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1. What after LHC, and why
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Monica Dunford ICHEP2024
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LHC: the SM in full swing



M. McCullogh ICHEP2024
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LHC: no anomaly, fo far, in Higgs model

ATLAS



P. Campana - INFN ECR - Sep. 30, 2024 6

LHC: flavor, business as usual
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BSM and DM (LHC & co.): no signs 
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T. Nakada, ECR 2023, CERN

TH: Lattice vs e+e- data analysis 
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T. Nakada, ECR 2023, CERN
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T. Nakada, ECR 2023, CERN
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2. The near term collider landscape: Technologies ready
ILC, CLIC, FCC-ee, CEPC
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Technologies ready (I)

ILC (TDR completed in 2013)
Baseline footprint L=20 km (250 GeV), 31 km (500 GeV)

Weel tested superconducting RF technology ~ 30 MV/m
(XFEL, ESS, LCLS2, PIP II)

 Located in Tohoku province (Japan).
 International based project, currently 

organized through an International 
 Development Team (Japan, US, Europe)
 Negotiation between partners still ongoing

 Cost (250 GeV, 2017) ~ 5.2 B$
 to adjust for inflation 2017-24 ~ x 1.3

 If moved at CERN, cost to be re-evaluated

e- Source

e+ Main Liinac

e+ Source

e- Main Linac

Damping Ring

Beam dump

Interaction point

Physics Detectors

Item Parameters

C.M. Energy 250 GeV

Length 20 km

Luminosity 1.35 x1034 cm-2s-1

Repetition 5 Hz

Beam Pulse  Period 0.73 ms

Beam Current 5.8 mA (in pulse)

Beam size (y) at FF 7.7 nm＠250GeV

SRF Cavity Gain

Q0

31.5 MV/m
(35 MV/m)

Q0 = 1x10 10
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Technologies ready (2)

CLIC (pre-TDR in 2018)
Based on RF warm technology: 2 acc. options
- 2 GeV e- drive beam
- X band klystrons 
Both aiming at ~70 MV/m

Baseline 380 GeV, L=11 km, 6.0 BSF (2018)
Scalable up to 3 TeV (50 km !)

ILC & CLIC  share the same 
physics. Difficult to achieve TeV
energies without technological 
step in acc. gradients
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Status of the FCC Feasibility Study

http://cern.ch/fcc


FCC integrated program

FCC-ee FCC-hh

Comprehensive long-term program maximizing physics opportunities
• stage 1: FCC-ee (Z, W, H, t ̅t) as Higgs factory, electroweak & top factory at highest luminosities
• stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
• highly synergetic and complementary programme boosting the physics reach of both colliders 
• common civil engineering and technical infrastructures, building on and reusing CERN’s existing infrastructure
• FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC



q demonstration of the geological, technical, environmental and administrative feasibility of the tunnel and surface areas and 
optimisation of placement and layout of the ring and related infrastructure;

q pursuit, together with the Host States, of the preparatory administrative processes required for a potential project approval 
to identify and remove any showstopper; 

q optimisation of the design of the colliders and their injector chains, supported by R&D to develop the needed key 
technologies;

q elaboration of a sustainable operational model for the colliders and experiments in terms of human and financial resource 
needs, as well as environmental aspects and energy efficiency;

q development of a consolidated cost estimate, as well as the funding and organisational models needed to enable the 
project’s technical design completion, implementation and operation;

q identification of substantial resources from outside CERN’s budget for the implementation of the first stage of a possible 
future project (tunnel and FCC-ee);

q consolidation of the physics case and detector concepts for both colliders.

Results will be summarised in a Feasibility Study Report to be released by March 2025

FCC Feasibility Study (2021-2025): high-level objectives



Main goals for 2024/begin 2025 

• Completion of technical work for Feasibility Study until end 2024
• Implementation of recommendations of the mid-term review 
• Focus on “feasibility items” and items with important impact on cost/performance
• Develop a risk register
• Update cost estimate to reach cat 3 level on cost uncertainty.
• Further develop the funding model based on discussions with the Council

• Complete FS  by March 2025 as input for ESPP update. 

• In parallel, continue work with host states on project definition and 
responsibilities, authorization procedures, excavation material strategy and 
regional implementation development.



Pre-TDR phase from April 2025 until end 2027

• Main goal is to provide all information to Council to allow taking a decision
on the project at the end of 2027 or mid-2028
• further develop the civil engineering and the technical design all major components, 

so as to provide a more detailed cost estimate with reduced uncertainties
• Continuation ot technical R&D activities.
• Continuation of site investigations and perform an overall integration study to 

specify requirements of technical infrastructure, accelerators and detectors for 
subsequent civil engineering design in case the project goes ahead.

• Launch of environmental impact study in 2026
• Work with host states on regional implementation development and authorization 

procedures.
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PA: Experiment

PB: technical

PD: experiment

PF: technical

PG: experiment

PH: technical

PJ: experiment

PL: technical

Layout chosen out of ~ 100 initial variants, based on geology and 
surface constraints (land availability, access to roads, etc.), 
environment, (protected zones), infrastructure (water, electricity, 
transport), machine performance etc.

“Avoid-reduce-compensate” principle of EU and French regulations

Overall lowest-risk baseline: 90.7 km ring, 8 surface points, 
Whole project now adapted to this placement

Number of surface sites 8

Surface requirements ~40 ha

LSS@IP (PA, PD, PG, PJ) 1400 m

LSS@TECH (PB, PF, PH, PL) 2032 m

Arc length 9.6 km

Sum of arc lengths 76.9 m

Total length 90.7 km

V. Mertens,
J. Gutleber

Optimized placement and layout for feasibility study



FCC-ee: main machine parameters

F. Gianotti

3 years 
  2 x 106 H 

5 years
 2 x 106 tt pairs 

2 years
 > 108 WW 
 LEP x 104

4 years
 5 x 1012 Z 
 LEP x 105

q x 10-50 improvements on all EW observables
q up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC 
q x10 Belle II statistics for b, c, τ 
q indirect discovery potential up to ~ 70 TeV
q direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

Up to 4 interaction points à robustness, 
statistics, possibility of specialised detectors
to maximise physics output

Design and parameters
dominated by the
choice to allow for 
50 MW synchrotron
radiation per beam.

Parameter Z WW H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5
beam current [mA] 1270 137 26.7 4.9
number bunches/beam 11200 1780 440 60
bunch intensity  [1011] 2.14 1.45 1.15 1.55
SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4
long. damping time [turns] 1158 215 64 18
horizontal beta* [m] 0.11 0.2 0.24 1.0
vertical beta* [mm] 0.7 1.0 1.0 1.6
horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59
vertical geom. emittance [pm] 1.9 2.2 1.4 1.6
horizontal rms IP spot size [µm] 9 21 13 40
vertical rms IP spot size [nm] 36 47 40 51
beam-beam parameter xx / xy 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134
rms bunch length with SR / BS [mm] 5.6 / 15.5 3.5 / 5.4 3.4 / 4.7 1.8 / 2.2
luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25
total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15
beam lifetime rad Bhabha + BS [min] 15 12 12 11





P. Campana - INFN ECR - Sep. 30, 2024 23



P. Campana - INFN ECR - Sep. 30, 2024 24



P. Campana - INFN ECR - Sep. 30, 2024 25

CECP is primarily a national Chinese project lead by IHEP. 
International participation expected on one of the two detectors. 
Several candidate sites being studied but none is at IHEP, Beijing (“green field” 
infrastructure, probably additional costs).
Strong capabilities by Chinese industries (SRFs, magnets, mechanics, etc…)
Some R&D budget has been allocated and waiting for a decision (early 2026 ?)



P. Campana - INFN ECR - Sep. 30, 2024 26



P. Campana - INFN ECR - Sep. 30, 2024 27

Wrap-up (1)

• Linear colliders largely less performant at Z pole (1:1000 in stat.), partial recovery with polarization
• Circular colliders statistics slight better as Higgs factory (3:1)

ArXiv:2206.08326



3. The longer perspective: Technological challenges
C3, plasma (ILC vision); muon collider; FCC-hh & SppC
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8 km footprint

C-band well established techology, obtaining higher gradient 
(x2) using N2 cryogenic cooling of Cu RF cavities 

Challenges:
- achieve an maintain over a large no. of 
cavities w/high gradient standards
- integration level of cryo-structures with the 
rest of the machine’s elements.
A demonstrator of C3 technology will be 
needed in future years (as XFEL, ESS, 
etc… were for SRFs).
An option for future ILC upgrades
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To obtain Ecm=250 GeV (ZH)
500 GeV e- beam driven plasma x 31 GeV e+ RF

Challenges: RF linac (high power, high stability), positron source, multi-stage plasma
acceleration at low emittance/low E spread beam quality. An option for future ILC upgrades 

FEL plasma based @ LNF 
could play a role as 
demonstrator of technologies
for Linear Colliders
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J. Osterhoff 

Higgs factories and 10 TeV LC
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“LC vision” = ILC & upgrades at CERN
J. List et al.
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FCC-hh & SppC: the big smashers

Huge cross sections for H, HH, HHH production
O(>10 TeV) reach for several exotica
No discovery guaranteed (swimming in open waters …)

Higgs self-coupling



FCC-hh parameters

Formidable challenges: 
q high-field superconducting magnets: 14 - 20 T
q power load in arcs from synchrotron radiation: 4 MW à cryogenics, vacuum
q stored beam energy: ~ 9 GJ à machine protection
q pile-up in the detectors: ~1000 events/xing
q energy consumption: 4 TWh/year à R&D on cryo, HTS, beam current, … 

Formidable physics reach, including:
q Direct discovery potential up to ~ 40 TeV
q Measurement of Higgs self to ~ 5% and ttH to ~ 1%
q High-precision and model-indep (with FCC-ee input) 

measurements of  rare Higgs decays (𝛄𝛄, Z𝛄, µµ) 
q Final word about WIMP dark matter

With FCC-hh after FCC-ee: 
significantly
more time for high-field 
magnet R&D 
aiming at highest possible 
energies

parameter FCC-hh HL-LHC LHC
collision energy cms [TeV] 81 - 115 14
dipole field [T] 14 - 20 8.33
circumference [km] 90.7 26.7
arc length [km] 76.9 22.5
beam current [A] 0.5 1.1 0.58
bunch intensity  [1011] 1 2.2 1.15
bunch spacing  [ns] 25 25
synchr. rad. power / ring [kW] 1020 - 4250 7.3 3.6
SR power / length [W/m/ap.] 13 - 54 0.33 0.17
long. emit. damping time [h] 0.77 – 0.26 12.9
peak luminosity [1034 cm-2s-1] ~30 5 (lev.) 1
events/bunch crossing ~1000 132 27
stored energy/beam [GJ] 6.1 - 8.9 0.7 0.36
Integrated luminosity/main IP [fb-1] 20000 3000 300
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HFM, HTS and the quest for high critical currents

LH
C

FC
Ch

h
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5 GeV, 2MW p beam, 
challenging target
and trasport system

6D cooling
High Mag Field Solenoids +
RF cavities in HFM (!)

High background at IR
Radiological neutrino 
flux



P. Campana - INFN ECR - Sep. 30, 2024 37

Self-evident elemental Physics at O(3-10 TeV) level

Huge rates due VBF rising cross section
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Wrap-up (2) T. Nakada, ECR 2023, CERN

FCC-hh & Muon collider: long pathways toward technological maturity



4. International Science Policies
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P5

Snowmass 
- Physics Report
arXiv:2211.11084
- Accelerator Report
arXiv:2209.14136



5. Governance, funding models, sustainability
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LCWS July 11th, 2024 | P. Campana

SPS
TEVATRON
LHC
PEP/PEP II
SLC
CESR/CESRc
LEP
TRISTAN/KEKB/S-KEKB
BEPC
PETRA
DAFNE
VEPP 4M/2000
HERA
RHIC

2020- …1980-89 1990-99 2000-09 2010-19

h h e e e h Ion Ion

The Golden Age of Colliders
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Looking “global” to projects: scaling costs

HERA cost    0.7 G$  FRG GDP 1984 (const. starts)           0.7 T$  10 x 10-4
~20% non-German contributions
LEP cost    1.4 G$  (EU+CH) GDP 1984 (const. starts)    2.7 T$   5 x 10-4

LHC cost 5 G$  (EU+CH) GDP 1998 (approval year)     8 T$     6 x 10-4
benefitting of LEP tunnel + 15% NMS contributions

FCCee cost    12 G$  (EU+CH+UK) GDP 2023          22 T$ 6 x 10-4

CEPC cost 5 G$  China GDP 2023           18 T$     3 x 10-4

ILC cost 7 G$  Japan GDP 2023           4.2 T$   17 x 10-4

“Globalisation” of the Research Infrastructures are further  assets in project conception, providing 
possibility of in-kind contributions. Current time span of RI is bigger (funding dilution)

COST/GDP
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F. Gianotti

Note: 15 y funding plan needed
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- An international project is a project hosted by a particular laboratory (“host lab”) on the initiative of an individual
country, a group of countries, or an organization. Other partnering participants (“partners”) provide contributions –
mainly in-kind – as agreed upon with the host lab, or its funding agency, through bilateral or multilateral agreements.
The host lab is responsible for operating the facility or infrastructure and bears all possible risks, it takes the final
decisions relating to the operation of the facility, with inputs from its partners through various fora – e.g. councils,
review boards, etc. – prior to making its decisions.

- A global project is a project in which partnering states or organizations, and their funding agencies, work together
to develop the project from the outset. The project is collaborative and all partners participate in the decision making.
This can include determining the cost-sharing model and governance and organization. The project may be located in
one or more states. The partners work together to solicit potential hosts and then collectively decide where the site
should be located. All partners share, in a balanced manner, the running of the facility. The partners in the project
therefore make all decisions concerning each of these project phases collectively, by means of a vote.

- A national project, with international participation is a project hosted by a national laboratory (“host lab”) in
which international support (typically in-kind) is seeked on specific items (accelerator and/or experiments). The host
lab is responsible for operating the facility or infrastructure and bears all possible risks partnering states or
organizations, and supports operation costs.

Governance models
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ee circular 
colliders Muon collider

ee linear 
colliders

Sustainability (construction & operation)

A quite complex assessment: material impact (eg. concrete for tunnels), operation costs of 
various technologies, CO2/produced Higgs, …
This evalution will be more and more element of discrimination among choices
Energy Recovery Linacs (ERL) could become important 

ee circular 
Colliders w/ERL



6. Impact on society & sociology of HEP
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Societal acceptance of a new collider

In the past, it was possible to promote large colliders (strong relationships with politics, see LEP 
example, cold war still favorable to HEP). 
Several new actors entering science arena: bio-medical, IT, quantum, GW …
Still CERN is a flagship RI, generating large societal impact (see also Draghi’s recent report), 
holding European stewardship in several areas
Justifying FCC/ILC … increasingly complex … but we should not give up
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Sociological aspects of HEP

LEP

2000 2010 2020

LHC
Det. preparation

data anal.

2030 2040 2060

LHC
ECR career (PhD in “20s”)

Next Machine ?

mitigation Small size expts

ECR career (PhD in “80s”)

det. Prep./data anal.

Small size expts

20 k CERN users: ILC/CLIC 1 experiment, FCC 2 experiments.
Can future colliders host the whole community ?
Diversification needed

+ …



7. Take-away messages
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The choice of the next collider is a complex choice, dictated not only by science,
but also from a long list of  other relevant issues:
 economic resources
 international political situation 
 technological feasibility
 sustainability and societal acceptance
 …

Next project should be global to have some chance of success, considering the resources 
needed. If done at CERN, suitable adjustments to its governance should be envisaged.
As of today, a global infrastructure not located in Europe seems unlikely.

Nevertheless the current ignorance about SM deficits is “exciting” …
 

T. Nakada, ECR 2023, CERN


