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AF Collider Implementation Task Force

The Collider Implementation Task Force (ITF) was charged 
with the evaluation and fair and impartial comparison of 
future collider proposals, including R&D needs, schedule, 
cost (using the same accounting rules), and environmental 
impact. 
Comparison was done for colliders with similar physics goals 
such as Higgs factories and high parton CM energy colliders.
ITF effort built on the 2021 report “European Strategy for 
Particle Physics -- Accelerator R&D Roadmap”
The full report is available at arXiv:2208.06030v2. It is also 
accepted for publication in JINST.
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Implementation Task Force

• The Accelerator Implementation Task 
Force (ITF) is charged with developing 
metrics and processes to facilitate a 
comparison between collider projects. 

• 10 int’l experts, 2 Snowmass Young’s, 
3 liaisons to Energy & Theory Frontiers

• ITF addressed (four subgroups):
➢Physics reach (impact), beam parameters
➢Size, complexity, power, environment 
➢ Technical risk, technical readiness, 

validation and R&D required
➢Cost and schedule 34
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Approach of evaluation

To facilitate an evaluation that is most useful to Snowmass and P5 24 future collider proposals were 
grouped into 5 categories:
Higgs factory colliders with a typical CM energy of 250 GeV
High energy lepton colliders with up to 3 TeV CM energy
Lepton and hadron colliders with 10 - 15 TeV parton CM energy
Lepton-hadron colliders 
Collider versions that could be located at FNAL

ITF evaluated one version of each concept, as selected by the proponents, for:
Physics reach and impact (CM energy and luminosity reach)
Technical risk, technical readiness, and validation
Cost and schedule
Size, complexity, power consumption, and environmental impact

ITF did NOT review the ultimate performance of the proposed facilities but focused on technical risk 
and R&D requirements, estimated cost and plausible, technically limited schedule.
We did not consider or include staging possibilities of different collider proposals such as FCC-ee 
followed by FCC-hh. Each proposal was considered on its own. The only exceptions are the lepton-
hadron colliders.
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FCC-ee 0.24 TeV
FCC-hh 100 TeV
FCC-eh 3.5 TeV

12

CERC recycles (polarized) electrons and positrons
After acceleration, collision, and 
deceleration all electrons and positrons 
are reinjected into the cooling rings. Only 
beam losses must be made up through 
top-off injection.

Depolarization during acceleration, 
collision, and deceleration is expected to 
be minimal. 

Simulations by Francois Meot (Zgoubi): 
no depolarization from 100 km, 220 GeV 
transport (last turn)

If this depolarization is less than the 
polarization build-up during the 4 ms 
time in the cooling rings, the electron and 
positron beams will eventually be 
polarized.

Interaction Regions

SRF lin
ac 1 SRF linac 2

2 GeV positron ring2 GeV electron ring

CERC 0.24 TeV

Future collider proposals: 0.125 – 500 TeV; e+e-, hh, eh, µµ, gg, …

ILC 0.25 TeV

Storage ring 
colliders

Linear 
colliders

ERL 
colliders

Muon 
collider

Wakefield 
colliders

CCC 0.25 TeVCLIC 0.24 TeV

MC 10 TeV 10 km
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• 8 km footprint for 250/550 GeV CoM - > 70/120 MeV/m
• 7 km footprint at 155 MeV/m for 550 GeV CoM – present Fermilab site

• Large portions of accelerator complex are compatible between LC 
technologies

• Beam delivery and IP modified from ILC (1.5 km for 550 GeV CoM)
• Damping rings and injectors to be optimized with CLIC as baseline
• Costing studies use LC estimates as inputs

C3 – Accelerator Complex

are decelerated SRF linacs and injected into the damping rings on the opposite side of the collider. 
After 2-3 damping times in the damping ring, the same particles travel in the opposite direction, 
collide in the second detector and finish in their origin. Few particle lost in the collisions’ burn-off 
and scattering on residual gas are replaced – topped off – from the injectors. 

 

 
Fig. 2. Schematic of the linear energy recovery e+e- collider with center of mass energy from 90 
GeV to 1 TeV or above.  

Using two detectors to collide electron and position beam propagating in opposite direction is 
crucial part of the concept. This allows to use magnetic elements in final focus for flat-beam 
collisions.  In fact,  this is the only viable option for TeV scale colliders. 

In ReLiC the beams propagate on axis of SRF linac and this concept does not require development 
of new SRF technology. To avoid parasitic beam collisions outside the detectors, trains of bunches 
are separated by periodically placed separators. Timing of the bunch train is selected in such way 
that we are separating contra propagating electron bunches, or contra propagating positron 
bunches, from each other – see Fig. 3. Such separators are provided for identical optics for all 
(electron, position, accelerating and decelerating ) bunches and allow to use magnetic fields1. 

 

 
Fig. 3. Separation for trains of electron and positions bunches between sections of SRF linac.  

In these limited studies, I assume that collider structure (except detector and injection) is spilt in 
200-meter sections. Each section includes potion of a linac and a separator. Length of separators  
is proportional to the beam energy at their location and I choose it to be 100 m at 500 GeV. 
Separation of the beams is horizontal and distance between beams exceeds the beam size, which 
is inverse proportional to the square root of the beam energy, by two orders of magnitude. 

In this scenario, I found that effects from the separators is negligible both in term of power of 
synchrotron radiation and induced energy spread and emittance for all c.m. energy up to 1 TeV. In 

 
1 Separating counterpropagating electron and positron beams requires use of transverse electric field.  
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ReLiC 0.24 TeV

To solve this problem we propose a twin linear collider in which the beams are acceler-
ated and then decelerated down to E ⇡ 5 GeV in separate parallel linacs with coupled RF
systems, see Fig. 2. RF power is always divided equally among the linacs. RF energy comes
to the beams both from an external RF source and from the decelerating beam. These can
be either two separate SC linacs connected by RF couplers at the ends of multi-cell cavities
(9-cell TESLA cavity), or one linac consisting of twin (dual) cavities with axes for two
beams. Such cavities have been designed and tested for XFELs [9–12].

Figure 2. The layout of the SC twin linear collider.

The collider would operate at an energy 2E0 ⇡ 250 GeV in a semi-continuous mode
with a duty cycle: collisions for a few seconds (depending on the heat capacity of liquid
He system), then a break to cool the cavities. In one cycle, the beams make about 10–30
thousand revolutions.

During collisions, beams get an additional energy spread that is damped by wigglers
installed in the return pass at the energy E ⇡ 5 GeV. The relative energy loss in wigglers
is about �E/E ⇠ 1/200. We require that the steady-state equilibrium energy spread at the
IP due to beamstrahlung is �E/E0 ⇠ 0.2%, the same as at the ILC and CLIC before the
beam collision. Such a spread would be sufficient for beam focusing.

When the beam is decelerated down to 5 GeV, its relative energy spread increases by
E0/E ⇠ 25 times to �E/E ⇠ 5%. To make it acceptable for travel without losses in the
arcs, its energy spread is reduced by 10–15 times with the help of the bunch (de)compressor;
then, the relative energy spread in the arcs will be less than 0.5%. The beam lifetime will
be determined by the tails in beamstrahlung radiation. This loss should not exceed 1-2%
after 10000 revolutions. The IP energy spread, beam instability and beam losses determine
the IP beam parameters, and hence the luminosity.

An important question is the injection and removal of the beams. When the collider
is full, the distance between bunches is 1.5–3 meters; they are accelerated and decelerated
due to the exchange of energy between the beams. External RF power is required only for
energy stabilization and compensation for radiation and high order mode (HOM) losses.
During the injection/removal of the beams, normal energy exchange does not occur until the
bunches fill the entire orbit, so the external RF system must work at full power. However,
at the ILC, the power of the RF system is only sufficient to accelerate beams with a bunch
distance of 100–150 m. In our case, with energy recovery, we need a much shorter inter
bunch distance. To solve this problem, one must first inject the bunches with a large interval

– 4 –
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CEPC TDR Layout
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FIG. 2. Schematic of an LPA-based linear collider.

TABLE II. High-level electron-positron collider parameters

Center-of-mass energy [TeV] 1 3 15
Beam energy [TeV] 0.5 1.5 7.5
Luminosity [1034 cm�2 s�1] 1 10 50
Particles/bunch [109] 1.2 1.2 1.2
Beam power [MW] 4.4 13 65
RMS bunch length [µm] 8.5 8.5 8.5
Repetition rate [kHz] 47 47 47
Time between collisions [µs] 21 21 21
Beam size at IP, x/y [nm] 50/1 10/0.5 4/0.25
Linac length [km] 0.22 0.65 3.3
Facility site power (2 linacs) [MW] 105 315 1100

Note that initial studies indicate that beam depolariza-
tion during the acceleration in plasma accelerators is low
for collider-relevant beam emittances and fulfills the re-
quirements for high energy physics experiments [49].
In Table II the stated linac length is for each arm

of the accelerator. The AC power listed in Table II
is for acceleration in both of the two linac arms. The
overall wall-to-laser e�ciency was assumed to be 50%.
This laser e�ciency is challenging, but recent R&D (see
Sec. VB) indicates that this is technically possible by co-
herent combining of fiber lasers with electrical-to-optical
e�ciency of the diode-pump lasers ⇠65%, the optical-
to-optical e�ciency of the fiber lasers ⇠90% (owing to
the low quantum defect), and the e�ciency of combin-
ing/stacking fibers ⇠85%.

B. Example: gamma-gamma collider withp
s = 15 TeV

In this section we present an example of a �� collider
using electron beams accelerated by LPAs in the non-
linear regime. There are several regimes of laser-driven
plasma acceleration that may be accessed based on the
intensity of the laser pulse. Section IVA presents collider
designs based on operation in the quasi-linear regime.
For high laser intensities, the LPA can operate in the bub-

TABLE III. LPA stage laser and plasma parameters, oper-
ating in the nonlinear bubble regime

Laser pulse energy 50 J
Laser (FWHM intensity) pulse duration 70 fs
Laser spot size 31 µm
Laser strength parameter, a0 4.5
Laser pulse peak power 0.43 PW
Laser wavelength 0.8 µm
Plasma density 4.6⇥ 1017 cm�3

Plasma cell length 3.1 cm
Bunch charge 1.2 nC
Bunch number 7.5⇥ 109

RMS beam length 2.2 µm
Loaded accelerating gradient 117 GV/m
Particle energy gain per stage 3.2 GeV

ble regime, where (almost) all the electrons are expelled
by the laser ponderomotive force, forming an ion cavity
co-propagating behind the laser. In the bubble regime,
the accelerating field is independent of the transverse po-
sition and the focusing field is linear with respect to the
transverse coordinate and independent of the axial posi-
tion (conserving the electron beam transverse normalized
rms emittance). Note that the transverse fields in the ion
cavity are defocusing for positrons; hence, stable positron
acceleration is problematic in the nonlinear regime in a
uniform plasma. Wakefield excitation in plasma columns
have been proposed for modifying the wakefield to allow
for positron focusing and acceleration [50]. In the bub-
ble regime, the laser e↵ectively creates a plasma channel
and can self-guide over a distance corresponding to many
Rayleigh ranges.
Table III shows an example of single-stage LPA param-

eters operating in the bubble regime. This single-stage
LPA example is based on PIC modeling of the nonlinear
laser-plasma interaction [51]. The laser energy depletion
at the end of the stage is 20%. (In principle, the major-
ity of the remaining laser energy could be recovered with
a photo-voltaic.) The wake to beam energy e�ciency of
this example is 43%.

LWFA 15 TeV SWFA 3 TeV

Collider-in-the-sea  500 TeV
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Four areas of evaluation listed in summary tables

Years of per-project R&D needed (technical risk and maturity)
Provides relevant and comparable measure of maturity and estimate how much R&D is still needed before 
project start. It includes feasibility R&D, R&D to get technologies to TRL of 5 or higher, and R&D for cost and 
power consumption reduction. 
To estimate the time needed for all pre-project R&D we assumed similar progress (and funding) as in the past 
performance and cost reduction R&D. Focused R&D on energy efficiency of future colliders would be mostly a 
new effort.
For proposals with ongoing pre-project R&D it is the time to complete it. For the other proposals it is the period 
between the time of the decision to start investing into pre-project R&D and the start of the project.

Years until first physics (technically limited schedule)
This is most useful to compare the scientific relevance of the proposals. It includes pre-project R&D, design, 
project R&D, construction, and initial commissioning.
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Four areas of evaluation listed in summary tables (cont’d)

Project cost in 2021B$ w/o contingency and escalation (cost)
All colliders, except the lepton-hadron colliders, were assumed to be stand-alone projects, since ITF could not 
assume or decide on a sequence of projects.
ITF used its own cost model to estimate the cost. It uses known costs of existing installations and reasonably 
expected cost of novel equipment. For future technologies, the cost estimate is quite conservative, and one 
should expect cost reductions from pre-project cost-reduction R&D.

Total operating electric power consumption in MW (environmental impact)
This includes all necessary utilities. We used information from proponents, if provided, otherwise we made a 
rough estimate. One can expect reductions from pre-project R&D to improve energy efficiency and develop 
more energy efficient concepts, such as energy recovery technologies.
A high luminosity could allow for reducing the operating years of the facility and reduce the total energy 
consumption. In reality, however, such a large science facility will likely operate for at least 20 years, 
independent of peak luminosity. Therefore, we believe the operating power consumption is a better way to 
compare facilities. 



7Higgs factory summary table
Main parameters of the 
submitted Higgs factory 
proposals. 
The cost range is for 
the single listed energy. 
The superscripts next 
to the name of the 
proposal in the first 
column indicate:
(1) Facility is optimized 
for 2 IPs. Total peak 
luminosity for multiple IPs 
is given in parenthesis; 
(2) Energy calibration 
possible to 100 keV 
accuracy for MZ and 300 
keV for MW ; 
(3) Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes 

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

focused on improving energy efficiency throughout the facility and on developing more energy efficient
accelerator concepts, such as energy recovery technologies, has the potential to reduce the electric
power consumption below the values listed in the tables.

Any of the future collider projects constitute one of, if not, the largest science facility in particle
physics [1]. The cost, the required resources and, maybe most importantly, the environmental impact
in the form of large energy consumption will approach or exceed the limit of affordability. ITF suggests
that Snowmass CSS recommends that R&D to reduce the cost and the energy consumption of future
collider projects is given high priority.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
FCC-ee1,2 0.24 7.7 (28.9) 0-2 13-18 12-18 290

(0.09-0.37)
CEPC1,2 0.24 8.3 (16.6) 0-2 13-18 12-18 340

(0.09-0.37)
ILC3 - Higgs 0.25 2.7 0-2 <12 7-12 140
factory (0.09-1)
CLIC3 - Higgs 0.38 2.3 0-2 13-18 7-12 110
factory (0.09-1)
CCC3 (Cool 0.25 1.3 3-5 13-18 7-12 150
Copper Collider) (0.25-0.55)
CERC3 (Circular 0.24 78 5-10 19-24 12-30 90
ERL Collider) (0.09-0.6)
ReLiC1,3 (Recycling 0.24 165 (330) 5-10 >25 7-18 315
Linear Collider) (0.25-1)
ERLC3 (ERL 0.24 90 5-10 >25 12-18 250
linear collider) (0.25-0.5)
XCC (FEL-based 0.125 0.1 5-10 19-24 4-7 90
�� collider) (0.125-0.14)
Muon Collider 0.13 0.01 >10 19-24 4-7 200
Higgs Factory3

Table 1: Main parameters of the submitted Higgs factory proposals. The cost range is for the single
listed energy. The superscripts next to the name of the proposal in the first column indicate (1)
Facility is optimized for 2 IPs. Total peak luminosity for multiple IPs is given in parenthesis; (2)
Energy calibration possible to 100 keV accuracy for MZ and 300 keV for MW ; (3) Collisions with
longitudinally polarized lepton beams have substantially higher effective cross sections for certain
processes

Page 5
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Higgs factory 
summary plot

Peak luminosity per IP vs CM 
energy for the Higgs factory 
proposals as provided by the 
proponents. 
The right axis shows 
integrated luminosity for one 
Snowmass year (107 s). 
Also shown are lines 
corresponding to the required 
luminosity for yearly 
production rates of important 
processes.

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

August 7,  
2022 
ITF 

No MC 126

100 200 500 1000

1033
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2
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Lepton colliders (< TeV ). ITF Snowmass 2022

2x105 h/yr

109 Z/1yr

106 WW/yr

105 ttbar/yr

1000 hh/yr

FCC-ee CEPC

ILC
CLICCCC

CERC
ERLC

ReLiC

Lepton colliders ( < 1 TeV). ITF Snowmass 2022

Figure 1: Peak luminosity per IP vs CM energy for the Higgs factory proposals as provided by the
proponents. The right axis shows integrated luminosity for one Snowmass year (107 s). Also shown
are lines corresponding to yearly production rates of important processes.

WW s would be a good target for running close to the threshold.
Top mass is also a crucial input to the electroweak precision fit. The measurement at hadron

colliders is limited to about �mt ⇠ 10
2 MeV. Threshold scan with order 10

5 tt̄ pairs can push the
precision of the top mass down to around 10 MeV [20]. The lepton colliders could probe the top gauge
couplings and top EFT operators to a good precision through direct pair production and their angular
correlations.

Page 11
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Colliders with high parton CM energy (10 – 15 TeV) summary table
Main parameters of the 
colliders with 
10 - 15 TeV parton CM 
energy.
Total peak luminosity for 
multiple IPs is given in 
parenthesis. 
The cost range is for the 
single listed energy. 
Collisions with 
longitudinally polarized 
lepton beams have 
substantially higher 
effective cross sections 
for certain processes. 
The relevant energies for 
the hadron colliders are 
the parton CM energy, 
which can be 
substantially less (~ 1/10) 
than hadron CM energy 
quoted in the table.

Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy ILC 3 6.1 5-10 19-24 18-30 ⇠400

(1-3)
High Energy CLIC 3 5.9 3-5 19-24 18-30 ⇠550

(1.5-3)
High Energy CCC 3 6.0 3-5 19-24 12-18 ⇠700

(1-3)
High Energy ReLiC 3 47 (94) 5-10 >25 30-50 ⇠780

(1-3)
Muon Collider 3 2.3 (4.6) >10 19-24 7-12 ⇠230

(1.5-14)
LWFA - LC 3 10 >10 >25 12-80 ⇠340
(Laser-driven) (1-15)
PWFA - LC 3 10 >10 19-24 12-30 ⇠230
(Beam-driven) (1-15)
Structure WFA - LC 3 10 5-10 >25 12-30 ⇠170
(Beam-driven) (1-15)

Table 2: Main parameters of the lepton collider proposals with CM energy higher than 1 TeV. Total
peak luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
Muon Collider 10 20 (40) >10 >25 12-18 ⇠300

(1.5-14)
LWFA - LC 15 50 >10 >25 18-80 ⇠1030
(Laser-driven) (1-15)
PWFA - LC 15 50 >10 >25 18-50 ⇠620
(Beam-driven) (1-15)
Structure WFA 15 50 >10 >25 18-50 ⇠450
(Beam-driven) (1-15)
FCC-hh 100 30 (60) >10 >25 30-50 ⇠560

SPPC 125 13 (26) >10 >25 30-80 ⇠400
(75-125)

Table 3: Main parameters of the colliders with 10 TeV or higher parton CM energy. Total peak
luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes. The relevant energies for the hadron colliders are the parton CM energy, which
can be substantially less than hadron CM energy quoted in the table.

Page 6
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Snowmass’2021 AF-EF-TF: Collider Implementation Task Force Report DRAFT

2.2 Energy frontier colliders

2.2.1 High energy lepton colliders (ECM > 1 TeV)
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1033

1034

1035

1036

1037

100 fb -1/yr

1 ab-1/yr

10 fb-1/yr

10 ab-1/yr

100 ab-1/yr

ECM(TeV )

L
(c
m

-
2
s-
1 )

105 h/yr

104 hh/yr

Higgsino

W
ino

T’, s
calar

T’, fe
rmionEFT, �=10xECM

May  7 
ITF

muon-C
CLIC

ILC

WFA colliders

CCC

ReLiC

Lepton colliders (> 1 TeV). ITF Snowmass 2022

Figure 2: Peak luminosity per IP vs CM energy for the high energy lepton collider proposals as provided
by the proponents. The right axis shows integrated luminosity for one Snowmass year. Also shown are
lines corresponding to yearly production rates of important processes. The luminosity requirement for
5� discovery of the benchmark DM scenarios Higgsino and Wino are also shown, see Refs.[19, 20]

In this section, we focus on high energy lepton colliders with ECM in the range of 1 - 20 TeV.
Proposals in this range include CLIC[8], CCC[21], ILC[13], Muon Collider[22], ReLiC[14], and Wake
Field Accelerators[23][24][25]. Here, the primary goal would be searching for heavy new physics res-
onances. At the same time, high energy lepton colliders can contribute to the measurement of the
Higgs coupling, such as Higgs precision coupling measurements, top Yukawa coupling, and Higgs self-
coupling. Since e+e� and µ�µ+ colliders have very similar reaches in this range of energies, we do not
distinguish between them. The summary of our results are shown in Fig 2. In the following, we will
discuss briefly the additional physics cases and considerations beyond those of the lower energy lepton
colliders discussed in the previous section (for details, see Snowmass whitepaper [3]).

The Higgs boson precision program is an essential component of a high-energy lepton collider.
Similar to the low energy case, we show here the luminosity needed to produce 10

6 Higgs particles
for a 10 year running period. At the same time, higher energy is more optimal for double Higgs
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High energy lepton
colliders summary plot

Peak luminosity per IP vs CM 
energy for the high energy 
lepton collider proposals as 
provided by the proponents. 
The right axis shows 
integrated luminosity for one 
Snowmass year (107 s). 
Also shown are lines 
corresponding to the required 
luminosity for yearly 
production rates of important 
processes.  
The luminosity requirement for 
5σ discovery of the benchmark 
DM scenarios Higgsino and 
Wino are also shown. 
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Technical readiness of collider proposals

ITF developed metrics to compare technical risks of key components and systems
Proponents were asked to select 5 critically enabling technologies and numerically evaluate each in 
5 risk categories. 
Current Technical Readiness Level (TRL): from “Basic principle observed” to “System proven through 
mission operation”
Technology validation requirement: from “full-scale” to “separate component validation”
Cost reduction impact: from “critical – a ‘no-go’ w/o cost reduction” to “desirable”
Evaluation of performance achievability: from “needs explicit demonstration” to “at state-of-the-art”
Technically limited R&D timescale to reach TRL 7-8: from “> 20 years” to “0 – 5 years”

All details are in the report and on the back-up slides
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Collider proposals with critical technologies 
that require significant pre-project R&D (low TRL)

Facility Technology 1 Technology 2 Technology 3 Technology 4

CCC Cryomodules HOM damping

CERC, ReLiC CW SRF system HOM damping High energy ERL Inj./extr. kickers

ERLC CW SRF system HOM damping High energy ERL

HE ILC RF systems

HE CLIC Two-beam acceleration

HE CCC Cryomodules HOM damping RF systems

FCC-hh, SPPC High field magnets Inj./extr. kickers Collimation systems

Muon collider High field magnets High power target 6D muon cooling

LWFA Positron source e+ acceleration High power lasers

PWFA Positron source e+ acceleration Two-beam acceleration RF systems

SWFA Positron source Inj./extr. kickers Two-beam acceleration RF systems
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Figure-of-merit Peak 
Luminosity (per IP) per 
Input Power and 
Integrated Luminosity 
per TWh. 
Luminosity is per IP and  
integrated luminosity 
assumes 107 sec/year
Data points are provided 
to the ITF by proponents 
of the respective machines. 
The bands around the 
data points reflect 
approximate power 
consumption uncertainty for the different collider concepts.
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Figure 4: Figure-of-merit Peak Luminosity (per IP) per Input Power and Integrated Luminosity per
TWh. Integrated luminosity assumes 10

7 seconds per year. The luminosity is per IP. Data points are
provided to the ITF by proponents of the respective machines. The bands around the data points
reflect approximate power consumption uncertainty for the different collider concepts.

4.3 Facility size

An overview of collider sizes (as provided by proponents) is shown in column 3 of Tab. 16. Collider
Size refers to either the length of a linear collider (main linac plus final focus) or the circumference of a
circular collider main ring, without the injector complex. The ITF defined four size categories (shown
in Tab. 16): light blue (1) for colliders that are designed to be shorter then 10 km, medium blue (2)
for colliders between 10-20 km, blue (3) for colliders between 20-50 km and dark blue (4) for machines
with a length or circumference larger than 50 km.

The length of HEP linear colliders is typically dominated by the distance required for particle ac-
celeration and is proportional to final beam energy (approximately the product of 2⇥ the final beam
energy and the accelerating gradient). Using acceleration technologies with higher accelerating gradi-
ents allows to decrease acceleration length and is responsible for the different lengths of similar energy
linear colliders. For example, superconducting radio-frequency cavities accelerate with a gradient of
⇠ 30 MV/m (ILC), CLIC is based on the two-beam acceleration scheme with copper cavities and ac-
celerates with ⇠ 100 MV/m, while plasma-based accelerators can provide peak gradients of 103 � 10

5

MV/m (LWFA, PWFA). Adding to the length required for acceleration is the length required for the
beam delivery system (final focusing), which also increases with increasing with beam energy.

Overview of linear collider sizes:

• < 10 km, Category 1: CCC (0.25 TeV), XCC (0.125 TeV), LWFA (3 TeV), LWFA (15 TeV)

• 10� 20 km, Category 2: ReLiC (0.24 TeV), ILC (0.25 TeV), CLIC (0.38 TeV), PWFA (3 TeV),
SWFA (3 TeV), PWFA (15 TeV)

• 20� 50 km, Category 3: ERLC (0.24 TeV), CCC (3 TeV), CLIC (3 TeV)

Page 24

Luminosity per 
power consumption
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ITF project cost model

Estimated costs and cost uncertainties are critical for project preparation and justification to funding 
agencies and society.
ITF estimated Total Project Cost (TPC) in 2021B$, without contingency and escalation. This “US 
accounting” includes costs for all technical components, civil construction and utilities, all associated 
(lab) labor (200k$/FTE-year), in-project R&D, and other project costs. Cost of existing reusable 
facilities were not included.
The 30-parameter ITF cost model was benchmarked against 5 recently completed accelerator 
projects (XFEL, LHC, Swiss-FEL, NSLS-II, and LCLS-II+HE) with an error of less than 20%.
A range of cost estimates for novel technologies (identified for each proposal in the ITF report) was 
obtained from a high value based on operating test facilities and a low value based on reasonably 
anticipated advances and cost goals from current trends in similar novel technologies. This is the 
largest uncertainty in the cost estimates for future colliders.
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Cost estimates for Higgs factory proposals

The ITF cost model for the 
EW/Higgs factory proposals. 
Horizontal scale is 
approximately logarithmic for 
the project total cost in 
2021B$ w/o contingency and 
escalation. 
Black horizontal bars with 
smeared ends indicate the 
cost estimate range for each 
machine. 
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Figure 8: The ITF cost model for the EW/Higgs factory proposals. Horizontal scale is approximately
logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black horizontal
bars with smeared ends indicate the cost estimate range for each machine.

reviewed all the costs, the ones given by the proponents comparing them with those of the task force
cost models. Using the combined judgement of the Task Force, a resulting range of costs for each
collider and energy was determined.

Figures 8, 9, and 10 summarize the ITF cost analysis for all future colliders, respectively for the
EW/Higgs factory proposals, for multi-TeV lepton colliders, and for the energy frontier hadron and
ep colliders alongside with Fermilab site-filler proposals. The cost range of each machine was mostly
defined by the 30-parameter model (# 1) while taking predictions of simple models #2 and #3 into
some account. The cost estimate range for each collider is indicated by a horizontal bar with smeared
ends. The horizontal scale is approximately logarithmic for the project total cost without contingency
and escalation (see Sec.5.2.2 above) with the marks approximately a factor of 1.6 from each other. The
length of each bar reflects a combination of the cost model model uncertainties, differences between
different models, spread of the cost parameters for not yet fully developed technologies ("aspirational"
values usually correspond to lower cost bar ends, while "nowadays" estimates determine at the upper
ends). Naturally, the ranges (bar lengths) of well developed projects, like ILC, CLIC, FCCee, CEPC,
etc are smaller (shorter bars) than those based on less developed concepts and technologies. The
extent of the smeared ("fuzzy") ends of the bars attempts to illustrate the probability of the lower
cost estimates (usually smaller) and the upper cost range (usually larger).

In somewhat reduced form, these cost estimates are also presented in the Executive Summary of
this ITF Report - see Sec.. There, the summary tables 1,2,3,4, and 5 present the ITF estimates of
the project costs in 2021 B$ - without contingency and escalation, as described in Sec.5.2.2 above,
indicating one or multiple of the ranges <4B$, 4-7B$, 7-12B$, 12-18B$, 18-30B$, 30-50B$, and 50-
80B$.

Page 42
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Summary and final comments

ITF developed metrics to evaluate and compare 24 future collider proposals in physics reach, R&D needs, 
schedule, cost, and environmental impact. More proposals have been proposed recently.
Any of the future collider projects constitute one of, if not, the largest science facility in particle physics. 
The cost, the required resources and, maybe most importantly, the environmental impact in the form of 
large electric power consumption will approach or exceed the limit of affordability. ITF suggested that the 
planning efforts (P5, EPP-2024) recommend that R&D to reduce the cost and the power 
consumption of future collider projects is given high priority.
Sustainability of scientific facilities is gaining increased importance. The 2021 European Strategy for 
Particle Physics – Accelerator R&D Roadmap made the recommendation:
“Environmental sustainability should be treated as a primary consideration for future facilities, including those in the 
near-to-medium future, and the R&D programme should be prioritised accordingly. Objective metrics should be set 
down to allow appraisal of the impact of future facilities over their entire life cycle, including civil-engineering aspects, 
and of the resources needed to ensure sustainability.”

The US planning efforts should consider a similar recommendation. 
Personal comment: The presently ready-to-build collider proposals with their large energy consumption 
might not be acceptable in today’s world. Taking time to do R&D into more energy efficient technologies 
(more efficient CW SRF for ERLs, more efficient He refrigerators, much more efficient lasers for LWFA, …) 
would allow for collider proposals that are much more acceptable in a future with increasing Global 
Warming. Such R&D might also have important spin-offs for society.
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Back-up slides
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High energy (3 TeV) lepton colliders summary table

Main parameters of 
the lepton collider 
proposals with CM 
energy higher than 
1 TeV. 
Peak luminosity for 
multiple IPs is given 
in parenthesis. 
The cost range is for 
the single listed 
energy. 
Collisions with 
longitudinally 
polarized lepton 
beams have 
substantially higher 
effective cross 
sections for certain 
processes.
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Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy ILC 3 6.1 5-10 19-24 18-30 ⇠400

(1-3)
High Energy CLIC 3 5.9 3-5 19-24 18-30 ⇠550

(1.5-3)
High Energy CCC 3 6.0 3-5 19-24 12-18 ⇠700

(1-3)
High Energy ReLiC 3 47 (94) 5-10 >25 30-50 ⇠780

(1-3)
Muon Collider 3 2.3 (4.6) >10 19-24 7-12 ⇠230

(1.5-14)
LWFA - LC 3 10 >10 >25 12-80 ⇠340
(Laser-driven) (1-15)
PWFA - LC 3 10 >10 19-24 12-30 ⇠230
(Beam-driven) (1-15)
Structure WFA - LC 3 10 5-10 >25 12-30 ⇠170
(Beam-driven) (1-15)

Table 2: Main parameters of the lepton collider proposals with CM energy higher than 1 TeV. Total
peak luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
Muon Collider 10 20 (40) >10 >25 12-18 ⇠300

(1.5-14)
LWFA - LC 15 50 >10 >25 18-80 ⇠1030
(Laser-driven) (1-15)
PWFA - LC 15 50 >10 >25 18-50 ⇠620
(Beam-driven) (1-15)
Structure WFA 15 50 >10 >25 18-50 ⇠450
(Beam-driven) (1-15)
FCC-hh 100 30 (60) >10 >25 30-50 ⇠560

SPPS 125 13 (26) >10 >25 30-80 ⇠400
(75-125)

Table 3: Main parameters of the colliders with 10 TeV or higher parton CM energy. Total peak
luminosity for multiple IPs is given in parenthesis. The cost range is for the single listed energy.
Collisions with longitudinally polarized lepton beams have substantially higher effective cross sections
for certain processes. The relevant energies for the hadron colliders are the parton CM energy, which
can be substantially less than hadron CM energy quoted in the table.

Page 6
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Lepton-hadron colliders summary table

Main parameters of 
the lepton-hadron 
collider proposals. 
For lepton-hadron 
colliders only, the 
parameters (years 
of pre-project 
R\&D, years to first 
physics, 
construction cost 
and operating 
electric power) 
show the increment 
needed for the 
conversion of the 
hadron-hadron 
collider to a lepton-
hadron collider.
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Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
LHeC 1.2 1 0-2 ? 13-18 <4 ⇠140

FCC-eh 3.5 1 0-2 ? >25 <4 ⇠140

CEPC-SPPC-ep 5.5 0.37 3-5 >25 <4 ⇠300

Table 4: Main parameters of the lepton-hadron collider proposals. For lepton-hadron colliders only, the
parameters (years of pre-project R&D, years to first physics, construction cost and operating electric
power) show the increment needed for the conversion of the hadron-hadron collider to a lepton-hadron
collider.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy LeptoN 0.25 1.4 5-10 13-18 7-12 ⇠110
(HELEN) e+e� colider (0.09-1)
e+e� Circular Higgs 0.24 1.2 3-5 13-18 7-12 ⇠200
Factory at FNAL (0.09-0.24)
Muon Collider 10 20 >10 19-24 12-18 ⇠300
at FNAL (6-10)
pp Collider 24 5 >10 >25 18-30 ⇠400
at FNAL

Table 5: Main parameters of the collider proposals located at FNAL. There is also a recent proposal
for a CCC version that can be located at FNAL [2]. Other recently developed collider proposals, such
as CERC, ReLiC, or wake field accelerators, could also be evaluated for being located at FNAL.

Page 7
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Summary table of collider versions located at FNAL

Main parameters of 
the collider proposals 
located at FNAL. 
Total peak luminosity 
for multiple IPs is 
given in parenthesis. 
The cost range is for 
the single listed 
energy. 
Assume that significant existing accelerator infrastructure at FNAL will be re-used.
There is also a recent proposal for a CCC version that can be located at FNAL. 
Other recently developed collider proposals, such as CERC, ReLiC, or wake field accelerators, 
could also be evaluated for being located at FNAL.
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Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
LHeC 1.2 1 0-2 ? 13-18 <4 ⇠140

FCC-eh 3.5 1 0-2 ? >25 <4 ⇠140

CEPC-SPPC-ep 5.5 0.37 3-5 >25 <4 ⇠300

Table 4: Main parameters of the lepton-hadron collider proposals. For lepton-hadron colliders only, the
parameters (years of pre-project R&D, years to first physics, construction cost and operating electric
power) show the increment needed for the conversion of the hadron-hadron collider to a lepton-hadron
collider.

Proposal Name CM energy Lum./IP Years of Years to Construction Est. operating
nom. (range) @ nom. CME pre-project first cost range electric power

[TeV] [1034 cm�2s�1] R&D physics [2021 B$] [MW]
High Energy LeptoN 0.25 1.4 5-10 13-18 7-12 ⇠110
(HELEN) e+e� colider (0.09-1)
e+e� Circular Higgs 0.24 1.2 3-5 13-18 7-12 ⇠200
Factory at FNAL (0.09-0.24)
Muon Collider 10 20 (40) >10 19-24 12-18 ⇠300
at FNAL (6-10)
pp Collider 24 3.5 (7.0) >10 >25 18-30 ⇠400
at FNAL

Table 5: Main parameters of the collider proposals located at FNAL.Total peak luminosity for multiple
IPs is given in parenthesis. The cost range is for the single listed energy. There is also a recent proposal
for a CCC version that can be located at FNAL [2]. Other recently developed collider proposals, such
as CERC, ReLiC, or wake field accelerators, could also be evaluated for being located at FNAL.
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Hadron colliders 
summary plot

Peak luminosity per IP vs CM 
energy for the high energy 
hadron collider proposals as
provided by the proponents. 
The right axis shows 
integrated luminosity for one 
Snowmass year (107s). 
Also shown are the luminosity 
requirements with two possible
initial states gg and qq ̄: 
The dashed curve represents the luminosity needed (assuming a 10-year run) to have linear increase of 
new physics mass reach with CM energy. 
The solid lines represent the luminosity requirements for 70% of this new physics mass reach. 
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2.2.2 High energy hadron colliders

pp collider. ITF Snowmass 2022 
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Figure 3: Peak luminosity per IP vs CM energy for the high energy hadron collider proposals as
provided by the proponents. The right axis shows integrated luminosity for one Snowmass year. Also
shown are the luminosity requirements with two possible initial states gg and qq̄. The dashed curve
represents the luminosity needed (assuming a 10 year run) to have linear increase of new physics mass
reach with CM energy. The solid lines represent the luminosity requirements for 70% of this new
physics mass reach.

Two proposals of hadron colliders, submitted to ITF, are covered here: FCC-hh [29] and SPPC
[30]. It is much more challenging to make projections for the hadron colliders without detailed machine
and detector design, especially for searches dominated by systematics. At the same time, it is possible
to make some rough estimates for searches based on the behavior of parton luminosity and statistics
[31]. Our result is presented in Figure 3. It shows the luminosity requirements for high energy future
hadron colliders, with two possible initial states (gg, red; qq̄ blue). The scaling of the reach shown here
is done by statistics and using parton luminosity [31]. We used the reach at the HL-LHC as a reference
point for the extrapolation. For the gluon-gluon initial state dominated process, we assumed the reach
of the mass of new physics at the HL-LHC of 3 TeV (approximately 1.5 TeV for pair production). This
could be similar to the case, for example, of the stop. For qq̄ initiated processes, we assumed a reach
at the HL-LHC of 1 TeV (which would be about 500 GeV for pair production). This would be similar
to the electroweak states. Changing the assumption of HL-LHC reach will give rise to some differences
but not affect the qualitative feature.

In the following, we make a couple of observations (see Ref. [3] for a more detailed discussion).

• Given two colliders with the center of mass energies E1 and E2, the corresponding reach of the
masses of a particular new physics particle are denoted as M1 and M2, respectively. In the ideal
case, the reach of new physics scales linearly with the CM energy, M2/M1 = E2/E1. With a mild
assumption on the production rate scaling, it is straightforward to see we need L2/L1 = E2

2/E
2
1 ,

which can be seen in the dashed curves in Figure 3. This is similar to the scaling for the lepton
collider, and it could be a large step in luminosity increase for a large increase of the CM energy.

Page 14
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Technical risk 
registry

Technical risk registry 
of accelerator 
components and 
systems for future 
e+e− and ep 
colliders: lighter 
colors indicate 
progressively higher 
TRLs (less risk), 
white is for either not 
significant or not 
applicable. 
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Table 7: Technical risk registry of accelerator components and systems for future e+e� and ep colliders:
lighter colors indicate progressively higher TRLs (less risk), white is for either not significant or not
applicable.
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3 Technical Readiness of Collider Proposals

3.1 General approach, TRL levels

The ITF has developed metrics for a high-level comparison of the technical risks of key components
necessary for implementing the proposed facility. Each proponent was given a spreadsheet template
and asked to provide three to five critical enabling technologies (those representing the highest technical
risk), then numerically evaluate them in each of five risk categories according to a prescribed scoring
key. In cases where information was incomplete or missing, the ITF referred to contributed papers or
applied expert judgement. The proposed projects represent a very broad range of maturity, from the
CDR/TDR level to parameter lists. It is not unexpected that the less mature proposals have more
high impact risks relative to those that are more mature. To provide a more equitable comparison,
the Task Force expanded the list of technologies to 5 for each proposal. The five risk categories that
were used in the comparison and the scoring key are discussed below.

3.1.1 Collider component and subsystems technical risk factor based on the current
Technical Readiness Level (TRL)

A brief description of the TRL definitions is given below (more detail definitions used for the evaluation
can be found in Appendix 7.7):

• TRL1: Basic principles observed and reported

• TRL2: Technology concept and/or application formulated

• TRL3: Analytical and experimental critical function and/or characteristic proof of concept.

• TRL4: Component and/or breadboard validation in laboratory environment.

• TRL5: Component and/or breadboard validation in relevant environment.

• TRL6: System/subsystem model or prototype demonstration in a relevant environment.

• TRL7: System prototype demonstration in an operational environment.

• TRL8: Actual system completed and qualified through test and demonstration.

• TRL9: Actual system has proven through successful mission operations.

Technical Risk Factor Score Color Code
TRL = 1,2 4
TRL = 3,4 3
TRL = 5,6 2
TRL = 7,8 1

Table 6: TRL scoring chart and color codes (used below in the summary Table 14).

The two Tables, 7 and 8 below, list key enabling technologies for the ITF collider proposals with
the colors indicating the present day TRLs (lighter to darker meaning lower to higher risk - see Table
6). Table 7 lists the e+e� and ep colliders, Table 8 lists the future very high energy pp, muon and
advanced e+e� colliders. Note, that in these tables, a facility may have more than five technologies
but only the five most critical ones were used in generating the overall risk score and ranking defined
later and summarized in Table 14.
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3 Technical Readiness of Collider Proposals

3.1 General approach, TRL levels

The ITF has developed metrics for a high-level comparison of the technical risks of key components
necessary for implementing the proposed facility. Each proponent was given a spreadsheet template
and asked to provide three to five critical enabling technologies (those representing the highest technical
risk), then numerically evaluate them in each of five risk categories according to a prescribed scoring
key. In cases where information was incomplete or missing, the ITF referred to contributed papers or
applied expert judgement. The proposed projects represent a very broad range of maturity, from the
CDR/TDR level to parameter lists. It is not unexpected that the less mature proposals have more
high impact risks relative to those that are more mature. To provide a more equitable comparison,
the Task Force expanded the list of technologies to 5 for each proposal. The five risk categories that
were used in the comparison and the scoring key are discussed below.

3.1.1 Collider component and subsystems technical risk factor based on the current
Technical Readiness Level (TRL)

A brief description of the TRL definitions is given below (more detail definitions used for the evaluation
can be found in Appendix 7.7):

• TRL1: Basic principles observed and reported

• TRL2: Technology concept and/or application formulated

• TRL3: Analytical and experimental critical function and/or characteristic proof of concept.

• TRL4: Component and/or breadboard validation in laboratory environment.

• TRL5: Component and/or breadboard validation in relevant environment.

• TRL6: System/subsystem model or prototype demonstration in a relevant environment.

• TRL7: System prototype demonstration in an operational environment.

• TRL8: Actual system completed and qualified through test and demonstration.

• TRL9: Actual system has proven through successful mission operations.

Technical Risk Factor Score Color Code
TRL = 1,2 4
TRL = 3,4 3
TRL = 5,6 2
TRL = 7,8 1

Table 6: TRL scoring chart and color codes (used below in the summary Table 14).

The two Tables, 7 and 8 below, list key enabling technologies for the ITF collider proposals with
the colors indicating the present day TRLs (lighter to darker meaning lower to higher risk - see Table
6). Table 7 lists the e+e� and ep colliders, Table 8 lists the future very high energy pp, muon and
advanced e+e� colliders. Note, that in these tables, a facility may have more than five technologies
but only the five most critical ones were used in generating the overall risk score and ranking defined
later and summarized in Table 14.
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Technical risk registry

Technical risk registry of 
accelerator components and 
systems for future very high 
energy pp, muon and WFA 
colliders: lighter colors 
indicate progressively higher 
TRLs (less risk), white is for 
either not significant or not 
applicable. 
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Table 8: Technical risk registry of accelerator components and systems for future very high energy pp,
muon and advanced e+e� colliders: lighter colors indicate progressively higher TRLs (less risk), white
is for either not significant or not applicable.
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3.1.2 Technology validation requirement

This metric was used to indicate the level of effort required to validate the technology. For some
technologies, validation can be established by a single component, while others require a full-scale
demonstration. See Table 9

Technology Validation Required Score Color Code
Full-scale - requires comprehensive demonstration 3
Partial with scaling - partial demonstration sufficient 2
Separate - component validation 1

Table 9: Technology validation scoring chart and color codes (used below in summary Table 14).
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3 Technical Readiness of Collider Proposals

3.1 General approach, TRL levels

The ITF has developed metrics for a high-level comparison of the technical risks of key components
necessary for implementing the proposed facility. Each proponent was given a spreadsheet template
and asked to provide three to five critical enabling technologies (those representing the highest technical
risk), then numerically evaluate them in each of five risk categories according to a prescribed scoring
key. In cases where information was incomplete or missing, the ITF referred to contributed papers or
applied expert judgement. The proposed projects represent a very broad range of maturity, from the
CDR/TDR level to parameter lists. It is not unexpected that the less mature proposals have more
high impact risks relative to those that are more mature. To provide a more equitable comparison,
the Task Force expanded the list of technologies to 5 for each proposal. The five risk categories that
were used in the comparison and the scoring key are discussed below.

3.1.1 Collider component and subsystems technical risk factor based on the current
Technical Readiness Level (TRL)

A brief description of the TRL definitions is given below (more detail definitions used for the evaluation
can be found in Appendix 7.7):

• TRL1: Basic principles observed and reported

• TRL2: Technology concept and/or application formulated

• TRL3: Analytical and experimental critical function and/or characteristic proof of concept.

• TRL4: Component and/or breadboard validation in laboratory environment.

• TRL5: Component and/or breadboard validation in relevant environment.

• TRL6: System/subsystem model or prototype demonstration in a relevant environment.

• TRL7: System prototype demonstration in an operational environment.

• TRL8: Actual system completed and qualified through test and demonstration.

• TRL9: Actual system has proven through successful mission operations.

Technical Risk Factor Score Color Code
TRL = 1,2 4
TRL = 3,4 3
TRL = 5,6 2
TRL = 7,8 1

Table 6: TRL scoring chart and color codes (used below in the summary Table 14).

The two Tables, 7 and 8 below, list key enabling technologies for the ITF collider proposals with
the colors indicating the present day TRLs (lighter to darker meaning lower to higher risk - see Table
6). Table 7 lists the e+e� and ep colliders, Table 8 lists the future very high energy pp, muon and
advanced e+e� colliders. Note, that in these tables, a facility may have more than five technologies
but only the five most critical ones were used in generating the overall risk score and ranking defined
later and summarized in Table 14.
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Technical risk 
summary table

Technical risk categories 
(darker blue is higher risk).
”Design status”:
 I - TDR complete
II - CDR complete
III - substantial 
documentation 
IV - limited documentation 
and parameter table
V - parameter table

 “Overall risk tier”:
1 – lower overall technical 
risk
…
4 – multiple technologies 
require further R&D
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R&D Programs and
Facilities

Duration and integrated cost of the past, 
present, and proposed R&D programs and 
facilities (the latter indicated by a shift to 
the right). 
Funding sources for the past and present 
programs are indicated ("OHEP" - directed 
R&D in the DOE OHEP, "GARD" - General 
Accelerator R&D and facilities operation 
program in the OHEP, "LDG/CERN" - 
aspirational support requested as part of 
the European Accelerator R&D Roadmap). 
Inputs with estimates from the proponents 
on the total cost of demonstration projects 
and pre-CD2 validations have “tbd” as 
funding source.
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Table 15: Duration and integrated cost of the past and present, and proposed R&D programs and
facilities (the latter indicated by a shift to the right). Funding sources for the past and present
programs are indicated ("OHEP" - directed R&D in the DOE OHEP, "GARD" - General Accelerator
R&D and facilities operation program in the OHEP, "LDG/CERN" - aspirational support requested
as part of the European Accelerator R&D Roadmap [35]). Separately listed inputs are estimates from
the proponents on the total cost of demonstration projects and on the pre-CD2 validation (R&D,
design and industrialization); sources of support of these developments are "tbd".

R&D Program Benefiting Duration Integrated Funding Key Topics
Facility Name Concept (Years) Cost (M$) Source Rationale
Linear e+e� colliders
NLC/NLCTA/FFTB NLC/C3 14 120 OHEP NC RF gradient, final focus
TESLA/TTF ILC ⇠10 150 DESY/Collab SCRF CMs and beam ops
ILC in US/FAST ILC 6 250 OHEP SCRF CMs and beam ops
ILC in Japan/KEK ILC 10 100 KEK SCRF CMs and beam ops
ATF/AFT2 ILC 15 100 KEK/Intl LC DR and final focus
CLIC/CTF/CTF3 CLIC 25 500 CERN/Intl 2-beam scheme and driver
General RF R&D All LCs 8 160 GARD see RF Roadmap; incl facilities

ILC in Japan/KEK ILC 5 50 KEK next 5 yr request
High-G RF & Syst. CLIC/SRF 5 150 LDG/CERN NC/SC RF and klystrons
C3 input C3 8 200 tbd 72-120 MV/m CMs, design
HELEN input HELEN n/a 200 tbd pre-TDR, TW SRF tech
ILC-HE input ILC-HE 20 100 tbd 10 CMs 70MV/m Q=2e10
ILC-HighLumi input ILC-HL 10 75 tbd 31.5 MV/m at Q=2e10

Circular/ERL ee/eh colliders
CBB LCs 6 25 NSF high-brightness sources
CBETA ERLCs 5 25 NY State multi-turn SRF ERL demo

ERLs/PERLE ERLCs 5 80* LDG/CERN NC/SC RF, klystrons
FNALee input FNALee n/a 100 tbd design and demo efforts
LHeC/FCCeh input eh-coll. n/a 100 tbd demo facility, design
CEPC input CEPC 6 154 tbd SRF, magn. cell, plasma inj.
ReLiC input ReLiC 10 70 tbd demo Q=1e10 at 20 MV/m
XCC input XCC 7 200 tbd demo and design efforts
CERC input CERC 8 70 tbd demo high-E ERL at CEBAF

Muon colliders
NFMCC MC 12 50 OHEP design study, prototyping
US MAP MC 7 60 OHEP IDS study, components
MICE MC 12 60 UK/Collab 4D cooling cell demo

IMCC/pre-6D demo MC-HE 5 70 LDG/CERN pre-CDR work, components
IMCC/6D cool. MC-HE 7 150 CERN/Collab 6D cooling facility and R&D

Circular hh colliders
LHC Magnet R&D LHC 12 140 CERN 8T NbTi LHC magnets
US LARP LHC 15 170 OHEP more LHC luminosity faster
SC Magnets General pp, µµ 10 120 GARD HF-magnets and materials

US MDP pp, µµ 5 40 GARD see HFM Roadmap
HFM Program FCChh 7 170 LDG/CERN 16 T magnets for FCChh
FNALpp input FNALpp n/a 100 tbd 25T magnets demo
FCChh input FCChh 20 500 tbd large demo, R&D and design
Coll.Sea input CollSea 16 400 tbd 300m magnets underwater

AAC colliders
SWFA/AWA SWFA-LC 8 40 GARD 2-beam accel in THz structures
LWFA/BELLA LWFA-LC 8 80 GARD laser-plasma WFA R&D
LWFA/DESY LWFA-LC 10 30 DESY laser-plasma WFA R&D
PWFA/FACET-I,II PWFA-LC 13 135 GARD 2-beam PWFA, facility
AWAKE PWFA-LC 8 40 CERN/Collab proton-plasma PWFA, facility

EUPRAXIA LWFA-LC 10 570 EUR/Collab. high quality/eff. LWFA R&D
LWFA/DESY LWFA-LC 10 80 DESY laser WFA R&D
SWFA input SWFA-LC 8 100 tbd 0.5 & 3GeV demo facilities
LWFA input LWFA-LC 15 130 tbd 2nd BL, e+, kBELLA project
PWFA input PWFA-LC 10 100 tbd demo and design effort
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Power, complexity,
environmental impact

Summary table of categories of 
electric power consumption, 
size, complexity and required 
radiation mitigation.
Darker blue means more 
impact.
The WFA at 15 TeV use round 
beam collisions and have lower 
power consumption than at 3 
TeV with flat beam collisions.
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4 Power, Complexity and Environmental Impact of Colliders

4.1 Summary table

Table 16: Table summarizing the categories of power consumption, size, complexity and required
radiation mitigation for the evaluated collider proposals. Color schemes and categories are explained
in Sec. 4.2 (power consumption), Sec. 4.3 (size), 4.4 (complexity) and Sec. 4.5 (radiation). For linear
colliders, the size of the machine includes main linac and final focus, but excludes damping rings,
except where otherwise noted.

Proposal Name Power Size Complexity Radiation
Consumption Mitigation

FCC-ee (0.24 TeV) 290 91 km I I
CEPC (0.24 TeV) 340 100 km I I
ILC (0.25 TeV) 140 20.5 km I I

CLIC (0.38 TeV) 110 11.4 km II I
CCC (0.25 TeV) 150 3.7 km I I

CERC (0.24 TeV) 90 91 km II I
ReLiC (0.24 TeV) 315 20 km II I
ERLC (0.24 TeV) 250 30 km II I
XCC (0.125 TeV) 90 1.4 km II I
MC (0.13 TeV) 200 0.3 km I II
ILC (3 TeV) ⇠400 59 km II II

CLIC (3 TeV) ⇠550 50.2 km III II
CCC (3 TeV) ⇠700 26.8 km II II
ReLiC (3 TeV) ⇠780 360 km III I
MC (3 TeV) ⇠230 10-20 km II III

LWFA (3 TeV) ⇠340 1.3 km
(linac)

II I

PWFA (3 TeV) ⇠230 14 km II II
SWFA (3 TeV) ⇠170 18 km II II
MC (14 TeV) ⇠300 27 km III III

LWFA (15 TeV) ⇠1030 6.6 km III I
PWFA (15 TeV) ⇠620 14 km III II
SWFA (15 TeV) ⇠450 90 km III II

FCC-hh (100 TeV) ⇠560 91 km II III
SPPC (125 TeV) ⇠400 100 km II III

4.2 Power consumption

Estimates of power consumption for collider proposals are summarized in Table 16 and refer to the total
site power required by the collider complex for operation. Numbers provided by the proponents were
grouped into three categories. The lowest category is light blue (1) and indicates a power consumption
below 200 MW. The next category is blue (2), for a power consumption between 200 and 500 MW.
The highest category is dark blue (3) and indicates a consumption larger than 500 MW. For reference,
CERN’s annual electric energy consumption is about 1.3 TWh (2015), with a peak power of about 230
MW at the times of the entire accelerator complex operational with the LHC machine alone requiring
some 120 MW.

One of the figures-of-merit for a collider is the luminosity-per-site power. Figure 4 shows the
luminosity-per-site power for each of the machines plotted in Figs. 1-3.
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Timeline analysis

Construction time of large projects is determined by 
Time to establish project and complete pre-project R&D
Annual spending rate
Availability of experienced staff
Pace of civil construction and fabrication of components
…

ITF estimated the timeline of 3 stages: basic design and pre-project R&D; TDR and industrialization; 
construction period;
All projects are treated as “stand-alone” (except ep colliders) and timeline starts now or when funding 
starts to be available. A technically limited construction time was assumed.
“Years of pre-project R&D” was informed by the technical risk evaluation.
“Time to first physics” is not just the sum of the 3 stages above since some activities can proceed in 
parallel.
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Figure 11: Construction time for recent large accelerator projects in the US and Europe.

A) The time needed to carry out basic design and pre-project laboratory technical R&D to the
level of making a CDR available.

B) The time needed to design and engineer to the TDR level and the duration of industrialization
with first articles needed to come up with a comprehensive TDR and any needed followup.

C) Duration of the construction itself, that corresponds to CD-4 in the US DOE project manage-
ment system.

D) "Time to first physics" (years from present day to first data), which is based on combining the
three previous factors.

The ITF judgments on the collider project duration had several assumptions:
1) We start with the durations submitted by the projects’ proponents on "Preproject R&D", "Design,
Collaboration, and Industrialization", and "Construction time".
2) All time durations start from now. For example, "R&D duration" starts now, not including past
work.
3) Prototypes and demonstatrions are included in "Preproject R&D".
4) All projects have technically limited schedules.
5) All durations indicated are for a green field (stand alone) projects not built on prior projects. (e.g.
ILC (1 TeV) has no ILC (250), FCChh has no FCCee), etc.
6) "Time to First Physics" is not just an addition of the three periods as the stages of the projects
can be partially done in parallel.

The results of the Task Force’s timescale evaluations are shown in Table 18 where all colliders
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Timeline of proposals
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Table 18: Summary of the ITF judgment on collider projects’ R&D duration, design and industrializa-
tion, construction, and combined time to first physics. The first three columns present these timescales
as submitted to the ITF by the project proponents. The first group of rows are Higgs and electroweak
physics colliders, the second group are energy-frontier lepton colliders and the third group includes hh
and eh colliders.

Subm’d Subm’d Subm’d ITF ITF ITF ITF
Collider R&D Design Project Judgement Judgement Judgement Judgement
Name Durat’n to TDR Constrn. Duration Design & Project Combined
- c.m.e. to CDR Durat’n Time Preproject Industr’n Constrn. "Time to
(TeV) (yrs) (yrs) (yrs) R&D Duration Duration the First

to CDR to TDR post CD4 Physics"
ILC-0.25 0 4 9 0-2 yrs 3-5 yrs 7-10 yrs < 12 yrs
ILC (6x lumi) 10 5 10 3-5 yrs 3-5 yrs 7-10 yrs 13-18 yrs
CLIC-0.38 0 6 6 0-2 yrs 3-5 yrs 7-10 yrs 13-18 yrs
FCCee-0.36 0 6 8 0-2 yrs 3-5 yrs 7-10 yrs 13-18 yrs
CEPC-0.24 6 6 8 0-2 yrs 3-5 yrs 7-10 yrs 13-18 yrs
CCC-0.25 2-3 4-5 6-7 3-5 yrs 3-5 yrs 7-10 yrs 13-18 yrs
FNALee-0.24 tbd tbd tbd 3-5 yrs 3-5 yrs 7-10 yrs 13-18 yrs
CERC-0.6 3 5 10 5-10 yrs 3-5 yrs 7-10 yrs 19-24 yrs
HELEN-0.25 tbd tbd tbd 5-10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
ReLiC-0.25 3 5 10 5-10 yrs 5-10 yrs 10-15 yrs > 25 yrs
ERLC-0.25 8 5 10 5-10 yrs 5-10 yrs 10-15 yrs > 25 yrs
MC-0.125 11 4 tbd > 10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
XCC-0.125 2-3 3-4 3-5 5-10 yrs 3-5 yrs 7-10 yrs 19-24 yrs
SWLC-0.25 8 5 10 5-10 yrs 3-5 yrs 7-10 yrs 19-24 yrs
ILC-1 10 5 5-10 5-10 yrs 3-5 yrs 10-15 yrs 13-18 yrs
ILC-2 10 5 5-10 > 10 yrs 3-5 yrs 10-15 yrs 19-24 yrs
ILC-3 20 5 10 > 10 yrs 3-5 yrs 10-15 yrs 19-24 yrs
CLIC-3 0 6 6 3-5 yrs 3-5 yrs 10-15 yrs 19-24 yrs
CCC-2 2-3 4-5 6-7 3-5 yrs 3-5 yrs 10-15 yrs 19-24 yrs
ReLiC-2 3 5 10 5-10 yrs 5-10 yrs 10-15 yrs > 25 yrs
MC-1.5 11 4 tbd > 10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
MC-3 11 4 tbd > 10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
MC-10 11 4 tbd > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
MC-14 11 4 tbd > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
PWFA-LC-1 15 tbd tbd > 10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
PWFA-LC-15 15 tbd tbd > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
LWFA-LC-3 15 tbd tbd > 10 yrs > 10 yrs 10-15 yrs > 25 yrs
LWFA-LC-15 15 tbd tbd > 10 yrs > 10 yrs > 16 yrs > 25 yrs
SWFA-LC-1 tbd tbd tbd > 10 yrs 5-10 yrs 7-10 yrs 19-24 yrs
SWFA-LC-15 tbd tbd tbd > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
FCChh-100 2 20 15 > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
SPPC-75 15 6 8 > 10 yrs 5-10 yrs 10-15 yrs > 25 yrs
Coll.-Sea-500 10 6 6 > 10 yrs 5-10 yrs > 16 yrs > 25 yrs
CEPC-SPPC tbd tbd tbd 3-5 yrs 3-5 yrs < 6 yrs > 25 yrs
LHeC 0 5 5 0-2 yrs 3-5 yrs < 6 yrs 13-18 yrs
FCC-eh 0 5 5 0-2 yrs 3-5 yrs < 6 yrs > 25 yrs
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Summary of the ITF judgment on collider 
projects’ R&D duration, design and 
industrialization, construction, and 
combined time to first physics. 
The first three columns present these 
timescales as submitted to the ITF by the 
project proponents. 
The first group of rows are Higgs and 
electroweak physics colliders, the second 
group are energy-frontier lepton colliders, 
and the third group includes hadron-
hadron and lepton-hadron colliders. 
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Cost estimates for multi-TeV lepton collider proposals

The ITF cost model for the 
multi-TeV lepton collider 
proposals. 
Horizontal scale is 
approximately logarithmic for 
the project total cost in 
2021B$ w/o contingency and 
escalation. 
Black horizontal bars with 
smeared ends indicate the 
cost estimate range for each 
machine. 
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Figure 9: The ITF cost model for the multi-TeV lepton collider proposals. Horizontal scale is approx-
imately logarithmic for the project total cost in 2021 B$ without contingency and escalation. Black
horizontal bars with smeared ends indicate the cost estimate range for each machine.

Figure 10: The ITF cost model for the energy frontier hadron collider, electron-proton colliders (incre-
mental cost from hadron collider only) and for the proposed Fermilab site-filler colliders. Horizontal
scale is approximately logarithmic for the project total cost in 2021 B$ without contingency and
escalation. Black horizontal bars with smeared ends are the cost estimate range for each machine.
Right-arrow for the 500 TeV "Collider-in-the-Sea" indicates higher than 80B$ cost. Left-arrow for the
electron-proton "SPPC-CEPC" collider concept indicates smaller than 4B$ cost.
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Cost estimates for hadron and lepton-hadron colliders, and 
FNAL site-filler proposals

The ITF cost model for the energy 
frontier hadron collider, electron-
proton colliders (incremental cost 
from hadron collider only) and for 
the proposed Fermilab site-filler 
colliders. 
Horizontal scale is approximately 
logarithmic for the project total 
cost in 2021B$ without 
contingency and escalation. 
Black horizontal bars with 
smeared ends are the cost 
estimate range for each machine. 
Right-arrow for the 500 TeV 
"Collider-in-the-Sea" indicates 
higher than 80B$ cost. 
Left-arrow for the electron-proton 
"SPPC-CEPC" collider concept 
indicates smaller than 4B$ cost. 
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