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1. What after LHC, and why
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LHC: the SM in full swing
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LHC: no anomaly, fo far, in Higgs model

Higgs physics is still in its nascence. Pions were
discovered in the early 1940’s. Their fundamental
origin, QCD, was developed theoretically in the early
1970’s and only experimentally established in the
late 1970’s.

Twelve years since discovery of the Higgs boson.

As it stands, we don’t know how it interacts with
itself, or if it is composite; with far-reaching
implications.

We must be patient and determined to uncover its
origins.
M. McCullogh ICHEP2024
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LHC: flavor, business as usual
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Current situation of physics

 All the Standard Model (SM) particles were discovered.
 There exist concrete signs of physics beyond SM (BSM):

- Nonzero neutrino masses
- Existence of dark matter in the universe
- Absence of antimatter 1n the universe

 There are also a little compelling evidence for BSM:
— ~ Deviation-of | g2 -from-the SM-predietions— — — - —  TH: Lattice vs e+e- data analysis

—Havour-anomaly-msemtleptonte B-meson-deeays——

* Puzzling characteristics of SM
* Mass hierarchy and flavour structure
» Absence of CP violation in strong interactions
* The value of the Higgs mass vis a vis that of top mass,

* By the way, Majorana vs Dirac 1s one of the most important open questions for the
neutrinos.

T. Nakada, ECR 2023, CERN
P. Campana - INFN ECR - Sep. 30, 2024



e BSM must exist.

* The energy scale for BSM 1s an open question.

=“No Lose Theorem” (NLT) cannot be applied for motivating a new energy frontier
discovery machine, unless it reaches up to the Plank scale: — difficult to justify.

LHC (and B factories) was a unique example with NLT, thanks to the well established prediction for SM
Higgs (and CP violation).

=New facilities for precision measurements can still be motivated, thanks to the quantum
loop sensitive to high energy scales (within a “reasonable™ cost).

e.g. u, m, K c, tetc. at low energies and Z, W, H and t at high energies
H and t are least explored, followed by W and Z.

A general agreement on a Higgs Factory to be the next HEP machine.

Other subjects such as v properties, search for feebly interacting particles, etc.
remain to be important.

T. Nakada, ECR 2023, CERN
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Requirements for the next HEP machine

* From pure physics
- Capable of H and t physics complementary to/beyond LHC and HL-LHC
- Capable of Z and W physics beyond currently known
=an e*e” collider covering a region of 90-350 GeV centre of mass energy (cme)
* Somewhat physics related 1ssues

- It1s good to start data taking with some overlap with the HL-LHC operation since the results might
influence each other’s scientific programme.

= A machine which can be built within the next 10~15 years.
- Can be upgraded to probe higher energy scales if physics result motivates.

- Should not damage the diversity of particle physics activities.
= A machine with a reasonable cost

 HEP sociology

- Continuity in the HEP programme to sustain the community

* Other 1ssues have become increasingly important

- Environmental impact, energy consumption, resource availability, attractivity in technology, impact
on industries, spinoffs, ...

T. Nakada, ECR 2023, CERN
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2020 Update of the European Strategy for Particle Physics

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:

- 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;

- 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.

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.

P. Campana - INFN ECR - Sep. 30, 2024 11



2. The near term collider landscape: Technologies ready
ILC, CLIC, FCC-ee, CEPC
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Damping Ring

Technologies ready (I)
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Status of the FCC Feasibility Study

F U T U R E . o Swiss Accelerator
CIRCULAR Fur::CirCol EASITrain iFAST

COLLIDER ® Technology http://cern.ch/fcc

Innovation Study

Work supported by the European Commission under the HORIZON 2020 projects EuroCirCol, grant agreemen{,654305; EASITraih, grant '
agreement no. 764879; iFAST, grant agreement 101004730, FCCIS, grant agreement 951754; E-JADE, contract no. 645479; EAJADE, £ European European Uion funding
contract number 101086276, and by the Swiss CHART program , i > \ CODIESIOR S Lolecac Sie e



http://cern.ch/fcc

FUTURE
CIRCULAR

COLLIDER

FCC integrated program

Comprehensive long-term program maximizing physics opportunities

stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities

stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option
highly synergetic and complementary programme boosting the physics reach of both colliders

common civil engineering and technical infrastructures, building on and reusing CERN'’s existing infrastructure
FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC
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FUTURE

cIRcULAR FCC Feasibility Study (2021-2025): high-level objectives

COLLIDER

O demonstration of the geological, technical, environmental and administrative feasibility of the tunnel and surface areas and
optimisation of placement and layout of the ring and related infrastructure;

[ pursuit, together with the Host States, of the preparatory administrative processes required for a potential project approval
to identify and remove any showstopper;

L optimisation of the design of the colliders and their injector chains, supported by R&D to develop the needed key
technologies;

U elaboration of a sustainable operational model for the colliders and experiments in terms of human and financial resource
needs, as well as environmental aspects and energy efficiency;

1 development of a consolidated cost estimate, as well as the funding and organisational models needed to enable the
project’s technical design completion, implementation and operation;

O identification of substantial resources from outside CERN’s budget for the implementation of the first stage of a possible
future project (tunnel and FCC-ee);

O consolidation of the physics case and detector concepts for both colliders.

Results will be summarised in a Feasibility Study Report to be released by March 2025




O CIRCULAR Main goals for 2024 /begin 2025

COLLIDER

 Completion of technical work for Feasibility Study until end 2024
 Implementation of recommendations of the mid-term review
* Focus on “feasibility items” and items with important impact on cost/performance
* Develop arisk register
 Update cost estimate to reach cat 3 level on cost uncertainty.

* Further develop the funding model based on discussions with the Council
e Complete FS by March 2025 as input for ESPP update.

* In parallel, continue work with host states on project definition and
responsibilities, authorization procedures, excavation material strategy and
regional implementation development.



O cIRcULAR  Pre-TDR phase from April 2025 until end 2027

COLLIDER

 Main goal is to provide all information to Council to allow taking a decision
on the project at the end of 2027 or mid-2028

* further develop the civil engineering and the technical design all major components,
so as to provide a more detailed cost estimate with reduced uncertainties

e Continuation ot technical R&D activities.

 Continuation of site investigations and perform an overall integration study to
specify requirements of technical infrastructure, accelerators and detectors for
subsequent civil engineering design in case the project goes ahead.

* Launch of environmental impact study in 2026

Work with host states on regional implementation development and authorization
procedures.



FUTURE

COLLIDER

clrcuLar  Optimized placement and layout for feasibility study
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FUTURE
CIRCULAR
COLLIDER

FCC-ee: main machine parameters

Parameter Z ww H (ZH) ttbar

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 4.9 Design and parameters
number bunches/beam 11200 1780 440 60 dominated by the
bunch intensity [10] 214 1.45 1.15 1.55 choice to allow for
SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4 50 MW synchrotron
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4 radiation per beam.
long. damping time [turns] 1158 215 64 18

horizontal beta* [m] 0.11 0.2 0.24 1.0

vertical beta* [mm] 0.7 1.0 1.0 1.6

horizontal geometric emittance [nm] 0.71 217 0.71 1.59

vertical geom. emittance [pm] 1.9 2.2 14 1.6

horizontal rms IP spot size [um] 9 21 13 40

vertical rms IP spot size [nm] 36 47 40 51

beam-beam parameter &, / &, 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134

rms bunch length with SR/ BS [mm] 5.6/155 3.5/54 3.4/4.7 1.8/2.2

luminosity per IP [1034 cm-2s-1] 140 20 5.0 1.25

total integrated luminosity / IP / year [ab-1/yr] 17 24 0.6 0.15

beam lifetime rad Bhabha + BS [min] 15 12 12 11

x 10-50 improvements on all EW observables

x10 Belle Il statistics for b, c, T
indirect discovery potential up to ~ 70 TeV

oooop

4 years

5x 10127
LEP x 10°

up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC

direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

3 years

2x10%H

5 years
2 x 106 tt pairs

Up to 4 interaction points = robustness,

statistics, possibility of specialised detectors
to maximise physics output

F. Gianotti



CEPC Layout and Design Essentials

Main Design considerations:

® 100km circumference: Optimum total cost

® Shared tunnel: Compatible design for CEPC and SppC
® Switchable operation: Higgs, W/Z, top

total cost (H +Z+TOP) —e— SOMWY_IM hig

") ) v i
1800 4P_30MW _2M higgs T Z
—o— 30MW_2M higisHTZ
o 30MW_1IM higgsHTZ
—o— 4P_30MW_2M higgs-ATZ+M top

top (100million)
5 8

—e— 30MW_2M higgs4T Z4M top
. s o 30MW_IM higgsAT ZHM top
; 1200 —e— S0MW_1M higgs+LT Z4LM top(SOMW/)
' 100 —
g \ X " | __&
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¥ ——
400 = —
2 44 6 & 10 120 140 160 180 200 220
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Common tunnel for Cost optimization v.s. circumference

booster/collider & SppC

D. Wang et al 2022 JINST 17 P10018

Baseline: 100 km, 30 MW; Upgradable to 50 MW, High Lumi Z, ttbar 3




Machine Parameters

Higgs Z l W tt

Number of IPs 2
Circumference (km) 100.0
SR power per beam (MW) C 30 )
Half crossing angle at IP (mrad) 165
Bending radius (km) 10.7
Energy (GeV) 120 45.5 80 180
Energy loss per turn (GeV) 1.8 0.037 0.357 9.1
Damping time z,/7/z,(ms) 44 .6/44.6/22.3 816/816/408 150/150/75 13.2/13.2/6.6
Piwinski angle ] 4.88 24.23 5.98 1.23
Bunch number 268 11934 1297 35

. 591 23 4524
Bunch spacing (ns) (53% gap) (18% gap) 257 (53% gap)
Bunch population (1011) 1.3 1.4 1.35 2.0
Beam current (mA) 16.7 803.5 84.1 3.3
Phase advance of arc FODO (°) 90 60 60 90
Momentum compaction (10-5) 0.71 1.43 1.43 0.71
Beta functions at IP #,78," (m/mm) 0.3/1 0.13/0.9 0.21/1 1.04/2.7
Emittance ¢/g, (nm/pm) 0.64/1.3 0.27/1.4 0.87/1.7 1.4/4.7
Betatron tune n,/n, 445/445 317/317 317/317 445/445
Beam size at IP s, /s, (um/nm) 14/36 6/35 13/42 39/113
Bunch length (natural/total) (mm) 2.3/4.1 2.5/8.7 2.5/4.9 2.2/2.9
Energy spread (natural/total) (%) 0.10/0.17 0.04/0.13 0.07/0.14 0.15/0.20
Energy acceptance (DA/RF) (%) 1.6/2.2 1.01.7 1.2/2.5 2.0/2.6
Beam-beam parameters x, /x, 0.015/0.11 0.004/0.127 0.012/0.113 0.071/0.1
RF voltage (GV) 2.2 0.12 0.7 10
RF frequency (MHz) 650
Longitudinal tune n 0.049 0.035 0.062 0.078
Beam lifetime (Bhabha/beamstrahlung) (min) 39/40 82/2800 60/700 81/23
Beam lifetime (min) 20 80 55 18
Hourglass Factor 0.9 0.97 0.9 0.89
Luminosity per IP (1034 cm2 s~1) (50) 115 16 0.5
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CEPC Accelerator TDR Released

Table 12.1.2: CEPC project cost breakdown, (Unit: 100,000,000 yuan)

| Total 364 100%

Project 1 gement 3 0.8%

Accelerator 190 52%
| Conventional facilities | 101 B 28%

o B s | Gamma-ray beam lines 3 0.8%

IHEP-AC-2023-01 e : T T
| Experiments 40 11%
;L Contingency (8%) | 27 | 7.4%

CEPC
Technical Design Report

I Accelerator TDR Review \

e June 12-16, 2023, Hong Kong .
™ Project management
Accelerator ® Accelerator

» Conventional facilities

= Gamma-ray sources

—— Accelerator TDR Cost Review

! Sept. 11-15, 2023, Hong Kong |

» Experiments

» Contingency

The CEPC Study Group

December 2023

r—
Domestic Civil Engineering —
™ Cost Review, June 26, 2023, IHEP ™

Distribution of CEPC Project total TDR cost of
36.4BRMB (~5B €)

CEPC accelerator TDR has been completed and
< 123:- formally released on December 25, 2023
i A * CEPC accelerator TDR link: (arXiv: 2312.14363)
. — CEPC accelerator TDR releasing news:

9* CEPC IAC 2023 Mecting http://english.ihep.cas.cn/nw/han/y23/202312/t20231229_654555.html

Hi Oct. 30-31, 2023, IHEP
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Project Status

CAS is planning for the 15t 5-years plan for large science projects, and a
steering committee was established, chaired by the president of CAS

High energy physics, as one of the 8 groups, accomplished the following

— Setting up rules and the standard(based on scientific and technological merits,
strategic value and feasibility, R&D status, team and capabilities, etc.), established
domestic and international advisory committees

— Collected 15 proposals and selected 9, based on the above-mentioned standard

— Evaluations and ranking by committees after oral presentations by each project
CEPCis ranked No. 1, by every committee
A final report was submitted to CAS for consideration

11N

CECP is primarily a national Chinese project lead by IHEP.

International participation expected on one of the two detectors.

Several candidate sites being studied but none is at IHEP, Beijing (“green field”
infrastructure, probably additional costs).

Strong capabilities by Chinese industries (SRFs, magnets, mechanics, etc...)
Some R&D budget has been allocated and waiting for a decision (early 2026 ?)

P. Campana - INFN ECR - Sep. 30, 2024
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TDR in 2013 — Japan site
e P

,’b 5 years

Dates of possible approval
still to be defined

20km tunnel

PIP in 2018 — CERN site

CepC:
100km tunnel

cErl l

ILC: 250 GeV
2ab?

31km tunnel

29 km tunnel

90/160/240 GeV

100/6/20 ab™

. 20
: | cuic: 380 Gev 1.5 TeV
11 km tunnel g 2.5 ab?
e ]

40 km tunnel

3 _*-------—--I-------I---------H..._--H---------I--I

3TeV
5 ab?l

50 km tunnel

SppC: 75-125 TeV, 10-20 ab™!

FUTURE

CIRCULAR
COLLIDER

2020 2030 2040 2050 2060 2070
o @] o ° @ @]
Feasibility Stud Project I b HL-LHC O ti f FCC (6] ti f FCC-hh
easibili udy roject approval by 2 peration o -8 peration o -hh
(geology, R&D on accelerator, CERN Council Construction starts ends (15 years physics exploitation) (~ 20 years of physics exploitation)

detector and computing
technologies, administrative
procedures with the Host States,
i ital impact,
feasibility, etc.)

(or alternative project selected)

T20Z 43 ssewmous wod pajeioqe|a-ay
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Higgs self-coupling measurement

E OENTE
Wrap-up (1) S .eLeN\ | [SEmmmm | g 2.5
IUJ “.:"\“ : 3 :-:%El:iépf:,zrs,:uml up.po:;Z;:;;v.com.] z : — g oevpl
g.‘,c'b \\‘_’\”\\ ..,':... :u:.ﬁtz:sownzo[:e:r:u?n [ldlz:::ll1 - - \§ 2 :_ ::tﬁ :?.?:::T::;me) =
-, 10 \.'b“ A cuc; luminosity upgrade [dito} : r<E SN 1.0 500 GoV + § To¥ vt combined ]
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. < 1—1 1 0'..1...1...1....1....1....1.‘
Center-of-Mass Energy [TeV] -05 0 05 1 15 2
- - - - - - - xlrue/}\'SM
» All planned e+e- machines will deliver O(1%) precision on Higgs couplings
» Beam polarisation at LC catches up for smaller luminosity
* Higher energies increase the precision and allow for measuring the Higgs self-coupling
« Linear colliders largely less performant at Z pole (1:1000 in stat.), partial recovery with polarization
« Circular colliders statistics slight better as Higgs factory (3:1)
precision reach on effective couplings from SMEFT global fit ArXiv:2206.08326
Il HL-LHC S2 + LEP/SLD Il CEPC Z,00/WWg/240GeV,q B ILC 250Ge [l CLIC 380GeV, Il MuC 3TeV, O wiFCC-ee
(combined in all lepton collider scenarios) | [ll CEPC +360GeV, M ILC +350GeV,,+500GeV, | I CLIC +1.5TeV, 5 Il MuC 10TeV 4o
Free H Width M ILC +1TeVy Vw/Giga-Z | Il CLIC +3TeVs Il MuC 125GeVj go+10TeV g
10-" j no H exotic decay Il FCC-ee +365Ge subscripts denote luminosity in ab_', Z & WW denote Z—pole & WW threshold 10"
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3. The longer perspective: Technological challenges
C3, plasma (ILC vision); muon collider; FCC-hh & SppC
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3 COOL COPPER COLLIDER

‘ R Y Y Y Y

o o ' e '
- Planning for operations at high gradient at 550 GeV, 120 MeV/m
- Start at 70 MeV/m for C3-250 8 km footprint

C-band well established techology, obtaining higher gradient
(x2) using N2 cryogenic cooling of Cu RF cavities

10GeV
BC2

Polarized

Electron Source

3Gev
I

- 150m -

Beam

W E

/- :
RTML Deli P e

—_Delivery B

o .-..Z-'"-"--\
{ Damping Ring }

e W-Damping Ring

3GeVv

Positron Source e 3

-—300m—

23

we

BC2

9m module
8 structures
Up to 1 GeV acceleration

RF and DC port

Vacuum

, 2024

Challenges:

- achieve an maintain over a large no. of
cavities w/high gradient standards

- integration level of cryo-structures with the
rest of the machine’s elements.

A demonstrator of C3 technology will be
needed in future years (as XFEL, ESS,
etc... were for SRFs).

An option for future ILC upgrades
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Hybrid Asymmetric Linear Higgs
Factory (HALHF)

To obtain Ecm=250 GeV (ZH)
500 GeV e- beam driven plasma x 31 GeV e+ RF

Positron Damping rings
source (3 GeV) Driver source,

Interaction point
(250 GeV c.0.m.) %9

Facility length: ~3.3 km

RF linac (5 GeV)

RF linac
(5-31 GeV et/drivers)

2222222222222 22022202022020222020222202202022202022222

= \/

Beam-delivery system

Positron transfer line

Beam-delivery system
(500 GeV e")

Plasma-accelerator linac

Turn-around loops
(31 GeV e*/drivers)

Electron
source

Sy FEE T

RF linac
(5GeVe)

(16 stages, ~32 GeV per stage)

with turn-around loop (31 GeV e)

(31 GeV e¥)

Scale: 500 m

Energy upgrade to ttbar (380 GeV) =>47.5 GeV positrbns / 760 GeV electrons

Challenges: RF linac (high power, high stability), positron source, multi-stage plasma
acceleration at low emittance/low E spread beam quality. An option for future ILC upgrades

5-10 years 10-15 years 15-25 years 25+ years
P R A I A Demonstration of: Multistage tech demonstrator —
A Scalable staging, driver distribution,| Strong-field QED experiment Feasibility study
stabilisation (active and passive) (25-100 GeV &) (Facility upgrade) [ RaD e & theany
Pre-CDR (HALHF) - v i
. ructi
FEL plasma based @ LNF Simulation study Demonstration of: - Higgs factory (HALHF)
to determine High wall-plug efficiency (e- drivers), preserved beam quality & spin Asymmetric, plasma-RF hybrid
could play a role as self-consistent parameters polarization, high rep. rate, plasma temporal uniformity & cell cooling collider (250-380 GeV c.o.m.) | (Facility upgrade) v
. demonstration goals
demonstrator of technologies ( goals) T Multi-TeV e+—e-/y—y collider
Energy-efficient positron acceleration in plasma, high wall-plug efficiency (laser drivers), Symmetric, all-plasma-based
ultra-low emittances, energy recovery schemes, compact beam-delivery systems collider (> 2 TeV c.0.m.)

for Linear Colliders



J. Osterhoff

Plasma collider components and challenges Higgs factories and 10 TeV LC

Beam delivery system Interaction region Driver technology
- Higgs factory: optimized LC designs exist - Higgs factory: designed for other LCs - Beams: technology exists in principle
optimizations for plasmas needed/possible? - 10 TeV collider: studies critical to define cost, gradient, efficiency, distribution optimization
- 10 TeV collider: no design exists collider type and machine parameters ™., - Lasers: do not exist, R&D paths identified
critical - HF designs scale poorly with energy critical - valid codes for beam/beam studies critical - rep. rate & power, efficiency, robustness, cost
(geo. gradient) — 20 (CLIC) to 90 (ILC) km opportunity - simple energy recovery (photovoltaics)

4

Positron acceleration

- No concept exists (yet) that fulfills needs
Beam sources critical - beam quality, efficiency, resilience

- Higgs factory: LC solutions exist
opportunity - compact (cheaper)

sources from plasmas Plasma stages + coupling ‘
- 10 TeV collider: undefined, - Focus and key charge for our field, no roadblocks known Full system integration
potentially a key issue critical - beam quality (incl. polarization), efficiency, stability, longevity, - Turn components into
resilience to jitter (in time, space, and momentum), resilience to self-consistent machine
\ catastrophic errors (one bad shot) )
- Optimization of the system for

- Plasma stage: requires demonstration of collider parameters
+ critical - rep. rates & bunch structure (CW vs. burst), power handling

o gt . : 2 S impact, physics performance,
/\'lﬂ - Stag{ng. requires detalled'concepts, .addltl‘onal test facilities resiliency (jitter budget)
+ critical - driver in-/out-coupling, geometric gradient
BERKELEY LAB Page 13

cost, efficiency, environmental
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J. List et al.

“LC vision” = ILC & upgrades at CERN

Upgrade Options - Higher Energy “conventional”

* ILC TDR: upgrade of SCRF machine up to ~1 TeV Upgrade Options - Double ECM by “"HALHFing”™ LCF

- extend tunnel to ~50 km, upgrade power to 300 MW - Apply HALHF concept to eg 250 GeV ILC:
=> huge but unsexy? Still: guaranteed fall-back... « plasma-accelerate e- to 550 GeV
+ Advanced SCRF « keep e+linac
- higher gradient cavities exist in the lab (45 MV/m vs 31.5 (small upgrade 125 -> 137.5 GeV)
MV/m ILC design), though not yet industrially available = 137.5 GeV on 550GeV = ECM = 550 GeV
=> upgrade to > 1 TeV — or less new tunnel = upgrade Higgs Factory to tt / tth / Zhh factory
- rip out SCRF and replace by X-band copper cavities  How?

(a la CLIC or C3)

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

» Reduce e- linac energy by 4 to 34.4GeV
» Drive 16 stage plasma accelerator

» Use space between electron ML and BDS to
« sell / donate SCRF modules to build XFELS, irradiation install plasma booster

facilities, ... all around the world

RTML

» Feed boosted electrons into existing BDS
(already laid out for Epbeam = 500 GeV)

Dm radius
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FCC-hh & SppC: the big smashers

Huge cross sections for H, HH, HHH production
O(>10 TeV) reach for several exotica
No discovery guaranteed (swimming in open waters ...)

Q* =i

Z'i, >t

L'y —tt

e >
GRS—>WW

' M
L'y — 11

' +
L'y — 77

FCC-hh Simulation (Delphes), (s = 100 TeV
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o(13TeV) | o(100TeV)
ggH (N°LO) 49 pb 803 pb
VBF (N2LO) 3.8 pb 69 pb
VH (N2LO) 2.3 pb 27 pb
ttH (N2LO) 0.5 pb 34 pb
e =
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N
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P B |
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L=30ab" |

bbyy

=i Combined
*=== Combined - np
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Discover scalars up to O(10) TeV

P. Campana - INFN ECR - Sep. 30, 2024

0.9

1

Higgs self-coupling

33




FUTURE
CIRCULAR
o COLLIDER

FCC-hh parameters

parameter FCC-hh HL-LHC

collision energy cms [TeV] 81-115 14

dipole field [T] 14 - 20 8.33
circumference [km] 90.7 26.7

arc length [km] 76.9 22.5

beam current [A] 0.5 1.1 0.58
bunch intensity [101"] 1 2.2 1.15
bunch spacing [ns] 25 25

synchr. rad. power / ring [kW] 1020 - 4250 7.3 3.6
SR power / length [W/m/ap.] 13 - 54 0.33 0.17
long. emit. damping time [h] 0.77 - 0.26 12.9

peak luminosity [1034 cm2s-1] ~30 5 (lev.) 1
events/bunch crossing ~1000 132 27
stored energy/beam [GJ] 6.1-8.9 0.7 0.36
Integrated luminosity/main IP [fb-1] 20000 3000 300

Formidable challenges:

U high-field superconducting magnets: 14-20T
U power load in arcs from synchrotron radiation: 4 MW —> cryogenics, vacuum
U stored beam energy: ~ 9 GJ 2 machine protection

U pile-up in the detectors: ~1000 events/xing
U energy consumption: 4 TWh/year - R&D on cryo, HTS, beam current, ...

With FCC-hh after FCC-ee:
significantly

more time for high-field
magnet R&D

aiming at highest possible
energies

Formidable physics reach, including:

O Direct discovery potential up to ~ 40 TeV

0 Measurement of Higgs self to ~ 5% and ttH to ~ 1%

O High-precision and model-indep (with FCC-ee input)
measurements of rare Higgs decays (yy, Zy, LK)

O Final word about WIMP dark matter



HFM, HTS and the quest for high critical currents

For suitable applications, it is
the whole-wire current density
that counts!

Assuming a threshold of
300 A/mm? @1.9-4.5K,

we see:

* MgB,upto5T

° NbTiuptol10-11T @1.9K
°* NbysSnupto20T @1.9K

* Only HTS: Bi-2212, Bi-2223
and ReBCO can go >>20 T up
to the conductor YS limit!

a4
10 " Nb-Ti 4.2 K LHC insertion Maximal J, at 1.9 K for entire LHC NbTi
L quadrupole strand strand production (CERN-T. Boutboul '07).
L (Boutboul et al. 2006) Reducing the temperature from 4.2 K
L produces a ~3 T shift inJ, for Nb-Ti
— 1
! [ S
N - =,
< - &
" &
E 2212 5x18 filament B-OST strand with NHMFL
E s / 50 bar Over-Pressure HT. J. Jiang et al.
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MuCol

Muon Collider Overview

Would be easy if the muons did not decay
LifetimeisT=y x 2.2 us

)

oS =

International
| UON Collider
#Collaboration

Proton Driver Front End Cooling Acceleration Collider Ring
m | —
5.3 5 5|2 8
3 S & § |P3EL E|g E p ®» 2
£ o 5] 3 Fof® € 518 & &S = °
= S - nitE= S 21© o 8 o 9 o
Q E 2 & |425 2 2|22 & 22 § o
— (%} —_t w—
3 ©C 983 Sls 2 3= 8 8 Accelerators:
< § =) oz 2 = Linacs, RLA or FFAG, RCS
- O
Short, intense proton lonisation cooling of Acceleration to collision Collision
bunch muon in matter energy

A\

5 GeV, 2MW p beam,
challenging target
and trasport system

Protons produce pions which
decay into muons
muons are captured

P. Campan.,l TTYV IJC. 99, ZUZT

A\

6D cooling
High Mag Field Solenoids +
RF cavities in HFM (!)

A\

High background at IR
Radiological neutrino

flux
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Y—-Universal Z, 20

1.4} EETTR @
Self-evident elemental Physics at O(3-10 TeV) level 1}
1.0
g, 08}
pp annihilation: production of EW-charged particles 0.6k
0.4}
0.2}
; 0.0k ,
Vector Bosons Fusion: sensitive to EW-neutral Higgs-Portal / 20 40 60 80 100
Huge rates due VBF rising cross section [TeV]
105 ‘ . S . . S J “{%élc:gves left-to-right:
Annihilation ‘E e
10° | P :°°,, (co
10t
2
107 3
1073, ]
10-5 ptu” = Xv,p, (WW fusion),
102 pwrp~ = Xptpm (ZZ/Zy/yy fusion).

ptp= — X,ui(y_“) (WZ fusion),




JMC Key Challenges @

International
UON Collider
Collaboration

2) Beam-induced
background

MuCo 0) Physics case

4) Drives the beam quality
MAP put much effort in design

optimise as much as possible
Iniect Muon Collider Accelerator
s’ L > 10TeV CoM Ring
~10km circumference :
I
P2 "
4

: 4 GeV Target, t Decay p Cooling  Low Energy
: Proton & pBunching Channel  yuAcceleration
* Source Channel

¢

1) Dense neutrino flux

3) Cost and power consumption limit energy reach mitigated by mover system
and site selection

e.g. 35 km accelerator for 10 TeV, 10 km collider ring
Also impacts beam quality

D. Schulte, Muon Collider, INFN, M3
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Wrap-up (2) Options for the next HEP machine T Nekads EcR 2023, CERN

An e*e” collider covering a region of 90-350 GeV cme
* A circular collider (CC): e,g, FCC(CERN) and CECP(IHEP)

* Double storage rings of 90-100 km circumference, L~ 103cm—2s™!

* Well established technology. Many CC’s have been built, the largest one LEP with 27 km circumference at
207 GeV cme, the highest luminosity achieved by SuperKEKB at 10 GeV cme, 3.8x10%* cm2s~!

* Upgrade path: mstalling pp collider 100 TeV cme accessing 10 TeV physics
* A linear collider (LC): e.g. CLIC, C3, HALHF and ILC

* Colliding e* e~ accelerated by lineacs, with a total length of ~3 km to 20 km depending on the acceleration
gradient of the technology used with L~ 10**cm—2s~!

* CLIC: normal conducting room temperature X-band Cu RF cavities, 72 MeV/m

* (C3: normal conductive liquid N, temperature X-band Cu RF cavities, 70 MeV/m

« HALHF: Plasma wake-field accelerated 500 GeV e~ (1.2 GeV/m) against 31 GeV e conventional lineac,

« 1LC: super conducting L-band RF cavities (series production experience @European XFEL), 32 MeV/m

* There has been only one LC built, SLAC Linear Collider 100 GeV cme with L~3x10%° cm~2s~! (end of
90’s)

« Upgrade path: increasing the cme energy: multi-TeV to ~10 TeV, by improving the acceleration gradient,
ultimately fully wake-field acceleration and extending the tunnel in needed.

FCC-hh & Muon collider: long pathways toward technological maturity
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4. International Science Policies
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Update of the European Strategy

In March 2024, the CERN Council approved the timeline for the next update of the European Strategy for
Particle Physics with a completion date in|June 2026 |

The proposed timeline is determined by physics (LHC, HL-LHC, results from other colliders) and strategic
considerations:

- Physics landscape: physics results from the LHC and other colliders, HL-LHC upgrades ongoing,
exploration of the Higgs sector remains central

- Excellent progress at CERN and beyond on the preparation for future colliders

* FCC Feasibility Study
(mid-term report presented, excellent progress on the technical side - no showstoppers identified for an FCC-ee as a first
stage of an integrated FCC programme)
Planned to complete the study in March 2025

* Clearer view on the international landscape for future colliders
- ILC in Japan as a global project; so far no commitments
- P5 process in the US (= participation in an off-shore Higgs factory (ILC, FCC-ee)
- Technical Design Report for CEPC in China released in Dec 2023;
Aim for adoption of the project in the next 5-year funding cycle(s) in 2025
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In addition:
- Long timescales, long-term community engagement

* The gap between the end of the HL-LHC and the start of the next collider project should be minimised,
to ensure continuity of expertise and commitment.

* Wish of the young generation of physicists to have a clear vision of the future of our research field,
as well as a credible timeline for the realisation of any future collider project

- Strategy recommendations on the complementary physics programme at CERN and beyond are
important for establishing / upgrading relevant facilities

In June 2024, the CERN Council established and approved the remit of the European Strateqy Group

“The aim of the Strategy update should be to develop a visionary and concrete plan that greatly advances human
knowledge in fundamental physics through the realisation of the next flagship project at CERN. This plan should

attract and value international collaboration and should allow Europe to continue to play a leading role
in the field.”

The Strategy update should include the preferred option for the next collider at CERN and prioritised
alternative options to be pursued if the chosen preferred plan turns out not to be feasible or competitive.
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S8, U.S. DEPARTMENT OF

@ENERGY \J

Exploring Pathways to Innovation
the P5 andDiscovery
Quantum in Particle Physics

Unlverse Report of the 2023 Particle Physics Project Prioritization Panel

In the area of colliders, the panel endorses an offshore Higgs factory, located in either
Europe, including CERN, or Japan, to advance studies of the Higgs boson following the HL-LHC
while maintaining a healthy onshore particle physics program. The US should actively engage in
design studies to establish the technical feasibility and cost envelope of Higgs factory designs. We
recommend that a targeted collider panel review the options after feasibility studies converge. At that
point, it is recommended that the US commit funds commensurate with its involvement in the LHC
and HL-LHC.

In addition to these major initiatives, the panel recommends support for a series of current
and future mid-scale projects related to cosmic evolution, neutrinos, dark matter, and quantum
imprints of new phenomena.

The panel recommends dedicated R&D to explore a suite of promising future projects. One of
the most ambitious is a future collider concept: a 10 TeV parton center-of-momentum (pCM)
collider to search for direct evidence and quantum imprints of new physics at unprecedented
energies. Turning this concept into a cost-effective, realistic collider design demands that we
aggressively develop multiple innovative accelerator and detector technologies. This process will
establish whether a proton, electron, or muon accelerator is the optimal path to our goal.

Snowmass As part of this initiative, we recommend targeted collider R&D to establish the feasibility of a
- Physics Report 10 TeV pCM muon coIIiderjIA key milestone on this path is to design a muon collider demonstrator
arX1v:2211.11084 facility. If favorably reviewed by the collider panel, such a facility would open the door to building
- Accelerator Report facilities at Fermilab that test muon collider design elements while producing exceptionally bright
arXiv:2209.14136 muon and neutrino beams. By taking up this challenge, the US blazes a trail toward a new future by
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5. Governance, funding models, sustainability
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The Golden Age of Colliders
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Looking “global” to projects: scaling costs

COST/GDP
HERA cost 0.7 G$ FRG GDP 1984 (const. starts) 0.7T$ 10 x 104
~20% non-German contributions
LEP cost 1.4 G$ (EU+CH) GDP 1984 (const. starts) 2.7 T$ 5x 104
LHC cost 5G$ (EU+CH) GDP 1998 (approval year) 8T$ 6 x 104
benefitting of LEP tunnel + 15% NMS contributions
FCCee cost 12 G$ (EU+CH+UK) GDP 2023 22 T$ 6 x 10-4
CEPC cost 5G$ China GDP 2023 18 T$ 3 x 10-4
ILC cost 7 G$ Japan GDP 2023 4.2T$ 17 x 10-4

“Globalisation” of the Research Infrastructures are further assets in project conception, providing
possibility of in-kind contributions. Current time span of RI is bigger (funding dilution)
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&) FCC-ee cost and funding F. Gianotti

FCC-ee construction cost up to operation at ZH : ~ 15 BCHF

Includes: Does not include upgrade to ttbar operation (~ 1.5 BCHF)
Q Civil engineering (tunnel, experimental caverns, surface sites, etc.)

O FCC-ee collider and injectors

O Technical infrastructure

Q Other infrastructure (roads, power lines, land, etc.)

O 4 detectors

Updated cost assessment made in 2023, reviewed by dedicated Cost Review Panel of experts (chair N. Holtkamp), which concluded:
U cost estimates are appropriate for this stage of the study
O uncertainty estimates are realistic; most items are class 4 (- 30% to + 50%) or class 3 (-20% to +30%).

Aim at class 3 for all main items at the end of the Feasibility Study

Note: care should be taken when comparing with other proposed future colliders, whose cost estimates are in most cases
not so detailed and complete, and have not been re-assessed recently (high inflation over past years!)

Funding

CERN Budget can cover more than half of the cost. Contributions expected from non-Member States with interested communities (e.g. US)
and from Member States (beyond their contributions to CERN Budget). _

Other contributions may come from the European Commission and private donors. Note: 15 y funding plan needed

Preliminary funding model (including construction and operation expenses) and funding scenarios studied

-> will be further developed in the coming year based on discussions in Council and with potential partners.
12
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Governance models

An international project is a project hosted by a particular laboratory (“host lab”) on the initiative of an individual
country, a group of countries, or an organization. Other partnering participants (“partners”) provide contributions —
mainly in-kind — as agreed upon with the host lab, or its funding agency, through bilateral or multilateral agreements.
The host lab is responsible for operating the facility or infrastructure and bears all possible risks, it takes the final
decisions relating to the operation of the facility, with inputs from its partners through various fora — e.g. councils,
review boards, etc. — prior to making its decisions.

A global project is a project in which partnering states or organizations, and their funding agencies, work together
to develop the project from the outset. The project is collaborative and all partners participate in the decision making.
This can include determining the cost-sharing model and governance and organization. The project may be located in
one or more states. The partners work together to solicit potential hosts and then collectively decide where the site
should be located. All partners share, in a balanced manner, the running of the facility. The partners in the project
therefore make all decisions concerning each of these project phases collectively, by means of a vote.

A national project, with international participation is a project hosted by a national laboratory (“host lab’’) in
which international support (typically in-kind) is seeked on specific items (accelerator and/or experiments). The host
lab 1s responsible for operating the facility or infrastructure and bears all possible risks partnering states or
organizations, and supports operation costs.



How much is it?
A CO2 scale

2 Tton: Humanity (total)
Gton: country (per year)

ILC Civil construction _
266kton ®—__Mton: city (per year)

CLIC Civil o

construction 127kton

10 ton: person (per year)

kg: kg of material, fuel
100g: kWh electricity, km car

e /"‘.’S‘cl eence Café | September 2024 | Thomas Schérner
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Total anthropogenic emissions 1850-2021: 1.6Tton
Remaining CO2 budget for 1.5K: 400Gton

Worldwide CO2-eq ger 2year: 50Gton
Chinese emissions COZ2-eq per year: 14Gton
US emissions per year: 6Gton

Worldwide air traffic per year: 1Gton

Swiss CO2-eq per year: 40Mton

Maldives CO2-eq per year: 2.4Mton
Geneva CO2-eq per year: 2.3Mton

CERN emissions 2020: 100kton

Transatlantic flight, 747: 180ton
1 person in Switzerland per year: 7 ton
1 ton steel: 1.7 ton

1 ton concrete: 100kg
Burn 1 liter Diesel: 2.7kg
1kWh electricity (EU): 260g

1km by car: 200g
1kWh electricity (France): 85g
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Sustainability (construction & operation)

A quite complex assessment: material impact (eg. concrete for tunnels), operation costs of
various technologies, CO2/produced Higgs, ...

This evalution will be more and more element of discrimination among choices

Energy Recovery Linacs (ERL) could become important

(a) Total Carbon Footprint of Different Colliders
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Collider Project
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6. Impact on society & sociology of HEP
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i . \f Miang Le futur accélérateur de particules
Societal acceptance of a new collider ,,@,!M @ﬂﬂ@ géant du CERN : est-ce bien

raisonnable ?
Wednesday June 19. 2019 Sabine Hossenfelder Dans une tribune au « Monde », des politiques francais et suisses, ainsi que des

membres d’un collectif et ’ONG questionnent le projet du futur collisionneur sur
les plans éthique et politique.

No, a next Iarger particle co"ider wi" not te" us Publié le 21 mars 2024 4 08h00, modifié le 21 mars 2024 412h32 | & Lecture 3 min.
anything about the creation of the universe

A few days ago, Scientific American ran a piece by a
CERN physicist and a philosopher about particle
physicists’ plans to spend $20 billion on a next larger
particle collider, the Future Circular Collider (FCC). To
make their case, the authors have dug up a quote from
1977 and ignored the 40 years after this, which is a
truly excellent illustration of all that's wrong with
particle physics at the moment.

Ehe New Aork Times

Particle Physicists Agree on a Road
Map for the Next Decade

A “muon shot” aims to study the basic forces of the cosmos. But

meager federal budgets could limit its ambitions.

In the past, it was possible to promote large colliders (strong relationships with politics, see LEP
example, cold war still favorable to HEP).

Several new actors entering science arena: bio-medical, IT, quantum, GW ...

Still CERN is a flagship RI, generating large societal impact (see also Draghi’s recent report),
holding European stewardship in several areas

Justifying FCC/ILC ... increasingly complex ... but we should not give up

P. Campana - INFN ECR - Sep. 30, 2024 52



Sociological aspects of HEP

ECR career (PhD in “80s”)

ECR career (PhD in “20s”)

mitigation

Det. preparation

Small size expts

det. Prep./data anal.

Small size expts

LEP data anal. LHC
2000 2010 2020
LHC Next Machine ?
2030 2040 2060

RLICE

20 k CERN users: ILC/CLIC 1 experiment, FCC 2 experiments.

Can future colliders host the whole community ?
Diversification needed

P. Campana - INFN ECR - Sep. 30, 2024

53




/. Take-away messages
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The choice of the next collider is a complex choice, dictated not only by science,
but also from a long list of other relevant issues:

economic resources

international political situation
technological feasibility

sustainability and societal acceptance

Next project should be global to have some chance of success, considering the resources
needed. If done at CERN, suitable adjustments to its governance should be envisaged.

As of today, a global infrastructure not located in Europe seems unlikely.

Nevertheless the current ignorance about SM deficits is “exciting” ...

* We had a good time of “everything, everywhere at the same time”. We had to
change to “certain things, everywhere at the same time”, or “everything at
different places at the same time”, or “everything at everywhere at different time”.
Are we heading toward “one thing at one place taking forever”? T. Nakada, ECR 2023, CERN
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