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Collider history

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

Collider energy reach vs. year
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Adapted from: V. Shiltsev and F. Zimmermann, Rev. Mod. Phys. 93, 015006, 2021.
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Collider history

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

Collider energy reach vs. year

- Collider peak luminosity vs. year
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The biggest collider so far

o Large Electron Positron Collider (LEP) with 27 km circumference

o Predecessor of the Large Hadron Collider (LHC) - same tunnel for 2 different colliders
° |n operation from 1989 to 2000

° Upto 209.2 GeV center-of-mass energy
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EIC — Electron lon Collider

o

Approved collider in near future, at Brook haven National Laboratory (BNL)

o

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

o

Nuclear physics scattering experiments

[e]

Collective and single-partice effects in strong interaction

o

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

o 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 Qovrcs @ @cuotsosons @
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The strategy so far

o 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 2100 TeV, with an e*e™ Higgs/EW factory
as a possible first stage

o 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? How to accelerate?
° Hadrons o Linear
- Mix of quarks/gluons, high collision energy, ° - single pass, few magnets, many RF cavities

discoveries at the physics frontier o _
- Limited by collider length & RF

- Limited by dipole field & ring size o Circular

o Leptons _ .
- multi pass, more magnets, fewer RF cavities

- Elementary particles, high-precision, well-

defined center-of-mass energy - Limited by circumference, magnet field &

synchrotron radiation
- Limited by synchrotron radiation and RF

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

o This talk: focuses mostly on proposals submitted to the ESPP for future colliders at CERN
> Aims to highlight technology challenges and R&D directions

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

o Circular collider: multi-pass for each bunch,

° Linear e+e- > Circular e+e- o Circular hadron > Lepton-hadron > Muon collider
CLIC - FCC-ee - FCC-hh > LHCeC
LCF - LEP3

+ Plasma wakefield acceleration — a longer term technology
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CLIC — Compact Linear Collider

o

Based on two-beam acceleration concept

Power extracted from lower energy high intensity beam

Drive Beam Accelerator

aadAadaAd|

Delay Loop x 2

gap creation, pulse
compression & frequency
multiplication

¥ RF Transverse
Deflectors

o

Normal conducting X-bend 12 GHz RF with 72 to 100 MV/m
In 2031: 1 GeV X-band RF linac at EUPRAXIA Combiner Ring 4

pulse compression &

Combiner Ring x 3
pulse compression
& frequency multiplication

frequency multiplication

Drive Beam Decelerator Sector
Power Extraction

Novel accelerator concept tested at CLIC Test Facility CTF Y

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

o

[e]

Polarized e- beams
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LCF — Linear Collider Facility

o

1.3 GHz SC bulk-Nb RF with 31.5 MV/m gradient
At EU-XFEL: 640 SRF modules operated at 27 MV/m

Super
symmetry

o

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

Nuclear
science

Beam dum|//
;.

,z Dark matter

o

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

/"’ ¥ Material
_—’;7/ \) Science
o Challenging final focus (magnetic lattice around the IP) b ane

Extremely small beam sizes to compensate for rep. rate

Accelerator test facility (ATF)
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RF Technology

> Normal conducting RF o Super conducting RF

o Relevant for: CLIC, FCC-ee injectors, MC o Relevant for: LCF, FCC, MC acceleration,
cooling LEP3, LheC

o Example: For CLIC very high gradients (up to o Example: 9 cell, 1.3 GHz bulk Nb cavity for
100 MV/m) required with very low break- ILC (International Linear Collider). Some
down rate. Prototypes done, but further cavities achieved 31.5 MV/m. Higher quality
development for mass production factor required for e.g. LCF
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FCC-ee — Future Circular Collider e+e-

o

8 long straight sections with 4 IPs

o

Normal conducting dipoles, quadrupoles and sextupoles

o

Circular machine leads to strong SR losses each turn

- Annemasse

o Limit of SR losses determines maximum beam current

| SaintJulien- :
/ en-Genevois -.-\

° - determines luminosity

J Sof - Bonneville
/ . o
> SRF to compensate for strong SR losses \ 3 /. La Rochesur-
.? : .r_!‘" ¥ ; e
> Flexible energy range up to 240 GeV 5, /
}j X -.,_______ ._‘ Al —
b5 . (Amecy |
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FCC-ee — Parameter table

z Ww ZH tthar
Beam energy [GeV] 45.6 80 120 182.5
SR power/beam [MW] 50
SR losses/turn [GeV] 0.0394 0.374 1.89 10.42 Design and parameters
Beam current [mA] 1270 137 26.7 4.9 dominated by choice to
Bunches/beam [-] 11200 1780 440 60 allow for 50 MW synchrotron
Bunch intensity [104] 2.14 1.45 1.15 1.55 radiation power per beam
RF voltage 400/800MHz [GV] 0.08/0 1.0/0 2.1/0 2.1/9.4
Horizontal B-function at IP [mm] 110 200 240 1000 Defines
Vertical B-function at IP [mm] 0.7 1.0 1.0 1.6 - RF system
Horizontal emittance [nm] 0.71 2.17 0.71 1.59 - Beam parameters
Vertical emittance [pm] 1.9 2.2 1.4 16
Luminosity/IP [10%*cm2s1] 141 20 5 1.25
Integrated luminosity/IP/year [ab-1] 15 12 12 11
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FCC-hh — Future hadron Circular Collider

o 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

1M T for HL-LHC (peak at new quadrupoles)

o Baseline Nb3Sn low temperature superconducting magnets

Industrialization design requires 10-20 years

o Technological readiness as stand-alone ~2055 and later with HTS
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LEP3 — Large Electron Positron Collider 3

o Normal conducting dipoles and HTS nested quadrupoles and sextupoles

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

o Circular machine leads to strong SR losses each turn
Limit of SR losses determines maximum beam current LEP3

Smaller circumference leads to higher losses at same energy

- lower luminosity than FCC-ee

o Currently only a pre-conceptual design available
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Magnet technology

o

Low temperature superconductors (LTS) > High temperature superconductors (HTS)
Relevant for: FCC-hh, LEP3 as possible back- o Relevant for: LEP3, alternative options for FCC-
up, MC ee, FCC-hh, MC

Until 2035 HTS and LTS development in parallel o Higher field reach with less power consumption
1.9 K baseline operating temperature (4.5 K or o 4 1to 20 K operating temperature

12 T for improving costs)

. CEAMI
Racetrack
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LHeC — Large Hadron electron collider

> Special dedicated IP for electron-hadron collisions TR— o
Matching/splitter Injector
Matching/combiner (31m)
> New electron accelerator for one 50 GeV beam with 50 mA Arc 135
Bypass (230m)
Linac 2 (1008m \

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

> ERL demonstrator: PERLE (Powerful Energy Recovery Linac for Experiments at IJCLab, Orsay)

PERLE will proceed in phases

»  Phase 1: injection line installation (2027)
¥ Phase 2: ERL single turn (2028-2029)
» Phase 3: ERL 3-turn 250 MeV (2030)
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MC — Muon Collider

o

I are elementary particles but heavier than electrons o der fomena  Joooling cceleaton olider g
10 to 14 TeV pu collision comparable to 100 to 200 TeV protons _OQ@

Eon:
{ Higgs Factory
to
~10TeV

o

i

buncher
combiner
6D cooling
final cooling

SC linac
MW-class target

capture sol.
decay channel
phase rotator
initial 6D cooling
charge separatof

6D cooling

accumulator

Pl
ORoy
Ea
=

a E

accelerators: B
linacs, RLA or FFAG, RCS

o

6D cooling
> High field solenoids, high RF gradients and repetition rate

o

2 Us lifetime = very challenging acceleration chain

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

> High RF demands (90 GV and 3000 cavities) ;

I are not stable particles - decay

o

> High intensity neutrino flux to be “controlled”

o

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

o Witness bunch accelerated with gradients of ~ GV/m

> Very efficient, interesting and novel S

way to accelerate beams

> Some challenges ahead: D e
. . Boat > particle beam
> Positron acceleration (drive beam)
Surfer = accelerated
particle beam (witness
beam)

- 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

The world's I’ large scale
Accelerator Driven System

MYRRHA (Multi-purpose h¥brid Research Reactor for High-tech Applications) is the
world’s first large scale Accelerator Driven System (ADS) that consists of a subcritical
nuclear reactor driven by a high power linear accelerator. With the subcritical
concentration of fission material, the nuclear reaction is sustained by the particle
accelerator only. Turning off the proton beam results in an immediate and safe halt of

the nuclear reactions.
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Luminosity and collision energy

° |n addition: sustainability and power consumption plays an important role for any future collider

10?

10 { \
European Strateg
10°
\_’
; \\
10-?

—e— FCC-ee (4 IPs)
~s— CEPC - baseline (2 IPs)
10-2 —+— CEPC - 50 MW (2 IPs)
—e— CLIC (2 IPs at 380 GeV, 1 IP at 1.5 TeV)

*  LCF Low-Power (2 IPs)
10-3 /_/" —+— LCF Full-Power (2 IPs)

e ¢ ILCJapan (11IP)
—e— LEP3 (2 IPs)

o ~=— LEP/LEP2 (4 IPs)

50 100 200 500 1000 2000
c.0.m. energy [GeV]

Int. luminosity over elec. consumption [ab~! TWh~1]

Fig. 10.1: Nominal yearly integrated luminosity over all experiments divided by the correspond-
ing electricity consumption for future ¢ e colliders (excluding off-line computing) as reported
in Tables 10.1 and 10.2. For LCs the total luminosity (including that below 99% of the nominal
c.o.m. energy) is considered. LEP and LEP2 data are derived from Refs. [790,861,862] (Cour-
tesy N. Mounet - CERN).
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E S P P U 2 O 2 6 CERN-ESU-2025-0K1
Physics Briefing Book

Inpur for the 2026 update of the Ewropean Sirategy for Particle Physics

Electroweak Physics: Jorge de Blas', Manica Dunford® (Cowveners),
Emanuele Bagnaschi® (Seientific Secretary), Ayres Fre 5 I’wcr Paolo Giardino®, Christian Grefe®,
o 2 6 6 b H H H | f h E S P P U Michele S¢ 1\agg| Angela Taliercio® (Conributors)
S U m | S S | o n S | n tota O r t e Strong Interaction Physi Amdrea Dainese”, Cristinel Diaconu (Conveners).
Chiara Signorile-Signorile'' (Scientific Secretary). Néstor Armesto', Roberta Amaldi'”,
Andy Buckley', David o’ Enterria’, Antoine Gérardin®®, Valentina Mantovani Sarti'®,
Sven-Olaf Moch'”, Marco Pappagallo™, Raimond Snellings'' ™, Urs Achim Wiedemann

> https://indico.cern.ch/event/1439855/contributions/ T S —

Maria Laura Piscopo™ (Scienrific Secretary). M: .ACnlw .Ym.nl Grossman®, Thihaud Humair™,
Andress Jitner ™, Jernej F. Kamenik™*, Matthew Kenzie™ . Patrick Koppenburg®™
Radoslay Marchevski®®. Angela Papa®™. Guillaume Pignol™, Justine Serrano” (Contributors)
Neutrine mmm& Cosmic Pilar H des™, Sura Bol  rc \
Ivan Estcban®! (Seientific !nmunJ Stephen Dol \‘.ilc-n:Dmka.]m:ph Formaggio®.

M. C. Gonzalez-Garcia™™** art Heij 7

boer'”, Aldo lanni ™, Joachim Kopp”™, Elisa Resconi®’,
MmsLm ~ Viola Sordin® (Cantributors)

> Physics Preparatory Groups (PPGs) digested input and T

Benediki Maier™ * (Seientific Secretary), Tlmmh) o.m"? b  Annapagla de Casa
jiel Craig", Roberto Franceschini’®, Loukas Gouskos'”, Aurelio Jusie™, Sophie Renner'*
Sh:huuku"’ [ Conrributors)

0 Matthew \r[uCuIIlm'-h (Comeners).
rancesca Calore ™, Emanuele Castorina ™.

Nai

summarized input to write the Physics Briefing Book D M B S
Yohei Ema  (Scientific Secretary). P:mlo A-,'n:s I
Aaron Chou™ Monica D'Onofrie™, Maksym Ovchynnikov'”, Tina Pollmann'®, Josef Pradler™*®,

Contributors)

Yotam Soreq ", Julia Katharina Vogel

> https://cds.cern.ch/record/2944678 e e e

Massime F\.rmnn + Angeles Faus Golfe”, Roberio Losiio”, Anke-Susanne Mueller™
Tor Raubenheimer”. Marlene Tumer’ PIﬂTt Viedrine ™, Hans Weise™. Walier Wuenwh
Chenghui Yu™ (Contributers)

Detector Instrumentation:  Thomas Bergawer™ . Ulrich Husemann™ (Covveners ),
Dosothea vom Bruch' (Scientific Secretary), Thea Aarvestad™, Daniela Bostoletio™,
Shikma Bresster™, Marcel Demarteau®', Michacl Doses”, Gabriella Gaudio™, Tnés Gil-Borella™,
Andrea Giuliani™', Fabrizio Palla™, Rok Pestotnik™, Felix Sefkow™, Frank Simon™,
Maksym Titow ™ Comeritmters)

Computing: Tommaso Boccali®™, Borut Kersevan™* (Comvemers

Daniel Murnane™ m entific Secretaryh, Gonzalo anuAmalu" Julu: Derek Chapran®”.
Frank. u.mr(...m: fano Giagu®”, Maria Girone”, Heather M. Gray™, Giovanni u.umln’.
Stephane Jezequel® ,Cmgm Kasicczka'™, David Lange™, Sinéad M. Ryan™, Nicole Skidmore™,
Sofia Vallecorsa” (Contributors)
Theoretical Overview: _ Fric Locnen .

Reviewers:  Anadi Canepa’ chl.n.. Lou™ Rogeria Rosenfeld ™, Yuji Yamazaki”~
Editors:  Roger Forty”, Karl Takobs™, Hugh Montgomery ™, Mike Seidel™ ™, Paris Sphicas”

19,5385
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https://indico.cern.ch/event/1439855/contributions/
https://cds.cern.ch/record/2944678

ESPPU 2026

° 266 submissions in total for the ESPPU
> https://indico.cern.ch/event/1439855/contributions/

o Physics Preparatory Groups (PPGs) digested input and

summarized input to write the Physics Briefing Book

> https://cds.cern.ch/record/2944678

> 7 ESG working groups for overarching topics
> Including project and physics comparison:

> https://cds.cern.ch/record/2947728
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Assessment of large-scale accelerator projects at CERN
Report of ESG WG2a

31 October 2025

G. Arduini'® {convener), F. Bordry' (co-opted accelerator expert), R. Brinkmann? (co-opted
accelerator expert), P. Burrows'® (convener), K. Desch’, S. Farmington®®, F. Gianotti’,
K. Hanagaki’, N. Holtkamp®® (co-opled acceleralor exper), J. Keintzel's (scientific
secretary), B. Kiminster'”, T. Lesiak”, L. Rivkin" {co-opted accelerator expert),
F. Sabatié™, M. Tuts", A. Zoccoli™.

! CERN, Geneva, Switzerand * DESY. Hamburg, Germany
2 John Adams Instiute, Oxford University, UK * University of Bonn, Germany
*RAL. UK * University of Edinburgh, UK
T KEK, Tsukuba, Japan * Hoover Institution, Stanford, USA
“ SLAC. Stanford, USA ** Universily of Zurich, Swilzsrland
"' IFJ PAN, Krakow, Poland 2 P8I, Viligen, Switzerland
" EPFL, Lausanne, Switzerland * CEA-IRFU, Saclay, France

" Columbia University, USA "TINFN, Itaty

* gianluigi arduinig@cenm nh

* philip, burrowsERphysics.ox.ac.uk
< jacquaiine kanu.s\@oem cn
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https://indico.cern.ch/event/1439855/contributions/
https://cds.cern.ch/record/2944678

Recommendation 2026

o Huge effort within our community to update European Strategy for Particle Physics
> Drafting session beginning of December with recommendations released in 2026

o Goal: be ready for a go/no-go decision on FCC-ee by 2028

I. The next CERN flagship collider project

i.  The electron—positron Future Circular Collider (FCC-ee) is recommended as the preferred option
for the next flagship collider at CERN.

ii. Adescoped FCC-ee is the preferred alternative option for the next flagship collider at CERN
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Thank you !

Jacqueline Keintzel

NSTAR 2026
Seville, Spain
11 September 2026
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WG2a summary

Site

Project TRL R&D Test facilities | Performance preparation

Schedule Cost Risk

CLIC 380 GeV, 1.5 TeV 4-6/52

FCC-ee 91-365 GeV

4-7 (NbySn)/4.3
FCC-hh 85 TeV

FCC-hh - SA 85 TeV 4 -7 (NbsSn) /35

LCF 250 - 550 GeV 5-7155

LEP3 91 - 230 GeV 3-6/40

LHeC: HL-LHC + 50 GeV ERL

MC 3.2 TeV, 76 TeV

Table 16: Summary table schematically representing the key findings of the WG according to the assessment criteria and based on the present
status of the large-scale collider project proposals as submitted to the ESPP2026. Scope=Scope level-of-definition; TDR=Technical Readiness
Level score - the range of values and the cost-weighted average for the baseline scenarios are listed; the colour code is selected based on on
the cost-weighted average TRL score (TRL2 6 - green, 4<TRL<6 - yellow, TRL<4 - red); R&D=R&D requirements, R&D plan level-of-definition,
R&D funding status; Test faciliies=need of test facilities or demonstrators and (if needed) level-of-definition of their scope;
Performance=Performance uncertainty; Site preparation=Site preparation status; Schedule=Schedule uncertainty; Cost=Cost uncertainty;
Risk=Risk level-of-definition. The cost-weighted average TRL score could not be estimated for the MC project as there is no detailed cost
breakdown by sub-system. The colour code for the various criteria is defined according to the summary assessment in the Tables A.1 to A.8.
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High level parameters

LCF
CLIC FCC-ee FCC-hh LEP3 LHeC [
LP FP
Particles colliding [] e'le e'ler plp &'le e'ler elp "'y
C.o.m. energy [GeV] 380 550 1500 91.2 160 240 365 84600 250 91.2 250 550 91.2 160 230 1180 3200 7600
Length [km] 12.1 15 29.6 90.7 90.7 33.5 276 9.2/276 | 11/4.8 11/8.7
#IPs [-] 2 2 1 - B 2 2 1 2
Peak inst. lumi/lP
[10%cm?s"] 22 3.2 37 140 20 7.5 1.4 30 1.35 0.28 27 3.85 40 6.2 1.6 23 0.9/2 7.9/10.1
Peak power
consumption [MW] 166 210 287 251 276 297 381 355 143 123 182 322 200 226 250 220 "7 182
Cost [BCHF]* 7.2 +30%" +7.1 15 +19° 83 +0.8 +5.5 3.9 2 12 17
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High level parameters

CLIC FCC-ce LCF LEP3
LP FP

c.o.m. energy [GeV] 380 550 1500 912 160 240 365 250 91.2 250 550 912 160 230
Circumference/length collider tunnel [km] 1241 15 20.6 90.7 335 27.6
Number of experiments (IPs) 2 2 1 4 2 2
SR power/beam [MW] — 50 — 50
Longitudinal polarisation (e~ /e ) [%] +80/0 0/0" +80/ £30 | +80/+60 0/0°
Number of years of operation (total) 10 N/A 10 4 2 3 5 5 1 3 10 5 4 6
Nominal years of operation {a.:qi.li\«'alcnt)h 8 N/A 9 3 2 3 4.5 3 1 3 9 5 4 6
;‘;’:\‘::‘(‘]‘;2‘“}[?:2::]‘;“l‘%ﬂc;:igS_,] 13(22) 1.632) 1437 | 140 20 75 14 | 1(135 | 028(028) 2(27) 225385 | 40 62 16
hitegrated huningeity ahove -39 ,‘/E total) | ) s6 a4y NA  151(396) | 205 192 108 31 |072(097) | 0.067 (0.067) 144(1.94) 485(832) | 48 60 2.3
over all IPs over each phase [ab ]
Peak power consumption [MW] 166 210 287 251 276 297 381 143 123 182 322 200 226 250
E;E::I;Ei:g lcc?pr:’r‘;?i’g:'[’?&’f;ﬁfr 0.82 1.1 1.4 12 13 14 19 0.8 0.7 1.0 18 094 1.1 12
Cost [BCHF] ¢ 7.24 +30% © iy £ 13.73 +1.26 8.29 +0.77 +5.46 3.74

* Vertical polarisation of at least a few percent for ~200 non-colliding pilot bunches, enabling precise quasi-continuous measurement of the beam energy. No longitudinal polarisation in the
baseline. Residual longitudinal polarisation of colliding bunches should be controlled at the 10 ° level.

® This row lists the equivalent number of years of operation at nominal instantaneous luminosity, hence taking into account the luminosity ramp up.

¢ Computed from the peak power consumption and the assumptions on the operational year (see Table A.1 in Ref. [ID281])

¢ Total installation and construction cost quoted by the proponents of the projects in 2024 prices. The additional cost of each individual upgrade is indicated. It includes the cost of the
technical components, materials, contracts, services, civil construction and conventional systems and associated implicit labour such as that provided by a company to produce components.
It does not include labour provided by the host institution and the collaborating laboratories, contingency, any potential future inflation. the costs prior to project approval (construction
and R&D), off-line computing, spares, maintenance, beam commissioning. The cost of the experiments is not included. The cost of land acquisition, site activation (e.g. external roads,
water supplies, power lines) and spoil removal are not included for CLIC and LCF though they are expected to represent a minor contribution to the total cost (at the percent level). The
additional cost of each individual upgrade is indicated.

¢ Cost of the upgrade from 380 GeV.
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EIC parameters

o

Hadron storage ring: 40 — 275 GeV (existing)

1160 bunches, 1T A beam current

Small vertical emittance

Strong cooling

o

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

o

Rapid cycling synchrotron (RCS): 0.4 —18 GeV (new)

o

High luminosity interaction regions: (new)
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