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From discussion session: What makes you enthusiastic about Linear Colliders?
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From discussion session & poll: Comments on LC vision
• clear majority of responses very supporting 
• some specific comments: 

• please include 2nd BDS & 2nd interaction region! 
• More cost effective, sustainable, while still retaining physics reach. More potential for beyond collider 

experiments e.g. strong field QED!!! 
• specify the impact to detector and physics of HALHF energy asymmetry 

• some questions on the overall strategy to put forward a joint LC vision - in general and for CERN: 
• how do we convince the wider particle physics community that the LC Vision of an initial-stage Higgs 

factory, upgradeable, is the best path for the field? 
• What do you consider a realistic "way out" of the currently "stuck" future collider situation? (FCC likely not 

affordable, uncertainty on CEPC, LC politics) 
• How seriously is ILC at CERN being discussed, while CERN seems currently willing to go for FCCee? 

=> formulating the LC vision more precisely & coherently is a first step to address these!
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=> formulating the LC vision more precisely & coherently is a first step to address these!

And base it on science!
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e+e- Physics at a Linear Collider Facility
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A physics-driven, polarised operating scenario for a Linear Collider
• 250 GeV, ~2ab-1: 

• precision Higgs mass and total ZH cross-section 
• Higgs -> invisible (Dark Sector portal) 
• basic ffbar and WW program 
• optional: WW threshold scan 

• Z pole, few billion Z’s: EWPOs 10-100x better than today 
• 350 GeV, 200 fb-1: 

• precision top mass from threshold scan 
• 500…600 GeV, 4 ab-1: 

• Higgs self-coupling in ZHH 
• top quark ew couplings 
• top Yukawa coupling incl CP structure 
• improved Higgs, WW and ffbar 
• probe Higgsinos up to ~300 GeV  
• probe Heavy Neutral Leptons up to ~600 GeV  

• 800…1000 GeV, 8 ab-1: 
• Higgs self-coupling in VBF 
• further improvements in tt, ff, WW, …. 
• probe Higgsinos up to ~500 GeV  
• probe Heavy Neutral Leptons up to ~1000 GeV 
• searches, searches, searches, …
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CLIC baseline [arXiv:2203.09186]

CLIC luminosity upgrade [dito]

Based on classic ILC/CLIC luminosity assumptions  
limited by self-allowed power budget
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As of today, there’s no very clear physics target above ~1TeV 1) 

— apart from pure exploration.  
However HL-LHC might still change that…flexibility wrt later upgrades / 

choice of 10 TeV pCoM is integral part of LC Vision 
1) 3-10 TeV with 5-10 ab-1 might give access to quartic self-coupling from HHH production (cf arXiv:2312:04646)

Based on classic ILC/CLIC luminosity assumptions  
limited by self-allowed power budget

https://arxiv.org/pdf/2312.04646
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All e+e- colliders deliver the basic single-Higgs program 

arXiv:2206.08326

https://arxiv.org/abs/2206.08326
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All e+e- colliders deliver the basic single-Higgs program 

all e+e- colliders show very comparable performance for standard Higgs program 
despite quite different assumed integrated luminosities => beam polarisation! 

• several couplings at few-0.1% level: Z, W, g, b, τ 
• some more at ~1%: γ, c 

=> the primary objective for HEP should be to get at least one of them realised, 
some where in the world, and we all should unite behind whatever will be outcome 
of the EPPSU 
=> allowing ourselves an open discussion before and during the EPPSU is not in 
contradiction to uniting behind the outcome of the strategy!

arXiv:2206.08326

https://arxiv.org/abs/2206.08326
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Higgs self-coupling beyond the SM
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at least 10-15% precision for all λ 
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The Higgs Boson
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https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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• two production channels combined at all √s: WW-fusion channel rapidly 
becomes useful just a little above 500 GeV 

• luminosity now also scaled proportionally to √s

note: this is based on old DBD analysis; large room from new analysis

Discovery can 
be guaranteed  

J.Tian, this workshop

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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combination and 550 GeV

analysis improvements to come?

https://bib-pubdb1.desy.de/record/310520/files/desy-thesis-16-027.title.pdf?subformat=pdfa
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Full SMEFT analysis of Top Quark sector

• expected precision on Wilson coefficients 
for HL-LHC alone and combined with 
various e+e- proposals 

• e+e- at high center-of-mass 
energy with polarised beams 
lifts degeneracies between operators

Figure 3. Comparison of the constraints expected from a combination of HL-LHC and

lepton collider data. The limits on the qq̄tt̄ and CtG coe�cients are not shown, since

the e+e� collider measurements considered are not sensitive to them, but all operators

are included in the global fit. The improvement expected from the HL-LHC on these

coe�cients is shown in Fig. 1. The solid bars provide the individual limits of the single-

parameter fit and the shaded ones the marginalised limits of the global fit. The correlations

between the Wilson coe�cients obtained in the global fit can be found in App. B.

tion threshold are required to disentangle the e+e�tt̄ operator coe�cients from the

two-fermion operator coe�cients [7]. The two sets of operators have very di↵erent

scaling with energy: the sensitivity to four-fermion operators grows quadratically,

while it is constant or grows only linearly for two-fermion operators. In a fit to data

taken at a single centre of mass, linear combinations of their coe�cients remain de-

generate and form blind directions. The combination of runs at two di↵erent centre-

of-mass energies e↵ectively disentangles them and provides global fit constraints close

to the individual bounds

Several further processes are accessible to e+e� colliders, but have not been

taken into account in this study. The top-quark Yukawa coupling can be determined

through the tree-level dependence of the associated e+e� ! tt̄H production process.

This requires runs with a centre-of-mass energy above 500–550 GeV . At linear col-

liders, where the luminosity grows with energy, there is a broad plateau up to about

1.5 TeV where e+e� ! tt̄H is accessible. Based on full-simulation studies of Ref. [55]

– 10 –

arXiv:2205.02140

+ FCC-ee
t

t
not accessible at HL-LHC

CEPC  
 FCCee

ILC  
CLIC

https://arxiv.org/abs/2205.02140
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https://arxiv.org/abs/2205.02140
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Implementation of a Linear Collider Facility
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A Linear Collider Facility — at CERN or in Japan
• What could be the initial technology                                     

for an LCF at CERN? (Japan=ILC)
• For many years, CERN pioneered CLIC  

— from 380 GeV to 3 TeV
• drive beam technology demonstrated
• detailed design and costing  

=> first stage can be built within CERN budget 
(shown in CLIC Project Implementation Plan, 2018)

• However could also consider to start out with  
a linear collider based superconducting RF

• proven and industrialised technology 
• strong general interest in technology around the world
• significant industrial production capacities in Europe  

(and elsewhere)
• strong lab expertise outside of CERN  

=> could take significant load off CERNs  
shoulders while still busy with / paying off HL-LHC

• CERN site actually been studied for ILC TDR…

CLIC: e+e- @ 0.38, 1.5, 3 TeV 
Conceptual Design 2012 
Updated Baseline in 2017 & 
2021 for Snowmass 
2-beam acceleration
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• strong lab expertise outside of CERN  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shoulders while still busy with / paying off HL-LHC

• CERN site actually been studied for ILC TDR…

CLIC: e+e- @ 0.38, 1.5, 3 TeV 
Conceptual Design 2012 
Updated Baseline in 2017 & 
2021 for Snowmass 
2-beam acceleration

ILC in Japan — or LCF@CERN starting with ILC 
technology  — minimize time til next project 

=> crucial for next generation of our community! 
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Revisiting siting of ILC-like machine at CERN

• revisiting ILC siting at CERN from TDR and CLIC siting 
• updating / merging existing material, incl. CERN-specific CFS costing for an “ILC-like” machine
• extending the CLIC&ILC life-cycle-assessment (“ARUP study”) from civil construction to full project

• currently ongoing @global LC community:
• updating the costing for 250 GeV and 550 (!) GeV SCRF collider

1 TeV ILC
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• updating the costing for 250 GeV and 550 (!) GeV SCRF collider

1 TeV ILC

500 GeV ILC (entirely in molasse)
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Tunnel Geometry and Global Warming Potential

https://edms.cern.ch/document/2917948/1 

• Linear Collider Facility at CERN:
• round tunnel like for XFEL (5.2m)  

or CLIC (5.6m)
• diameter, wall thinkness to be optimised 

• ARUP study for CLIC/ILC tunnels:
• full life-cycle assessment  

according to ISO standards  
by consultancy company (ARUP)

• green house gas emission plus  
13 more impact categories

• showed room for 40% reduction of GWP
• new: being extended to “content”  

of tunnels & halls

120

Conclusions

A Life Cycle Assessment (LCA) was completed for:

1. CLIC Drive Beam, 5.6m internal diameter, Geneva 
(380GeV, 1.5TeV and 3TeV)

2. CLIC Klystron, 10m internal diameter, Geneva 
(380GeV)

3. ILC, arched 9.5m span, Tohoku Region Japan 
(250GeV)

A1-A5 GWP was evaluated at system and sub-system 
level. A1-A3 GWP was evaluated at component and sub-
component level. The GWP results highlight the elements 
of design that have the largest GWP contribution. This 
enabled GWP reduction opportunities to be identified for 
CLIC and ILC designs. 

At sub-system level across all CLIC and ILC options the 
biggest GWP contributor was the material of the tunnels 
(A1-A3). This was further analysed at component and sub-
component level which identified the permanent lining, 
invert/roadbed concrete and shielding wall being the largest 
contributors.

Contents LCA approach A1-A5 assessment ConclusionsBenchmarking Sensitivities & reduction opportunities
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Cost estimates…
• Cost estimates are being updated - stay tuned….
• old (!) existing costings (European accounting):

• CLIC500 (CDR, 2010): 7.4 BCHF
• ILC500 (TDR, 2012): 8 BILCU  (ILCU = US$ in 2012)
• CLIC380 (drive-beam / klystron, EPPSU 2018): 5.9 / 7.3 BCHF 
• ILC250 (EPPSU 2018): 5 BILCU

• CLIC380 has been shown to be financiable from CERN budget over 
construction time (CLIC Project Implementation Plan 2018)

7 The CLIC Accelerator Implementation

Table 7.1: Cost breakdown for the 380 GeV stage of the CLIC accelerator, for the Drive-Beam baseline
option and for the klystron option.

Domain Sub-Domain Cost [MCHF]
Drive-Beam Klystron

Main Beam Production
Injectors 175 175
Damping Rings 309 309
Beam Transport 409 409

Drive Beam Production
Injectors 584 —
Frequency Multiplication 379 —
Beam Transport 76 —

Main Linac Modules Main Linac Modules 1329 895
Post decelerators 37 —

Main Linac RF Main Linac Xband RF — 2788

Beam Delivery and
Post Collision Lines

Beam Delivery Systems 52 52
Final focus, Exp. Area 22 22
Post-collision lines/dumps 47 47

Civil Engineering Civil Engineering 1300 1479

Infrastructure and Services

Electrical distribution 243 243
Survey and Alignment 194 147
Cooling and ventilation 443 410
Transport / installation 38 36

Machine Control, Protection
and Safety systems

Safety system 72 114
Machine Control Infrastructure 146 131
Machine Protection 14 8
Access Safety & Control System 23 23

Total (rounded) 5890 7290
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Figure 7.9: Cost breakdown for the 380 GeV stage of the CLIC accelerator, for the Drive-Beam option
and for the Klystron option. (image credit: CLIC)

stage of CLIC including a 1‡ overall uncertainty is therefore:

196

assumed that three, possibly four, production sites would
be required worldwide. The European XFEL has been
constructed by a consortium of several European coun-
tries, with DESY providing overall coordination. Based
on this experience and the known published cost of the
E-XFEL cryomodules, we have produced a model for
producing and testing one-third of the cryomodule pro-
duction (310 cryomodules). This model has then been
used to scale to other possible contribution scenarios dis-
cussed below. The resulting cost per cryomodule is about
1.65 Me (material and labour), including module pro-
duction and 100% testing of cavities and cryomodules,
which represents an approximate reduction of 26% over
the actual E-XFEL cost. This reduction has been esti-
mated through the higher production numbers and the
re-use of existing E-XFEL production and testing infras-
tructure. Where applicable, a mild learning curve slope
of 95% has been applied, assuming two vendors for pro-
curement of all major sub components.
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FIG. 2. Primary cost drivers for the 250 GeV ILC as iden-
tified in the ILC TDR [9].

Europe not only has expertise in cryomodule produc-
tion, but also in many other of the subsystems required
for the ILC. A European contribution to ILC could there-
fore include other items in addition to cryomodules. As
an example, providing one third of the klystrons, modula-
tors and associated controls (low-level RF) needed for the
SCRF linacs would cost around 155 Me, one third of the
cost of the cryogenics systems would be roughly 143 Me,
and supplying a fraction of the accelerator components
(vacuum, power supplies, magnets, computing and con-
trols etc.) needed for the project could easily reach a cost
of approximately 345 Me. Figure 2 also shows the ILC
TDR costs broken down by both accelerator sub-system
and technical components, not including CFS, installa-
tion or SCRF cryomodules.

The experience of the European countries, organised
according to sub-systems, including overall design stud-
ies, are shown in Table III. There is significant potential
for the countries to get involved in other activities than
shown in the table, and for other European countries to

get involved, based on experience with other accelera-
tor projects than those providing the information in the
table.
As discussed in Section II B, 5% of the total value and

10% of the personnel are assumed to ramp up during
the four-year preparatory phase. The profiles shown in
Fig. 3 also includes a fraction of the expected lab services
personnel, which will almost certainly be required during
the preparatory phase.

FIG. 3. An estimation of the cost and personnel profile cover
the preparatory phase (years -3 to 0) and the construction
phase (years 1 to 8) for the 1/3 model of a 250 GeV machine,
as a fraction of the totals. In this timeline, year 1 corresponds
to the first year of construction, currently foreseen in 2023
Top: material costs. Bottom: explicit personnel in FTE-
years.

D. Organisation of the accelerator activities

In this short section, we discuss possible organisation
forms of a European participation in the ILC. Given the
physics interests in a future e+e�accelerator, the ILC
project is likely to imply a substantial investment from
the European perspective. This fact highlights the ne-
cessity for a high-level agreement about the level of Eu-
ropean participation in ILC to be formalised between
2020 and 2023 if the currently assumed time-line of the
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trols etc.) needed for the project could easily reach a cost
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ies, are shown in Table III. There is significant potential
for the countries to get involved in other activities than
shown in the table, and for other European countries to

get involved, based on experience with other accelera-
tor projects than those providing the information in the
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the four-year preparatory phase. The profiles shown in
Fig. 3 also includes a fraction of the expected lab services
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Cost estimates…
• Cost estimates are being updated - stay tuned….
• old (!) existing costings (European accounting):

• CLIC500 (CDR, 2010): 7.4 BCHF
• ILC500 (TDR, 2012): 8 BILCU  (ILCU = US$ in 2012)
• CLIC380 (drive-beam / klystron, EPPSU 2018): 5.9 / 7.3 BCHF 
• ILC250 (EPPSU 2018): 5 BILCU

• CLIC380 has been shown to be financiable from CERN budget over 
construction time (CLIC Project Implementation Plan 2018)

7 The CLIC Accelerator Implementation

Table 7.1: Cost breakdown for the 380 GeV stage of the CLIC accelerator, for the Drive-Beam baseline
option and for the klystron option.

Domain Sub-Domain Cost [MCHF]
Drive-Beam Klystron

Main Beam Production
Injectors 175 175
Damping Rings 309 309
Beam Transport 409 409

Drive Beam Production
Injectors 584 —
Frequency Multiplication 379 —
Beam Transport 76 —

Main Linac Modules Main Linac Modules 1329 895
Post decelerators 37 —

Main Linac RF Main Linac Xband RF — 2788

Beam Delivery and
Post Collision Lines

Beam Delivery Systems 52 52
Final focus, Exp. Area 22 22
Post-collision lines/dumps 47 47

Civil Engineering Civil Engineering 1300 1479

Infrastructure and Services

Electrical distribution 243 243
Survey and Alignment 194 147
Cooling and ventilation 443 410
Transport / installation 38 36

Machine Control, Protection
and Safety systems

Safety system 72 114
Machine Control Infrastructure 146 131
Machine Protection 14 8
Access Safety & Control System 23 23

Total (rounded) 5890 7290
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Figure 7.9: Cost breakdown for the 380 GeV stage of the CLIC accelerator, for the Drive-Beam option
and for the Klystron option. (image credit: CLIC)
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ILC (in Japan) cost update underway by IDT, target review 
in December ’24, public release in January ‘25 

LC Vision team will estimate ILC@CERN with help of CLIC 
and ILC in Japan costings
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2nd Interaction Region — for 2nd e+e- detector — or 𝝲𝝲 / e𝝲 / e-e- ?
• 2nd Beam Delivery System (BDS) to 2nd Interaction Region, served 

“quasi-concurrently”, by switching on train-by-train basis have been 
designed for ILC & CLIC

• eliminating it from ILC baseline “saved” O(0.5) BILCU — could 
reinstantiate for a Linear Collider Facility

• 2 IRs are important for
• 2 detectors for redundancy, technological complementarity, 

systematic cross-checks, competition
• special collision modes: e-e- / 𝜸e / 𝜸𝜸 , each adding specialized, 

unique physics opportunities
• …but do of course not double the e+e-  luminosity

The two figures on the bottom show the optics structure
of the DS of the new design for the dual BDS: the middle
one, shows the case of the shorter BDS (BDS2 e−), while
the bottom one shows the case of the longer BDS (BDS2
eþ). On the top of each figure there are the magnets
appearing in the DS: in blue the focusing quadrupoles, in
red the defocusing ones and in light blue the dipoles. The
bending angles are arranged to suppress dispersion at the
exit of the DS. The strengths of the dipoles are related as
θ1 ¼ θ0=

ffiffiffi
2

p
[25]. We define as θ the total bending angle,

θ ¼ 2θ1 þ θ0. The value θ ¼ 4.83 mrad has been chosen to
provide the desired transverse separation of 10 m between
the two detectors to fit the experimental cavern. The Twiss
functions at the DS exit have been matched to the design
values and then the new DS has been connected to the rest
of the BDS in order to get the beam to two different IRs.
The layout of the new dual BDS is shown in Fig. 5

displaying all magnets along the beamlines. Concerning the
longitudinal separation of the 2 detectors, it was chosen to
be about 40 m (that corresponds to one FODO cell in the
DS), even if it introduces issues with train synchronization,
it is necessary in order to minimize the transverse separa-
tion space to allocate the two detectors. The two crossing

angles (c.a.) are respectively 16.5 mrad for IR1 and 26 mrad
for IR2 (compatible with gamma-gamma collisions).
A zoom of the IRs is shown in Fig. 6 depicting the

different beamlines. IR1 is longitudinally shifted 40 m
ahead of IR2 and it is transversely separated by 10 m from
IR2 to allow the necessary cavern sizes to allocate the two
detectors without any interference between them.
Table III summarizes the geometrical parameters and the

optics functions for CLIC 380 GeV.

B. CLIC 3 TeV

The dual lattice design is also developed for CLIC 3 TeV,
keeping the compatibility between the 2 energy stages for
both IRs. The procedure to make the new beamlines has
been the same but in this case the additional length in order
to place the dipoles is about 1 km. Figure 7 shows the Twiss
functions, βx, βy and ηx as function of the longitudinal
position along the DS. The first figure on the top shows the
existing DS with the FODO cell structure before adding
three dipoles in order to separate the two BDS. The two
figures on the bottom show the optics structure of the DS of
the new design for the dual BDS: the middle one shows the
shorter BDS (BDS2 e−), while the bottom one shows the
longer BDS (BDS2 eþ).
The θ value is 2.75 mrad to provide exactly the same

transverse separation, 10 m, as for the 380 GeV design (the
same locations of the IRs) and the crossing angles are for

FIG. 5. Layout of the new dual CLIC 380 GeV BDS System for two IRs.

FIG. 6. Zoom at the IRs to have a clear visualization on the
longitudinal and transverse separations between the two detectors
of about 40 m and about 10 m, respectively.

TABLE III. Summary table of the geometrical parameters and
the optics functions for CLIC 380 GeV.

CLIC 380 GeV

BDS1 eþ

(short)
BDS1 e−

(long)
BDS2 e−

(short)
BDS2 eþ

(long)

θ [mrad] 0 0 4.83 4.83
Ldipole [m] 0 0 218.11 218.11
LFODO [m] 38.36 38.36 38.36 38.36
LDS [m] 512.89 551.24 512.89 551.24
LBDS [m] 2255.95 2294.3 2255.95 2294.3
c.a. [mrad] 16.5 16.5 26 26

DUAL BEAM DELIVERY SYSTEM SERVING TWO … PHYS. REV. ACCEL. BEAMS 24, 071001 (2021)

071001-5
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Beyond e+e- Collisions - Beam Dump / Fixed Target Experiments
• 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 4x1021 eot/a (SHIP: 1020 pot in 5 years)

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

• Studied for ILC around 2021
• Revisit for LCF — estimate size of user community?

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)

ILCX workshop Chap 11 of arXiv:2203.07622 

and talks at this LCWS!

https://agenda.linearcollider.org/event/9211/
https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2307.04084
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Beyond e+e- Collisions - Test and R&D Facilities
• 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 facility
• impact on e+e- luminosity?

• ILC: ~1300 / ~2600 bunches per train 
• extracting 10 bunches per train is few-permille loss in luminosity

ILCX workshop

https://agenda.linearcollider.org/event/9211/
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Beyond e+e- Collisions - Test and R&D Facilities
• 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 facility
• impact on e+e- luminosity?

• ILC: ~1300 / ~2600 bunches per train 
• extracting 10 bunches per train is few-permille loss in luminosity

ILCX workshop

Pioneering this now at DESY / Eu.XFEL with ELBEX facility  
(beam extraction for LUXE & other applications)

https://agenda.linearcollider.org/event/9211/
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Upgrade Options - Higher Energy “conventional”
• ILC TDR: upgrade of SCRF machine up to ~1 TeV 

• extend tunnel to ~50 km, upgrade power to 300 MW
    => huge but unsexy? Still: guaranteed fall-back…

• Advanced SCRF
• higher gradient cavities exist in the lab (45 MV/m vs 31.5 

MV/m ILC design), though not yet industrially available 
   => upgrade to > 1 TeV — or less new tunnel

• rip out SCRF and replace by X-band copper cavities  
(à la CLIC or C3)

• 70-150 MV / m  => double (3x, 4x …?) energy without 
tunnel extension

• sell / donate SCRF modules to build XFELs, irradiation 
facilities, … all around the world

Chap 15 of arXiv:2203.07622 

https://arxiv.org/abs/2203.07622
https://arxiv.org/abs/2307.04084
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Upgrade Options - Double ECM by “HALHFing” LCF

• Apply HALHF concept to eg 250 GeV ILC: 
• plasma-accelerate e- to 550 GeV  
• keep e+ linac  

(small upgrade 125 -> 137.5 GeV) 
⇒ 137.5 GeV on 550GeV ⇒ ECM = 550 GeV 
⇒ upgrade Higgs Factory to tt / tth / Zhh factory 

• How? 
• Reduce e- linac energy by 4 to 34.4GeV   
• Drive 16 stage plasma accelerator 

• Use space between electron ML and BDS to 
install plasma booster 

• Feed boosted electrons into existing BDS 
(already laid out for Ebeam ≈ 500 GeV)

E- (drive) E- (Collide) E+

Beam energy GeV 34.4 34.4 → 550 137.5

Linac Gradient MV/m 8.7 35

CoM energy GeV 550

Bunch charge nC 4.3 1.6 6.4

Bunches/pulse 10496 656 656

Rep rate Hz 5

Beam power MW 8.0 0.18 → 2.9 2.9

Lumi (approx.) cm-2s-1 ~ 1 · 1034 

Space for  
plasma booster



LC Vision | J. List | LCWS | 11 July 2024 19

Upgrade Options - Double ECM by “HALHFing” LCF

• Apply HALHF concept to eg 250 GeV ILC: 
• plasma-accelerate e- to 550 GeV  
• keep e+ linac  

(small upgrade 125 -> 137.5 GeV) 
⇒ 137.5 GeV on 550GeV ⇒ ECM = 550 GeV 
⇒ upgrade Higgs Factory to tt / tth / Zhh factory 

• How? 
• Reduce e- linac energy by 4 to 34.4GeV   
• Drive 16 stage plasma accelerator 

• Use space between electron ML and BDS to 
install plasma booster 

• Feed boosted electrons into existing BDS 
(already laid out for Ebeam ≈ 500 GeV)

E- (drive) E- (Collide) E+

Beam energy GeV 34.4 34.4 → 550 137.5

Linac Gradient MV/m 8.7 35

CoM energy GeV 550

Bunch charge nC 4.3 1.6 6.4

Bunches/pulse 10496 656 656

Rep rate Hz 5

Beam power MW 8.0 0.18 → 2.9 2.9

Lumi (approx.) cm-2s-1 ~ 1 · 1034 

Space for  
plasma booster

Can we work out a corresponding scheme for laser-driven 
plasma / ALEGRO-style upgrade?
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Upgrade Options - Higher Luminosity à la “ReLiC”
• Energy and particle recovery by de-celaration and re-cooling 
• Conceptual study indicates up to O(100) higher luminosity than ILC / CLIC conceivable
• Effectively no beamstrahlung => even Higgs resonance operation not fundamentally excluded 

(conceptual idea exists but needs verification by beam optics study)

ReLiC – Recycling Linear Collider   

• Reusing electron and positron beams beam cooled in damping rings provides for natural polarization of both beam via Sokolov-Ternov
process. Depolarization in the trip between damping ring is minuscular, which would provide for high degree of polarization. With lifetime 
~ 10 hours, necessary replacement of electrons and positrons is at 1 nA level – this is major advantage of ReLiC

ReLiC collider recycles polarized electrons and positrons

• Flat beams cooled in damping rings with “top off” to replace burned-off particles
• Bunches are ejected with collision frequency, determined by the distance between beam separators  

• Beams are accelerated on-axis in SRF linacs collide in one of detectors
• After collision at the top energy, they are decelerated in the opposite linacs

• Bunch trains are periodically separated from opposite beam, with accelerating beam propagating on-axis
• Decelerated beams are injected into cooling rings

• After few damping times the trip repeats in the opposite direction and beams collide in a detector located in the opposite branch of the 
final separator …..
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arXiv:2203.06476 [hep-ex] 

https://arxiv.org/abs/2203.06476
https://arxiv.org/abs/2307.04084
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Integrate R&D and demonstrator into initial LCF, upgrade option if successful?

https://arxiv.org/abs/2203.06476
https://arxiv.org/abs/2307.04084
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A Linear Collider Facility and the Energy Frontier
Eventually, we want to explore the O(10 TeV)-parton-ECM scale:
• a Linear Collider Facility does not restrict the choice of how to explore the energy frontier  

=> can choose independently based on scientific and technological developments
• nor is it coupled to the site: 

=> if technology ready fast, could start building energy frontier machine without stopping e+e- program
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A Linear Collider Facility and the Energy Frontier
Eventually, we want to explore the O(10 TeV)-parton-ECM scale:
• a Linear Collider Facility does not restrict the choice of how to explore the energy frontier  

=> can choose independently based on scientific and technological developments
• nor is it coupled to the site: 

=> if technology ready fast, could start building energy frontier machine without stopping e+e- program

MuonCollider? 
ppCollider?

PWA Collider?

or directly 550…800 GeV if CEPC?

Important: need significant R&D program and demonstrators to bring advanced accelerators to 
construction readiness - must be part of the over all picture (funding, people, facilities…)
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Conclusions
A Linear Collider Facility in Japan, at CERN or whereever
• offers 

• the full Higgs/top/EW e+e- physics program from 91 to (at least) 1000 GeV  
with polarised beams

• and a rich program of other collision modes and beyond-collider / R&D 
opportunities

• can be built 
• at CERN: 

• ~within the CERN budget (ref CLIC PIP),  leaving resources for scientific 
diversity and investment in R&D / demonstrators

• early: industrialised SCRF production & expertise in other labs minimizes 
interference with HL-LHC 

• in Japan: even earlier if we could overcome political obstacles for funding…
• can be upgraded with same - or advanced accelerator technology (CLIC, C3, 

Plasma, ERL, …)
• leaves time to decide on target energy and best technology for exploring the 

energy frontier based on
• scientific progress from HL-LHC and Higgs Factory
• technology development

LCF
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Outlook
• discussions towards a joint global LC vision just started
• will continue and intensify
• prepare strong contributions to the EPPSU, complementing 

individual project / detector concept submissions
• “Joint LC Vision Document (arXiv)” (main ed. R.Pöschl) 

covering
• physics at a LC from 90 GeV to multi-TeV (use references to existing 

documents, but highlight specifically 
• need for >= 500 GeV and polarised beams
• new results since Snowmass

• a joint strategic vision for a Linear Collider Facility incl. upgrades, 
beyondcollider etc — at any location in the world

• “Joint LC Vision EPPSU submission” (main ed. M.Peskin) 
-> executive summary

• “LCF@CERN submission”
• mailing lists, inner organisation of LC vision to be improved
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BACKUP
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Lower Energies at Linear Colliders

• Z pole: “only” few billion Z’s — however: polarized…
• not compatitive with TeraZ for Z pole flavour physics & 

very low mass searches (“rate only”)
• EWPO: improve by at least an order of magnitude 

(polarisation makes a huge difference!)
• schedule as needed after Higgs running incl. “free” Z physics 

from rad. return
• Higgs resonance running: not possible with classic Linear 

Collider — might change with ERL upgrade???

• WW threshold scan: possible if needed after mW from continuum
LRA
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https://inspirehep.net/literature/1751733
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The raison d’être of a Linear Collider Facility are energies ≥ 500 GeV 
• low-E program can be covered with running 500+ GeV machine at lower gradients 
• as needed after exploring higher energies 
• start at 250 GeV serves to lower theshold of initial investment as much as possible! 

https://inspirehep.net/literature/1751733
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Direct Search Example - Complementarity of Different Approaches 
Heavy Neutral Leptons 

in Z decays with displaced vertices… 
TeraZ excels

Optimal search reach for heavy neutral leptons at a muon collider

310 410  [GeV]Nm

7−10

6−10

5−10

4−10

3−10

2−10

1−102 lN
lim

. V CMS

HL-LHC

HE-LHC

FCC-hh

ILC 1 TeV

CLIC 3 TeV

Muon Collider 10 TeV

Muon Collider 3 TeV

Figure 3: Limits on the coupling V
2
lN for different Muon Collider setups (3 TeV, 1 ab*1 – turquoise; 10 TeV, 10 ab*1

– orange) resulting from the search for single on-shell (solid line) and off-shell (dotted line) heavy neutrino production.
Dashed lines indicate limits [3, 7, 18] from current and future hadron machines (current CMS limits, 13 TeV, 35.9 fb –
black; HL-LHC 14 TeV, 3 ab*1 – red; HE-LHC 27 TeV, 15 ab*1 – cyan; FCC-hh 100 TeV, 30 ab*1 – pink), dashed-dotted
for e+e* colliders (ILC 1 TeV, 3.2 ab*1 – violet; CLIC 3 TeV, 4 ab*1 – coral).

Conclusions Extensions of the Standard Model introducing heavy neutrinos o�er interesting solutions to several of
its open questions, e.g. the baryon asymmetry of the universe, dark matter and flavor. If such particles are at mass
scales well above a GeV, they can be e�ciently searched for at future lepton colliders. Due to the highest achievable
energies and the clean experimental environments, muon colliders would provide the furthest discovery reach for TeV-
scale neutrinos in such kind of models, vastly surpassing high-energy hadron colliders, potentially even for neutrino
masses above the available collision energy. By employing the synergy of both di�erent types of lepton machines,
electron-positron and muon colliders, di�erent paths in the flavor parameter space of the models could be pursued.
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From ILC@CERN to Linear Collider Facility
• excellent starting point for a Linear Collider Facility
• … but needs to be (re-)augmented to a true “facility”
• eg revisit many of  

the previous  
cost saving  
measure….
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