Future Colliders: 1s it worth 1t or not?
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Umquely positioned

Laboratory tests of fundamental interactions are the only way to figure
out the microscopic laws of Nature.

There is only so much that you can learn if you cannot control the
initial state of the experiment

“Dialogue with Nature”: you have to make experiments aimed at
revealing the aspect of Nature you want to study (pescartes, caiiei, ..
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The Higgs boson 1s nothing like anything else before

Classical Electrodynamics J. lliopulos 2024

» Around the years 1840 F.E. Neumann and, independently,

- All fundamental bosons we know are e s g cumets 200 1
gauge bosons. Up to very important = By = e
technicalities they are the same as the s and e s

» 1870 : H.L.F. von Helmholtz noticed that the two differ by a
phOton R multiple of the perfect differential

deS/% = deS/ (n'l”\)(n/-f)—(n.n/)

and wrote the first family of gauges

+ The Higgs boson does not follow the AW, = (14 0)(n- 1) 4 (1— a)(n - )(n - s’
same rules, its interactions have > I terms of the vector potential
nothing to do with with those of the A= Av+HIZEVY W= g [P O
photons.

- Higgs-like particles that appear in other

types of experiments (e.g. excitations of

M
\
condensed matter systems) are not a T,
narrow and isolated particle. el w:\‘"“
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The Higgs boson 1s nothing like anything else before

electro-weak interactions

strong interactions
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The Higgs boson 1s nothing like anything else before

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




The Higgs boson 1s nothing like anything else before

IS the Higg S bO Son a pOint_like partiC1€ ? (Can we use the SM at as short distance as

we like?)

Is the Higgs boson related to the origin of matter? wuy wesw

treat matter and anti-matter equally, but there is no antimatter around? Are the Higgs interactions somehow getting rid of anti-matter in the Early Universe? )

Is the Higgs boson keeping the Universe stable?



Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

Isitworth 1t?

There 1s a special pleasure that comes from identifying symmetries in nature, from understanding
that the ubiquitous and tangible electron 1s an immediate relative of the elusive neutrino. But the
challenge of particle physics today 1s to understand symmetry breaking, for that 1s what makes
the world what it 1s. The neutrino and the electron are really as different as they can be. How
does that happen? Why do we have two very light quarks and one very light charged lepton?

Why did electroweak symmetry breaking leave one symmetry unbroken, bequeathing us the
photon? Why 1is there light, and why does matter take the form 1t does? These are the goals ot
particle physics: not to describe the collisions of highly relativistic protons, but to learn why our
world has the shape and form it does. But to answer questions about the everyday world we
need to observe phenomena that occur only at very high energies.



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951

the HJggS boson



Eflects of the size of the Higgs boson

STRONGLY INTERACTING LIGHT HIGGS
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING TOP AND HIGGS
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING TOP AND HIGGS
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING TOP AND HIGGS
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Eflects of the size of the Higgs boson

STRONGLY INTERACTING TOP AND HIGGS
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Higgs compositeness

Composite Higgs, 20 0 Composite Higgs, 20
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Higgs compositeness

UNIQUE AVENUE TO EXPLORE WEAK INTERACTIONS
FAR OFFSHORE FROM THE WEAK SCALE

Composite Higgs, 20 2203.07256
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Higgs as composite as QCD pion Higgs 100x more point-like than QCD pion
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I'W phase transition



Electroweak phase transition

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

4 V(H)

high T
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4 V(H)

» H

t V(H)

Vthe{n"’_l—z

Roberto Franceschini - Sep. 30th 2024 — 2nd ECFA-INFN ECR Meeting — https://agenda.infn.it/event/42691/

Singlet loop makes
V(O,v) deeper



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!




ppor T~ — hh Electroweak phase transition

T=Tc+A T=T.

» High-Energy lepton collider has ¢ V(H) ¢ V(H) t V(H) ‘
large flux of “partonic” W bosons |
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2101.10469

DIRECT & INDIRECT INTERPLAY

V(®,S5) =

+ 7 (cIﬁcb) S2 1 b S +
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2101.10469

EW phase transition

DIRECT & INDIRECT INTERPLAY
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EW phase transition .

iwy
DIRECT & INDIRECT INTERPLAY ‘v
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EW phase transition

pp — h, — K(129p0125)
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EW phase transition -
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Stabilityof the Universe
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2203.17197

Collhider mputs we need to
measure to settle this questions

= | | I ! | ! PR

Top and Higgs properties are fixed 04‘ &6
Parameters bytheSMeg.m, =y, V) O

Higgs mass from HL-LHC will be
good enough

a3 can be taken from Lattice
QCD (in principle)

-
—

l];pp masslis the
1ggest player o 2203.17197-

Can only be measured o S i,
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Dark Matter atthe
weak scale
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1t’s out there
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1t’s out there

; Perfect in our nelghborhood”
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1t’s out there

Coupling with the SM
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plentyofideas
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Electroweak Dark Matter: LSP (+NLSP)

The chessboard of DM Is very large!

Coupling with the SM

Large

Q Direct detection
freeze-out

<
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Gravity

High energy colliders are excellent and
very robust probes of WIMPs!
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An “interpolator” model
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IF DARK MATTER FEELS SM WEAK INTERACTIONS WE CAN USE THE GENERAL n-PLET WIMP TO MEASURE HOW WELL WE ARE ABLE TO TEST THIS

2107.09688 Bottaro, Buttazzo, Costa, RF, Panci, Redigolo, Vittorio

| |
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HYPOTHESIS AND POSSIBLY DISCOVER OR EXCLUDE ONE OR SEVERAL OR THE WHOLE CATEGORY OF DM CANDIDATES.
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After decades of WIMPs we mightstart to see the end of the way (!)

eProduce WIMPs in the lab e Future Colliders sensitive to O(100) TeV

eDetect a WIMPs from natural source (big-bang) eUpcoming nT Xe detectors

eObserve WIMPs interactions (annihilation) eUpcoming Cosmic Rays observatories

Future Collider
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Electroweak Dark Matter: LSP (+NLSP)

The chessboard of DM is very large!

Coupling with the SM
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High energy colliders are excellent and
very robust probes of WIMPS!
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Electroweak Dark Matter: LSP (+NLSP)

Am
Wide open spectra Generic leptons+missing momentum
Co-annihilation Soft-objects + missing momentum Precision
GeV -
WIMP-like multiplet Short (disappearing) tracks Lests
Accidental Dark Matter
DM SM singlet MOHO-X

pporY——7" — vy 0 -
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Electroweak Dark Matter: LSP (+NLSP)

Coupling with the SM
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and much much more



arich and extensive program

tth production at the LHC (Fully hadronic)
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2312.13356, 2312.14119

arich and extensive program
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2312.13356, 2312.14119

arich and extensive program

LEPTON NUMBER BREAKING

*  Symmetry-based neutrino mass generation predicts new

electroweak states at the TeV, where the next generation of
machines can discover them!




Conclusions

The Higgs boson is a gold mine of questions of great importance for the understanding of
fundamental interactions

The next generation of colliders can study the Higgs boson with great precision and can establish
its point-like nature up to an unprecedented degree, If there is more than one of them, and its
possible role in generating the matter of the Universe, or even in keeping it from decaying.

he next generation of colliders can probe thoroughly the issue of Dark Matter as a heavy particle,
a great mystery that cuts physics across from cosmology, astrophysics to particle physics.

The next generation of colliders enables new explorations of fundamental physics on a very broad
field. The amount of knowledge we can foresee will be generated by a future collider is enormous.

1°s worth 1t!
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Thank you!

Roberto Franceschini - Sep. 30th 2024 — 2nd ECFA-INFN ECR Meeting — https://agenda.infn.it/event/42691/



Electroweak Dark Matter: LSP (+NLSP)

Am
Wide open spectra Generic leptons+missing momentum
Co-annihilation Soft-objects + missing momentum Precision
GeV -
WIMP-like multiplet Short (disappearing) tracks Lests
Accidental Dark Matter
DM SM singlet MOHO-X

pporY——7" — vy 0 -
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Electroweak Dark Matter: LSP (+NLSP)
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Recoil on “nothing™
SEARCH INTERPRETED FOR DARK MATTER

v
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Recoil on “nothing™

SEARCH INTERPRETED FOR DARK MATTER

v
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Electroweak Dark Matter: LSP (+NLSP)

Am
Wide open spectra Generic leptons+missing momentum
Co-annihilation Soft-objects + missing momentum Precision
GeV -
WIMP-like multiplet Short (disappearing) tracks Lests
Accidental Dark Matter
DM SM singlet MOHO-X
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Electroweak Dark Matter: LSP (+NLSP)
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Wide open spectra Generic leptons+missing momentum
Co-annihilation Soft-objects + missing momentum Precision
GeV -
WIMP-like multiplet Short (disappearing) tracks Lests
Accidental Dark Matter
DM SM singlet MOHO-X
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1810.10993, 2212.11900

ppor Y6 — ff, WHW-

PRECISION TOTAL CROSS-SECTION

v 1s light new physics

% 1s heavy new physics

* fiducial cross-sections are significantly
affected by off-shell new physics heavier
than the collider kinematic reach
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1810.10993, 2212.11900

ppor Y6 — ff, WHW-

PRECISION TOTAL CROSS-SECTION

v 1s light new physics

* fiducial cross-sections are significantly °
affected by off-shell new physics heavier
than the collider kinematic reach
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Can probe valid dark matter candidates!

x / my |TeV] | DM | HL-LHC | HE-LHC | FCC-100 CLIC-3 Muon-14
(1,2,1/2)pr | 1.1 - - - 0.4 0.6
(1,3,6)@3 1.6 - - - 0.2 0.2
(1,3, €)pr 2.0 - 0.6 1.5 | 0.8 & [1.0,2.0] | 2.2 & [6.3, 7.1]
(1,3,0) 2.8 - - 04 |0.6& [1.2, 1.6] 1.0
(1,5,€)cs” 6.6 0.2 0.4 1.0 0.5 & [0.7,1.6] 1.6
(1,5,€)pr* | 6.6 1.5 2.8 7.1 3.9 11
| % 18 heavy new physics (1,5,0)mF 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
— — (1,7, €)cs 54 0.6 1.3 3.2 2.4 2.5 & [3.5, 7.4]
+ Xz f (1,7, €)MF 48 2.1 4.0 11 6.4 18

 Comprehensive tool to explore new electroweak particles




INDIRECT DETECTION

Thermal mass “lottery”
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Annihilation in the astrophysical environment result in high-energy
SM particle, which can be detector by cosmic rays observatories.

The signature depends on DM mass, possible resonant
bound states formation and DM density profile

An excess on monochromatic multi-TeV photons would be quite
convincing evidence of DM. The model can be even tested by the
presence of multiple “lines” from bound states annihilations and
lower energy de-excitation
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thermal mass “lottery’: if the
actual mass varies within the

current theoretical uncertainty
the signal strength changes by
orders of magnitude!




2009.11287, 2107.09688, 2205.04486
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Open Questions on the “bigpicture™ on fundamental physics as 0f 2020s

Need new matter (or even bigger modifications to the SM)
‘ Adjusting one SM parameter might do

Adjusting several SM parameters might do

e what 1s the dark matter in the Universe?

PY Why QCD does not ViOlatG CPQ EFT Separation of scales as an organizing principle might fail

* how have baryons originated in the early Universe?
e what originates flavor mixing and fermions masses?

e what gives mass to neutrinos?

e why gravity and weak interactions are so different?

o7 @
o7 @

* what fixes the cosmological constant?

EACH of these 1ssues one day will teach us a lesson
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