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Other accelerator concepts beyond the previously well established ones (ILC,
CLIC, FCC-ee/CEPC) are being explored for electron-based Higgs factories. J

These include C3, HELEN, Fermilab Site-Filler/LEP3, XCC, and circular (CERC),
and linear (ERLC, ReLiC) energy recovery concepts.

With Snowmass 2021 - many such ideas emerging. Would ILD be suitable? J
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Snowmass 2021

Initial deadline for Snowmass white papers was 15-Mar-2022. Many white papers
are appearing on Higgs Factory accelerator concepts including [LC.

Much of this talk is orientation to some of these ongoing broader initiatives and
related presentations. | tried to identify detector related issues for ILD - but to a
large extent the main differences are time structure.

Some related forums.

@ Snowmass Agoras on future colliders

@ Higgs factory considerations paper

@ Snowmass Implementation Task Force (T. Roser chair)
@ Recently formed Snowmass ete™ collider forum
(]

Snowmass Energy Frontier workshop next week (hybrid)
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https://arxiv.org/pdf/2203.07622.pdf

Snowmass Agoras on Future Colliders

Monthly extended seminar/discussion organized by the Snowmass Accelerator and
Energy Frontier.

@ Linear ete™ colliders: ILC, CLIC, C3

@ Circular ete™ colliders: FCC-ee, CEPC, Small Circular, ERL based
© Muon colliders

@ Circular pp and ep colliders

@ Advanced colliders (plasma wakefield etc.) on April 16th
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Higgs Factory Considerations White Paper

Prepared by members of the Americas Linear Collider Committee

Higgs Factory Considerations
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Large circular: FCC-ee, CEPC
Linear colliders: ILC, CLIC, C3

Energy recovery: CERC, ERLC,
ReLiC

FNAL Site Filler: circular, linear
Muon Collider
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ABSTRACT
We discuss considerations that can be used to formulate recommendations for

initiating a lepton collider project that would provide precision studies of the
Higgs boson and related electroweak phenomena,

006 000

Considerations related to physics, technical, and general project issues with
sections on US and global considerations.
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Fermilab Future Colliders White Paper

Extensive discussion by Fermilab authors of many possibilities. Common theme:
location, location, location! Three of most relevance to us:

.

a novel “Cool Copper Collider (C*)" linear collider concept (250 GeV to potentially 550 GeV
collider can fit on Fermilab site)

linear colliders based on high gradient SRF (in the range of 50 MV /m to 90 MV /m; standing
wave or travelling wave structures; 250 — 500 GeV facility at Fermilab).

16-km circumference site-filler circular ete™ collider, from Z to the Higgs (90 — 240 GeV)

Fermi National
Accelerator Laboratory

Fermi National
Accelerator Laboratory &

Figure 7: Fermilab site showing the proposed 16-km site-filler collider ring.
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The Cool Copper Collider (C3)

More details in (2110.15800)

New NC RF technology
New power distribution scheme
Cool - operation at liquid Nitrogen temperatures

Much improved efficiency and breakdown rate
over NLC

High gradients possible - 120 MV/m
\/s = 550 GeV with 8 km footprint

Potential path to much higher energies

Fermi National
Accelerator Laboratory g

©00 ©000O0

Has engaged a large community including LHC in a linear collider opportunity.
Also seen as a potential upgrade path for ILC especially to higher energies. J
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\ Collider | NLCR§] [ CLICR9 [ ILClH [ ¢ [ & |
CM Energy [GeV] 500 380 250 (500) 250 550
o, [pm] 150 70 300 100 100
By [mm] 10 8.0 8.0 12 12
By [mm] 0.2 0.1 0.41 0.12 0.12
€, [nm-rad| 4000 900 500 900 900
€y [nm-rad] 110 20 35 20 20
Num. Bunches per Train 90 352 1312 133 75
Train Rep. Rate [Hz| 180 50 5 120 120
Bunch Spacing [ns] 14 0.5 369 5.26 3.5
Bunch Charge [nC] 1.36 0.83 3.2 1 1
Beam Power [MW)] 5.5 2.8 2.63 2 2.45
Crossing Angle [rad] 0.020 0.0165 0.014 0.014 0.014
Crab Angle 0.020/2 | 0.0165/2 | 0.014/2 | 0.014/2 | 0.014/2
Luminosity [x10%4] 0.6 1.5 1.35 1.3 2.4
(w/ IP dil.) | (max is 4)
Gradient [MeV /m)] 37 72 315 70 120
Effective Gradient [MeV /m)] 29 57 21 63 108
Shunt Impedance [M$/m] 98 95 300 300
Effective Shunt Impedance [MQ/m)] 50 39 300 300
Site Power [MW] 121 168 125 ~150 ~175
Length [km]| 23.8 11.4 20.5 (31) 8 8
L* [m] 2 6 4.1 4.3 4.3

Table 3: Beam parameters for various linear collider designs. Final focus parameters for C* are
preliminary.

For ILD, main difference with ILC is the bunch spacing and higher rep. rate
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C3 timeline and cost estimate

20192020 | 20252031 | 2035201 | 2045200 | 20552061
Accelerator
Demo proposal
Demo test
CDR preparation
TDR preparation ]

Industrialization
TDR review
Construction

@ Needs a demonstrator
RFUpene @ 10 years ahead of FCC

Multi-TeV Upg, |

Detector @ Detector timeline soon

LOTs

TDR
Construction
Commissioning

Table 1: Timeline and Milestones for the proposed C* development

Sub-Domain % | % |
Sources Injectors 8 35
Damping Rings 12
Beam Transport 15
Main Linac Cryomodule 10 | 33
~-band Klystron 23
BDS Beam Delivery and Final Focus | 8 13
Al ivery anc nal us . Py Upgrade tO 550 GeV
Support Infrastructure Civil Engineer 5 | 19 H
Common Facilities 11 assumes adva nces in RF
Cryo-plant 3
Total 3.7BS 100 | 100 source cost

Table 6: Cost breakout for C* 250 operating at 70 MeV/m. Cost of the outfitted tunnel (51k$/m)
and the RF source RE source cost ($7.5/peak-kW), derived from ILC and CLIC respectively, are
scaled for the length and RF power needed for the Main Linac. The cryomodule cost of (100kS/m)
is based on our production costs.
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Higgs-Energy LEptoN (HELEN) Collide

Higgs-Energy LEptoN (HELEN) Collider based on
advanced superconducting radio frequency
technology

S. Belomestnykh*!2, P.C. Bhat!, A. Grassellino!, M. Checchin!, D. Denisov®,
R.L. Geng*, S. Jindariani!, M. Liepe®, M. Martinello!, P. Merkel!, S. Nagaitsev!,
H. Padamsee®, S. Posen!, R.A. Rimmer®, A. Romanenko!, V. Shiltsev!,

A. Valishev!, and V. Yakovlev!

Fermilab, Stony Brook, Brookhaven, Oak Ridge, Cornell, JLab authors

Abstract

This Snowmass 2021 contributed paper discusses a Higgs-Energy LEptoN (HELEN) ee™
linear collider based on advances superconducting radio frequency technology. The proposed
collider offers cost and AC power savings, smaller footprint (relative to the ILC), and could
be built at Fermilab with an Interaction Region within the site boundaries. After the initial
physics run at 250 GeV, the collider could be upgraded either to higher luminosity or to higher
(up to 500 GeV) energies. If the ILC could not be realized in Japan in a timely fashion, the
HELEN collider would be a viable option to build a Higgs factory in the U.S.
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HELEN parameter table

2EFF
FIEE
2287
TEgw
- Parameter HELEN ILC CLIC
R CM energy 2x By (GeV) 250 250, 500 380, 3000
£2%5 Length (km) 75 20.5, 31 114, 50
g38% Interaction points 1 1 1
& = gg Integrated luminosity (P‘Ll)il 0.2 0.1,0.6
S22 Peak lumi. £ (103 cm=2s~1) 1.35 15,6
e 23 CM encrgy spread ~ 0.46ps (rms, %) 1 1.7 17,5
=8z Polarization (%) 80/30 (e~ /et) Jet) 80/0 (e~ /e*)
BsFS Reprate frep (H7) 5 50
Brg Bunch spacing (ns) 554 0.5
T g B Particles per bunch N (10'°) 2 0.52, 0.37
= Bunches per pulse ny, 1312 352, 312
- Pulse duration (jss) 727 0.17
EE Pulsed beam current Jy, (mA) 5.8 1670, 1190
% g Bunch length o (rms, mum) 0.1
88 TP beam size o™ (rms, jum) H: 0.23, 0.16 1: 052, 0.47
£ : V:0.0077 V:0.004, 0.0026 | V: 0.0077, 0.0059 | V: 0.003, 0.001
ER Bmittance, ey (s, pm) H: 0.9 H: 5, 10 H: 0.95, 0.66
e + e S V: 0.02 V:0.035,0.035 | V:0.03,0.02
< g /3* at interaction point (mm) 1L: 13 1L: 12 1£:8, 6.9
g & raction point V: 0.41 V:0.12 V: 0.1, 0.068
) Full crossing angle 6, (mrad) 14 14 20
3 E Crossing scheme crab crossing || crab crossing crab crossing crab crossing
g g Disruption parameter D, 35 12 35, 25 13, 8
S E RF frequency [ar (MHz) 1300 5712 1300 11994
2% Accclerating gradient Egee (MV/m) 70 70, 120 315 72, 100
-y Effective gradient F,z; (MV/m) 5 21 57,79
58 Total beam power (MW) 5.3 5.3,10.5 5.6, 28
A< Site power (MW) 110 ~150, ~175 111,173 168, 590
=% Key technology TW SRF cold NC RF SW SRF two-beam accel.
23
Bl

HELEN is basically ILC, but with much higher gradient.
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HELEN gradient and extendability

Parameter Advanced SW | Traveling wave Nb3Sn §
Accelerating gradient (MV/m) 55 70 90 &
Fill factor 0.711 0.804 0.711 E
Real estate (effective) gradient (MV /m) 39.1 55.6 64.0
Cavity Q (1010 1.0 2K) 069 (2K) |1.0(45K)
Active cavity length (m) 1.038 2.37 1.038 N
Cavity R/Q (Ohm) 1158 4890 1158 8
Geometry factor G (Ohm) 279 186 279
Byi/Eace mT /(MV /m) 3.71 2.89 3.71
Epi/Bace 1.98 173 1.98
Number of cavities 4380 1527 2677
Number of cryomodules 505 382 309
Collider length (km) 9.4 7.5 6.9 Fermi National .
AC power for main linacs (MW) 49 39 58 Accelerstor tabaratos £
Total collider AC power (MW) 121 110 129 &

g

Table 3: Comparison of some HELEN collider parameters for three option.
Google Tk

Figure 15: 500 GeV HELEN collider at Fermilab.

Baseline choice is the traveling wave option with RF cavities double the length of
the TESLA cavities. With 12 km footprint can extend to 500 GeV with IP (just)
within Fermilab site.

R&D still necessary - estimated 26% main linac cost saving compared with ILC.

Graham W. Wilson (University of Kansas) ILD strategy discussion part Il March 22, 2022 11/24



Small circular eTe™ colliders

See Eliana Gianfelice's talk and Chapter 5 in (2203.08088)
While obviously limited in energy scope, and luminosity, the small circular ete™
collider approach, is much more affordable than 100 km class concepts.

Higgs Factory Z factory
Circumference [km| 16 16
Beam energy [GeV] 120 45.6
Total synchrotron radiation power [MW] 100 60 Luminosity per IP and Higgs /year
Beam current [mA] 5. 140 250000
N [10] 8.3 1.67 3 >
Number of bunches 2 279 T
Bz [m] / By 02m/1mm | 02m/1mm ‘?‘E 25 P iy 200000
€z / €y [nm] 21/ 0.05 26.1 / 0.065 s .
o [mm] 2.9 (SR) 6.45 S 150000 &
beam-beam tune shift per IP 0.075/0.11 | 0.032 / 0.045 o 2 P
RF frequency [MHz| 650 650 E 3
RF voltage [GV] 12 0.24 g 1.5 100000
Momentum acceptance (RF) [%)] +3 +9 E
Tos [min] 9 - 36 ! .//l Luminosity —@— { 50000
TBhabha |Min| 8.7 37 Higgs ——
L per IP [10** cm™2s71 | 1.0 6.3 15 20 25 30 35 40 45 50
Production cross-section 200 fb 61 nb Circumference [km]
Particle production /year Higgs: 39751 | Z: 7.64 x10%°

Table 1: Parameters of the 2012 Fermilab e*e™ Higgs and Z Factories
Needs larger circumference to match LC luminosity (L scales as radius for fixed SR
power loss) at /s = 240 GeV. Note only 1 IP for Fermilab Site Filler.
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Compare circular ete™ colliders at /s = 240 GeV

LEP3 is the obvious Plan-B in this class of collider. Existing tunnel but currently
occupied!, leading to a potential physics start pushed to beyond 2050.

LEP3 (ATS Note) SiteFiller FCCee (CDR 2018)
Circumference [km] 26.7 16 98
Beam current [mA] 7.2 5. 29
N [1011] 10 8.3 1.8
e 4 2 328
#IPs 2 1 2
Bz [m] 02 0.2 03
By [mm] 1 1 1
€z [nm] 25 21 0.63
€y [nm] 0.1 0.05 0.001
o¢ [mm] (SR) 23 2.9 3.2
b-b tune shift/IP 0.09/0.08 0.075/0.11 0.012/0.12
RF frequency [MHz] 1300 650 400
RF voltage [GV] 12 12 2
n [%] +4 (RF) +3 (RF) +1.7 (DA)
Ths[min] >17 (*) 9 (**), 36 (***) 18
TBhabha[min) 18 8.7 38
L/IP [103% cm—2s71 ] 1.1 (*xk*) 1.0 (F***) 8.5

SiteFiller cost estimate is not small: 5BS.

Time between bunches is LEP-like at /s = 240 GeV for LEP3, Site-Filler.

Graham W. Wilson (University of Kansas) ILD strategy discussion part |1 March 22, 2022 13/24



XCC

XCC: An X-ray FEL-based -y Collider Higgs Factory

Tim Barklow'®, Su Dong®, Claudio Emma', Joseph Duris', Zhirong Huang', Adham Naji',
Emilio Nanni', James Rosenzweig?, Anne Sakdinawat!, Sami Tantawi!, and Glen White!

'SLAC Linear Accelerator Center, Stanford, Menlo Park, CA
“Particle Beam Physics Laboratory, University of California Los Angeles, CA
Atimb@slac.stanford.edu

Abstract

This report de the design of a 77 Higgs factory in which 62.8 GeV electron beams collide
with 1 keV Xeray free electron laser (XFEL) beams to produce colliding beams of 62.5 GeV photons.
The Higgs boson production rate is 32,000 Higgs bosons per 107 second year, roughly the same as the
ILC Higgs rate. The electron accelerator is based on cold copper distributed coupling (C*) accelerator
techmology. The 0.7 J pulse energy of the XFEL repre: a 300-fold increase over the pulse energy of

current soft x-ray FEL’s. Design challenges are discussed, along with the R&D to address them, including
demonstrators.

o

31GeVe

C? Linac

C? Linac
cryo RF gun cryo RF gun

~2.5km
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XCC v~ Luminosity Spectrum
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XCC Features

Very interesting ideas.

Has potential for lower cost, (estimate 2.3 B$ compared to 3.7 B$ for C3-250
using same cost model).

Needs substantial R&D, with many technical challenges, and has more limited
physics scope than 250 GeV eTe™ as a “Higgs factory”.

@ With X-rays can achieve much narrower ~~ luminosity spectrum than
conventional v collider (OCC) concepts based on optical wavelength lasers.
Leads to lower backgrounds to Higgs production compared to OCC.

@ Can produce Higgs in the s-channel (yy — H) at ,/s,5 = 125 GeV, and
measure o(yy — H)B(H — X) ~ T, [x/T2.

@ Use ey — eH at /5., = 140 GeV to measure I, independent of Higgs
decay mode to extract absolute partial widths (with current baseline need to
dedicate 2/3 of running time to the ey mode) with paltry 4.1 fb eH
cross-section...

My take: worth pursuing further to see if a more attractive future v option as a

LC addition emerges. At present - not compelling as the Higgs factory.
Would benefit from improved performance and broader physics scope.
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The ultimate eTe™ collider?

ete™ colliders with energy recovery have received attention. Conceptual ideas are
CERC (ERL boosted FCC-ee), ERLC (Twin LC - V. Telnov), and the latest
Recycling Linear Collider (RelLiC) by the same author team as CERC.

Positron source Detectors

/ ssaxdwo))

5 Separator Separator Z e Separator Separator E
2 — o " | s e I
E Linac Linac?‘ A? Linac Linac 5‘
Electron source
_.'— T T
& @ roco @aseine.2 )
£ © G0 win 0% sae marg) Y Scope for much
3 LGt lamieneray Uparade) H H
s 1 it higher lumi and/or
% k - E power s avin gs
< 10% ams
£ op \ 3 @ Really explore HH
g v N s ] production
o : . @ Potential for high L

10°

3+

performance at
high energy

Vs [GeV]
*Plot from ReLiC paper
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CERC in more detail (FCCee with ERL)

This is the 30 MW SR version.

Table 1. Main parameters of ERL-based e'e” collider with synchrotron radiation power of 30 MW.

ICERC Z W H(HZ) tthar HH Httbar
ICircumference, km 100 100 100 100 100 100
Beam energy, GeV 45.6 80 120 182.5 250 300
Hor. norm &, um rad 39 3.9 6.0 7.8 7.8 7.8
'Vert. norm g, nm rad 7.8 7.8 7.8 7.8 7.8 7.8
IBend magnet filling factor 0.9 09 0.9 0.9 0.9 0.9
h, m 0.5 0.6 1.75 2 2.5 3
v, mm (matched) 0.2 0.3 0.3 0.5 0.75 1
Bunch length, mm 2 3 3 5 7.5 10
ICharge per bunch, nC 13 13 25 23 19 19
INe per bunch, 10" 0.78 0.78 1.6 14 1.2 1.2
IBunch frequency, kHz 297 270 99 40 16 9
IBeam current, mA 3.71 3.37 2.47 0.90 0.31 0.16
Luminosity, 10* emsec’ 6.7 8.7 7.8 2.8 1.3 0.9
[Energy loss, GeV. 4.0 44 6 17 48 109
Rad. power, MW/beam 15.0 14.9 14.9 15.0 16.8 16.9
ERL linacs, GV 10.9 19.6 29.8 46.5 67.4 89
Disruption, Dn 2.2 19 0.8 0.5 0.3 0.3
Disruption, Dy 503 584 544 505 459 492

Lumi numbers summed over 2 IPs?
Total AC power estimate at 600 GeV is 215 MW.
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RLC in more detail

Twin LC with energy recovery

~hea§:|—onco|l, acceleration linac(dE) compressor
] ——— ) e’

I —
e e e e e e e e e e e e e e
<

I: ———
deceleration decompressor
e E~5GeV

e et beam dump
\\e* e/ wiggler(-dE~0.025 GeV)
from DRs
unit ERLC ERLC ERLC ERLC ILC
pulsed pulsed contin. contin.
Nb Nb Nb3Sn  NbsSn Nb

18K 18K 45K 45K 1.8K
1.3GHz 0.65GHz 1.3GHz 0.65GHz 1.3 GHz

Energy 2E, GeV 250 250 250 250 250
Luminosity L~ 10*°em™s™'  0.39 0.75 0.83 1.6 00135
P (wall) (collidery MW 120 120 120 120 129(tot.)
Duty cycle, DC 0.19 0.37 1 1 n/a
Accel. gradient, G MV/m 20 20 20 20 315
Cavity quality, 0 10'° 3 12 3 12 1
Length Lyt/Liet ~ km 12530 12.5/30  12.5/30  12.5/30  8/20
N per bunch 10° 1.13 2.26 0.46 1.77 20
Bunch distance m 0.23 0.46 0.23 0.46 166
Rep. rate, f Hz 247108 2.37-108 1.3-10° 6.5-10% 6560
€x.nl€y.n 107°m 10/0.035 10/0.035  10/0.035 10/0.035 5/0.035
BBy at TP cm 2.7/0.031 10.8/0.031 0.46/0.031 6.8/0.031 1.3/0.04
oy atIP pm 1.05 2.1 0.43 1.66 0.52
oy atIP nm 6.2 6.2 6.2 6.2 7.7
o atIP cm 0.03 0.03 0.03 0.03 0.03
(0E/Eo)ps atIP % 0.2 0.2 0.2 0.2 ~1
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ReLiC in more detail

Positron source Detectors
] Compres: - =
5 ‘ Decompress  Separator Separator A Separator Separator E
£ i - I i - A 5
@
£ Linac Linac Linac E\A ‘? Linac Linac =3
a 5

Electron source

Alternate trains of electrons and positrons in the same linac. Bunch-trains overlap
longitudinally only on separators.

Left linac Right linac

Decelerating ¢ Decelerating e

Accelerating e
LE ,

Decelerating ¢ Decelerating ¢

Two detectors is a crucial part of the concept! - related to optics for flat beams
considerations. Final focus optics similar to FCCee.
Beamstrahlung by design (ultra-flat beams) a lot less than ILC.
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ReLiC Parameters (not much detail yet in writeup)

Pac estimates of 300/800 MW for 240/3000 GeV. (3 TeV looks not credible ...)

Table 1. Key ReLiC parameters for two choices of c.m. energy.

C.M. energy GeV 240 3,000
Length of accelerator km 20 288
Section length m 250 250
Bunches per train 10 21
Particles per bunch 10" 2.0 1.0
Collision frequency MHz 12.0 25.2
Beam currents in linacs mA 38 40
£X, norm mm mrad 4.0 4.0
£y, norm um mrad 1.0 1.0
Bx m 5 100
Py, matched mm 0.34 9.7
G, mm 1 17
Disruption parameter, Dx 0.01 0.002
Disruption parameter, Dy 43 15
Luminosity per detector 10* emsec’! 172 47
Total luminosity 10** emZsec”’ 343 94

Detailed technical validation needed. Gradient (12.5 MV/m with 500 MHz RF).
Looks extremely interesting if it is as elegantly simple as it appears.
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Accelerator Parameters for eTe™ colliders near ZH peak

Lumi/IP is in units of 103 cm=2s~1. Lumi/IP/BX is in ub~1.

Parameter ILC c3 HELEN | SiteFiller LEP3 FCCee
Vs [GeV] 250 250 250 240 240 240
L (C) [km] 20.5 8 7.5 16 27 91
nip 1 1 1 1 2 4
At (ns) 554 /366 5.3 554 26000 22000 1230
Lumi/IP 1.35/2.7 1.3 1.35 1 1.1 7.26
nBX/s 6560/13125 | 15960 6560 38460 45000 815000
Lumi/IP/BX 2.1 0.81 2.1 0.26 0.24 0.089
o, (mm) 0.3 0.1 0.3 >29 >23 6
Rep rate (Hz) 5 120 5 NA NA NA
Pac (MW) 111/138 150 110 SR100+ | SR100-+ 282
-

FCCee numbers from Table 2 of 2203.06520
CERC/ERLC/ReLiC parameters omitted from the comparisons; concepts are ideas

at this point and designs likely to evolve.
Note linear/circular lumi numbers would be about 4%/13% less at 240/250 GeV
in a more apples-to-apples comparison.
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@ There are a number of alternative collider concepts that are worth keeping an
eye on beyond the well established e™e™ collider concepts.

@ A number of them are not that novel, and quite feasible, namely C3, HELEN,
small circular (SiteFiller/LEP3).

@ Some emerging new ideas include new approach to v colliders (XCC) and
especially new concepts for applying energy recovery to high energy ete™
colliders.

@ Having at least two detectors for all these concepts is not guaranteed.
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Concluding Remarks

ILC has basically been around for more than 30 years. We are confident that ILC
can be built, and should continue to support it as the current most feasible path.
But ILC and the prospect for eTe™ colliders in general are
challenged /confronted/delayed/enriched by
@ the considerable cost of any such machine
@ the current lack of a willing host
@ the appearance of other approaches differing in maturity that claim either
higher L at low E, higher E, reduced costs, or even high L, high E and low P
@ the continual interest to explore new ideas
@ the limited direct new physics potential of the first stage ILC250
While continuing to support efforts on LCs in general, it seems that the HELEN
initiative and C3 are well aligned with advancing R&D that furthers a LC.
@ It should be relatively easy to propose an ILD-like detector for either.
@ ILD should also still work well with a TPC for the smaller circular collider
possibilities (SiteFiller/LEP3). Note these are not pushed for now...
@ We should consider future-proofing: evolving to a concept with options that
can work well for any of these potential eTe™ colliders.
@ Any near-term funding opportunities are likely to promote more generic
studies for ete™ Higgs factory detectors.
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