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Where do we stand?

We have got “the” formula

... and 1t is surprisingly short!
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Where do we stand?

We established the principles behind electroweak and
strong interaction very well

We measured the Higgs boson only very “broad brush”

The Higgs boson may be a whole new thing compared
to strong and electroweak interactions




And there 1s more than *“just” the Higgs boson

The Standard Model is;

Observationally “unfit” (misses Gravity, Dark Matter, ... )

Symmetry, the very idea at the basis of “the” formula, is challenged by
a number of phenomena, which may, at best, be described in this
language.
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Open Questions on the “bigpicture™ on
fundamental physics circa2021

e what 1s the dark matter in the Universe?
e why QCD does not violate CP?

* how have baryons originated in the early Universe?

e what originates tflavor mixing and fermions masses?
* what gives mass to neutrinos?

 why gravity and weak interactions are so different?

* what fixes the cosmological constant?

o7 @
o1 @

EACH of these 1ssues one day will teach us a lesson
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A puzzle we have no 1dea how to solve

MECHANICS FAILS?

Pertect in our “neighborhood”
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A puzzle we have no 1dea how to solve

A number of observations (including CMB from early Universe) suggest

a new form of matter must exist

It may well be not of the kind we are used to:

* |t may have only weak interactions (even possible it feels only gravity)

* There are candidates “particles” with Compton length 1/M ranging from the size of a Galaxy
down to High Energy Physics scales (GeV-TeV) and even beyond

It is not nhecessarily material for particle physics and accelerators
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A puzzle we have no 1dea how to solve

We know the scope of the search for Dark Matter 1s huge
In principle, 1t can be very elusive (to all experiments)

The simplest history of the early Universe suggests the
“TeV” mass range

Accelerators are the only way to go see 1t and study 1t in
detail




Open Questions on the “bigpicture™ on
fundamental physics circa2021
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A puzzle (today) we know how to solve
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A puzzle (today) we know how to solve




A puzzle (today) we know how to solve

New symmetry (particle-antiparticle) which
brought a new particle: the positron

We learned a lesson on physics at the
same mass scale as where the puzzle

arises:
mpositmn — Myjeoctron < melectron/ Kem
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A puzzle (today) we know how to solve

Similar arguments would require a contribution of the
electric filed to the mass of the charged pion

In that case the solution 1s not an antiparticle, but a **heavy

photon”, the p meson, somewhat heavier than the pion

In the grand picture, both the positron and the p meson
appear at the same scale where the problem arises.




How we got there

AS A FUNDAMENTAL CHARACTER OF NATURE

Symmetries and particles

1897
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Open Questions on the “bigpicture™ on
fundamental physics circa 2021

WEAK INTERACTIONS

* what 1s the dark matter in the Universe?

e why QCD does not violate CP?

* how have baryons originated in the early Universe?
e what originates tflavor mixing and fermions masses?
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EFPT  why gravity and weak interactions are so different?
EFT * what fixes the cosmological constant?
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Open Questions on the “bigpicture™ on
fundamental physics circa 2021
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Open Questons on the “big picture™ on

HISTORY OF THE UNIVERSE

Structure

Cosmic Microwave :
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Background radiation

Accelerators ; is visible
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fundamental physics circa 2021

A

Dark energy
accelerated
expansion

Supported by DOE

Nothing we have measured in high energy physics
makes so much of a distinction between particles

and anti-particles.

The observable Universe is made of matter, no antimatter
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Electroweak phase transition

Modifications of the Higgs potential = Out of Equilibrium transition from one vacuum to a new energetically favorable one
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Electroweak phase transition

*  We need to study all possible new states that induce a change
in the Higgs boson potential.

For these new state to have sizable effects in the early Universe
they must be light, around 1 TeV at most.

All searches tor new Higgs bosons (or general electroweak
particles) probe such fundamental 1ssue of the origin of matter
in the early Universe!




[\W phase transiion
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1807.04284, 1704.05844, 1608.06619, 1605.06123, 1409.0005

Mixed Singletfor EW phase transition

O “healthy” potential (no runaway, minimum v=246 GeV, perturbative )
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1807.04284, 1704.05844, 1608.06619, 1605.06123, 1409.0005

Mixed Singletfor EW phase transition

Both Hadron and Lepton colliders can observe directly these
states

Indirect information from H couplings 1s also crucial

The mass range 1s clearly well above the ZH threshold, we
need higher energies 1n lepton colliders than H factories (!)




Open Questons on the “big picture™ on

HISTORY OF THE UNIVERSE
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Structure
formation

Particle Data Group, LBNL © 2015

fundamental physics circa 2021

The observable Universe is made of matter, plus about 5 times as
much dark matter
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Dark energy
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Open Questions on the “bigpicture™ on

fundamental physics circa 2021

The observable Universe is made of matter, plus about 5 times as
much dark matter
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Open Questons on the “big picture™ on

fundamental physics circa 2021
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The observable Universe is made of matter, plus about 5 times as
much dark matter
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Dark Matter atthe
weak scale
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1810.10993 - Di Luzio, Grober, Panico
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1810.10993 - Di Luzio, Grober, Panico
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HE-LHC | FCC-100 CLIC-3 Muon-14
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 Comprehensive tool to explore new electroweak particles

* (Can probe valid dark matter candidates!




2Imm.nnnnn - RF, Xiaoran Zhao - Muon Collider projections for pure weak multiplet dark matter
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2Imm.nnnnn - RF, Xiaoran Zhao - Muon Collider projections for pure weak multiplet dark matter
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Hadron and Lepton colliders can observe these states directly
and 1ndirectly

A complete test of the whole range of this type of Dark Matter
candidates 1s out of reach for even most futuristic colliders

Synergy with other approaches to search for Dark Matter 1s
crucial




Thesizeof
the Higgsboson
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the high intensity way & the “leveraging energy” way

Eflects of the size of the Higgs boson
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The size of the Higgs boson

Looking ahead

Composite Higgs, 20 Composite Higgs, 20

Europ‘e‘an Strateg)
Update
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compositeness at

eV-5001eVY
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Open Questons on the “big picture™ on
fundamental physics circa 2021
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the p meson is only somewhat heavier

We might be in a situation like QCD, where
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“of the Higgs” Both cases have profound consequenc
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the pion, or In a situations where It IS much

S

for telling what the Higgs boson really is.



Neutrimo mass mechanisms
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Neutrimo mass mechanisms

NUMBER BREAKING
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NUMBER BREAKING
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Mass

GUT~1013 TeV

10 TeV _L

1 TeV _L




Theorigin of
NCUrmo masses
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Plenty of neutrino mass models
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Plenty of neutrino mass models
i reach
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Conventional Z pole search @20: |©|%=|0| 2
Displaced vertex search @20: |©]°=|6|?
Higgs branching ratios @10: |©|?%=|0|?
Mono-Higgs @10: ©°=|6, | 2

WW production cross section @10: |©|2=|6, | 2
Lepton-dijet @10: |©|%=|6e |2

EWPOs @20: |©]°=|6e | %+|6,|?

EWPOs @20: |©]|°=|6,|?

"Unprotected” type-| seesaw



Problems thatwe can probe conclusively
at colliders
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100 TeV

Relevantmass scales

O 10-30 TeV
(( Ih_l—leehe j)

3 TeV

1 TeV

200-300 GeV

Congresso Nazionale SIF 2021 - https://congresso2021 .sif.it



100 TeV

nass scales

and mixings ® 1OSSORTEN
(( Ih_l—lee e j)

3 TeV

1 TeV

200-300 GeV
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100 TeV

Leuua
Fermions masses

(@) T PWFA
Hh ee he

Progra®

3 TeV

1 TeV

200-300 GeV
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annot even remotely
at colliders

A small dent on large wall

0000000000



Open Questions on the “bigpicture™ on
fundamental physics circa 2021

WEAK INTERACTIONS

* what 1s the dark matter in the Universe?

e why QCD does not violate CP?

* how have baryons originated in the early Universe?
e what originates tflavor mixing and fermions masses?
e what gives mass to neutrinos?

EFPT  why gravity and weak interactions are so different?
EFT * what fixes the cosmological constant?
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Open Questions on the “big picture™ on
fundamental physics circa 2021

. . .
e what 1s the dark matter in the Universe?

 why QCD does not violate CP?

* how have baryons originated in the early Universe? _
ACCELERATORS

e what originates tflavor mixing and fermions masses?

e what gives mass to neutrinos?

EFT  why gravity and weak interactions are so different?

EFT * what fixes the cosmological constant?
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