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Today’s menu

* Project Overview & Updates

« atouracross ILC, CLIC, C3 & HAL
« Why a Linear Collider?

e physics, physics, physics...
« Sustainability

« construction & operation

 Instead of conclusions....

DESY. | Overview of Linear Collider Projects | Jenny List, 1 April 2024



Recent workshops

Much more going on than can possibly be covered in a 25’ talk
 Linear Collider Workshop 2023
* 15-19 May 2023, SLAC, US

» https://indico.slac.stanford.edu/event/7467/

« Special Workshops
» Cool Copper Collider 12 -13 Feb, SLAC, https://indico.slac.stanford.edu/event/8577
« HALHF 4-5 April, Oslo, https://indico.cern.ch/event/1370201/
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LCWS2024

Upcoming:
LCWS 2024, July 8-11 in Tokyo

https://agenda.linearcollider.org/event/ /\
10134 PgseEn
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C.M. Energy
Length

Luminosity
Repetition

Beam Pulse Period
Beam Current
Beam size (y) at FF
SRF Cavity G.

Qo

The ILC250 accelerator facility

Interaction point

250 GeV
20km
1.35 x1034 cm2s-"
5Hz
0.73ms
5.8 mA (in pulse)
7.7 nm@250GeV

31.5 MV/m
(35 MV/m)
Qo = 1x10 10

Damping Ring

Beam dump

Bunches of ~10'0 e+/e-

Parameters and plans for luminosity and
energy upgrades are available, interesting
and relevant SCRF R&D also for such
upgrades (Snowmass input)

e+ SOU I’Ce

e- Main Linac

ILC Candidate Location: Kitakami, Tohoku




Key systems and challenges

The ILC is a very mature design, with a
comprehensive TDR

Next steps involve technical developments
and industrial prototyping with final specs as
needed for an Engineering Design and in
preparation of pre-series and construction

Creating particles Sources
» polarized elections/positrons

« High quality beam Damping ring

. low emittance beams

* Acceleration Main linac
* superconducting radio frequency (SRF)

 Collide them Final focus

. nano-meter beams

« Goto Beam dumps

EU.XFEL:

Largest deployment of
SCRF technology

100 cryomodules
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800 cavities
17.5 GeV
First beams 2016
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International Linear

Collider (ILC) (Plan)

Euro-XFEL

Operation started from 2017

LCLS-Il + HE (under construction) =100 cryomodules R

. . -800 cavities
-35 + 20 cryomodules DESY [~ )
-280 + 160 cavities -17.5GeV (Pulsed) g (1 S -ZO(?()SZZ\%?;UI%
-4 +4GeV(CW), gCornell LAL/Saclay @ -250 GeV (Pulsed)
FNAL ® INFN
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The ILC IDT organization — initiated at
the ICFA meeting at SLAC February 2020

ICFA J

ILC International Development Team

Executive Board

Americas Liaison Andrew Lankford (UC Irvine)
Working Group 2 Chair Shinichiro Michizano (KFK)
Working Group 3 Chair Jenny List (DESY)
Executive Board Chair and Working Group 1 Chair Tatsuya Nakada (EPFL)
KEK Liaison Yasuhiro Okada (KEK)
Europe Liaison Steinar Stapnes (CERN)
Asia-Pacific Liaison Geoffrey Taylor (U. Melbourne)

Working Group 3

Working Group 1
Accelerator Physics & Detectors

Working Group 2
Pre-Lab Setup

V.

2020-21: The IDT — created by ICFA and hosted by KEK — was set
up to move ILC towards construction. The worldwide structure of the
WGs: https://linearcollider.org/team/

A set of key activities were identified in a Preparation Phase
Programme.

2022-23: A subset of the technical activities of the full ILC
preparation phase programme have been identified as critical (next
slide). These are being addresses by a ~4 year programme called
ITN — the ILC Technology Network. Moving forward with this work is
being supported by the MEXT (ministry) providing crucial increased
funding.

As of today: With funding from 1.4.2023 ITN is now starting. An
agreement KEK and CERN and several European lab activities have
been/are being set up. In the US the P5 process is ongoing, the
hope is that ITN planning and interests can turn into important ITN
involvements in due time.



The ITN

Promoting the technological development of the International Linear Collider: WPP 1 Cavit ducti T . ey .
4 Twenty-eight research institutes participated in the ITN Information Meeting WPP 2 aVIC\l:/Ipc:ZsiZ(r:I on BU|gZ:|ng the ITThaCIEV_II_tI\?VSGZ
° anning in the —
WPP 3 Crab cavity . ‘e . .
WPP 4 - source significant interests and expertise
WPP 6 Undulator target already represented
WPP 7 Undulator focusing * Information meeting at CERN 16-
WP 8 E-driven target 17.10 jointly organized by KEK
WPP 9 E-driven focusing and the IDT
WPP 10 E-driven capture .
WPP 11 Target replacement * Interest matrix for the ITN work-
WPP 12 DR System design packages, being consolidated
WPP 14 DR Injection/extraction * The next step: Further technical
mg 12 F'”:f“t‘)‘ls discussion to define deliverables,
Fi t
Wp - . followed by agreement who among
the laboratories will deliver what
WPP 1 Cavity production v v Vv v v v v v v v v v v v
SRF WPP 2 CM design J J J J 7 J J J J J J
WPP 3 Crab cavity v v v Vv v v v v
WPP 4 E-source v v v v
WPP 6 Undulator target v 4 Vv Vv
WPP 7 Undulator focusing Vv v v v
Sources WPP 8 E-driven target Vv v v Vv
WPP 9 E-driven focusing v Y Y
WPP 10 E-driven capture v v v
WPP 11 Target replacement 4
WPP 12 DR System design v v v v v v v v
WPP 14 DR Injection/extraction v Vv v v v
Nano-beams WPP 15 Final focus v v v v v v v
WPP 16 Final doublet Vv v v
WPP 17 Main dump v v v
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The Compact Linear Collider (CLIC)

* Timeline: Electron-positron linear collider at
CERN for the era beyond HL-LHC

« Compact: Novel and unique two-beam
accelerating technique with high-gradient room
temperature RF cavities (~20°500 structures at
380 GeV), ~11km in its initial phase

DRIVE BEAM INJECTOR

“__INTERACTION REGION
. MAIN BEAM INJECTOR

DAMPING RINGS « Expandable: Staged programme with collision
energies from 380 GeV (Higgs/top) up to 3 TeV
(Energy Frontier)

ORIVE BEAM LOOPS

~._DRIVE BEAM DUMPS

« CDR in 2012 with focus on 3 TeV. Updated
project overview documents in 2018 (Project
Implementation Plan) with focus 380 GeV for
Higgs and top.

TURN AROUND

Accelerating structure
prototype for CLIC: 12
GHz (L~25 cm), 100
MV/m

(‘iERNEé ‘ 29.11.23
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On-going CLIC studies towards next ESPP update

Project Readiness Report as a step toward a TDR

Assuming ESPP in ~ 2026, Project Approval ~ 2028, Project (tunnel) construction can start in ~ 2030.

The X-band technology readiness for the 380
GeV CLIC initial phase - manufacturability and
developments driven by use in small compact
accelerators for industrial experience

p>>>>>>>>> D200 4

Optimizing the luminosity at 380 GeV at
2.3 x 103* cm-2 s'— already implemented for
Snowmass paper, further work to provide
margins will continue (HW and SW)

SIS SN @ Bending magnet P R P B
: L <o " X-band studies: e Fpgerd
= Source of electrons Accelerating stage Q Q For CLIC and
o Dy / ISt e related
CERN and L University Hospital X S Bendi t / applications in h
and Lausanne University Hospita {> » Bending magnets / B ardware
S, L ‘ smaller linacs

collaborate on a pioneering new cancer
radiotherapy facility
CERNand the . y

Patient

Project summary for Snowmass:
https://arxiv.org/pdf/2203.09186.pdf

RF efficiency and
sustainability studies

Improving the power efficiency for both the initial
phase (already in Snowmass report) and at high
energies, including more general sustainability
studies (in many cases done together with ILC —
see later)

Efficiency
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C’ Accelerator Complex

Trairs repeat at 120 H2

Pulse Format

RF envelope \
133 1 nC bunches spaced by 700 ns -
30 RF periods (5.25 ns)

8 km footprint for 250/550 GeV CoM = 70/120 MeV/m
Large portions of accelerator complex compatible
between LC technologies
e Beam delivery / IP modified from ILC (1.5 km for
550 GeV CoM), compatible w/ ILC-like detector
e Damping rings and injectors to be optimized with
CLIC as baseline

Snowmass paper: https://arxiv.org/pdf/2203.07646.pdf

Collider C? C3
CM Energy [GeV] 250 550
o Luminosity [x1034] 1.3 2.4
[ Gradient [MeV /m] 70 120
“E’ Effective Gradient [MeV /m] 63 108
© Length [km] 8 8
C‘I.u Num. Bunches per Train 133 75
o Train Rep. Rate [Hz] 120 120
O Bunch Spacing [ns] 5.26 3.5
Bunch Charge [nC] 1 1
Crossing Angle [rad| 0.014 0.014
Site Power [MW]| ~150 ~175
Design Maturity pre-CDR Pre—CDR




Cryo-Copper: Enabling High-Gradient Operation

Cryogenic temperature (LN, at 80k) elevates

gradient performance

e Increased material strength is key factor
e Increase electrical conductivity reduces pulsed

heating in the material

C3 Main Linac Cryomodule
9 m (600 MeV/ 1 GeV)

Cryomodule (-9 m)

Electron
Beam Out

Accelerating

Electron Beam In
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Cahill, A. D., et al. PRAB 21.10 (2018): 102002.

C3 Prototype One Meter Structure

High power Test at Radiabeam



HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings 1 GeV e*/dri
source (3 GeV) Driver source, [er Qe ety
(250 GeV c.o.m.)

RF linac (5 GeV) RF linac Electron
(5-31 GeV e*/drivers) source
222
P s = > DIDIIDDIIDIIIIIIIDIIIIIIIIIIIIIIIIIIIIIIIDD)] — e
e el
Beam-delivery system \/ B tinag
BariEdeRvyeI Positron transfer line (500 Ger\); e)'l) Plasma-accelerator linac (5GeVe)
with turn-around loop (31 GeVe) (16 stages, ~32 GeV per stage)
2

(81 GeVe?) Scale: 500 m
Source: Foster, D’Arcy & Lindstrem, preprint at arXiv:2303.10150 (2023)

Interaction point

Overall length: ~3.3 km = fits in ~any major particle-physics lab

Length dominated by e~ beam-delivery system

Several key plasma acc. challenges:

New concept, aiming for pre-CDR end 2024:

« 500 GeV for electrons with plasma acceleration

« 31 GeV positrons with RF based linac, used
also to provide electron drivebeam for the
plasma acceleration

« Reach 250 GeV collision energy, luminosity
1034

» Paper: https://arxiv.org/pdf/2303.10150.pdf

Asymmetric technologies, energies and bunch
charges

Small footprint, lower cost (half again?)

Multi-staging, emittances, energy spread, stabilities, spin polarisation
preservation, efficiencies, rep rate, plasma cell cooling and more

Conventional beam(s) challenges:

Positron production, damping rings, RF linac, beam delivery system

Experimental challenges with asymmetric beams



Why a linear collider?



Circular or Linear Colllder’?

Each have their advantages

Circular e+e- Colliders Linear Colliders
FCCee, CEPC ILC, CLIC, Cs, ...

length 250 GeV: 90...100km 4B - length 250 GeV: 4...11...20 km

high luminosity & power efficiency at low
energies

high luminosity & power efficiency at high
energies

multiple interaction regions
very clean: little beamstrahlung etc

longitudinally spin-polarised beam(s)
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Circular or Linear Colllder’?

Each have their advantages

Circular e+e- Colliders Linear Colliders
FCCee, CEPC ILC, CLIC, Cs, ...

length 250 GeV: 90...100km M |- ength 250 GeV: 4...11...20 km

high luminosity & power efficiency at low
energies

high luminosity & power efficiency at high
energies

multiple interaction regions

longitudinally spin-polarised beam(s)
very clean: little beamstrahlung etc

Long-term upgrades: energy extendability

Long-term vision: re-use of tunnel for
9 PP same technology: by increasing length

collider
or by replacing accelerating structures with

advanced technologies

technical and financial feasibility of required
magnets still a challenge

RF cavities with high gradient
plasma acceleration ?
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I
Luminosity vs Energy - a long debate... 19781

Reminder: accelerated charges radiate

LIMITATIONS ON PERFORMANCE OF e+u_ STORAGE RINGS AND

LINEAR COLLIDING BEAM SYSTEMS AT HIGH ENERGY

* .
J.-E. Augustin , N. Dikanskit, Ya. DerbenevT, J. Rees$,

¢ SynChrOtron radiation ~ Operation COSt: B. Richter*, A, SkrinskiT, M. Tigner**, and H. Wiedemann'

- AE ~ (E4/ m*R) perturn  => 2 GeV at LEP2

Introduction

This note is the report of working Group I (J. Rees - Group Leader).

- Cost in high-energy limit:
+ circular: $$ ~aR + b AE ~ aR + b (E4/ m*R)

E2 colliding-beam facility in a future era in which, it was presumed, a

We were assisted at times by U. Amaldi and E. Keil of CERN. We concerned
ourselves primarily with the technical limitations which might present

themselves to those planning a new and higher-energy electron-positron
optimize => R ~ E2

- linear: 3% ~ L, withL ~ E

70-GeV to 100-GeV LEP-like facility would already exist. In such an era,
we reasoned, designers would be striving for center-of-mass energies of

—_ ~

= E

> $$ at least 700-GeV to 1-TeV. Two different approaches to this goal immedi-

ately came to the fore: one, a storage ring based on the principles of
PEP, PETRA, and LEP and the other, a system in which a pair of linear
accelerators are aimed at one another so that their beams will collide.
We realized early in the study that a phenomenon which has been negligible
in electron~-positron systems designed to date would become important at

these higher energies - synchrotron radiation from a particle being

cost

deflected by the collective electromagnetic field of the opposing bunch -
and we dubted this phenomeron "beam-strahlung." During the rest of the

week we investigated the scaling laws for these two colliding-beam

Ener‘gy systems taking beam-strahlung into consideration.

1) very first paper on this topic: M.Tigner 1965

DESY. | Overview of Linear Collider Projects | Jenny List, 1 April 2024 16
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deflected by the collective electromagnetic field of the opposing bunch -
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\ . \ systems taking beam-strahlung into consideration.
Energy Where is the crossing point?

1) very first paper on this topic: M.Tigner 1965
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Luminosity vs Energy - a long debate...

- Synchrotron radiation ~ operation cost:
- AE ~ (E4/ m*R) perturn  => 2 GeV at LEP2
Cost in high-energy limit:
circular: $$~aR+bAE~aR+b (E4/ m4
optimize => R ~ E2 =>$$ ~ E2
* linear: $$ ~ L, withL ~ E =>$$~E

Luminosity [10** s cm?]

Circular
Collider

e i'| musmm FCCee, 2 IPs [arXiv:2203.08310] | P

Luminosity vs Energy of Future e’e” Colliders

=smsm CEPC, 2 IPs [arXiv:2203.09451]
;-] memm CEPC, 2 IPs, lumi up, power priv. com.]
-'] mmgpmm ILC baseline [arXiv:2203.07622]
] s sm s ILC luminosity upgrade [dito]
i [ILC250 10 Hz operation [dito]
CLIC baseline [arXiv:2203.09186]

—h
<

cost
—
Q

Linear Collider

’
Center-of-Mass Energy [TeV]

Energy

Where is the crossing point?
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and we dubted this phenomeron "beam-strahlung." During the rest of the
week we investigated the scaling laws for these two colliding-beam

systems taking beam-strahlung into consideration.
1) very first paper on this topic: M.Tigner 1965
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The key physics at a Higgs Factory

Cross section [fb]
[J. R. Reuter]

100 250 350 500 1000 Ecm/ GeV
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The key physics at a Higgs Factory

Cross section [fb]
[J. R. Reuter]

100 250 350 500 1000 Ecm/ GeV
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The key physics at a Higgs Factory
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The key physics at a Higgs Factory

] z — ZH == o H )
j | — i ——- ete H 3
: | ——= tiH —— WWZ .
] | = WAW= ——— ZZZ 5
: & 1\ @ ZZ -+ WWH
considered N T -
] "~ ! . —_—cC g
by all proposed I L =
e+e- projects O e
10° R e e
= = e PR
c 101 - N i Y S ST L Lttt '
) i : R e | B e -
- L 4 - eeeeess—c———
(@) 10° :!' il
o) ." i 7
= ‘.5/’ I‘! Ny T T e VVHH
Q. \ ~ N’ N
) 91 0 fot 1000
7 e WW] 7z ttH [GeV]

10 250 350 500 1000 Ecm/ GeV

DESY. Overview on Linear Colliders | Jenny List, 11 Apr 2024



The key physics at a Higgs Factory

] z — ZH == o H )
j ; — i ——- ete H 3
: | ——= tiH ——— WWZ .
] | = WAW= ——— ZZZ S
_ 1h ———\ ZZ -- WWH
considered N | R ZHH
T, —_— cC — T T
by all proposed Hs3S —
e+e- projects 1 I — D—— T
103_: i = sey R UV
: ; E. T T T ———
Q e S ——  immmmm—————
3 ] : . 5 i i - e ——
c 10" e e i S e /s
Q 7 ey
O 100 E E ?’ —= -
o 1 ." 7
= "' I‘! L N LIETIIITTTTTIT I T vwHH
o "’ \_
) 91 0 for 1000
7 WW] 7z ttH GeV
[GeV]
: o

10 250 350 500 1000 Ecm/ GeV

DESY. Overview on Linear Colliders | Jenny List, 11 Apr 2024



The key physics at a H

considered
by all proposed
e+e- projects
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The key physics ata H _
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The key physicsata H | —swai
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precision reach on effective couplings from SMEFT global fit
M HL-LHC S2 + LEP/SLD Bl CEPC Z00/WW¢/240GeVo, | M ILC 250GeV, Il CLIC 380GeV, Bl MuC 3TeV,
(combined in all lepton collider scenarios) | [ll CEPC +360GeV B ILC +350GeV,,+500GeV, | M CLIC +1.5TeV,5 B MuC 10TeV 4o
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precisi:lall e+e- colliders show very comparable performance for standard Higgs program
B HL-LHC S2 + LEP/SLD m cef despite quite different assumed integrated luminosities => beam polarisation!
(combined in all lepton collider scenarios) | [} CE .
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Higgs Couplings: The Snowmass SMEFT fit

preCiSitIaII e+e- colliders show very comparable performance for standard Higgs program

B HL-LHC S2 + LEP/SLD m ce| despite quite different assumed integrated luminosities => beam polarisation!
(combined in all lepton collider scenarios) | [} CE .
Free H Width several couplings at few-0.1% level: Z, W, g, b, T
" no H exotic decay IS t~1%: -
5 1 1 some more at ~1%: ¥, ¢ | gain wrt to HL-LHC:
o 10-" ; assuming no exotic Higgs decays exist:
3 - => all e+e- colliders gain at least an order of
& 10-2— magnitude in precision wrt HL-LHC
D E
I . allowing exotic Higgs decays:
107~ => qualitative jump since no absolute
o couplings from HL-LHC at all
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But also higher energies have some advantages...
Full top quark program, including EW couplings, Yukawa, CPV, di-Higgs production, direct BSM...

Il HL-LHC B HL-LHC + CEPC HL-LHC + FCC-ee M HL-LHC + ILC [ HL-LHC + CLIC
IFITC
Example: SMEFT fit to top quark sector 10! ‘ arXiv:2205.02140 ‘ [:Eif:
» expected precision on Wilson coefficients
for HL-LHC alone and combined with
various e+e- proposals —~ 10°
: 5
« e+e- at high center-of-mass energy and 2 B
with polarised beams lifts degeneracies e " -
between operators £10-1 -
1072
103 - -
Ct(o Cq)t C é?(’?) Cq;o Ctz C(ob Ceb CeQ Ci C /8 Cet Cit C/Q
Operator Coefficients
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Higgs self-coupling
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most detailed ILC ref: PhD Thesis C.Diirig
Uni Hamburg, DESY-THESIS-2016-027
UPDATE ONGOING!
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BSM reach of ee — cc / bb

Forward-backward and left-right asymmetries above the Z pole

Study of ee — cc / bb

e full Geant4-based simulation of ILD
[A.lrles et al, pub. in prep.]

BSM example: Gauge-Higgs Unification models

entries

» Higgs field = fluctuation of Aharonov-Bohm phase

in warped extra dimension

« Z' as Kaluza-Klein excitations of vy, Z, Zr

 various model point with Mz = 7...20 TeV
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BSM reach of ee — cc / bb

GHU vs SM discrimination power (c-level)
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BSM reach of ee — cc / bb

Forward-backward and left-right asymmetries above the Z pole
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_ o 20 (no pol.) +500  +500
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10 - q
Between-model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level) Between-model discrimination power (c-level)
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BSM reach of ee — cc / bb

Forward-backward and left-right asymmetries above the Z pole

3

GHU vs SM discrimination power (c-level) I L D
4 0.3 04 04]05 0.7 07(09 12 13|21 25 2.5 NN

M 0.2 04 04|05 08 09|1.7 26 27 * O: No PID

M 05 0.7 07|09 1.4 15(1.7 21 2.2(38

SN LN AN LN IR R LN R N RN
Study of ee — cc / bb % E ILC500, ee - 03
« full Geant4-based simulation of ILD ® o 'ﬂwgz"?htot
[A.lrles et al, pub. in prep.] - H0Pir08,03)
50 ¢ Full sim. reconstruction
BSM example: Gauge-Higgs Unification models  t
* Higgs field = fluctuation of Aharonov-Bohm phase _
in warped extra dimension :
20 -
« /' as Kaluza-Klein excitaii OAv, Z, Zr 105_

ILD

8.0 >10 >10

5.7 6.7 6.8
59 93 9.6 >10 >10 >10

>10 >10 >10 >10 >10 >10

O E N O E N O E N O E N

I I I I |

ILC250°* ILC250 ILC250 ILC250

(no pol.) +500  +500
+1000*

E

Between-model discrimination penr f~ lnvnh ~hunnn.model discrimination power (c-level)
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=M 36 29 16 1.0 1. B 5 241

Between-model discrimination power (c-level) Between-model discrimination power (c-level)
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B, B, B, >10 >10 B,|>10 >10 B 550
A2 A2 A2 A2 >10
ILC250°* (no pol.) ILC250 ILC250+500 ILC250+500+1000*

A, (2000 f6™') A, (2000 o) A (2000 fo™'+ 4000 fb™') A (2000 fo™'+ 4000 fo'+ 8000 fb™)

A, A, B, Bl B, B, B, B A, A, B, Bl B, B, B, B A A, B, B B, B, By Bj Ar A, B B B, By By B
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HU vs SM discrimination power (c-level ILD
BSM reach of ee — cc/ bb B e o o7 arfa 12 1l 23 2o RN

Forward-backward and left-right asymmetries above the Z pole 2402 04 04/05 08 0917 26 27 » 0: No PID
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BSM example: Gauge-Higgs Unification models  t 5.0 >10 10 >10 >10 >10 >10
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* Higgs field = fluctuation of Aharonov-Bohm phase _ I |
in warped extra dimension . ILC250* ILC250 ILC250 ILC250

_ o 20 (no pol.) +500  +500
« /' as Kaluza-Klein exc OAY, Z, Zr oF +1000*

Between-model discrimination periny f~-1nunah Between-model discrimination power (c-level)
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Light Higgsinos

LHC does very well on probing some BSM phase space

but beware that exclusion regions are extremely model-
dependent, especially for electroweak new particles
(eg charginos, staus, ...)

ILD study of full detector simulation for two benchmark
points +'~5'~- motivated by leptogenesis & gravitino DM -
and extrapolation to full plane

conclusions:

loop-hole free discovery / exclusion potential up to ~
half Ecm

even in most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with
cosmology
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ATLAS Preliminary
Vs =13TeV, 140fb~!, EWKino scan, ATLAS exclusion fraction

B = ATLAS simpl. wino/bino model excl.
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Light Higgsinos
Or: beware what LHC limits really mean!

- LHC does very well on probing some BSM phase space

- but beware that exclusion regions are extremely model-
dependent, especially for electroweak new particles
(eg charginos, staus, ...)

- |ILD study of full detector simulation for two benchmark
points '~ +'~- motivated by leptogenesis & gravitino DM -
and extrapolation to full plane

- conclusions:

- loop-hole free discovery / exclusion potential up to ~
half Ecwm

- even in most challenging cases few % precision on
masses, Cross-sections etc

- SUSY parameter determination, cross-check with
cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

' _ - - . - IN~\NNA OV

LHC does very well ¢ - *

but beware that excl §i200 F %% dM770 B
dependent, especiall © %o %ot . ]
P . P —1000 Mt = 160.3 + 3.8 GeV E
(eg charginos, staus, ~ o EV %, ]
B 800F =

) - —— Simul. data -

ILD study of full dete =
600

points '+~ - motiv: L :
and extrapolationto 400

conclusions:
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half Ecwm

even in most challenging cases few % precision on
Masses, Cross-sections etc

arXiv:2002.01239

M3 (GeV)

SUSY parameter determination, cross-check with
cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

- LHC does very well ¢~

> [T T T T
- but beware that excl G1200 L% % dM770
dependent, especiall ©, ... W%z |
¥ P —1000 - M™ = 160.3 + 3.8 GeV
(eg charginos, staus, ~ | [lsw 1
9 800 ' _ simul. at
ILD study of full dete *E o
points -5\~ motive W ¢
and extrapolationto 400
e 200
conclusions: : Ny

loop-hole free di
half Ecwm
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- even in most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with

cosmology
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Light Higgsinos

Or: beware what LHC limits really mean!

- LHC does very well ¢~
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- but beware that excl G1200 L% % dM770
dependent, especiall ©, ... W%z |
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- even in most challenging cases few % precision on
Masses, Cross-sections etc

SUSY parameter determination, cross-check with

cosmology

DESY. | Overview of Linear Collider Projects | Jenny List, 1 April 2024

M, / TeV
o

A00

N v v 1 I\/ v 1 _

C dm770 -
C A M(Xg, x?), 2 ab™ -
4 . mass ]

: —tanp <50 anification ]

B N M R S B
-20 -10 0] 10 2
M, / TeV



https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2023-055/
https://arxiv.org/abs/2002.01239
https://arxiv.org/abs/2002.01239
https://inspirehep.net/literature/1850374
https://inspirehep.net/literature/1850374

Heavy Neutral Leptons

Discovery reach for lepton colliders - complementary to FCC-hh

in Z decays with displaced vertices...

1072
10~4

10—()'

7

1078

10—1()

CLD/IDEA DV
HECATE DV

L L L1111l L L L ReR RN L 1 Illll 1 L lIlllll
107! 10° 10! 102 10° 10*

arXiv:2203.05502
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...and at high masses in prompt decays
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Sustainability

Gro Harlem Brundlandt at WEF 1989

© WEF, CC-BY-SA-2.0

Cover of the “Brundtland Report” 1987

QUR

FUTURE

THE WORLD COMMISSION

ON ENVIRONMENT
AND DEVELOPMENT

Development that meets the needs of current
generations without compromising the ability of
future generations to meet their needs and
aspirations. (WCED, 1987)

WCED (World Commission for Environment and Development)
(1987) Our Common Future, Oxford University Press, Oxford.



Global Warming Potential

Study by C3

GWP of construction dominated by CO2 emission
from the required concrete & steel
=> tunnel length (diameter, tunneling technique)
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Carbon Footprint of Construction

I Linear
Circular

I o o =
i~ o © =)

Global Warming Potential [Mtn CO, eq.]
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Collider Project
—

arXiv:2307.04084
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G I o b a I Wa rm i n g P Ote n ti a I Carbon Footprint of Construction
Study by C3 : 1,01 : I(;i?sz;ar

_
o

o
<)

GWP of construction dominated by CO2 emission
from the required concrete & steel
=> tunnel length (diameter, tunneling technique)

o
=)

N
i

Global Warming Potential [Mtn CO, eq.]
o
o

o
o

CLIC c3 ILC FCC-ee CEPC
380 250+550 2504500 88-365 91.2-360
Cower Project

Precision-Weighted Total Carbon Footprint of Different Colliders

I Operations
08! mmm Construction
+Z/WW
C3 baseline

Adding operation GWP
(here weighted by improvement of Higgs couplings over HL-LHC,
and with power mix predictions for CERN, US, Japan, China):

0.6

e Operation dominates for LCs

0.2

e Construction dominates for CCs

Precision-Weighted Global Warming Potential [Mtn CO; eq. %]

0.0° c3 I.C FCC-ee CEPC
380 250+550 C(ﬁe):gggiect 88-365 91.2-360 arXiv:23o7_04084
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GWP of tunnel construction
Study by CLIC and ILC

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

* green house gas emission plus 13 more impact categorie CLIC Drive beam, 5.6m dia. CLIC Klystron, 10m dia. ILC, 9.5m span
« roughly confirms C3 estimates (prev. slide) tunnel boring in molasse drill&blast
A1-A5 GWP (tCO,e) in granite
350,000t
length:
length: 11km '
o s 20km
250,000t 4 R

200,000t

tCO4e

150,000t

100,000t

50,000t

ot
CLIC Drive Beam 380GeV  CLIC Klystron 380GeV ILC 250GeV

M Tunnels W Shafts ¥ Caverns

https://ledms.cern.ch/document/2917948/1
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GWP of tunnel construction
Study by CLIC and ILC

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

« green house gas emission plus 13 more impact categorie| c.corvebean, somai. GLIC Kiystron, 10m dia, ILG, 9.5m span
* roughly confirms C3 estimates (prev. slide) tunnel boring in molasse drill&blast
. . A1-A5 GWP (tCO.e) : :
- ~40% of reduction potential by 350,000 2 In granite
- length: 11km length:
« usage of low-CO2 materials (concrete, steel) 300,001 9 20km
WRLEan
» reduction of tunnel wall thickness 250,000t , i
A1-A5 GWP possible reduction (tCO.e)
e 200,000t
250,000t é:
150,000t
200,000t » 1 OOYOOOt : !
8 150,000t 500001
| ot
50 0000 CLIC Drive Beam 380GeV  CLIC Klystron 380GeV ILC 250GeV
I I I I M Tunnels W Shafts ¥ Caverns
o https://ledms.cern.ch/document/2917948/1
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GWP of tunnel construction
Study by CLIC and ILC

« full life-cycle assessment according to ISO standards
by consultancy company (ARUP)

« green house gas emission plus 13 more impact categorie| cucorivebean somaia GLIC Kiystron, 10m dia. ILG, 9.5m span
« roughly confirms C3 estimates (prev. slide) tunnel boring in molasse drill&blast
o . ] A1-A5 GWP (tCO,e) in granite
« ~40% of reduction potential by 350,000
- length: 11km length:
« usage of low-CO2 materials (concrete, steel) 300,000 g 20k
et e e ] m
« reduction of tunnel wall thickness 2500001 S R

A1-A5 GWP possible reduction (tCO.e)

300 000t

=> be careful to distinguish intrinsic needs of technology from site-related specifica
(also for GWP of operation...)

150,000t

tCO,e

50,000t

100,000t

Ot

450001 CLIC Drive Beam 380GeV  CLIC Klystron 380GeV ILC 250GeV
M Tunnels W Shafts ¥ Caverns
* CLIC Drive Beam CLIC Dnve Beam CLIC Drive Beam 3TeV ILC 250GeV CLIC Klystron 380GeV
380GeV
https://edms.cern.ch/document/2917948/1
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Instead of a conclusion...



An adaptable e+e- LC facility for the world

LHC followed by HL LHC

Today 2040 ~2050-55 Time

A LC facility can be extended in length for higher energies, using the same or improved versions of the same
technology, e.g. as suggested for ILC, CLIC, C3 and HALHF.

It is also possible and realistic to change to more performant (usually higher gradient) technologies in an
upgrade, e.g. from ILC to CLIC or C3, maybe even plasma

Starting point for fast implementation: ILC has the most mature linac technology for large scale
implementation, that is also well established in all regions and in industry - it is based on a 20-21km long
and ~9-10m wide tunnel

The physics at higher energies — Higgs sector and extended models with increased reach and precision,
top in detail well above threshold, searches and hopefully new physics — will open for a very exciting long
term e+e- programme

Such a programme can run in parallel with future hadron and/or muon colliders that can be developed,
optimised and implemented as their key technologies mature



Thank you



Backup



P(e, e*)=(-0.8, 0.3), M =125 GeV

h

Absolute Higgs Production Rate 400 prrrrrrrrr e

- — SM all ffh
0 o ) .
=300 WW fusion 4

Higgs factory at 250 GeV: e+e- = ZH

ZZ fusion
can measure its total cross section: the key to
model-independent determination of absolute couplings

S section
R
S
S
|

measurable independently of Higgs decays modes via recoil technique

n
only possible at e+e- collider due to known momentum of colliding particle O4 00

enables a plethora of further precision measurements - J 23

0 T+ La s sl oo ol . . . .1 . 1
200 250 300 350 400 450 500
\s (GeV)

at FreeDigitalPhotos.net

Image courtesy of Stuart Miles

Mp= M, -O+(13)-2605)
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Interlude: Chirality in Particle Physics

- Gauge group of weak x electromagnetic interaction: SU(Z)LX U(1)

+ L: left-handed, spin anti-|| momentum*
R: right-handed, spin || momentum*

- left-handed particles are fundamentally different from right-handed ones:

- only left-handed fermions (e-) and right-handed anti-fermions (e+) take part in the charged weak interaction,
l.e. couple to the W bosons

- there are (in the SM) no right-handed neutrinos

- right-handed quarks and charged leptons are singlets under SU(Q)L P N R — N L

- also couplings to the Z boson are different for left- and right-handed fermions N R T N L

- checking whether the differences between L and R are as predicted in the SM is a very sensitive test
for new phenomena!

* for massive particles, there is of course a difference between chirality and helicity, no time for this today, ask at the end in case of doubit!
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Physics benefits of polarised beams

+

- arXiv:1801.02840
- Phys. Rept. 460 (2008) 131-243

General references on polarised e e physics:

¢ e+e__’VVW / VeVe
strongly P-dependent

background suppression:

signal enhancement:

* Higgs production
in WW fusion

SM: Z and y differ in

couplings to left- and
right-nanded fermions

BSM:

chiral structure unknown, needs to be determined!

~
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. W  many BSM processes
since t-channel only !
_ 4 //\ B ' . ,
fore e et 1% have strong polarisation dependence => higher S/B
L R
chiral analysis: - ——— redundancy & control of systematics:

e “wrong” polarisation yields “signal-free” control
sample

» flipping positron polarisation controls nuisance
effects on observables relying on electron
polarisation

» essential: fast helicity reversal for both beams!
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Polarisation & Higgs Couplings

* THE key process at a Higgs factory:
Higgsstrahlung e+e_—»Zh

* Avr Of Higgsstrahlung: very important to disentangle
different SMEFT operators!

V4
h constrained
by EWPOs (*)

A0

~Cww

only diagram
allowed in SM
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Polarisation & Higgs Couplings

* THE key process at a Higgs factory:
Higgsstrahlung e+e_—»Zh

* Avr Of Higgsstrahlung: very important to disentangle
different SMEFT operators!

h constrained
by EWPOs (%)
i | spin reversal e Re6 L:

~Cww - 1st diagram flips sign
only diagram
allowed in SM - 2nd diagram keeps sign

= Avr lifts degeneracy
between operators!
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Polarisation & Higgs Couplings

* THE key process at a Higgs factory:

Higgsstrahlung e+e_—>Zh

* ArrOf Higgsstrahlung: very important to disentangle

different SMEFT operators!

only diagram
allowed in SM

~Cww

Z
h constrained
by EWPOs (*)

spin reversal e Re6 L:

1st diagram flips sign
- 2nd diagram keeps sign

= Avr lifts degeneracy

between operators!
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3.5

2.5

1.5

1%
0.5

Precision of Higgs boson couplings [%]
N

Model Independent Fit

dark/light: S1/S2

B HL-LHC ®e*e 5 ab” 250 GeV unpolarised
B HL-LHC ®e*e 2 ab™ 250 GeV polarised
H .. ®e'e 4ab’'500 GeV polarised

arXiv:1903.01629

= |scaled by 1/2
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Polarisation & Higgs Couplings

* THE key process at a Higgs factory:

Higgsstrahlung e+e_—>Zh

* ArrOf Higgsstrahlung: very important to disentangle

different SMEFT operators!

24

~Cww

only diagram
allowed in SM

z

i

constrained
by EWPOs (*)

spin reversal e Re6 L:
1st diagram flips sign
2nd diagram keeps sign

= Avr lifts degeneracy

between operators!
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3.5

2.5

1.5

1%

0.5

Precision of Higgs boson couplings [%]
N

Model Independent Fit

|| B HL-LHC ®e'e 5 ab™ 250 GeV unpolarised

dark/light: S1/S2

B HL-LHC ®e*e 2 ab™ 250 GeV polarised
H .. ®e'e 4ab’'500 GeV polarised

arXiv:1903.01629

[ |% 2 ab-1 polarised =~ 5 ab-! unpolarised

—{ % that’s why all e+e- Higgs factories perform so similar!

aled by 1/2! |
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Polarisation & Electroweak Physics at the Z pole

recent detailed studies by ILD@ILC:

- at least factor 10, often ~50 improvement
over LEP/SLC

* note in particular:

- Ac nearly 100 x better thanks to
excellent charm / anti-charm tagging:

—

. ILC/GigaZ

arXiv:1908.11299

1o . LEP/SLC

Absolute Uncertainty

- excellent vertex detector 103
- tiny beam spot
- Kaon-ID via dE/dx in ILD’s TPC

polarised “GigaZ” typically only factor 2-3 105
less precise than FCCee’s unpolarised TeraZ
=> polarisation buys P

a factor of ~100 in luminosity 0" A sinfel, Ay Ry

10

|| FCCee
A, R, A, A, A
Note: not true for pure decay quantities!
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Top Quark Operators

Relevant operators
Coefficient Operator Coefficient Operator
Coq (Q1Q) (#'iDp) Cea (@T'7Q) (w*%Du o)
Clot (ty*t) (@TiﬁuSO) Clb (EV%) (SDTiD MO)
Ci (@) (e¢” #lp) Cia (to" ) (e" Gl )
Ciw (QTIJWt) (e *WP{V) Cip (Qa“’/t) (ep*B,u)
Cog ™™ (67" ;) (@ vu) Cag ™™ (@77 a5) (@7 V)
Cui™ (@ ug) (W) Crg™™ (@ T4 uy) (dyy, T4 dy)
Coi”™ | (@ Tqy) (a7, T4w) Cai”" (37T ;) (dyy, Ty)
Cly (Q1.Q) (1v*1) Ci (Qr'Q) (Ir'741)
Ch (ty,ut) (i) Chp (bvy,d) (11
Ceq (@1.Q) (eve) Cet (t7ut) (7€)
Ce (byud) (e7"e) - -
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Snowmass Implementation Task Force arXiv:2208.06030

Consistent assessment of readiness, risks, costs etc - not always identical to projects self-assessment

Proposal Name c.m. energy | Luminosity/IP Yrs. pre- Yrs. to 1st
[TeV] [103% cm~257!] | project R&D physics
FCC-eel:? 0.24 7.7 (28.9) 0-2 13-18 all rather similar in
CEPCY? 0.24 8.3 (16.6) 0-2 13-18 time for R&D and
3— - =
ILC°-0.25 0.25 2.7 0-2 <12 (technically needed)
CLIC3-0.38 0.38 2.3 0-2 13-18 : :
3 time to physics
CCC 0.25 1.3 3-5 13-18

Proposal Name Power Complexity Radiation

Consumption Mitigation
Circular colliders larger | | FCC-ee (0.24 TeV) ) I I
and more power hungry CEPC (0.24 TeV) 00 I I
: ILC (0.25 TeV) 140 I I

- but more lumi as well

CcLIC | CLIC (0.38 TeV) 110 I
more complex CCC (0.25 TeV) 150 3.7 km I 1
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arXiv:2208.06030

Snowmass Implementation Task Force

Consistent assessment of readiness, risks, costs etc - not always identical to projects self-assessment

Project Cost 4
(no esc., no cont.)

Linear Higgs Factory ~7-8B$%
Circular Higgs Factory ~15B$%

FCCee-0.24

FCCee-0.37
ILC-0.25

ILC-0.5

CLIC-0.38 US accounting in $2021
CCC-0.25 w/o escalation & contingency

CCC-0.55

Proposal Name || Collider Lowest Technical Cost Performance || Overall
(c.m.e. in TeV) || Design TRL Validation | Reduction | Achievability Risk
Lowe.s © leElrimelEy; Status Category | Requirement Scope Tier
Readiness Levels
RE t FCCee-0.24 II T 1
Systems CEPC-0.24 II prorare & booster magnets 1
" € source 1LC-0.25 I 1
=> let’s take a closer CCC-025 I >
|
forehe 1 LElRYELL () CLIC-0.38 II . pres., spot size IP, stability 1
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