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Introduction
What this talk is about
Steinar’s talk showed: a Linear Collider 
• can be built with today’s technologies  
• combines adequate precision with large energy range providing new insights and consistency checks 

This talk: what can be done after an initial 10…20 year program by making use of advanced 
accelerator concepts and technologies?
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Looking into the crystal ball…
for the future of a Linear Collider Facility

assume we had a 33.5km straight tunnel…   (c.f. Steinar’s talk) 
• …with some initial Linear Collider inside, starting to take data mid 2040ies 
• 10…20 years later:  

2050ies - 2060ies => obviously very conceptual now — lots of opportunies!
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• go for photon collisions: 
• with optical lasers or a la XCC 

• beyond-collider opportunities 
• beam dump / fixed-target / R&D ….
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assume we had a 33.5km straight tunnel…   (c.f. Steinar’s talk) 
• …with some initial Linear Collider inside, starting to take data mid 2040ies 
• 10…20 years later:  

2050ies - 2060ies => obviously very conceptual now — lots of opportunies!
• go for higher energies: 

• advanced SCRF 
• cool copper cavities 
• warm copper cavities 
• wakefield acceleration

• go for higher luminosity - ERL: 
• ReLiC / ERLC 

• go for photon collisions: 
• with optical lasers or a la XCC 

• beyond-collider opportunities 
• beam dump / fixed-target / R&D ….

LCVision reviewed  
how these could be embedded as upgrade of initial facility  

— obviously each technology could be used for a stand-alone project, too!
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LCVision: a bottom-up community organisation 
started at LCWS2024: Linear Colliders in view of the ESPPU

• all linear colliders share the same scientific goals: 
• formulate a coherent physics program 
• define energy stages etc science-driven 

• beyond an individual technology: 
• design a linear collider facility 
• infrastructure compatible with various technologies  
• plus beam-dump / fixed-target exp’s / R&D facilities  

• study the Higgs in e+e- now - but maintain flexibility for the future: 
• start now with an affordable project  
• maintain scientific diversity  
• strengthen accelerator R&D towards 10 TeV pCM collider 
• decide on upgrades / new projects based on future developments - or even break-throughs: 

• scientifically: a discovery at HL-LHC or elsewhere 
• technologically: higher gradients / muon cooling / high-field magnets
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LCVision ESPPU documents

LC Physics Case & 
long-term vision

LCF @ CERN 

C3

HALHF

10 TeV Wakefield

Technologies 
and upgrades

CLIC at CERN

Beyond Collider

ILC in Japan (IDT)

arxiv paper &  
ESPPU submission

ESPPU submission 
& back-up document

arxiv:2504.01434

arxiv:2503.24049

arxiv:2503.24168

arxiv:2503.23489

arxiv:2503.21857

arxiv:2503.20214

arxiv:2503.19880

arxiv:2503.19983

arxiv:2503.20829

arxiv:2504.11292

https://cds.cern.ch/record/2927631

… and relation to other inputs

ESPPU submission 255

https://arxiv.org/abs/2504.01434
https://arxiv.org/abs/2503.24049
https://arxiv.org/abs/2503.24168
https://arxiv.org/abs/2503.23489
https://arxiv.org/abs/2503.21857
https://arxiv.org/abs/2503.20214
https://arxiv.org/abs/2503.19880
https://arxiv.org/abs/2503.19983
https://arxiv.org/abs/2503.20829
https://arxiv.org/abs/2505.11292
https://cds.cern.ch/record/2927631
https://indico.cern.ch/event/1439855/contributions/6461672/
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Routes to Higher Energy
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Why?
Targets of e+e- at 1-3 TeV

Top 
• 2nd ECM above threshold boosts EW 

coupling precision 
• top Yukawa to 1%,  
• CP analysis of tth vertex 

              Direct New Particles  
• complementary discovery potential:  

• electroweak NP, WIMPs etc up to ECM/2 ~w/o fine-print 
• heavy neutral leptons  
• additional Higgs bosons 
• … 

• follow-up on HL-LHC discoveries
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Higgs 
• even more single-H 
• trilinear self-coupling in WW fusion mode 
• quartic self-coupling  

Vector Bosons 
• di-bosons & triple gauge couplings 
• tri-bosons and quartic couplings  
• electro-weak jets 
• Lepton Flavour Violation

1TeV 
1.5 TeV 
3 TeV

Higgsinos

WIMPs

quartic Higgs 
self-coupling

top couplings

HNLs

QGCs Dim8 

TGCs

trilinear Higgs 
self-coupling

LFV
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Super-conducting RF Upgrades
Need ~60 MV/m to reach 1 TeV in LCF tunnel 
• SCRF is one of the key directions of Accelerator R&D Roadmap 

• significant synergies with ERL needs 
• needs to be accompanied by R&D on high-efficiency  

klystrons, couplers, He refrigerators, … 
• progress is funding limited 

• 5-year horizon: standing-wave, bulk niobium cavities: 50-60 MV/m 
• new baking: 2-step (75º/120º) or mid-T followed by low-T 
• new shapes 

• 10-year horizon: traveling-wave cavities 60-70 MV/m “HELEN” 
• substantially lower kM => higher gradients for same magnetic quench limit 
• 2x higher R/Q => lower losses  
• higher stability of field distribution -> longer structures 

• >10-year or break-through: Nb3Sn or multilayer cavities 100 MV/m 
• ~2x higher transition T than Nb: 2K -> 4K 
• ~2x higher DC superheating field than Nb 
• to-date only reached gradients up to 24MV/m with Nb3Sn
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• needs to be accompanied by R&D on high-efficiency  

klystrons, couplers, He refrigerators, … 
• progress is funding limited 

• 5-year horizon: standing-wave, bulk niobium cavities: 50-60 MV/m 
• new baking: 2-step (75º/120º) or mid-T followed by low-T 
• new shapes 

• 10-year horizon: traveling-wave cavities 60-70 MV/m “HELEN” 
• substantially lower kM => higher gradients for same magnetic quench limit 
• 2x higher R/Q => lower losses  
• higher stability of field distribution -> longer structures 

• >10-year or break-through: Nb3Sn or multilayer cavities 100 MV/m 
• ~2x higher transition T than Nb: 2K -> 4K 
• ~2x higher DC superheating field than Nb 
• to-date only reached gradients up to 24MV/m with Nb3Sn

Excellent chances to reach ≥1 TeV in LCF tunnel with SCRF,  

at reduced power consumption, 

minimal changes apart fro
m cryomodules
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Cool Copper Technology
Idea and R&D 

single-cell  
gradient 

demo

• C3 technology:  
• normal-conducting C-band copper cavities 
• operated at cryogenic temperatures (LN2 ~80K)  
• gradients demonstrated up to 155 MV/m  

• R&D: 
• plan towards demonstrator established during Snowmass 
• since then significant progress on system design, accelerator 

structure design, high gradient testing, vibration 
measurements, damping materials, alignment system, low-
level rf & klystrons, … and cryo-module design 

• stand-alone facility 8km: 250 /550 GeV (70 /120 MV/m)

1-m  prototype structure
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C3 within the "Linear Collider Vision" – – March 28, 2025

†Authors: Matthew B. Andorf2, Mei Bai5, Pushpalatha Bhat3, Valery Borzenets5, Martin Breidenbach5,
Sridhara Dasu7, Ankur Dhar5, Tristan du Pree6, Lindsey Gray3, Spencer Gessner5, Ryan Herbst5, An-
drew Haase5, Erik Jongewaard5, Dongsung Kim4, Anoop Nagesh Koushik6, Anatoly K. Krasnykh5,
Zenghai Li5, Chao Liu5, Jared Maxson2, Julian Merrick5, Sophia L. Morton5, Emilio A. Nanni5, Alireza
Nassiri1, Cho-Kuen Ng5, Dimitrios Ntounis5, Mohamed A. K. Othman5, Marco Oriunno5, Dennis
Palmer5, Michael E. Peskin5, Caterina Vernieri5, Muhammad Shumail5, Evgenya Simakov4, Emma
Snively5, Ann Sy5, Harry van der Graaf6, Brandon Weatherford5 and Haoran Xu4

1Argonne National Laboratory
2Cornell University
3Fermi National Accelerator Laboratory
4Los Alamos National Laboratory
5SLAC National Accelerator Laboratory, Stanford University
6Nikhef
7University of Wisconsin, Madison

→ C3 R&D Timeline:

11

C3 within the "Linear Collider Vision" – – March 28, 2025

(a) (b)

(c) (d)

Fig. 4.1: (a) A 3D rendering of the vacuum space for the large aperture C3 structure. (b) The solid model
of the full structure. For reference the structure length is →1 m. (c) The QCM with the raft inserted. The
raft is for supporting and loading two accelerating structures and one permanent magnet quadrupole. (d)
The fully completed QCM prior to delivery at SLAC.

4 Ongoing Component R&D

Significant technical progress has been made recently in the development of C3 technology. In particular,
the accelerating structures that can achieve this gradient have been built and demonstrated. Further
research and development is needed for the integration of higher order mode damping for the accelerator
structures, and cryo-module integration and demonstration that the accelerators and particularly the
permanent magnet quadrupoles meet the alignment and vibration tolerances. A C3 demonstrator plan
was developed to identify the required metrics and experiments that would be needed to advance the
technical maturity of the main linac to a level required for a collider design [4]. Since this demonstrator
plan was published, significant progress has been made on structure design [12, 13], high gradient
testing [14], structure vibration measurements [15], damping materials [16], alignment system [17],
low-level rf [18, 19, 20] and cryo-module design. We continue to work towards the technical goals and
timeline set forth in this plan.→

Ongoing efforts are focused on integration of higher order mode damping, cryo-module design
and integration, alignment and vibration measurements. A “quarter cryo-module (QCM)” has been built
for tests with rf power, beam, and full instrumentation for alignment and vibrations. The QCM will
test the raft concept for C3, shown in Fig 4.1c. The completed QCM is shown in Fig. 4.1d. The QCM
represents an essential step as it contains one of the four repeating elements that make up the full cryo-
modules for the main linac. The QCM will also be used to test structures for the injector linac with plans

5

Quarter-cryo-module  
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C3 as upgrade for LCF
the route to 3 TeV

• studied in context of LCVision 
• LCF injector complex and damping rings 

compatible with C3: 
• larger LCF DRs = lower risk 
• replace fast->slow kickers (kick whole 

trains) 
• bunch compressor length / emittance 

sufficient 
=> substantial part of infrastructure could 
be reused 

• cryo-plants need modification 
• SRF cryomodules could be sold / donated for 

XFELs / medical linacs /.. round the world 
• to be considered in design of beam delivery 

systems and dumps 

                     

       
       

       
       

              

                     

       

       
       

4 A Linear Collider Facility - Baseline and Roadmap

Parameter Unit Value Value Value

Centre-of-Mass Energy GeV 1000 2000 3000

Site Length km 20 20 33
Main Linac Length (per side) km 7.5 7 10.5

Accel. Grad. MeV/m 75 155 155
Flat-Top Pulse Length ns 500 195 195

Cryogenic Load at 77 K MW 14 20 30
Est. AC Power for RF Sources MW 68 65 100

Est. Electrical Power for Cryogenic Cooling MW 81 116 175
Est. Site Power MW 200 230 320

RF Pulse Compression N/A 3X 3X
RF Source efficiency (AC line to linac) % 50 80 80

Luminosity x1034 cm–2s–1 →4.5 →9 →14
Single Beam Power MW 5 9 14

Injection Energy Main Linac GeV 10 10 10
Train Rep. Rate Hz 60 60 60
Bunch Charge nC 1 1 1
Bunch Spacing ns 3 1.2 1.2

Table 18: Main Linac parameters for C3 at 1 TeV to 3 TeV centre-of-mass energy.

tunnel length) would be required.
The linacs could operate at any energy below 2 TeV by a combination of bypass lines or by adjusting the

gradient and beam format to maintain a constant beam loading and providing a linear scaling in luminosity
with energy and beam power. The parameters for 1 and 2 TeV operation are shown in Table 18, and would be
accomplished only with the addition of RF sources, upgrades to the beam delivery system and modifications
to the bunch format. More details on upgrading an SCRF-based LCF with C3-technology can be found in [21].

Significant technical progress has been made recently in the development of C3 technology. In particular,
the accelerating structures that can achieve this gradient have been built and demonstrated. Further research
and development is needed for the integration of higher order mode damping, cryo-module integration and
demonstration of alignment and vibration tolerances. A C3 demonstrator plan was developed to identify the
required metrics and experiments that would be needed to advance the technical maturity of the main linac to
a level required for a collider design [529]. Since this demonstrator plan was published, significant progress
has been made on structure design [530], high gradient testing [531], structure vibration measurements [532],
damping materials [533], alignment system [534], low-level RF [535] and cryo-module design. Ongoing efforts
are focused on integration of higher order mode damping, cryo-module design and integration, alignment and
vibration measurements, and ultimately the construction and testing of a “quarter cryo-module (QCM)” with
RF power, beam and full instrumentation for alignment and vibrations. The QCM represents an essential step
in the process as it contains all of the repeating element that make up the full cryo-modules in the main linac.
On the intermediate timescale a demonstration is needed on the few GeV scale to provide technical maturity
for the full scale cryo-modules (9 m) that would be used C3. Such an R&D program as proposed at Snowmass
is technically achievable before 2030 allowing for C3 technology to be integrated into plans for an upgrade to
the Linear Collider Facility.

The injector complex and the damping rings represent a major capital investment for the LCF. Fortunately,
with C3 we can reutilise this infrastructure for an energy upgrade of the LCF. This is because the damping ring
offers an opportunity to adjust the bunch train format from the electron and positron source linacs to match
the bunch structure needed for C3.

In the original configuration for a SCRF based LCF the damping ring operates with fast kickers for both
the injection and extraction of the electron and positron bunches. This is due to the fact that the bunch
spacing (hundreds of nanoseconds) is too large to maintain in the damping ring without and excessively large
circumference. The fast kickers place the bunches with a spacing on the order of five nanoseconds into the

94
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Sustainability: C3 can be 2-4x more power efficient  
in TeV regime than CLIC / ILC  

Very exciting R&D target for the next decade!
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HALHF
Hybrid-Asymmetric Linear Higgs Factory
• e+e- LC using e-beam-driven plasma wakefield acceleration for the e- beam… 
• …and RF cavities for the e+ beam 
• => asymmetric collisions with 𝛾=1.67   

(HERA: 𝛾=3), luminosity ~ILC baseline 

• site-length and cost - small & cheap: 
• 250 GeV: 4.9 km, 3.8 BCHF 
• 550 GeV: 8.4 km, 6.3 BCHF 

• if R&D successful - estimated need: 
213 MCHF & 341 FTEyrs over ~15 years

12 4 6357

250 GeV 250 GeV380 GeV550 GeV 380 GeV 550 GeV

e- side e+ side

4900
6500

8400

1300

Ø200

Transfer tunnel

Combiner rings

Driver RF Linac

ML
Experimental area Damping rings

1300 2000 1600 600 70010001200
ML Ø8 m. ML Tunnel widening from 8 to 16 m.ML Ø8 m. ML Ø8 m. ML Ø8 m. ML Ø8 m.ML Tunnel widening from 8 to 16 m.

Figure 2: Schematic view of HALHF infrastructure (left) and a potential siting at CERN (right).

detector as discussed in the LCVision submission [8]. Currently it is envisaged that the detectors would
share a single hall but a final decision will be taken when the detailed BDS design, currently under way,
is completed. The design of the BDS is more complex than that for CLIC because of the relatively high
emittance allowed for the PWFA arm [15].

As remarked earlier, some elements of HALHF have hardly been studied due to lack of resources.
These include the positron damping rings, where it has been assumed that variants on the CLIC design
can be used, and the colliding-electron and driver sources. For the electrons, which for HALHF have
relaxed emittance requirements compared to ILC and CLIC, it has been assumed that R&D currently un-
derway for other projects can succeed in developing e.g. robust and long-lived polarized electron sources
that can give the required HALHF beam parameters without the necessity for a damping ring [16]. Should
this not be the case, a damping ring can be added at a relatively minor cost.

Initial placement studies have been conducted at CERN to find a suitable location for HALHF;
this has informed the project cost. The Injection Complex (Driver Linac, Delay Loop, Combiner Ring)
could be housed on existing land on the CERN Prévessin campus, in cut-and-cover tunnels. A transfer
tunnel connects this surface facility to the accelerator tunnel about 125 m below the surface. This tunnel
alignment would be very similar to that for CLIC, all situated in good Molasse Rock. The tunnel diamet-
ers have been chosen to be large and therefore conservative; more detailed design work will likely shrink
some locations by a substantial fraction. A schematic layout for the civil engineering is shown in Fig. 2.

The capital cost and running cost estimates are output by the Bayesian optimisation. The combin-
ation of an optimisation of the total cost of the project to produce an integrated luminosity of 2 ab–1, and
the upgrades outlined above lead to the capital cost discussed in Sec. 6.

Figure 3: PIC simulation of the accelerating structure pro-
posed for HALHF, with an 8.0/1.6 nC driver/trailing bunch (or-
ange colour map) and a cold helium plasma (blue) of density
6→1014 cm–3. A ramped driver current results in a flattened
decelerating field and an 80% energy-depletion efficiency. Ion
motion (green) suppresses the beam-breakup instability.

Figure 4: Reconstructed recoil-mass
distribution for e+e→↑ZH↑µµH
events in the ILD detector at HALHF
(red, using the original boost of 2.13)
compared to that at ILC (black).
Elongation of the barrel (green) by 2→
mostly recovers the resolution.
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Figure 3: A schematic of the HALHF site studied at CERN (red, orange and yellow). Existing CERN
infrastructure including the LHC is shown in blue.

Interaction Region. The location of the Interaction Region is consistent across all linear collider studies
at CERN, ensuring the Surface Experimental Area is located on land owned by CERN.

Beyond the Combiner Ring, a transfer tunnel connects the surface complex to the accelerator
tunnel approximately 125 m below the surface. The full layout of the 250 GeV stage is portrayed below
in Fig. 6. The transfer from the surface injects directly into the plasma-accelerator linac. Two shafts
are required at the Interaction Region, an experimental shaft for the installation of the detectors, and a
service shaft to provides access into the region. Alongside these shafts, two further shafts are required at
the extremities of the tunnel for servicing access and safety.

The CLIC shafts are separated by up to 5.7 km; thus, if the HALHF 550 GeV stage was to be
built first, only four shafts in total would be required for the whole project. If the energy stages where
to be constructed sequentially, eight shafts would be required to reach the 550 GeV stage. This principle
also applies to the transfer tunnel from the surface to the beginning of the plasma-accelerator linac. If
the civil engineering works for HALHF at 550 GeV could be completed in one step, a single transfer
tunnel would be constructed for the whole project. If the three stages were constructed sequentially,
three transfer tunnels would need to be constructed. In summary, building the full CE works to 550 GeV
in the first stage would require a greater initial capital investment but would yield long-term savings,
particularly by reducing the required number of shafts and transfer tunnels.

8
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PWA Booster à la HALHF
as upgrade to LCF

• can one apply the HALHF-scheme to (asymmetrically) double the ECM of a symmetric e+e- LC?  
• example: 250 GeV (125 GeV on 125 GeV) -> 550 GeV (550 GeV on 137.5 GeV, 𝛾=1.2)  

• e+ : only small increase in E(e+) needed -  either operate at 35 MV/m or add few cryomodules 
• e-: re-purpose main linac to produce drive-beams for plasma stages 

=> low gradient - high current operation 
• plasma stages would sit next to undulator source 

=> need to foresee lateral space from beginning 
• PWA needs ~10x shorter bunches than LCF standard 

=> the HALHF concept assumes that suitable sources 
will be available - same assumption here 

• conclusion: 
• conceptually possible 
• in detail many open questions  

=> room for exciting R&D and creative system design! 
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10 TeV pCM wakefield collider
R&D and LCF pave the way
• 10 TeV Wakefield Collider Study 

• by 2028 produce a unified, self-consistent concept, including cost scales 
for a 10-TeV parton-center-of-mass (pCM) collider based on wakefield 
accelerator (WFA) technology 

• HEP-wide community effort, involving theorists, experimentalists and 
Linear Collider experts (~100 participants at last collaboration meeting) 

• investigates the Physics case for 10 TeV pCM e+e-, e-e-, and 𝛾𝛾 collisions 

• identifies R&D at current  
and proposes the required new R&D test facilities 

• would greatly benefit from R&D enabled by LCF 
• R&D challenges 

• optimization of power efficiency  
• demonstration of collider plasma modules with 10 GeV energy gain, > 100 pC of 

charge and normalized emittance < 100 nm 
• staging of collider modules 
• positron acceleration in plasma (not a problem in wake-driven structures or for 𝛾𝛾) 

• BDS and beam-beam effects at 10 TeV pCM
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• staging of collider modules 
• positron acceleration in plasma (not a problem in wake-driven structures or for 𝛾𝛾) 

• BDS and beam-beam effects at 10 TeV pCM

vibrant R&D program at many 
facilities: 
AWAKE  (CERN), FACET II (SLAC), FLASH-
Forward (DESY), AWA (ANL), BELLA (LBNL), 
SPARC-LAB (INFN), many high-intensity laser 
facilities…
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facilities…

LCVision encourages this R&D  
as one of the long-term options for 

a Linear Collider Facility



Higher Luminosity, Photon 
Collisions & Beyond
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Energy- & Particle Recovery as path to High Luminosities
higher luminosity
• Energy and particle recovery: 

• boost luminosity up to 1036 / cm2 / s  and high e+ polarisation 
• by re-using particles and energy 

=> requires to limit beam-strahlung, far from disruption limit 
• several concepts - e.g. ReLiC,  ERLC 

• physics motivations for high luminosity in e+e- LC: 
• most measurements statistics limited => gain everywhere 
• e.g. few 0.1% on trilinear, few 10% quartic self-coupling… 
• also: electron Yukawa - effective absence of beam-strahlung allows               

                                                         mono-chromatisation
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Photon-Photon / e-photon collisions
Photon Collider
• 𝝲𝝲 / e𝝲 offers unique complementary physics opportunities  

e.g. self-coupling in 𝝲𝝲→HH with different BSM behaviour than e+e- / pp 

• high-intensity lasers convert e beam(s) into 𝛾 beam(s) directly at the IP 
=> spin-0 luminosity spectrum sharply peaked 

• two methods: 
• optical lasers “classic” scheme 
• recent: X-ray lasers from X-FELs integrated into the facility (XCC) 

5 Beyond-Collider Facilities

Final Focus parameters SCRF + Optical Laser C3 + XFEL

Electron energy [GeV] 250 190
Electron beam power [MW] 10.5 2.1
!x /!y [mm] 1.5/0.3 0.01/0.01
∀#x /∀#y [nm] 2500/30 60/60
∃x /∃y at e–e– IP [nm] 88/4.3 1.3/1.3
∃z [µm] 300 10
Bunch charge [1010e– ] 2 0.62
Bunches/train at IP 2625 93
Train Rep. Rate at IP [Hz] 5 120
Bunch spacing at IP [ns] 366 5.2
∃x /∃y at IPC [nm] 176/37.5 5,2/5.2
Lgeometric [1034cm2 s–1] 12 180
%E /E [%] 0.1
L→ (QD0 exit to e–e– IP) [m] 3.8 1.5 or 3.0
dcp (IPC to IP) [µm ] 2600 40
crossing angle [mrad] 20 2 or 20

Table 24: e– beam parameters for ∀∀ collider with peak luminosity at
↑

s ↓ 380 GeV

Laser parameters SCRF + Optical Laser C3 + XFEL

Electron energy [GeV] n.a. 31
Normalized emittance [nm] n.a. 60
RMS energy spread ↔!∀ /∀↗ [%] n.a. 0.05
Bunch charge [nC] n.a. 1
Undulator B field [T] n.a. -
Undulator period &u [cm] n.a. -
Average ! function [m] n.a. -
photon & (energy) [ nm (keV)] 1056 (0.0012) 2.5 (0.05)
photon pulse energy [J] 2.4 1.0
rms pulse length [µm] 450 20
a∀x /a∀y (x/y waist) [nm] 5000/5000 21/21
non-linear QED ∋ 2 0.21 1.1

Table 25: Laser parameters for ∀∀ collider with peak luminosity at
↑

s ↓ 380 GeV

5.1 Beam Dump Facilities

A key difference of a linear collider facility compared to a circular collider is the continuous dumping of the
electron and positron beams in the main beam dumps. In addition, other dumps, such as the tune-up dumps,
are installed in the collider complex for setup and commissioning. The locations of the various beam dumps
and the power they are designed to absorb are indicated in Fig. 68 for the example of the ILC [14]. In the
following, we elaborate on the facilities that could be built to use them for additional functions and provide
some preliminary assessments of the requirements.

5.1.1 Main Beam Dump Facility

For the main beam dump experiments, a long muon shield is required to reduce the secondary muon
backgrounds. In previous studies, a muon shield of length lsh = 70 m is assumed [445, 447]. The muons
penetrating behind the shield cannot be neglected for Ebeam = 500 GeV at LC-1000. After the muon shield, a
decay volume of comparable length and a downstream detector would be placed.
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Figure 40: Comparison: Different contributions Jz = 0 and Jz = 2 in di-Higgs production in ! ! collisions pro-
duced via an optical laser (left panel) and via XCC-like laser (right panel) [416].

Figure 41: e+e– → ZHH → qqbb̄bb̄ at
↑

s=550 GeV and ! ! → HH → bbbb at
↑

s=380 GeV event displays,
highlighting the simpler final state in the ! ! mode.

backgrounds were not considered but preliminary studies show that the ! ! →hadrons pileup background is
predominantly forward and can be suppressed at the analysis level.

Figure 41 shows an event display of e+e– → ZHH → qqbbbb at
↑

s=550 GeV and ! ! → HH → bbbb at↑
s=380 GeV, highlighting the simpler final state in the ! ! mode.
Although the e–! background processes have the largest cross sections, their final states are highly boosted

and easily suppressed. This is illustrated in Fig. 42 which shows event displays of a typical e–! → qqH and
! ! → HH event.

Several Boosted Decision Trees (BDT) were trained to separate signal from the dominant backgrounds. A
genetic algorithm was then used to pick the output cuts of each BDT that maximize sensitivity. Figure 43
shows the invariant mass of the leading b-jet pair before and after the multivariate discriminant.

A likelihood fit analysis yields a significance of 7.5 ! (statistical only) and a statistical uncertainty of 13% on
the di-Higgs cross section in the ! ! → bbbb channel for an integrated ! ! luminosity of 6.5 ab–1 for 260 GeV
<
√

s! ! < 380 GeV i.e., the top 30 % of the luminosity spectrum. This result is expected to improve by utilizing
a kinematic fit and a higher efficiency b-tagging operational point.

CP quantum numbers
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Figure 38: Di-Higgs production cross section at a ! ! collider for both the optical laser as well as the XCC-like
laser for different c.m. energies in dependence on the trilinear Higgs couplings parameter !∀ [416].
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Figure 39: Di-Higgs production at the parton level at different
√

s! ! for different !∀ . The Jz = 2 case can
clearly be separated [416].

a Jz = 0 state, c.f. Fig. 39, but also potentially higher precision. To assess the feasibility of the trilinear Higgs
self-coupling measurement in a 380 GeV XFEL ! ! collider option, a Delphes-based analysis was performed
using simulated data produced with Pythia8 and Cain, interfaced with Whizard 3.14, including all sources of
physics backgrounds from ! ! , e–! , and e+e–, properly accounting for the luminosity profile predicted by Cain.
The e+e– background, not present in previous optical photon collider concepts, arises from the operation at
very large x values where Compton photons interact with laser photons producing e+e– pairs. The process
e+e– → ZH → bbbb is in fact the dominant background to ! ! → HH → bbbb after final selection. Pileup
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Figure 42: ! ! → HH → bbbb and e–! → qqH+X at
↑

s = 380 GeV event displays. The e–! background
events are highly boosted and distinct from the di-Higgs signal.

Figure 43: Invariant mass of the leading b-jet pair before and after BDT cuts.

For instance, the CP-properties of the Higgs sector [417] can directly be probed via the photon polarisation,
complementing results from the LHC on this topic: CP-even Higgs bosons couple with maximal strength to
linearly-polarised photons with parallel polarisation vectors whereas CP-odd Higgs bosons prefer linearly-
polarised photons with perpendicular polarisation vectors [418, 419].

Single Higgs production
This physics reach at a ! ! -collider is accomplished by access to the single Higgs production, leading to
complementary information and measurements of the couplings. This channel allows a determination of the
gZZH coupling which in combination with the HZ-channel, both at

↑
s = 500 GeV, leads to an accuracy that

is comparable to a determination at HZ only but at
↑

s = 250 GeV [420]. Combining this channel with the
corresponding results from the e–e–-option would enhance the accuracy furthermore due to the lower back-
ground [420].
Table 11 shows the comparison of a ! ! collider mode using optical and XFEL lasers. The XFEL option pro-
duces a luminosity profile that is sharply peaked around the Higgs mass (see Fig. 66) leading to a much
higher number of signal events and slightly smaller backgrounds. A full analysis of single Higgs production
comparing both laser options is ongoing.

BSM Higgs production
Since, in principle at higher energy when the Higgs-strahlung (direct production of Higgs in association with
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11.2. ILC FACILITIES FOR FIXED-TARGET EXPERIMENTS 235

Figure 11.1: Distribution of beam dumps over the ILC facility. The electron, positron and photon
beamlines are colored blue, red and yellow, respectively.

11.2 ILC Facilities for fixed-target experiments

The ILC can provide very high energy, high intensity, low emittance electron and positron beams.
The unique beams can also be used for purposes other than the collider experiments. The single-
pass nature of ILC allows us to use the beams even destructively so long as the influence to the
collider experiments is not significant.

The most appropriate locations of using the beams are the beam dumps. There, very high
intensity electron and positron beams interact with thick targets, hopefully producing large numbers
of highly penetrating particles. There are 15 beam dumps distributed over the entire facility. Their
locations are schematically shown in Figure 11.1. In this section, we will briefly describe only those
which may be useful for some of the fixed target experiments.

Main dumps (E�5,E+5)

The main dumps (E�5 and E+5) are located about 300 m downstream of the interaction point
(IP). Each of them accepts the full power beam (125 GeV, 2.5 MW) of the ILC250 beam. The main
body of the dump is a water tank of cylindrical shape, 1.8 m diameter, ⇠10 m length, filled with
high-pressure (⇠10 atm for ILC500) water. This is followed by a shield several tens of meter long,
designed to absorb muons created in the dump. This muon shield can be split into many pieces so
that appropriate locations can be chosen to insert the detectors for fixed target experiments. The
accelerator carrying the opposite beam to the IP is running nearby. The beam-center spacing is
0.014 (crossing angle) ⇥ 300-400 m = 4-6 m. This will limit the size of the region available for a
fixed target experiment.

There have already been several proposals to make use of the secondary particles from these
dumps. Experiments parasitic to the collider experiment are normally expected so that the beams
come to the dumps after beam-beam interaction at the IP. It may also be possible to plan a
dedicated machine time in principle but it is better to use the tune-up dumps (E�4, E+4) unless
the full power beam is necessary. Also it is almost impossible to make use of the beam between IP
and the dump, by either placing a target or by extracting the beam, because of the safety issue.

Tune-up dumps (E�4,E+4)

• Ample opportunities to foresee beam extraction / dump instrumentation / far detectors at a LCF
• extraction of bunches before IP -> mono-energetic, extremely stable, few 1010 @ 1-10 Hz  

=> super-LUXE (SF-QED 𝝌 = O(few hundred) & BSM search), super-LDMX, …
• disrupted beam after IP -> broad energy and highly divergent, but up to 1015 eot / s 

super-SHIP, generic dark photon and ALP searches   
=> together with e+e- cover all Dark Sector portals 

• Low-emittance, mono-energetic beams ideal for 
• high-rate detector and beam instrumentation tests 
• creating low-emittance beams of photons / muons / neutrons for various applications  

(hadron spectroscopy, material science, irradiation, tomography, radioactive isotope production, …)
• accelerator development: 

• high-gradient accelerating structures, new final focus schemes, deceleration (for ERLs), beam and laser driven plasma, …
• from extracted beam to test small setups - to large-scale demonstrators for upgrades of the main facility3 The Portal to New Physics
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<latexit sha1_base64="g1+25JjIHzEtRDKu1ViQQS/6u6U=">AAAB6nicbVDLSsNAFJ1UrbW+qi7dDBbBVUhin7uCLly2aB/QhjKZTtqhkwczE6GEfoILXVTEreC/uHQn/ozTpIiKBy4czrmXe+9xQkaFNIwPLbO2vpHdzG3lt3d29/YLB4cdEUQckzYOWMB7DhKEUZ+0JZWM9EJOkOcw0nWmF0u/e0u4oIF/I2chsT009qlLMZJKur4cimGhaOiVWtm0LGjoRgJFKvWSWa5Bc6UUG9nW59vi/rU5LLwPRgGOPOJLzJAQfdMIpR0jLilmZJ4fRIKECE/RmPQV9ZFHhB0np87hqVJG0A24Kl/CRP05ESNPiJnnqE4PyYn46y3F/7x+JN2aHVM/jCTxcbrIjRiUAVz+DUeUEyzZTBGEOVW3QjxBHGGp0sknIdQTwJRUSytSN79D6Fi6ea6XWyoNC6TIgWNwAs6ACaqgAa5AE7QBBmNwBxbgUWPag/akPaetGW01cwR+QXv5AhmbknQ=</latexit>

B
<latexit sha1_base64="6BVS2aX3wRve6ax5sEfT9Hv1Jmw=">AAAB6HicbVDLSgMxFM3UVx1fVZdugkVwNSSt49iFWHTjsgXbCu1QMmmmjc08SDJCKf0CNy4Ucasf4X+4Ef/G6bSIigcuHM65l3vv8WLBlUbo08gtLC4tr+RXzbX1jc2twvZOU0WJpKxBIxHJa48oJnjIGpprwa5jyUjgCdbyhhdTv3XLpOJReKVHMXMD0g+5zynRqVQ/7xaKyLKdMsIYIgsjbFfsKSnZznEZYgtlKJ69mafx64dZ6xbeO72IJgELNRVEqTZGsXbHRGpOBZuYnUSxmNAh6bN2SkMSMOWOs0Mn8CBVetCPZFqhhpn6c2JMAqVGgZd2BkQP1F9vKv7ntRPtn7hjHsaJZiGdLfITAXUEp1/DHpeMajFKCaGSp7dCOiCSUJ1mY2YhVDLAGXGO5qSCv0Nolixctuw6KlZLYIY82AP74BBg4IAquAQ10AAUMHAHHsCjcWPcG0/G86w1Z8xndsEvGC9fcxyQuA==</latexit>

Bs
<latexit sha1_base64="bWjXYoiywomyxmXseKlbEJDtYI8=">AAAB6nicbVBNS8NAEN1UrbV+VT16WSyCp5C01dpb0YvHFu0HtKFstpt26WYTdjdCCf0JHvRQEa+C/8WjN/HPuE2KqPhg4PHeDDPz3JBRqSzrw8isrK5l13Mb+c2t7Z3dwt5+WwaRwKSFAxaIroskYZSTlqKKkW4oCPJdRjru5HLhd26JkDTgN2oaEsdHI049ipHS0vXFQA4KRcssl6tWrQwTYlfOUmJVK9A2rQTFerb5+Ta/f20MCu/9YYAjn3CFGZKyZ1uhcmIkFMWMzPL9SJIQ4QkakZ6mHPlEOnFy6gwea2UIvUDo4gom6s+JGPlSTn1Xd/pIjeVfbyH+5/Ui5Z07MeVhpAjH6SIvYlAFcPE3HFJBsGJTTRAWVN8K8RgJhJVOJ5+EUEsAU6J/Xyr2dwjtkmmXzdOmTqMEUuTAITgCJ8AGVVAHV6ABWgCDEbgDc/BoMOPBeDKe09aMsZw5AL9gvHwBLemSgg==</latexit>

Bc
<latexit sha1_base64="r8tzfeccyReK7HP9yoC2IwZBO6c=">AAAB6nicbVDLSgMxFM3UV62vqks3wSK4GjLT5+yKbly2aB/QlpJJ0zY08yDJCKX0E1zooiJuBf/FpTvxZ0xniqh44MLhnHu59x435EwqhD6M1Nr6xuZWejuzs7u3f5A9PGrKIBKENkjAA9F2saSc+bShmOK0HQqKPZfTlju5XPqtWyokC/wbNQ1pz8Mjnw0ZwUpL1xd90s/mkIkcq5CvQGSWkV1EtiYlp2gXS9AyUYxcdbP++ba4f631s+/dQUAij/qKcCxlx0Kh6s2wUIxwOs90I0lDTCZ4RDua+tijsjeLT53DM60M4DAQunwFY/XnxAx7Uk49V3d6WI3lX28p/ud1IjWs9GbMDyNFfZIsGkYcqgAu/4YDJihRfKoJJoLpWyEZY4GJ0ulk4hCcGDAh5cKKONZ3CE3btPJmsa7TsEGCNDgBp+AcWKAMquAK1EADEDACd2ABHg1uPBhPxnPSmjJWM8fgF4yXLxbhknM=</latexit>

Ebeam = 500GeV
<latexit sha1_base64="7nvETJCgDpcgp7ULijSnPGnoiYg=">AAACBHicbVBLSwMxGMz6rPW11mMvoUXwIGVXW2oPQkFFjxXsA7rLkk3TNjT7IMkKZdmDF3+KXjwo4lF/gSdv/hvTbRFfA4HJzDd8ybgho0Iaxoc2N7+wuLScWcmurq1vbOpbuZYIIo5JEwcs4B0XCcKoT5qSSkY6ISfIcxlpu6Pjid++IlzQwL+U45DYHhr4tE8xkkpy9PypE1vcg67KJEcVw7D20vsZaSWOXjRKRgr4l5gzUqxn3l5yJ7eFhqO/W70ARx7xJWZIiK5phNKOEZcUM5JkrUiQEOERGpCuoj7yiLDj9BMJ3FFKD/YDro4vYap+T8TIE2LsuWrSQ3IofnsT8T+vG8n+oR1TP4wk8fF0UT9iUAZw0gjsUU6wZGNFEOZUvRXiIeIIS9VbNi2hlgJOSbU8IzXzq4TWfsk8KFUuVBtlMEUG5EEB7AITVEEdnIMGaAIMrsEdeACP2o12rz1pz9PROW2W2QY/oL1+AhC7mmg=</latexit>

⌧
<latexit sha1_base64="5daJQzuCGMaBrj5rX5+zI2znkWM=">AAAB63icbVC7SgNBFJ2NrxhfUUubwSDEZpnNxmxSGbCxjGAekA1hdjJJhsw+mJkVwpJf0MJCEVv/wspPsPND7N1HEBUPXDiccy/33uMEnEmF0IeWW1ldW9/Ibxa2tnd294r7Bx3ph4LQNvG5L3oOlpQzj7YVU5z2AkGx63DadWYXid+9oUIy37tW84AOXDzx2JgRrBLJVjgcFktIb9QbDasCkV61kFEzYoLMSs00oaGjFKXz1/Ln25192hoW3+2RT0KXeopwLGXfQIEaRFgoRjhdFOxQ0gCTGZ7Qfkw97FI5iNJbF/AkVkZw7Iu4PAVT9edEhF0p564Td7pYTeVfLxH/8/qhGtcHEfOCUFGPZIvGIYfKh8njcMQEJYrPY4KJYPGtkEyxwETF8RSyEFLAjFjVJWkY3yF0Krph6mdXqNSsgQx5cASOQRkYwAJNcAlaoA0ImIJb8AAeNVe7156056w1py1nDsEvaC9fHDWTDQ==</latexit>

u (= Eproduction/Ebeam)
<latexit sha1_base64="3D0BC0APrIhUAMpzY63U3bWblGg="></latexit>

Figure 46: The energy distribution of mesons and tau leptons at its production inside the LC beam dump [443].

electron beam dump (blue curve) and is dominant in the high energy region.
High-energy electron or positron beam dumps produce not only electromagnetic shower particles but also a

large number of hadrons and tau leptons. Figure 46 shows the energy distribution of mesons and tau leptons at
its production inside the LC beam dump [443]. For this evaluation, meson production via photoproduction has
been considered for hadron production because photons are dominant secondary particles in EM showers.
In contrast, tau lepton production cross section includes both the contributions from Ds decay (Ds → !∀! )
and pair production from real photons (#N → !+!–X ). In the high-energy region where u > 0.65, the pair
production process becomes dominant, a characteristic feature of electron beam dumps. In the right panel,
we show the same distribution of Ebeam = 500 GeV. At the higher scale, the contributions of the D and B are
more prominent. The total number of B mesons, D mesons, ! leptons per NEOT = 4 ↑ 1021 are 4 ↑ 1012,
7↑1016 and 3↑1014 for Ebeam = 125 GeV, and 3↑1014, 5↑1017 and 2↑1015 for Ebeam = 500 GeV.

Dark Sector particle searches Many extensions of the Standard Model contain particles that do not carry
SM gauge charges, or “dark sector” particles. Dark sector particles often arise in models that address the
hierarchy problem (e.g., relaxion models), the strong CP problem (models with axions or axion-like-particles
(ALPs)), and very importantly Dark Matter (DM) models.

In the past decade, there has been a flourishing of new ideas to search for dark sector particles at
accelerator-based experiments (colliders, meson factories, fixed target experiments, ...). For a recent re-
view, see [444]. Dark sector particles can naturally have a long lifetime, making them a target for beam dump
experiments.

Axion-like particles Axion-like particles (ALPs), A, are pseudoscalar particles whose Lagrangian has an
approximate shift symmetry. ALPs can couple to the SM gauge bosons, V, with interactions of the type

LVV = gaVV aVµ∀ Ṽ µ∀ /4, (13)

where Vµ∀ is the field strength tensor and Ṽµ∀ = ∃µ∀%& V %& /2. ALPs can also couple to the SM fermions with
derivative couplings, ! ∋µa(f̄ #µ #5f ).

These ALPs could be produced in the LC electron beam dump through the bremsstrahlung process initiated
by the secondary photon beam. They could decay to two photons after the dump. Their lifetime can, in fact,
be macroscopic and is given by

!a = 4( /(c2
a∀ ∀ m3

a) ↓ 4(
(

GeV
ma

)3
(

1
ga∀ ∀ GeV

)2
m

5↑1015 . (14)
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General Considerations
at the heart of LCVision

• Timing is important - need a timely e+e- Higgs factory based on technology in-hand: 
• current young researchers are key to both the HL-LHC program and the future Higgs factory 
• prolonged uncertainly or delays in decision making discourage ECRs => loss of talent 
• clear and timely transition from HL-LHC to next collider will provide long-term research opportunities  

• Flexibility is important too - keep driving (and profit from) advanced accelerator technologies: 
• stageable and upgradable approach 
• can decide to switch / upgrade technology at any stage 
• based on scientific and technological developments — or even break-throughs 

• Need for intensified accelerator R&D: 
• goal for the next-to-next generation facility must be a 10-TeV pCM collider 
• there is no affordable technology today 
• all routes (pp <=>HFM;  𝜇𝜇 <=> cooling;  ee/𝛾𝛾 <=> PWFA) need expensive R&D and demonstrators 

• a staged and flexible Higgs factory aligns best with this ambitious R&D program
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Conclusions
LCVision for the ESPPU

• we need a new e+e- collider to study the Higgs - now 
• a Linear Collider has decisive advantages:  

• particle physics: polarisation & high-energy reach  
=> Higgs pair production in two complementary production modes 

• strategically:  
• well-understood technology and staged approach allow fast start 
• flexible and responsive to future physics developments 

• technologically:  
• flexible upgrades with advanced accelerator technologies 

• for the next-to-next step: support R&D towards 10-TeV pCM scale 
• the LCVision team contributed to the ESPPU: 

• the physics and technology case for Linear Colliders in general  
• and proposed a Linear Collider Facility @ CERN as the next 

flagship project,  in the spirit of the Linear Collider Vision
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Invitation to participate in LCVision
What you can do

• sign-up for LCVision mailing list (CERN e-group):  
http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=LCVision-General 

• sign up on supporter list for the LCVision documents: 
• either following link on https://agenda.linearcollider.org/event/10624/program 
• or directly on https://www.ppe.gla.ac.uk/LC/LCVision/index.php?

show=instadmin&skey=etUI1visTy25 

• join us at LCWS2025: October 20-24 in Valencia, Spain

http://simba3.web.cern.ch/simba3/SelfSubscription.aspx?groupName=LCVision-General
https://agenda.linearcollider.org/event/10624/program
https://www.ppe.gla.ac.uk/LC/LCVision/index.php?show=instadmin&skey=etUI1visTy25
https://www.ppe.gla.ac.uk/LC/LCVision/index.php?show=instadmin&skey=etUI1visTy25
https://www.ppe.gla.ac.uk/LC/LCVision/index.php?show=instadmin&skey=etUI1visTy25


Any Questions?


