-of-equilibrium condition via the
electroweak phase transition, and additional CP violation sources;

» Some interesting channels to look: trilinear Higgs coupling, Higgs exotic decays,
and more!
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