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Collider history
○ Collider physics started in the 1960s with the first ones being electron-positron colliders

Adapted from: V. Shiltsev and F. Zimmermann, Rev. Mod. Phys. 93, 015006, 2021.
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The biggest collider so far
○ Large Electron Positron Collider (LEP) with 27 km circumference

○ Predecessor of the Large Hadron Collider (LHC) → same tunnel for 2 different colliders

○ In operation from 1989 to 2000

○ Up to 209.2 GeV center-of-mass energy
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EIC – Electron Ion Collider
○ Approved collider in near future, at Brook haven National Laboratory (BNL)

○ Not a high-energy physics collider, but a nuclear physics collider

○ Nuclear physics scattering experiments

○ Collective and single-partice effects in strong interaction

○  Aims to answer 3 fundamental nuclear physics questions:

○ How does nuclear mass arise?

○ How does nuclear spin arise?

○ What are emergent properties of dense gluon systems?
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Particle physics status
○ Standard Model (SM) confirmed to high accuracy up to several TeV

○ Higgs-boson discovered

○ At the mass predicted within the SM by LEP

precision electro-weak measurements

○ Absence of new physics at the TeV scale

Need for a new, broad and ambitious program
→ more precision
→ more energy
→ for more sensitivity for new physics



NSTAR 2026 | 11 September 2026 7

The strategy so far
○ 2020 European Strategy for Particle Physics Update 

(ESPPU):

○ An electron-positron Higgs factory is the highest-
priority next collider

○ Europe should investigate a future hadron collider at 
CERN with ≥100 TeV, with an e⁺e⁻ Higgs/EW factory 
as a possible first stage

○ 2023 US Particle Physics Project Prioritization Panel 
(P5):

○ High priority: exploitation of LHC and HL-LHC

○ High priority: support for an offshore Higgs and 
electroweak factory
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Considerations: what, and how?

What collides?

○ Hadrons

○ → Mix of quarks/gluons, high collision energy, 
discoveries at the physics frontier

○ → Limited by dipole field & ring size

○ Leptons

○ → Elementary particles, high-precision, well-
defined center-of-mass energy

○ → Limited by synchrotron radiation and RF

How to accelerate?

○ Linear

○ → single pass, few magnets, many RF cavities

○ → Limited by collider length & RF

○ Circular

○ → multi pass, more magnets, fewer RF cavities

○ → Limited by circumference, magnet field & 
synchrotron radiation

Also matters: when (what's the logical next step?), technological readiness, and how many 
large-scale machines can realistically be built and operated at once.
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Options for future colliders 
○ This talk: focuses mostly on proposals submitted to the ESPP for future colliders at CERN

○ Aims to highlight technology challenges and R&D directions

○ Linear collider: single pass per bunch, then beam dump; luminosity depends entirely on how tightly the 
once-used beam can be focused

○ Circular collider: multi-pass for each bunch,

+ Plasma wakefield acceleration – a longer term technology

○ Linear e+e-

○ CLIC

○ LCF

○ Circular e+e-

○ FCC-ee

○ LEP3

○ Circular hadron

○ FCC-hh

○ Lepton-hadron

○ LHCeC

○ Muon collider
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CLIC – Compact Linear Collider 
○ Based on two-beam acceleration concept

○ Power extracted from lower energy high intensity beam

○ Normal conducting X-bend 12 GHz RF with 72 to 100 MV/m

○ In 2031: 1 GeV X-band RF linac at EuPRAXIA

○ Novel accelerator concept tested at CLIC Test Facility CTF

○ TBA tested on short scale ~ 20 m (880 m required for CLIC)

○ Polarized e- beams 
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LCF – Linear Collider Facility
○ 1.3 GHz SC bulk-Nb RF with 31.5 MV/m gradient 

○ At EU-XFEL: 640 SRF modules operated at 27 MV/m

○ Up to 2 IPs, repetition rate of 5 or 10 Hz

○ In addition to polarized e-, also polarized e+ source

○ Challenging final focus (magnetic lattice around the IP)

○ Extremely small beam sizes to compensate for rep. rate

○ Accelerator test facility (ATF)
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RF Technology
○ Normal conducting RF

○ Relevant for: CLIC, FCC-ee injectors, MC 
cooling

○ Example: For CLIC very high gradients (up to 
100 MV/m) required with very low break-
down rate. Prototypes done, but further 
development for mass production

○ Super conducting RF

○ Relevant for: LCF, FCC, MC acceleration, 
LEP3, LheC

○ Example: 9 cell, 1.3 GHz bulk Nb cavity for 
ILC (International Linear Collider). Some 
cavities achieved 31.5 MV/m. Higher quality 
factor required for e.g. LCF 
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FCC-ee – Future Circular Collider e+e-
○ 8 long straight sections with 4 IPs

○ Normal conducting dipoles, quadrupoles and sextupoles

○ Circular machine leads to strong SR losses each turn

○ Limit of SR losses determines maximum beam current

○ → determines luminosity

○ SRF to compensate for strong SR losses

○ Flexible energy range up to 240 GeV
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FCC-ee – Parameter table

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

Defines
→ RF system
→ Beam parameters
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FCC-hh – Future hadron Circular Collider
○ Superconducting machine to achieve high energy thanks to high fields (nominal 8.3 T at HL-LHC, 14 T for 

FCC-hh)

○ For higher energy hadron machines: larger circumference and/or higher dipole field

○ 11 T for HL-LHC (peak at new quadrupoles)

○ Baseline Nb3Sn low temperature superconducting magnets

○ Industrialization design requires 10-20 years

○ Technological readiness as stand-alone ~2055 and later with HTS
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LEP3 – Large Electron Positron Collider 3
○ Normal conducting dipoles and HTS nested quadrupoles and sextupoles

○ With NC magnets power consumption would increase and/or performance decrease

○ Circular machine leads to strong SR losses each turn

○ Limit of SR losses determines maximum beam current

○ Smaller circumference leads to higher losses at same energy

○ → lower luminosity than FCC-ee

○ Currently only a pre-conceptual design available
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Magnet technology
○ Low temperature superconductors (LTS)

○ Relevant for: FCC-hh, LEP3 as possible back-
up, MC

○ Until 2035 HTS and LTS development in parallel

○ 1.9 K baseline operating temperature (4.5 K or 
12 T for improving costs)

○ High temperature superconductors (HTS)

○ Relevant for: LEP3, alternative options for FCC-
ee, FCC-hh, MC

○ Higher field reach with less power consumption

○ 4 to 20 K operating temperature
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LHeC – Large Hadron electron collider 
○ Special dedicated IP for electron-hadron collisions

○ New electron accelerator for one 50 GeV beam with 50 mA

○ Foresees energy recovery linac (ERL) principle with 1/3 LHC length

○ ERL demonstrator: PERLE (Powerful Energy Recovery Linac for Experiments at IJCLab, Orsay)
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MC – Muon Collider
○ μ are elementary particles but heavier than electrons

○ 10 to 14 TeV μ collision comparable to 100 to 200 TeV protons

○ 6D cooling

○ High field solenoids, high RF gradients and repetition rate

○ 2 μs lifetime → very challenging acceleration chain

○ Fast ramping NC magnets in the collider ring 4200 T/s

○ High RF demands (90 GV and 3000 cavities)

○ µ are not stable particles → decay

○ High intensity neutrino flux to be “controlled”

○ Very interesting, but many challenges
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Plasma wake-field acceleration
○ Drive beam (laser or charged particle beam) excites plasma wave and wake

○ Due to space charge electrons from plasma are expelled and rush back on axis

○ Witness bunch accelerated with gradients of ~ GV/m

○ Very efficient, interesting and novel

way to accelerate beams

○ Some challenges ahead:

○ Positron acceleration

○ Multi-staging for high energy

○ Repetition rate
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Detour: Linear proton accelerators
○ Not sufficient energy reach for frontier physics, but used for e.g. nuclear applications

○ Myrrha designed with 400 m proton linac to achieve 600 GeV beam energy for 4 mA current
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Luminosity and collision energy
○ In addition: sustainability and power consumption plays an important role for any future collider
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ESPPU 2026
○ 266 submissions in total for the ESPPU

○ https://indico.cern.ch/event/1439855/contributions/

○ Physics Preparatory Groups (PPGs) digested input and

summarized input to write the Physics Briefing Book

○ https://cds.cern.ch/record/2944678

https://indico.cern.ch/event/1439855/contributions/
https://cds.cern.ch/record/2944678
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○ Physics Preparatory Groups (PPGs) digested input and

summarized input to write the Physics Briefing Book
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○ 7 ESG working groups for overarching topics

○ Including project and physics comparison:

○ https://cds.cern.ch/record/2947728
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https://cds.cern.ch/record/2944678
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Recommendation 2026
○ Huge effort within our community to update European Strategy for Particle Physics

○ Drafting session beginning of December with recommendations released in 2026

○ Goal: be ready for a go/no-go decision on FCC-ee by 2028 
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Thank you !

Jacqueline Keintzel

NSTAR 2026
Seville, Spain

11 September 2026
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WG2a summary
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High level parameters
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High level parameters
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EIC parameters
○ Hadron storage ring: 40 – 275 GeV (existing)

○ 1160 bunches, 1 A beam current

○ Small vertical emittance

○ Strong cooling

○ Electron storage ring: 2.5 – 18 GeV (new)

○ Up to 1160 polarized bunches

○ Large beam current of 2.5 A → 9 MW SR power

○ Superconducting RF

○ Rapid cycling synchrotron (RCS): 0.4 – 18 GeV (new)

○ High luminosity interaction regions: (new)
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