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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/
« FCC Week 2023

« 5-9 June 2023, London, UK

« https://indico.cern.ch/event/1202105/
« CEPC Workshop 2023

« 3-6 July 2023, Edinburgh, UK

« https://indico.ph.ed.ac.uk/event/259/
« C3 Workshop

« 31Aug-1Sep, UCornell, US

 https://indico.classe.cornell.edu/event/2283/
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An e*e- Higgs factory is the highest-priority next collider

A clear message from EPPSU — and Snhowmass

1
&

High-priority future
Iinitiatives

For the five-year period starting in 2025:

1. Prioritize the HL-LHC physics program, including auxiliary experiments,

2. Establish a targeted eTe™ Higgs Factory Detector R&D program,

3. Develop an initial design for a first-stage TeV-scale Muon Collider in the U.S., A. An electron-positron Higgs factory is the highest-priority next collider. For the
longer term, the European particle physics community has the ambition to operate a
proton-proton collider at the highest achievable energy. Accomplishing these compelling

goals will require innovation and cutting-edge technology:

4. Support critical Detector R&D towards EF multi-TeV colliders.

For the five-year period starting in 2030:
- the particle physics community should ramp up its R&D effort focused
on advanced accelerator technologies, in particular that for high-field
superconducting magnets, including high-temperature superconductors;

1. Continue strong support for the HL-LHC physics program,

2. Support the construction of an eTe™ Higgs Factory,

- Europe, together with its international partners, should investigate the technical
and financial feasibility of a future hadron collider at CERN with a centre-of-mass
energy of at least 100 TeV and with an electron-positron Higgs and electroweak
factory as a possible first stage. Such a feasibility study of the colliders and
related infrastructure should be established as a global endeavour and be
completed on the timescale of the next Strategy update.

3. Demonstrate principal risk mitigation for a first-stage TeV-scale Muon Collider.

Plan after 2035:

1. Continuing support of the HL-LHC physics program to the conclusion of archival measurements,

2. Support completing construction and establishing the physics program of the Higgs factory,

The timely realisation of the electron-positron International Linear Collider (ILC)
in Japan would be compatible with this strategy and, in that case, the European
particle physics community would wish to collaborate.

3. Demonstrate readiness to construct a first-stage TeV-scale Muon Collider,

4. Ramp up funding support for Detector R&D for energy frontier multi-TeV colliders.
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ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV

The key contenders =i 2012; 2017: staged start at 250 GeV

Status overview Superconducting RF

o under political consideration by Japanese
e- Main Linac Government as a global project

2023: ILC Technology Network
=> address last R&D questions on accelerator

e+ Main Linac
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The key contenders

Status overview

ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV
TDR in 2012; 2017: staged start at 250 GeV

Superconducting RF

CLIC: ete- @ 0.38, 1.4, 3 TeV
Conceptual Design 2013
Updated Baseline in 2017
2-beam acceleration

e- Source

e+ Main Linac
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ILC: ete- @ 90, 160, 250, 350, 500 GeV, 1TeV

The key contenders =i 2012; 2017: staged start at 250 GeV

Status overview Superconducting RF
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1l CEPC: ete- @ 90-365 GeV

CDR published 2018

TDR in preparation, incl. cost review (Sep)
aiming for approval in next 5-year-plan (2025)
ranked 1st in HEP preselection
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Status overview Superconducting RF
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They fall into two classes

Each have their advantages

Circular e+e- Colliders
FCCee, CEPC y
length 250 GeV: 90...100km

high luminosity & power efficiency at low
energies

multiple interaction regions

very clean: little beamstrahlung etc
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Linear Colliders
ILC, CLIC, Cs, ...
length 250 GeV: 4...11...20 km

high luminosity & power efficiency at high
energies

longitudinally spin-polarised beam(s)



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
very clean: little beamstrahlung etc

longitudinally spin-polarised beam(s)

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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The key physics at a Higgs Factory

[J. R. Reuter]

Cross section [fb]

Z

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
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The key physics at a Higgs Factory
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The key physics ata H _
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by all proposed
e+e- projects
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by all proposed
e+e- projects
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Higgs Couplings: The Snowmass SMEFT fit

Rainbow-Manhattans
precision reach on effective couplings from SMEFT global fit
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Rainbow-Manhattans

precision reach on effective couplings from SMEFT global fit
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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 .
Free H Width several couplings at few-0.1% level: Z, W, g, b, T
* no H exotic decay HmFC o
S 1= ] I 1 some more at ~1%: vy, C
[ E =
(_3_ C I \\ Q)
£ 1
3 107': ] ! c?')
(&) E @)
S a2l @
5 107
T -
107
10_44 zZZ WW 144 Zy
olem (ole) e} (oJo
" 107" ¢ : I I T w =107
= | ; | = T
(@)] C I [ [ [ | [ 7 —
< : | | \ « 1 Q
s - | | | . Qa
g 102 — | || =107 8
— I } | C
2 C :[ ] j=1
@)} ~ n -]
T - ] @
1073 1073

6gp 69

DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023

695/ 6957 694 694 O

arXiv:2206.08326



https://arxiv.org/abs/2206.08326

Higgs Couplings: The Snowmass SMEFT fit

preCiSitIaII e+e- colliders show very comparable performance for standard Higgs program
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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
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Why do we care about the length of these colored bars?!

The Higgs is connected to our fundamental questions about the universe

 We need to understand this more quantitatively

» the interplay of precision measurements and direct
Thermal History of Higgs Portal
Universe to Hidden Sectors? Sea rCh es
* relation SMEFT <-> UV complete models
* ‘“inverse problem”, i.e. how do we figure out the

underlying theory

CPV and
* requires much more than the Higgs

« precision Z, W & top masses
=> essential for SM and BSM tests

« precision W, Z and top couplings
=> essential for Higgs interpretation

« direct BSM discovery potential complementary to LHC

Fundamental
or Composite?
Origin of Flavor?

Snowmass EF Higgs Topical Report
S. Dawson, PM, 1. Ojalvo, C. Vemieri et al
2209.07510
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Why do we care about the length of these colored bars?!

The Higgs is connected to our fundamental questions about the universe

We need a much better way to
explain this to policy makers and
colleagues from other fields!

 We need to understand this more quantitatively
» the interplay of precision measurements and direct

searches
* relation SMEFT <-> UV complete models
Stability of Universe “inverse problem”, i.e. how do we figure out the
underlying theory

Fundamental CPV and j
o e o * requires much more than the Higgs
» precision Z, W & top masses
Is it unique? Origin of masses?

=> essential for SM and BSM tests
Snowmass EF Higgs Topical Report

» precision W, Z and top couplings
=> essential for Higgs interpretation
S. Dawson, PM, 1. Ojalvo, C. Vemieri et al
2209.07510

« direct BSM discovery potential complementary to LHC

DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023 9



FCCee (and CEPC) physics programme

i

2

'mz, [z, N, « o s(mz) with per-mil accuracy
‘R, Ars *Quark and gluon fragmentation
‘mw, l'w *Clean non-perturbative QCD studies

MHiggs, rHiggs

EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID

direct searches 7
of light new physics ‘
eAxion-like particles, dark photons,

Heavy Neutral Leptons
e long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10" 77)

7 physics B physics e T
op, ! top
*Flavour EWPOs (Rp, AFgP:°) W top coupling
er-based EWPOs ¢CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons

vertexing, tagging

energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = s7r
tracker

FCC coeek, May 329 2022

Christophe Grojean



FCCee (and CEPC) physics programme

'mz, [z, N, . i -Mmi .
.RZA z .g s(mz) with per-mil accuracy nggS
I, AFB uark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, I Higgs
EW & QCD Higgs couplings

self-coupling

Circular e+e- colliders have

" ,
. . INntensl
uniquely outstanding iz 'S ty
. o frontier
physics opportunities
at the Z pole!
flavour factory
(10'2bb/cc; 1.7x10" 77)
Top
7 physics B physics Miop, Mtop
*Flavour EWPOs (Rp, AFgP:°) EW top couplings
er-based EWPOs ¢CKM matrix,
elept. univ. violation tests *CP violation in neutral B mesons

vertexing, tagging
energy resolution detector req.
hadron identification

momentum resol.

eFlavour anomalies in, e.g., b = s7r
tracker

FCC coeek, May 359 2022

CAhrist 0/9/73 6/‘9 jean



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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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 B HL-LHC + ILC [ HL-LHC + CLIC
N
Example: SMEFT fit to top quark sector 10! ‘ arXiv:2205.02140 ‘ I@E:

» expected precision on Wilson coefficients N
for HL-LHC alone and combined with

various e+e- proposals —~ 10°

« e+e- at high center-of-mass energy and g T o B N
with polarised beams lifts degeneracies : ‘1IN "N -
between operators £ 107 - I ¥ -

102

top-quark physics does

not end at the ttbar _ L % . I % % %

1073 - =
th res h o I d L] th, CtW C¢t Cé,sg Q CtZ Cq)b Ceb Ceo Clb C/s Cet C/t CIO

Operator Coefficients

@)
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Indicative scenarios of future B Proton collider BN Construction/Transformation

= = . . B Electron collider .
T P tion / R&D igi
I m e I I n es colliders [considered by ESG] B Muon collider reparation / Srfma' from ESG by UB
pdated July 25, 2022 by MN
C .
As updated for Snowmass g 2038 start physics
8 S years ok | ILC: 250 GeV 500 Ge'/
WAL 2 ab? 4 ab

31km tunnel 40 km tunnel

 Technologically-driven
2035 start physics

— 1 H ©
=> Start Of phySICS In c CepC: 90/160/240 GeV
6 100km tunnel 100/6/20 ab- SppC 75-125 TeV, 10-20 ab™!

~late 30ies

« Apart from CERN projects
due to coupling to
completion of (HL-)LHC
programme => ~late 40ies

LHC HL-LHC (14TeV, 3 ab™)

(13.6TeV, 450 fb-1)

2048 start physics
100km tunnel, installation FCC-ee: 90/160/250 GeV 350-365 installation

-150/10/5 ab* fEV 17ab FCC hh: 100 TeV = 30 ab™

CERN

« ILC and CEPC require 2048 start physics

CLIC: 380 GeV 1.5TeVv 3TeV

political decisions very holding Ll 15 o 2.5 abt 5 ab?

. R . . 29 kn tunnel 0 km tunnel
soon to maintain timelines ‘ sokmt
HNEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEEEEEE EEEEs
drawn here 2020 2030 2040 2050 2060 2070 2080 2090 s

2040 start physics

elsewhere, CERN could < RF upgrade

2045 start physics

go for FCC-hh directly 5 g sage2

4km & reuse Tevatron 1
m =10ab Note: Possibility of
(""’2060) "R 4km-+6km km ring 10km & 16.5 km tunnels 1;56Gess:: 1I ITe?/ at Stage 1
HEEEE SEEEEEEEE EEEEEEEEE EEEEEEEES EEEEEEEEE EEEEEEEEE ETEEEEEEEE EEEEE
2020 2030 2040 2050 2060 2070 2080 2090
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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

CEPC!2 0.24 8.3 (16.6) 0-2 13-18

ILC3-0.25 0.25 2.7 0-2 <12

CLIC3-0.38 0.38 2.3 0-2 13-18

CCC? 0.25 1.3 3-5 13-18
Proposal Name || Collider Lowest Technical Cost Performance || Overall
(c.m.e. in TeV) || Design TRL Validation | Reduction | Achievability Risk

Status Category | Requirement Scope Tier

FCCee-0.24 II _ 1
CEPC-0.24 il reiboostermagnets 1
ILC-0.25 I 1
CCC-0.25 III 2
CLIC-0.38 II res., spot size IP, stability 1
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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
ILC3-0.25 0.25 2.7 0-2 <12 (technically needed)
CLIC3-0.38 0.38 2.3 0-2 13-18 : :
CCC? 0.25 1.3 3-5 13-18 time to physics
Proposal Name || Collider Lowest Technical Cost Performance || Overall
(c.m.e. in TeV) || Design TRL Validation | Reduction | Achievability Risk
Status Category | Requirement Scope Tier
FCCee-0.24 II _ 1
CEPC-0.24 il reiboostermagnets 1
ILC-0.25 I 1
CCC-0.25 111 2
CLIC-0.38 II res., spot size IP, stability 1
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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 || Collider Lowest Technical Cost Performance || Overall
(c.m.e. in TeV) || Design TRL Validation | Reduction | Achievability Risk
;Z‘;vgisr:e-;esct:\z?sgy Status Category | Requirement Scope Tier
FCCee-0.24 II T 1
> NP SR CEPC-0.24 11 prorare & booster magnets 1
® € source ILC-0.25 I 1
=> |let’s take a closer CCC-0.25 111 7
|
looicat relevantiRe D! CLIC-0.38 IT res., spot size IP, stability 1
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Recent Developments



Superconducting Radiofrequency Cavities (SCRF)

650 MHz & 1.3 GHz

synergetic between circular colliders (booster & collider rings)
and linear colliders (damping rings & ILC Linac)
* higher quality factor QO: less power => less operational costs
« simpler production => less construction cost
* higher gradient => shorter linac
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Superconducting Radiofrequency Cavities (SCRF)

650 MHz & 1.3 GHz

synergetic between circular colliders (booster & collider rings)
and linear colliders (damping rings & ILC Linac)

* higher quality factor QO: less power => less operational costs

« simpler production => less construction cost 6E10 rrrr
* higher gradient => shorter linac :
very interesting progress at IHEPs new SRF facility PAPS SE10 “ : :
+ impressive Q0 with simplified receipe : .« * 8 % § 3 M _.:, =
[ . 4 B 0 -~ T 1Al ]
- also working on higher gradients... 4€10fF , ° pES 32 10 e ° %oy v ver | 7
- ¢ , a * ® NTEP .
BuII: EP R ‘ i: A Lo - > Noep |
[ 2w CEPC spec 4 NS mid-T
o L1V - .
il ‘C s Bu"; EP 3E10 ' . LCLS-II&SHINE spec * EZ"ZEE '
Light EP 900 °C 3 h : *x * Nl B
i h 2 2 Le L LCLS-II-HE spec e Ni1midT| 3
Vertical test g oy A < N12mid-T| ]
i » Exposure to air 2E10 3 : vy :‘ ..5; s v NiemaT 3
s A mid-T 4
900°c3h | : ST 37 BE TN § Mamer
v Mid-T furnace ’ .= 27 B aw Emt
Exposure to air baking 1E10 F * s e 4T v 3
il ! [ Note: stainless steel flange loss corected EXFEL spec >  * 3rILC spec]
Mid-T furnace » . e o A o e e e e e e e e -
Baking Vertical test S5E9
i 0 5 10 15 20 25 30 35 40
Vertical test Eacc (MV/m)
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Superconducting Radiofrequency Cavities (SCRF)

650 MHz & 1.3 GHz

synergetic between circular colliders (booster & collider rings)

and linear colliders (damping rings & ILC Linac)

* higher quality factor QO: less power => less operational costs

« simpler production => less construction cost

900 °C 3 h

6E10
* higher gradient => shorter linac
very interesting progress at IHEPs new SRF facility PAPS SE10 ”
« impressive Q0 with simplified receipe :
« also working on higher gradients... for comparison: 4 W a e | E—
. . 3.5 -
Bl P high-gradient 2 TekEgonpms zozo
HOHkEEh Bulk # developments O ;ggzggggg 3y 2021
z v - - k TBSAESO18 Oct 2021
ngflt EP 900 °C (2 S.tep IOW T_ ‘ * TB9RI1021 Dec 2021
PR — : ! Ub1ak|ng, Fermilab) | &= ok X
J Xposure t L =
= p 3

!
Exposure to air
!

Mid-T furnace
baking
!
Vertical test

Mid-T furnace
baking

!

Vertical test

[MV/m]
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. . . Efficiency performance of the selected commercial klystrons and the new HE klystrons.
High-Efficiency Klystrons |
== T
Programmes at CERN and IHEP S 09
=fi = TS-KLY 1.5,
* new design methods have pushed klystron 31‘; for FCC |~ UHFLTC
i) FCC, 2 aMW . 0.35 MW -
efficiencies to 80% and beyond ) s M G oss @B T S
. s . . -ﬂ L-[SSJSMW. A ‘ i . X-CERN/Canon
« prototyped, efficiencies verified = ol e s Ao
a 0.5 X-Canon
« substancial power & cost savings "o O i
0.4 xcr @ SCanon SSUAC
. 50 MW 70Mw 150 MW
« FCCee, CEPC and CLIC power estimates assume @ W Kiystrons for science - T |
h high-effici Klvst 03 @ HE design, CERN (PIC simulations)
ese Ig -€ ICIenCy yS rons . HE industrial prototype Z\ ; off shelf A
. . ] “0 025 0.5 0.75 1 125 15 1.75 2
* ILC estimates assume 65% (commerically available)
micro Perveance (HA/V*?)

Magnetic circuit

Local oil tank (] m

Cathode cerami Hispall
(25 kV) ‘ ‘
Main solenoid
27 HV insulating m
ceramic (115 kV)
PA gap | |
| |
| i
| |

Output waveguide lf-l
T :

Output coil

vae GLIC
high-efficiency
» sage (WO-Stage
multi-beam
- klystron

Beam collector

Collector coil

J. Cai & I. Syratchev, IEEE Trans. EIl. Devices 67(2020)3362,
doi:10.1109/ted.2020.3028348
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The klystron efficiency impact on the FCCe power consumption.
Example of the efficiency upgrade from existing 65% to 80%.

DC input power 161.5MW 131.25MW -30.25MW
Waste heat 56.5MW 26.25MW -30.25MW
Annual consumption (5500 h) 888 GWh 721.9GWh -166.1 GWh
Annual cost (5S0MCHF/MWh 44.5 MCHF 36.1 MCHF -8.4 MCHF
Electricity installation dimensioned 161.5MW 131.25 MW -20.6 %
CV installation dimensioned for 56.5 MW 26.25 MW -53.54 %
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The ILC Technology Network

and positron source R&D

« CERN and KEK recently signed an agreement
as first members of the new ILC Technology
Network

« CERN will act as a European hub facilitating
money transfer to other institutes

* One of the first activities: WP7' — magnetic
focusing device for polarised positron source

* new approach: pulsed solenoid

+ detailed simulations show increase of
e+ yield from 1.1 to ~1.8 e+ at damping
ring per e- in undulator

* ITN: engineering design and prototype
construction & tests of pulsed solenoid
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« CERN and KEK recently signed an agreement
as first members of the new ILC Technology
Network

« CERN will act as a European hub facilitating
money transfer to other institutes

* One of the first activities: WP7' — magnetic
focusing device for polarised positron source

* new approach: pulsed solenoid

+ detailed simulations show increase of
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focusing device for polarised positron source
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Polarization for CEPC

Longitudinal polarization for physics?

so far CCs considered transverse polarisation of non-colliding pilot bunches for energy calibration

CEPC: simulations support average polarization > 50% for colliding bunches in Z and W runs

currently only e- , could use same scheme for e+ once a polarized e+ source meets specs

next: integration of spin rotators and polarimeters into lattice

) .
* Polarization >85% :,c::;f;d =
1 OETVAE o Ref: ILC, EIC source
e- source J ® electron Compton
, < » olarimetes
) * Polarization loss < 10% W positron i) =
* Ref: SLC, ILC Colliding bunches unpolarized N
J . electron R,
.~ 4+ Intop-up mode source

* Polarization loss < 5% for

Booster Z/W based on simulation Bunch charge daction
J
h Polarization
* Py, >70% in most cases A\ spin rotator
. polarimeter
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FCCee Run Plan

FCCee is re-discussing the time order of runs

« most “natural” from the accelerator point of view: start at Z pole, continuously increase energy

* however many people are impatient about the Higgs....
« technically, start with Higgs run is feasible

« possibility for priorisation by community

TeraZ needs different RF system
than ZH and WW runs

 most important: stay flexible, i.e. able to react to findings from first data!

« CEPC will start with Higgs run (then Z, WW, tt)

1111

— : —
- | 4
‘a 200 /?
K, /i
Z /i ww ZH
Q / i «10 10
@\ /
o] /
c /
B »
£ /
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—
9 100 //
o
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“2nd stage” energy for LCs

500...550...600 GeV?

« ECM =500 GeV is a sweet-spot for top couplings

* known ever since the Higgs discovery with mH = 125 GeV:
ECM=500 GeV “borderline” for ttH production

e (C3 decided for 550 GeV as baseline
e ILC:

» no official discussion, focus on getting 250 GeV approved

» scientifically, it seems obvious that the 500 GeV
choice needs to be re-assessed

* CLIC: completely different choice with 380 GeV and 1.4 TeV

DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023 20
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“2nd stage” energy for LCs

500...550...600 GeV?

« ECM =500 GeV is a sweet-spot for top couplings

* known ever since the Higgs discovery with mH = 125 GeV:
ECM=500 GeV “borderline” for ttH production

e (C3 decided for 550 GeV as baseline
e ILC:

» no official discussion, focus on getting 250 GeV approved

» scientifically, it seems obvious that the 500 GeV
choice needs to be re-assessed

* CLIC: completely different choice with 380 GeV and 1.4 TeV

=> |s there a need to re-discuss
the physics-optimized energy choices for LCs
de-coupled from technology ?
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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 =
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Global Warming Potential [Mtn CO, eq.]
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CLIC c3 ILC FCC-ee CEPC
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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
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GWP of construction dominated by CO2 emission
from the required concrete & steel
=> tunnel length (diameter, tunneling technique)

o
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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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Sustainability: Objective Assessment of New Infrastructures

New Working Group of the European Lab Directors Group
« goal:

» define to all new infrastructure proposals what they should quantify and report upon so that fair
comparisons can be made between these proposals

* e.g. key performance indicators, methodology, assumptions, ...

« membership: designated experts from each of the foreseen collider projects (FCC, ILC, CLIC, Muon
Collider, ...??), ~10 or less

« timeline:
« preliminary report to LDG by Spring 2024

» final report by Summer 2024
=> enable new projects to carry out their sustainability assessments in a timescale compatible with the
next European Strategy Update for PP (likely in 26/27).

c.f. presentation at Open Meeting of European Lab Directors Group, Frascati,
11th July 2023 https://agenda.infn.it/event/35700/contributions/205193/
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Conclusions

Particle Physics View ...

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider
* alotis going on in accelerator and detector R&D as well as physics studies
« Dbetter communication needed: other scientists, politics, general public
« ...and also inside our field, in particular to the next generation!

* open question: how to best complement the minimal Higgs Factory in e+e-?
« very strong Z pole program but limited in energy reach?
« upgrades to higher energies but more modest Z program?

« particle physics and society
« future large scale projects need to be sustainable
« CO2, but also financial, material and human resources
- foster sustainable development worldwide
» peaceful collaboration also across political differences

DESY. | Status of e+e- Higgs Factory Projects | Jenny List, 12 Oct 2023
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Conclusions

Particle Physics View ...

« strong scientific consensus that an e+e- Higgs Factory is the highest-priority next collider
* alotis going on in accelerator and detector R&D as well as physics studies
« Dbetter communication needed: other scientists, politics, general public
« ...and also inside our field, in particular to the next generation!

* open question: how to best complement the minimal Higgs Factory in e+e-?
« very strong Z pole program but limited in energy reach?
« upgrades to higher energies but more modest Z program?

« particle physics and society
« future large scale projects need to be sustainable
« CO2, but also financial, material and human resources
- foster sustainable development worldwide
» peaceful collaboration also across political differences

Most importantly:

A Future Collider can only happen based on broad support within HEP community
=> get more people engaged and make it happen!
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P(e, €")=(-0.8, 0.3), M =125 GeV

Absolute Higgs Production Rate 400 prrremrr 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 phenomenal

* 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 General references on polarised e e physics:

+

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

background suppression:

strongly P-dependent
since t-channel only

R

-+
foreLe e

+ - 1%
* e 2WW/ vewe € L

signal enhancement:

* Higgs production
in WW fusion

* many BSM processes

have strong polarisation dependence => higher S/B

chiral analysis: <

« SM: Z and y differ in

couplings to left- and
right-nanded fermions

<

9L, 'R, 9%L, 9%R

« BSM:

chiral structure unknown, needs to be determined!
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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!

30
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Polarisation & Higgs Couplings

A relationship only appreciated a few years ago... 4
. Model Independent Fit arXiv:1903.01629
* THE key process ata nggs faCtory: 3 5 | B HL-LHC ®e'*e 5 ab™ 250 GeV unpolarised ... —
. + = ] B HL-LHC ®e*e 2 ab™ 250 GeV polarised
_’
nggsstrahlung ee Zh B .. ®e'e 4ab’500 GeV polarised
3 dark/light: $1/52

* ArrOf Higgsstrahlung: very important to disentangle

different SMEFT operators! 2.5

Precision of Higgs boson couplings [%]
N

Z
h constrained
L><<:: by EWPOs (*) 1.5
1%
spin reversal e re>e L: 0.5
only diagram ~Cww - 1st diagram flips sign 0
allowed in SM - 2nd diagram keeps sign

Z W b = c I, I, v Zy w t A

= Avr lifts degeneracy

between operators! * 2 ab-1 polarised = 5 ab-1 unpolarised

* that’s why all e+e- Higgs factories perform so similar!
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https://inspirehep.net/literature/1723778

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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