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Outline

A Many pathways
A What may be happening in our field in the next 15 years

A Opportunities for the FCC-ee to advance our understanding of the field
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Particle Physics: the road ahead
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Big Colliders for Big Science

Since the 1980s particle colliders have been our biggest and most important bridges.

They enable many discoveries! with the HL-LHC the latest and greatest
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Big Science In particle physics is not just colliders anymore

During the same period, new pathways started to be explored aggressively

Many successes in neutrinos, particle astrophysics, and cosmology have led to
bigger and bigger bridges in these other pathways:

A Neutrinos (JUNO, HyperK, DUNE etc) is a >$5B program

A Cosmic (Rubin/LSST, DESI, Simons, etc) is a >$1B program

A Direct DM detection future plans (XLZD, PandaX-30t, DarkSide-20k, multiple axion
searches) could be a >$0.5B program

A Particle pheno theory has scaled and broadened too: > $2B per decade program
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HEP 2041
what will/could be the landscape by 2041




Higgs/EWSB in the light of HL -LHC

Many discoveries or fnevidence forldCdaasesi bl e

A Higgs cousins of many types with many possible implications

A Higgs portal/s to the dark sector

A Feebly-interacting particles, long-lived particles, MET signatures
A New heavy fermions, heavy gauge bosons, superpartners

A Evidence that Higgs boson is composite

A Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation
A And more
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Higgs/EWSB in the light of HL -LHC

Many discoveries or fnevidence forldCdaasesi bl e
Higgs cousins of many types with many possible implications

Higgs portal/s to the dark sector

Feebly-interacting particles, long-lived particles, MET signatures

New heavy fermions, heavy gauge bosons, superpartners

Evidence that Higgs boson is composite

o o Do Do I» I»

Higgs flavor violation, Higgs flavor anomalies, Higgs CP violation

A And more

The items on the discovery list are all very challenging, so no surprise that they
have not been discovered yet
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Neutrinos, Charged Lepton and Quark Flavor

A powerful global program with potential for many surprises

A JUNO, HyperK, DUNE, and other neutrino expt. mature results, will determine the mass
hierarchy and could discover CP violation, anomalies in oscillation physics, light and
boosted dark matter, heavy neutral leptons, ...

A Detection of neutrinoless double beta decay

Mu2e discovery of CLFV

T

A Mature B physics results from BELLE Il, LHCb, ATLAS/CMS, etc: discoveries and/or
unresolved anomalies?

A Confirmed detection of an EDM?
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Dark Sector and Cosmic

A Broad program of direct dark matter searches will be done, could have discovered one or
more kinds of DM particles

A More clues on DM properties from Rubin/LSST, Simons, etc

A Did accelerator-based experiments including HL-LHC see evidence of new feebly-
interacting particles?

A Confirmed indirect DM signals?

o

Confirmed that dark energy is dynamical?

A Non-BSM sources of the Hubble tension ruled out: points to new forces or particles
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Dark Sector and Cosmic

A Broad program of direct dark matter searches will be done, could have discovered one or
more kinds of DM particles

A More clues on DM properties from Rubin/LSST, Simons, etc

A Did accelerator-based experiments including HL-LHC see evidence of new feebly-
interacting particles?

A Confirmed indirect DM signals?

o

Confirmed that dark energy is dynamical?

A Non-BSM sources of the Hubble tension ruled out: points to new forces or particles

In every discovery scenario we will need new collider experiments to fill
out the whole story
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European Strategy for Particle Physics:
FCC-ee




Remit of the European Strategy Group (ESG)

* In June 2024, the CERN Council established and approved the remit of the European Strategy Group

"The aim of the Strategy update should be to develop a visionary and concrete plan that greatly advances human
knowledge in fundamental physics through the realisation of the next flagship project at CERN. This plan should
attract and value international collaboration and should allow Europe to continue to play a leading role
in the field.”

* The ESG should take into consideration:
- The input of the particle physics community;

- The status of implementation of the 2020 Strategy update;

- The accomplishments over recent years, including the results from the LHC and other experiments and
facilities worldwide, the progress in the construction of the High-Luminosity LHC, the outcome of the Future
Circular Collider Feasibility Study, and recent technological developments in accelerator, detector and computing;

- The international landscape of the field

The Strategy update should include the preferred option for the next collider at CERN and prioritised
alternative options to be pursued if the chosen preferred plan turns out not to be feasible or competitive.

- K. Jakobs, Canadian Town-Hall Meeting, 2" April 2025



Timeline for the update of the
European Strategy for Particle Physics

Deadline for the

Council appointment of the Deadline for the Open submission of final
members of the PPG and submission of main s . national input in advance Submission of the draft
decision on the venue for the input from the ymposium of the ESG Strategy strategy document to
Open Symposium community Drafting Session the Council
End September 2024 31 March 2025 23-27 June 2025 14 November 2025 End January 2026
‘ You are here
[ ] i
December 2024 26 May 2025 End September 2025 1-5 December 2025 March and June 2026
VC;#IT: ifloﬁﬁi:igggn he Deadline for the Submission of the ESG Strategy Discussion of the draft strategy
Strateqy Drafti submission of additional “Briefing Book” to Drafti document by the Council and
Strategy Drafting national input in the ESG raning updating of the Strategy
ession advance of the Open Session
Symposium

ESPP web page: https://europeanstrategyupdate.web.cern.ch/
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European Strategy Plan A and Plan B

GThe electrogpositron Future Circular Collider (FE€)
Is recommended as the preferred option for the next
flagship collider at CERNN SELX F Ay & & G NI (§
KarlJakobf the University of Freiburg.

N e B0 & FCC
A descoped FCé€xis the preferred alternative option & N '3 i
. . . . e X - ; circumference
Descoping scenarios include removing the-tpgark ’ Y
run, constructing two rather than four interaction
regions and experiments, and decreasing thesigtem
LJ2 6 S NIbé
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tion for alternative option(s) for next flagship collider at CERN

A descoped FCC-ee is the preferred alternative option for the next flagship collider at CERN.

Descoped/staged _—1 .26 BCHF. Physics objectives impacted
O no top run

O 30 MW beam power instead of 50 MW —— —0.35 BCHF. Inst. Lumi. reduction (60%)
O 2 caverns/experiments instead of 4 ) ]
. —0.80 BCHF. Inst. Lumi. reduction (61%)

!

Construction cost: 12.85 BCHF instead of 15.28 BCHF

}Total reduction ~36.5%

“Although this would have a significant impact on the breadth of the physics programme and the precision achieved, the descoped
FCC-ee would still provide a very strong physics programme and a viable path towards high energies, compared to the
alternative collider options. Should additional resources become available, these descoping scenarios would be reversible."”

“Several other alternative options, listed here in alphabetical order, were also assessed. They offer substantially reduced
precision physics programmes and would not be competitive with a collider like the FCC-ee. Moreover, in themselves,
they currently lack a viable path towards energies of 10 TeV. At this stage, without knowing the reasons for which the
FCC-ee would not be feasible, the other alternative options are not ranked.”

F. Gianotti, 16 Dec 2025 106
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FCC-ee final approval (2028) and start of physics run (~2047)

Updated key dates (tbc)

Updated from FSR (Vol. 1)

(' Start of FCC-ee physics run |

Start accelerator commissioning 5 Start detector commissioning

2044 - 2044
2043 - 2043
2042 - 2042
End of HL-LHC - Start detector installation .
Start accelerator installation = 2040 Implementatlon
2039 - 2039 > Phase
2038 -
Industrialisation and component production = A8 D p producti 2033(?) o 2045(?)
Technical design & prototyping completed 4 Four detector TDRs complete
2035 — 2035
2034 - 2034 <
Start of ground-breaking and CE at IPs 2033 - Detector CDRs (>4) submitted to FC? !
2032 - 2032
2031 - 2031 Project Design
End of HL-LHC le: more ATS | labl - End of HL-LHC de: more d experts lab \ i
1 FCC Approval: Start of prototyping work = lE >= 4 Experiment Eols, FC? formation, call for CDRs I Phase :
2028 - 2028 U ” 2026 - 2033(?)
i) e pre-TDR phase 1
European Strategy Upd FCCR dati J

FCC Feasibility Study Report Detector Eol submission by the community

o ) )
% o © Y

HL-LHC
| by Operation of FCC-ge
- Construction starts ends g
CERN Council (15 years physics exploitation)

Project approve

(or atemative project selectad)
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Momentum growing for FCC -ee

Private donors pledge 860 million euros for CERN's
Future Circular Collider

A consortium of private donors (individuals and philanthropic foundations) have agreed to support the proposed
Future Circular Collider at CERN : . ’

18 DECEMBER, 2025

French President Emmanuel Macron
spoke at CERN in Nov20230f Fr ance
to remain in Afirst pl
the worl dds most power
on the Franco-Swiss border, where a
successor, even more powerful, is being studied.
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What about the U.S.?
2025 National Academy study:

Recommendation 1: The United States should host the world’s highest-energy
elementary particle collider around the middle of the century. This requires the
immediate creation of a national muon collider research and development
program to enable the construction of a demonstrator of the key new technologies
and their integration.

Recommendation 2: The United States should participate in the international
Future Circular Collider Higgs factory currently under study at CERN to unravel
the physics of the Higgs boson.

Elementary
Particle Physics

The Higgs and Beyand
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Physics opportunities at FCC -ee
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FCC-ee Unigue Opportunities for Precision and Exploration

Higgs
factory

/

m,, O, FH
self-coupling
H— bb, cc, ss, gg
H—inv
ee—H
H—bs, ..

Top

factory

Mitop, rtop, ttZ, FCNCs

(S

>

/

/ Flavor

“boosted” B/D/t factory:

CKM matrix
CPV measurements
Charged LFV
Lepton Universality
T properties (lifetime, BRs..)

Bc—>rv
Bs—>DSK/1T
BS—>K*TT
B— K*vv

\ / QCD - EWK

\

most precise SM test

mZ ’ rZ ’ " inv
sin’8,, , R?,, R, R_

A, T pol.

B,—ovv..

A /

@ BSM

feebly interacting particles

Heavy Neutral Leptons
(HNL)

Dark Photons ZD

Axion Like Particles (ALPs)

Exotic Higgs decays
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FCC-ee will have amazing capabilities:
In various running modes,

— 10°E : : , : , , — FCC-ee produces:
N(D E Z (88-94 GeV) E
5 - L By 10°Z6s per secon
<
e ek E 4 \WO
= g E 10°W6s per hour
% : ]
£ B B 1500 Higgs per day
E 10 =
| - =

= t (965 GeV) 1500 tops per day

1 _ — in each of 4 detectors
- L l | SaGeas S i S 1 =
100 150 200 250 300 350 - 400
S Gev . - —_ 12 -

C.Grojean CERN academic training lectures, 2025 [ ] TeraZ will prowde 10*b pairs

7 , and 1.7 10" Upairs
[s-channel H lIs=125GeV 57years ~5000 e'e” = Hjx]
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Some examples of Higgs opportunities
at FCC-ee
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Ap
\K\ LHCb detector
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Higgs Measurements: an exploration tool at FCC  -ee

A LHC and future HL-LHC measurements will confirm SM expectations at the 2-4 % level
for couplings to gauge bosons, 39 gen. fermions plus 2" gen. charged leptons
A FCC-ee programme:
-- can measure Higgs production inclusively as a recoil in e+e-A HZ, yielding an
absolute measurement of the HZZ coupling and a model independent extraction of G
(1.3% precision)

Coupling HL-LHC [linear colliders (250 or 380GeV) |circular colliders (240i 365 GeV)
21Ps/ 41Ps
(%] 1.57 0.73 0.437 0.33 i ° ¥ -

8 15 073 0437033 With uyz and Gy, known, FCC-ee

kg [%] 27 1.4 0.90/ 0.77

rolel 2 L4 0707 programme aims at measuring Higgs
Kzo [%] 10¢ 10 10/ 10 -

= _. 0 Jono couplings (in non-rare decays) at

Kt [%] 3.2¢ 3.1 3.1/ 31 -

NS 32 31 TR percent to sub-percent level

ry [%] 4.4% 42 39/ 37

K [%] 1.6¢ 1.1 0.66 / 0.55

inv %, 95% 97 . .20/ 0. 0 .
R e amen| W o G5 oss iggs rare/exotic decays bounded below the 1% level:

This assumes nftavor violation couplings, but flavor violating channels should be explored
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Higgs Exotic Decays
A Outstanding discovery opportunity for light new particles that may be directly tied to
mysteries in particle physics intimately connected to the Higgs sector
u EW symmetry breaking process and its thermal history [enabling EW Baryogenesis]
U Stability of the EW scale relative to the Planck scale, dynamics of EWSB
U Portals to Dark Sectors or Dark Matter candidates
U Strong CP-problem and light axion-like particles
A Also, Higgs properties are propitious to enable Higgs rare decays

U Allits SM decays are accidentally suppressed by small Yukawa couplings, by multibody
phase space, or by loop factors. —

i As a result, its decay width is tiny C @y~ 4 MeV | §

. . . 0.01 S e=0005
U small couplings to BSM could have sizable BRs

Br (h—s5)

0001 —~ .
G r ,

_ 0 10 20 30 40 50 60
can give BR(h ss) ~ O(10%) for ¢ as small as 0.01 ! m, (GeV)
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Examples Scenarios for Higgs Exotic Decays

Higgs portals to new physics with suppressed SM couplings/ dark sector mediators

Portals Couplings

Scalar (dark Higgs)
Fermion (sterile neutrino; y~nNHL; ﬁ(NN + NN [H?
SUSY neutralino) p

Vector (dark Z, dark photon) B,.Z  (Higgs exotic decay through Z-Z, mixing)

2 cos Ow

pseudoscalar (axion-like
particles)

A One can also have some combinations of the above, e.gi n 2HDMés or SUSY

A Beyond considering new particles with prompt decays also studies for long-lived new
particles (displaced or invisible decays) are to be explored
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