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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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Open Questions on the “bigpicture” on fundamental physics circa 2020
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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?
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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A gauge of the progress we can make with any
future colhider

The guaranteed discovery of the Higgs (or its substitute) at the LHC is

a very enviable position under which ambitious projects could be
envisioned and implemented.

None of the future colliders currently under study enjoys this enviable
position ... back to regular science exploration

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/



The march of symmetry

AS A FUNDAMENTAL CHARACTER OF NATURE

Symmetrles and particles
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Especiallyin absence of (Direct) Discoveries

AS A FUNDAMENTAL CHARACTER OF NATURE

Coincidences ?
L=c+u* H +AH*

Fermi constant
(periodic table)
Higgs boson mass
Cosmological Constant (meta-)stability of the Universe
(galaxy formation)

Steven Weinberg Phys. Rev. Lett. 59, 2607 - If ¢ > 200 ¢, .cureq S2laxies would not be able to form (matter-domination phase too short)
arXiv:hep-ph /9707380 Agrawal et al. - If u>5-usm periodic table disappears! (neutron decay too fast)
arXiv:1205.6497 - Degrassi et al. - If mpiges grew by 1%, Universe would be unstable (in the SM)

Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life
Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others
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https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928

Especiallyin absence of (Direct) Discoveries

*  One of the ways 1n which, even 1n absence of discoveries,
we still make progress in understanding the Universe



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928

Directdiscovery

inevitably linked to Indirect Hints for New Physics

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/3974°7/



Higgs factory
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Wilson coefficient ¢;/ A? in Eq. (19) from the global fit (solid bars). The reach of the vertical lines indicate the results assuming
only the corresponding operator is generated by the new physics.
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Figure 3. Sensitivity at 68% probability to deviations in the different effective Higgs couplings and aTGC from a global fit to

the projections available at each future collider project. Results obtained within the SMEFT framework in the benchmark

SMEFTND.
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*at least known to me!

Higgs factory

The Higgs boson of the SM 1s nothing like any other
known symmetry breaking scalar*

The point-like nature of the Higgs boson 1s unique

Progress 1n establishing the point-like nature ot the
nggS b()S()Il 1S d IIlllESt()né (with or without associated discoveries)




Electroweak symmetry breaking

Big picture questions: Higgs compositeness

Dario’s Talk

Extended Higgs Sector
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Extended Higgs Sector: Singlets

ARE ELUSIVE

CMS 35.9 fb™' (13 TeV)
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Extended Higgs Sector: Singlets

»  New (Singlet) Scalars are an excellent target for direct
discovery at Future Colliders outside the reach of HL-LHC




Impacton BSM

Higgs + Singlet

Broad coverage ot BSM

scenarios: (N)MSSM, Tuwn
Huggs, Higgs portal, modified
Higgs potential (Baryogeness)

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/

A
Mass

Singlet

h(125)
Phenomenology 1s also usetul

as “‘stmplitied model”

Widely studied 1n the various

Future Colliders projects



Higgs + Singlet
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Higgs + Singlet
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Extended Higgs Sector: Doublets

DOUBLETS ARE ABOUT AS TOUGH TO CATCH

CMS Preliminary 35.9 fb™' (13 TeV)

There Is in general a weak sensitivity to new
scalars, because of:

tanp
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o O O
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thisproblemiscommon to lots of
clectroweak newphysicsstates




Higgsino-like EWK processes
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Higgsino-like EWK processes
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This could be Dark Matter
(inaccessible in Direct Detection!)




Yes, after HL-LHC there 1s going to be a

uncharted territory as low as

Fermionic pure Doublet: 200 GeV; 400 GeV if you are really pessi/ opti-misite

Scalar Doublet: 1 TeV
Scalar Singlet: 500-900 GeV (depending on the UV origin of the singlet) *
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Notall the Higgs Factories are the

same for direct discovery
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Maximum o(e*e™ — Zh) at \/g ~ (0.24 TeV
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Types of Higgs factory

Direct Search inevitably limited by available energy

type-1 type-3

S:mh

(Very) light new physics possibly Much larger range of new physics

(very) weakly coupled mass scale directly accessible
Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/



Types of Higgs factory

Direct Search inevitably limited by available energy

The Zh type of Higgs factory can probe light new
physics up to very weak couplings

The hvv type of Higgs factory can probe heavy new

physics & potentially observe the particles responsible

for the /4 couplings deviations measured at the same
machine




You got an overall mismatch

of the Higgs couplings?
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Search for a new scalar
singlet!
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The top quark Yukawa1s ofl ’ Search for anew hea
by few%? top quark 7'! -
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New physics mightbe notbe
(immediately) related to the Higgs
boson couplings

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/3974°7/



Neutrmo masses
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o 1072
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Neutrmo masses

2301.02602 2301.05177

FCCee direct : » FCCN.-"

zero background PR

Muon Collider 10 TeV

=
L1 1

v (56V] 10* GeV

10% GeV

heavy N can be tested at FCC//1 and even deeper at i

M ¢ I ¢
N
N
q q
W v W
q 4 q



Neutrmo masses

if Z pole high-precision theory delivers

o 1072
2 1 0—3 European gtmtw:v‘
Il
o —
o 078
o 107° B -
10°° y
10_7 — ('“"/x > - FCC@@ d | reCt LGy cisplaced vertex
M. - ",”/ R isplaced vertex
8 W, zero background e, doptcs
10 I ( = = CEPC, Miggs BRs
s CEPC, mono Higgs
—C
] O ) ] w— CEPC,EWPO @ 2= ¥ =)+ 0 F
_ I () - — FCC-ee. displaced vertex
1 0 ; = = = FCC-ee, Higgs BRs
~11 : Von s FCC-88, moNo Higgs
l O E € an FCC-ee, EWPO @ 2 I = o' + I
]n—lz I 1 (I b (L 1 1

my GVl 102 Gev

FCCee has fantastic sensitivity,
but only to light N

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/

2301.02602 2301.05177

FCCee direct RN s FCCN..-

-
-
-
-
- -

zero background U

-

Muon Collider 10 TeV

=
L1 1

my[GeV]

10% GeV 10* GeV

heavy N can be tested at FCC//1 and even deeper at i

v 14 v /
N
N
q q
W v W
q Z q
14 v 14 1%



®F = U

-~
107 NG P FCCee direct |
-l_.,/ ), ‘\0,/ :
1y \/1 )

zero background T PG dicadenex

= = CEPC, Higgs BRs
s CEPC, mono Higgs
— CEPC, ENPO @ 2= |6 = 10" + 10 f
— FCC-ee. displaced vertex

= = = FCC-ee, Higgs BRs

\ s FCC-ee, mono Higgs
€

FCC-ee, EWPO @ 2 I = 0 + Io P
1 1

my GVl 102 Gev

FCCee has fantastic sensitivity,
but only to light N

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/

Neutrmo masses

if Z pole high-precision theory delivers

heavy N can be tested at FCC//1 and even deeper at i
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Neutrmo masses

if Z pole high-precision theory delivers

heavy N can be tested at FCC//1 and even deeper at i
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Neutrmo masses

if Z pole high-precision theory delivers
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CMS-PAS-SMP-22-010

Lypes of Electroweak factories

LEP style vs=m, Vs>m,  LHC style  Vs>»m
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CMS-PAS-SMP-22-010

Types of Electroweak factories

- The LEP style Electroweak factory can probe light new physics
up to very weak couplings

The LHC style of Electroweak factory can probe heavy new

physics plus study “new electroweak physics™: the
unprecedented “massless W bosons™




A couple of problems on which
we might see the “bottom line”™



[\W phase transiion

Was the electroweak symmetry broken abruptly in the early unmiverse?



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

T=Te+/A

4 V(H)
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t V(H)

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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Singlet tree and loop makes V(0,v) deeper
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2101.10469

1807.04743, 1910.04170, 2101.10469

strong First Order EW phase transition on all points

EW phase transition BE
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2101.10469 1807.04743, 1910.04170, 2101.10469

strong First Order EW phase transition on all points

EW phase transition oo o
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2101.10469

EW phase transition

DIRECT & INDIRECT INTERPLAY
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strong First Order EW phase transition on all points
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EW phase transition .

iwy
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EW phase transition -
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EW phase transition -
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Dark Matter atthe
weak scale

Can we ever conclusively probe 1t?



Electroweak Dark Matter: LSP (+NLSP)

The chessboard of DM Is very large!

Coupling with the SM

Large

Q Direct detection
freeze-out

<

Q Gravitational-wave physics WIMP

new forces

Small

non-thermal

thermal

MeV GeV Mass
SIDM ,mDM,... (eV)

freeze-in Q

misalignment PBHs

9 9

non-thermal

10—10

only scalars

warm

keV

1

10—22

N

Tiny

Gravity

High energy colliders are excellent and
very robust probes of WIMPs!
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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

<
Q Gravitational-wave physics 50 Tev
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new forces

thermal non-thermal
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non-thermal

10—10

only scalars

warm

keV

1
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N

Tiny

freeze-in Q

misalignment PBHs
® @ 1 TeV

Gravity

High energy colliders are excellent and
very robust probes of WIMPS!
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Mass

PhysRevLett.64.615 (1990)

full list in 2107.09688

“WIMP?” Dark Matter




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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Mass

50 TeV

1 TeV

PhysRevLett.64.615 (1990)

Theroretical maximal mass for
Thermal Dark Matter

Majorana

(3’ €>Dirac

3,
C. Scalar

( 61)
(23)

full list in 2107.09688

“WIMP?” Dark Matter




Electroweak Dark Matter: LSP (+NLSP)

DirectSearch Modes AtColliders
Am
Wide open specira 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)

DirectSearch Modes AtColhders
Am
Wide open specira 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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Recoil on “nothing™

Typical Event Display
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Recoil on “nothing™
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Electroweak Dark Matter: LSP (+NLSP)

DirectSearch Modes AtColliders
Am
Wide open specira 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)

DirectSearch Modes AtColliders
Am
Wide open spectra (Generic leptons+missing momentum o SN
Co-annihilation Soft-objects + missing momentum Precision
GeV -+

WIMP-like multiplet Short (disappearing) tracks Lests
Accidental Dark Matter Dario’s Talk

DM SM singlet MOHO-X

pporY——7" — vy 0 -
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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

% 1s heavy new physics

|

ol
G

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

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/

x / my |TeV] | DM | HL-LHC | HE-LHC | FCC-100 CLIC-3 Muon-14

( 1/2)pF 1.1 — — — 0.4 0.6

( ,S,G)CS 1.6 - - — 0.2 0.2

(1,3, €¢)pF 2.0 — 0.6 1.5 0.8 & [1.0, 2.0] | 2.2 & [6.3, 7.1]
(1,3,0)mF 2.8 — — 0.4 0.6 & [1.2, 1.6] 1.0
(1,5,6)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

( 0)mp 14 0.9 1.8 4.4 2.9 3.5 & [5.1, 8.7]
( €)cs 54 0.6 1.3 3.2 2.4 2.5 & (3.5, 7.4]
(1,7, €)mF 43 2.1 4.0 11 6.4 18

Comprehensive tool to explore new electroweak particles

Can probe valid dark matter candidates!




2009.11287, 2107.09688, 2205.04486
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2009.11287, 2107.09688, 2205.04486
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Electroweak Dark Matter: LSP (+NLSP)
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Electroweak Dark Matter: LSP (+NLSP)

» For the first time ever there 1s a concrete path to fully test the

idea of Dark Matter as a thermal relic up to maximal allowed
thermals mass O(100) TeV




Conclusions

Several deep open questions open for investigation

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?

1* F uture Colhders can pr(wlde mgmﬁcant advances on these 1ssue

——— —_ e . —_— —

_ @ — —
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Several deep open questions open for investigation
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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 flavor 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?

| F uture Colhders can pr(wlde mgmﬁcant advances on these 1ssue
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Conclusions

The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

Future Colliders can provide significant advances on these 1ssues
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Conclusions

The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

Future Colliders can provide conclusive results on some 1ssues
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Conclusions

The SM has many open issues. It is not possible to “guarantee a discovery”, but we can guarantee learning from trying!

\/ Is new physics light and very weakly coupled? or is it heavy?
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Dark Matter atthe
weak scale




2107.09688, 2205.04486

Dark Matter as SU(2) n — plet

INTERPOLATOR UP TO PeV
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Higgsimo DM

STUB-TRACKS EXOTIC SIGNAL
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Direct Detection

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

\3{ “"’3:“ N " 13r || 1?’S::
1 | 11g ||
9F||9s PP
Scattering on SM materials can be detected in ultra-low background experiments
7ol 175 P
Larger rates for the larger n-plets keep them visible g T
~ Q\OOK
For such large DM mass the signature does not depend on the DM mass. 2 10-46 5F++5s °
eV
s
Q’O?Ej//
(lQQ,E -
QT
% N
3s| |BF Q,E?"/
1077 {1
2 5 10 20 50 100 200 500
M, [TeV]
An excess would require a “seasonality” check and maybe independent confirmation
up to e I y y p

(many excesses in the past in this type of experiments, though most were at the lowest
accessible masses)
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D iI'CCt D etCCtiOIl Y # 0, pure EW Mass-Splitting

LR X
(=

Scattering on SM materials can be detected in ultra-low background experiments
Larger rates for the larger n-plets keep them visible

For such large DM mass the signature does not depend on the DM mass.

up to O(PeV)
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Indirect Detection. -

SM x

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

AE
up to 300 TeV, — ~ 10 %
E

Roberto Franceschini - May 7th 2024 - INFN - https://agenda.infn.it/event/3974°7/

. 2107.09688

B=10 Km/s

Freeze—out

Freeze—out

0 30

g T | T T T ‘ T T T T T \E

- \Forecast Wino limits - Core size -

N TS -
— ___—/’ —

| —Einasto ro = 0.3 kpc

L ro = 0.5 kpe r.=1kpc _

- —r.=2Kkpc —r.=5Kkpc

NLL predi¢tion

Residual background only
\

40 50 60 70

7 1 2 3456 10 20 30

mp,, (TeV)

40 5

0 60 70

10_29 - Fr.=0.5kpc
- Er.=2kpc
- [ LO prediction

ro = 0.3 kpc
ro=1Kkpc
—r,=5kpc

Residual background only

1073

0.7 1 2 3456 10
Mo (TeV)




Electroweak Dark Matter: LSP (+NLSP)

WITH DM DIRECT AND INDIRECT DETECTION EXPERIMENTS

Coupling with the SM
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A word about flavor



2312.14119, 2312.13356

Neutrimo mass mechanisms

NUMBER BREAKING

V v Y. v
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Neutrimo mass mechanisms

NUMBER BREAKING

B (coupling)?* < H >*
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2312.14119, 2312.13356

Neutrimo mass mechanisms

NUMBER BREAKING
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2312.14119, 2312.13356

NUMBER BREAKING
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2312.14119, 2312.13356

NUMBER BREAKING
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2312.14119, 2312.13356

LEPTON NUMBER BREAKING

SMALL CoufLING
N \ xR

cH> cH> - /

w

\ x A

\ \ AN

P \V,
1% M huwy ﬂ)
G
MATORANA MASS

B (coupling)?* < H >*

m . . SMALL
Myoany = LARGE

Roberto Franceschini - May 7th 2024 - https://agenda.infn.it/event/39747/

coupling - SMALL

Neutrimo mass mechanisms

JTRN CHD
), D24
\

\
\ |\
‘a/%' - >
Y, (" v
/A.
SMALL
MATORANA MASS

(coupling)?* < H >* SMALL
m, = >
: ' Ml%eavy

u — SMALL



2312.14119, 2312.13356

» There are plentiful of mechanisms to generate the
neutrino masses. Similar situation tor other “flavor
problems”™

Only corners of parameter-space can be investigated at
COHId@I’ S O aIly Othel‘ €Xp€I‘ lmént (1.e. the breaking of lepton number may

originate at an unaccessible high scale)




Learning from not discovering



Outlook

*  Symmetry, the very 1dea at the basis of “‘the” formula, 1s
challenged by a number of phenomena, which may, at
best, be described 1n this language



https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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*  Symmetry, the very 1dea at the basis of “‘the” formula, 1s
challenged by a number of phenomena, which may, at
best, be described 1n this language



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

AS A FUNDAMENTAL CHARACTER OF NATURE

Coincidences ?
L=c+u* H +AH*

Fermi constant
(periodic table)
Higgs boson mass
Cosmological Constant (meta-)stability of the Universe
(galaxy formation)

Steven Weinberg Phys. Rev. Lett. 59, 2607 - If ¢ > 200 ¢, opcureq Salaxies would ne be able to form (matter-domination phase too short)
arXiv:hep-ph /9707380 Agrawal et al. - If u> 5-usm periodic table disappears! (neutron decay too fast)

arXiv:1205.6497 - Degrassi et al. - If mmiges grew by 1%, Universe would be unstable (in the SM)
Rev. Mod. Phys. 68, 951 - Cahn, Robert N. - The eighteen arbitrary parameters of the standard model in your everyday life

Phys.Rept. 807 (2019) 1-111 - Adams, F.~C. - The Degree of Fine-Tuning in our Universe - and Others


https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.68.951
https://arxiv.org/abs/1902.03928
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A driver for cooperation



Driver for Cooperation
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KEYNOTE TALK, ICFA - MEETING, MAY 1984

Victor F. Weisskopf

The great tradition of Lawrence, MacMillan, Veksler, Budker, Tuschek,
Adams and Livingston is continued by many outstanding pioneers, but they do
not get recognition and status they so amply deserve. They do not figure
as co-authors in the publications of the discoveries which they have made
possible; only a few of them have academic positions; hence, to the
detriment of our field this activity does not attract enough young people.
After all, in this period they provided us with innovative ideas such as
strong focussing, separate magnets, colliding beam devices, stochastic
cooling and superconducting magnets. Certainly the intellectual creativity

is of the same level as the highly advertised theoretical achievements of
that period.
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Fig. 1.1. Block diagram of a betatron cooling system.

The world community of High Energy Physics must get together in one
way or another, and reach a solution of the problem of what should be done
where, with the financial, intellectual and technical resources that we
expect to be available., It must be the responsibility of the community to
find the solution that is best for the progress of our field, best to
‘maintain the enthusiasm of all participants, and best to attract many young
people in the field. There is time enough to find a reasonable solution in
the coming few years., All these projects are still on the drawing boards
only, and we do not know enough today about the technical and political
possibilities and about ways of cooperation. In all probability a
realization of both projects at the highest energy is excluded within the

next decade,

But it is the duty of the community to come to a mutually acceptable
solution. It 1s an issue of scientific responsibility versus scientific
greed. But it is also an issue of wise policy towards the governments who
pay the bills. We certainly will loose the support that we have received
in the past if it appears that different parts of the world community are
trying to out-pace each other and are no longer cooperating in the planning
and construction of the future accelerators with mutual help and
assistance. The danger is all the more acute since even under the best

conditions, this support is not assured.



Ourjob 1s to find the fundamental laws of Nature

too many questons for a single collider

too many questions for just colliders

deep understanding of the present laws of physics
formulation of deep and far-reaching questions

performing experiments that can conclusively
answer these questions
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* deep understanding of the present laws of physics
* formulation of deep and lar-reaching questions
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the HJggS boson



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

m Comp. Top (e, = &)

mm Universal CH

pruT
10 TeV |
95% CL
European Sltrateg»
120
m, [TeV]

compositeness at compositeness at

fewTeV @ HL-LHC 100TeV

Higgs as composite as QCD pion Higgs 100x more point-like than QCD pion
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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

QT > z* Y W g& 4 ’g‘,
(e o ‘w7
2 4 4 2
F=0 . i Ncqu* G« 1
Euni’uersal — Cgy mz OH + CT (47-‘-)2mz OT + C(;)\Tnz 06 + m—z [CWOW + CBOB] l/f ~Y g*/m*
2 2
* Y ~
+ I 5 lcawOrw + cupOnp| + t 5 lcBBOBR + c6cOqa] 1/(g*f ) 1/m*

(4m)*m; (4m)°m;

L>M< § : 314 8sm!(8xS) ~ sl my

2 2
T 5 [C2W9 Oaw + Capg 023] T C3w 5 Osw
¢ § G 1Ml (4m)“m;
gz gz
+ ¢,—=50y, +¢, =0,
¢ t :
gx
>N‘< + CtD_zﬁtD
n;
¢ t

Roberto Franceschini - May 7th 2024 - INFN - https://agenda.infn.it/event/3974°7/



Eflects of the size of the Higgs boson

STRONGLY INTERACTING TOP AND HIGGS
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pp or £ ~— new physics
LEPTONS

Can produce heavy new physics (colored or not) Compares pretty well with a pp collider

SR oy i i Eo0S -
e o - b LR 4 S
- w N S 4 Ll YL
g = > 5. G 0
Y *. o o,
_ S
$ * ;

more model dependent

in principle can probe directly new states at O(10) TeV scale! 14 TeV pp roughly equivalte
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Companions of a composite Higgs
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Fig. 10. Summary of the 95% CL limits (left) and 50 discovery reach (right) as a function of the
resonance mass for different luminosity scenario of FCC-hh and HE-LHC.
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Challenges
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Muon colliders

HIGH ENERGY COLLIDER

Luminosity Comparison Proposed Tentative Timeline

o=
. T T T T T U -
The luminosity per beam = 11+ MCI(SICI;I —)'(— X Ly R&D detectors | Prototypes Large Proto/Slice test
power is about constant in ,_g 1 0 1 a MDI & detector simulations
linear colliders N 0.9 1 !
= 0.8 ¢ -
It can increase in proton- go 0.7 1 |
based muon colliders o 067 | :
= 05t ) - Design
E 04 X : : . : —— . .
5 o3l Baseline design Design optimisation Project preparati
O O [ 4 L T
L 02} o T+ - -
0.1 . . . w Test Facility
' =
Strategy CLIC: 0 1 2 3 6 EI:) Design Jn Construct Exploit Exploit
Keep all parameters at IP constant Ecn [TeV] b
(charge, norm. emittances, betafunctions, bunch length) = Technologies
—> Linear increase of luminosity with energy (beam size reduction)
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Strategy muon collider:
Keep all parameters at IP constant _ .
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Muon colliders

/
b, . E £
\ e ~ '
N v S - - "_ -
- - . —~ — o A
) .

» International Muon Collider Collaboration formed to
establish the physics case and the feasibility of a high
energy muon collider

International
UON Collider
7Collaboration
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Inverse See-Saw 1712.07621 - Baglio, Pascoli, Weiland
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at4/s > 100 GeV

Indirect Eflects
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LHC ruled out new
physicsat N TeV...



LHC ruled outnewphysics atthe TeV ...

SUMMARY

OF THE SUMMARIES

ATLAS SUSY Searches* - 95% CL Lower Limits

ATLAS Preliminary

July 2019 \s=13TeV
. a1 _
Model Signature  [£ar [ Mass limit Reference
] T T T T T T T T l T T T T T
4, G—¢%) Oe,u 2-6jets EPM  36.1 § [2x,8x Degen] 0.9 1.55 m(¥})<100 GeV 1712.02332
o mono-jet  1-3jets EFMS 361 | g [1x,8x Degen] 0.43 0.71 m(g)-m(¥)=5 GeV 1711.03301
£ 28, §—qa¥) Oe,pu 2-6jets EMS 361 I 2.0 m(t})<200 GeV 1712.02332
% z Forbidden 0.95-1.6 m(E?)=900 GeV 1712.02332
B 8z goqatOv 3e,u 4 jets _ 36.1 |2 1.85 m(¥")<800 GeV 1706.03731
o ee, i 2jets  EPS 361 | % 1.2 m(z)-m(¥1)=50 GeV 1805.11381
§ 22, g—qqWZX) Oe,u 7-11jets EMS 361 F4 1.8 m(¥}) <400 GeV 1708.02794
3 SSe,u 6 jets 139 |z 1.15 m(z)-m(¥})=200 GeV ATLAS-CONF-2019-015
S .
= 3z ot 0-1epn 3b EPS 798 | % 2.25 m(t})<200 GeV ATLAS-CONF-2018-041
SSe,u 6 jets 139 |z 1.25 m(g)-m(¥1)=800 GeV ATLAS-CONF-2019-015
Byby, by —b ek Multiple 36.1 by Forbidden 0.9 m(¥})=300GeV, BR(bT})=1 1708.09266, 1711.03301
Multiple 36.1 By Forbidden 0.58-0.82 m(¥})=300 GeV, BR(b¥])=BR(t¥})=0.5 1708.09266
Multiple 139 by Forbidden 0.74 m(¥})=200 GeV, m(¥})=300 GeV, BR(£V{)=1 ATLAS-CONF-2019-015
w e Dibibi—b¥y — bt 0e,u 6b  EMS 139 |B Forbidden 0.23-1.35 Am(EY, ¥9)=130 GeV, m(¥")=100 GeV SUSY-2018-31
xS by 0.23-0.48 Am(B3,¥])=130 GeV, m(¥})=0 GeV SUSY-2018-31
T3 } ) , . 3 i
3.).8 fii, Wbt or i) 0-2eu 0-2jets1-2b EF™ 361 |7 1.0 m(¥)=1 GeV 1506.08616, 1709.04183, 1711.11520
B g_ fi, h—wbit) Tew 3Bjets/th EMS 139 | 0.44-0.59 m(E%)=400 GeV ATLAS-CONF-2019-017
8w i, ii—Tby, 116 Tr+lent 2jetstb EMS 364 |7 1.16 m(#1)=800 GeV 1803.10178
T 2 717y, fi—cX) 1 88, ek Oe,u 2¢ EPs 36,1 ; 0.85 m(¥})=0 GeV 1805.01649
SRS . i 0.46 m(7,,&)-m(2))=50 GeV 1805.01649
Oe,u mono-jet EPS  36.1 h 0.43 m(f, ,&)-m(¥7)=5 GeV 1711.03301
fafs, hof) +h 1-2 e, u 4b Ems 361 |7 0.32-0.88 m(¥))=0 GeV, m(7,)-m(¥))= 180 GeV 1706.03986
oy, =i +Z 3e,u 1b Ems 139 | & Forbidden 0.86 m(¥))=360GeV, m(f;)-m(¥})= 40 GeV ATLAS-CONF-2019-016
XD via wz 2-3e,u Ems 361 | /)2‘6‘ 0.6 m(¥})=0 1403.5294, 1806.02293
ee, pupt >1 ERss 139 | XN, 0.205 m(¥r)-m(¥])=5 GeV ATLAS-CONF-2019-014
XX via ww 2e,pu EMs 139 | 0.42 m(d)=0 ATLAS-CONF-2019-008
iR via Wh O-leu  2b2y EMS 139 | /Xy Forbidden 0.74 m(¥})=70 GeV | ATLAS-CONF-2019-019, ATLAS-CONF-2019-XYZ
S Q NNl vial /v 2eu EMss 139 | & 1.0 m(Z,7)=0.5(m(¥; )+m(¥Y)) ATLAS-CONF-2019-008
W % 7T, ToTX| 27 Emiss 139 T [FL.TRLI 0.16-0.3 0.12-0.39 m(¥})=0 ATLAS-CONF-2019-018
TLrlLR, I—C0) 2e,pu Ojets  EMs 139 |7 0.7 m(¥})=0 ATLAS-CONF-2019-008
2e,u >1 EPss 139 | 7 0.256 m(?)-m(¥})=10 GeV ATLAS-CONF-2019-014
HH, H—hG/ZG Oe,u >3b EPS 361 )74 0.13-0.23 0.29-0.88 BR(¥] — hG)=1 1806.04030
4epu Ojets  EM™ 361 i 0.3 BR(Y! — ZG)=1 1804.03602
® © Direct ¥{¥] prod., long-lived ¥} Disapp. trk 1 jet Ems 361 | & 0.46 Pure Wino 1712.02118
= % 015 Pure Higgsino ATL-PHYS-PUB-2017-019
8’ g Stable g R-hadron Multiple 36.1 g 2.0 1902.01636,1808.04095
S 2 Metastavle 2 R-hadron, g—qqgt} Multiple 36.1 & [v(8) =10ns, 0.2 ns] 2,05 24 m(¥})=100 GeV 1710.04901,1808.04095
LFV pp—¥: + X, V-—eu/et/ut epL,eT.UT 3.2 Vr 1.9 A5,,=0.11, Ay32/133/233=0.07 1607.08079
Y0135 — wwyzeeeevy 4ep Ojets  EP's 361 |G/ = 000 #0] 0.82 1.33 m(¥})=100 GeV 1804.03602
33, 5—qq0", X} = qqq 4-5large-R jets 36.1 |z [me))=200 GeV, 1100 GeV] 1.3 1.9 Large A7), 1804.03568
R Multiple 36.1 g [4],=2e-4,2e5] 1.05 2.0 m(¥})=200 GeV, bino-like ATLAS-CONF-2018-003
€ 7 i B s Multiple 361 |& (4,204, 102] 0.55 1.05 m(E))=200 GeV, bino-like ATLAS-CONF-2018-003
fify, i1 —bs 2jets+2b 36.7 |4 [qq, bs] 0.42 0.61 1710.07171
i, fi—ql 2e,u 2b 36.1 7\ 0.4-1.45 BR(7, —be/bu)>20% 1710.05544
Tu DV 136 | & [1e-10< A}, <1e-8,3e-10< A}, <3e-9] 1.0 1.6 BR(71 —qu)=100%, cosf,=1 ATLAS-CONF-2019-006
L L L L L L L l L L AL L L
*Only a selection of the available mass limits on new states or 107! 1 Mass scale [TeV]

phenomena is shown. Many of the limits are based on
simplified models, c.f. refs. for the assumptions made.
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