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FUTURE

CIRCULAR FCC integrated program

COLLIDER

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;

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

O 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;

O 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

CE/RW FCC Feasibility Study Status

Michael Benedikt
SL A Rome, 7 May 2024
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FUTURE

circULAR  Feasibility Study Mid-Term Review passed !

The goal of the FCC FS mid-term review is to assess the progress of the Study towards the final report.
Deliverables approved by the Council in September 2022:
https://indico.cern.ch/event/1197445/contributions/5034859/attachments/2510649/4315140/spc-e-1183-Rev2-c-e-3654-Rev2 FCC Mid_Term_Review.pdf

. ) Future Circular Collider Fu ” Repo rt
Deliverables: _ _ Midterm Report 8 Chapters/Deliverables
D1 : Definition of the baseline scenario ~ 700pp document
D2 : Civil engineering ~ 16 editors
D3 : Processes and implementation studies with the Host States ~ 500 contributors

D4 : Technical infrastructure

D5 : FCC-ee accelerator

D6: FCC-hh accelerator

D7: Project cost and financial feasibility
D8: Physics, experiments and detectors

Many thanks to the SAC,
CRP, SPC, FC and the
Council for the very useful
reviews!

Documents: Review process:

O Mid-term report (all deliverables except D7) 0 Oct 2023: Scientific Advisory Committee (scientific and technical aspects)
O Executive Summary of mid-term report and Cost Review Panel (ad hoc committee; cost and financial aspects)

0 Updated cost assessment (D7) 0 Nov 2023: SPC and FC

0 Funding model (D7) 0 2 Feb 2024: Council

All deliverables met, no technical showstoppers ->70-80 recommendations



https://indico.cern.ch/event/1197445/contributions/5034859/attachments/2510649/4315140/spc-e-1183-Rev2-c-e-3654-Rev2_FCC_Mid_Term_Review.pdf

(Y éﬁéﬁ?@g Main goals for 2024 /beginning 2025

« 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 a risk register
Update cost estimate to reach cat 3 level on cost uncertainty (-20% / +30%).
Further develop the funding model based on discussions with CERN Councll

« 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.



COLLIDER

O GIRCULAR Feasibility Study Report for March 2025

Structure: 3 Volumes

- Vol. 1: Physics, Experiments and Detectors (~200 pages)
- Vol. 2: Accelerators, Technical Infrastructures, Safety Concepts (~370 pages)

- Vol. 3: Civil Engineering, Implementation & Sustainability (~200 pages)

Input for Update of European Strategy for Particle Physics

to be prepared with Overleaf & published by EPJ (Springer-Nature) — FCCIS members

O FUTURE ~ EPJ°"S  SPRINGER
CIRCULAR
verleq COLLI DER your.physics j:mal NATURE

vation Study

In addition documentation on Cost Estimate — Funding Models



FUTURE

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 by end of 2027 or early 2028

« Further develop the civil engineering and the technical design of all major systems and
components, so as to provide a more detailed cost estimate with reduced
uncertainties

« Continuation of technical R&D activities

« Work with host states on regional implementation development and authorization
process definition to enable launch of environmental impact study in 2026

« Continuation of site investigations and perform an overall integration study to specify
requirements of technical infrastructure, accelerators and detectors

- Provision of input for civil engineering design if the project goes ahead.

- Work with international partners to define roles and work packages



COSEar d time line till start of :
CIRCULAT Expected time line till start of construction
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FUTURE

CIRCULAR
COLLIDER

Reference layout and implementation: PA31 - 90.7 km
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(Y CIRCULAR Regional implementation activities

®  Points de surface PA31-4.0
— Design PA314.0

Meetings with municipalities concerned

CA Annemasse-les Voirons-
Agglomération

in France (31) and Switzerland (10) e
Voltaire (FR) — experiment site e
PB — Présinge/Choulex (CH) — technical site Emm{im

CC du Pays de Cruseilles
.
'Statut des rencontres

] Rencontré en réunion
collective
[ Réunion individuelle plannifiée

- Rencontré en réunion
individuelle

m Nangy (FR) — experiment site

PF — Roche sur Foron/Etaux (FR) — technical site

PG — Charvonnex/Groisy (FR) — experiment site
m Cercier (FR) — technical site erevos

PJ — Vulbens/Dingy en Vuache (FR) experiment site

PL — Challex (FR)  technical site

Detailed work with municipalities and host states «u=

CC Faucigny-Gliéres

- identify land plots for surface sites . 2 el

Individual meeting planned ]

- understand specific aspects for design

Collective meeting ]

- identify opportunities (waste heat, tec.) The support of the host states is greatly
- reserve land plots until project decision appreciated and essential for the study progress!



FUTURE

CIRCULAR First series of site investigations

Site investigations to identify exact
location of geological interfaces:

* Molasse layer vs moraines/limestone

« ~30drillings and ~100 km seismic lines

e Start in July 2024

-> Vertical position and inclination of tunnel

N A R

Sondage A89 (2007) incliné de 45° de 125 ml (surface plateforme estimée : 12 x 12 m soit environ 150 m?) Drilli ng works on the lake

= Quatemnary

=Lake

—Wildflysch
Molazze subalpine
Melasse
Limestona

= Shaft

= +Alignment

ke Biem
Distance along ring clockwise from CERN (km)




FUTURE

circuLar  Start of public information & engagement sessions

COLLIDER
First public information and La Roche-sur-Foron - Haute Savoie On 15 May, RTS (Radio Télévision
discussion meeting at the Science international fare April 27 to May 6 Suisse) broadcasted a special

Gateway on the 24th April at CERN. Unveiling the science of tomorrow: program celebrating CERN's 70th
- . FCC Study takes centre stage at La anniversary and hosted at CERN’s

> : Roche-sur-Foron exhibition Science Gateway.
Progrés dans rétude ﬁ‘ The Future Circular Collider team discussed the project's status and aspirations with a

de faisabilité du s
Futur &Mﬂm e . large number of attendees
Circulaire du L s

somonmiormne s | [ > 15MAY, 2024 | By Zoe Nikolaidou

c th
cineGlobe 113 .
Festival d& films

5 Portail de la scien

RN, Meyrin
15-19 mai 2024

VR / ateliers
L /eln.globo.ch

The meeting was organised for the —
local community of our Host States CERN’s participation in the International Fair
?

. . . of Haute-Savoie/Mont Blanc, enhanced by the
France and Switzerland, in the Science / Y

valuable help of volunteers from the FCC The event featured a comprehensive look at
Gateway. The "Progress of the team, resulted in meaningful discussions with CERN's illustrious history, groundbreaking
feasibility study of the Future FCC more than 2000 members of the local achievem.ents, and future ambitior.ls, including
circular collider" was followed by a community on topics ranging from the the prominently featured Future Circular

required technological advancements to Collider (FCC) project with study experts

discussion with the participants. sustainability measures. interacting with the audience.



FUTURE

circuLAR  CE underground and surface site development

LSS= 964m

- Full 3D model of all underground = Y o~ L
structures as basis for costing and o
scheduling exercises with external
consultant.
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FUTURE

CIRCULAR 0 I I 0

CIRCULA Integration with regional infrastructures

 Road accesses developed for all 8 surface sites Connections to PDL1, 69MW

* Four possible highway connections defined French electricity grid o

Less than 4 km of new roads required

Technical site

" 3 R | PDL2, 86MW
' . e / [/ S ) | | I )
ALY 4 Xe:, - ~\a
Oybrmax 4 ¥ Monmnsy, / ELSS = 1400
»{N‘\// ] D " I PJ et tecn Rﬁ . —— . @ PD
g 44 Brosse % @ i 3 - A Technical AN ; d0-m Technical
~ < 4/ ' \ 4 or . or
=, A ) N experiment 4 N ) experiment

site 7 site

Tec|

connections with
highway network

PG (Experiment site)

Le Buget < /-
PDL3, 201MW

« Electrical connection concept developed with RTE
(French electricity grid operator)

 Three HV supply points, two new stations & CERN Prevessin
= requested loads have no significant impact on grid

 R&D efforts aiming at reduction of the energy consumption
Z. 10k % : of FCC-ee and FCC-hh

. Barriére pleine voie
@ ~Airedeservice SXy
O Aire de repos '




FUTURE

CIRCULAR FCC-ee main machine parameters

COLLIDER

Parameter

Design and parameters to

beam energy [GeV] 45.6 80 120 182.5 & ) )
beam current [mA] 1270 137 26.7 4.9 maX|m|se IljlmmOSIty at a”
number bunches/beam 11200 1780 440 60 working points:
bunch intensity [101] 2.14 1.45 1.15 1.55
SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4 » allow for 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 * Independent vacuum systems
vertical beta* [mm] 0.7 1.0 1.0 1.6 for electrons and positrons
horizontal geometric emittance [nm] 0.71 2.17 0.71 1.59
vertical geom. emittance [pm] 1.9 2.2 1.4 1.6 e full energy booster ring with
vertical rms IP spot size [nm] 36 47 40 51 top-up injection’ collider
beam-beam parameter &, / & 0.002/0.0973 0.013/0.128 0.010/0.088 0.073/0.134 permanent in collision mode
rms bunch length with SR /BS [mm] 5.6/15.5 35/54 34/4.7 1.8/2.2
luminosity per IP [10%4 cm-2s-1] 140 20 25.0 1.25
total integrated luminosity / IP / year [ab-/yr] 17 24 0.6 0.15
beam lifetime rad Bhabha + BS [min] 15 12 12 11
4 years 2 years 5 years
LEP x 105 LEP x 104

x 10-50 improvements on all EW observables Up to 4 interaction points - robustness,

up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC statistics, possibility of specialised detectors

x10 Belle |l statistics for b, c, T to maximise physics output

indirect discovery potential up to ~ 70 TeV
direct discovery potential for feebly-interacting particles over 5-100 GeV mass range

o000

F. Gianotti
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( \ CiRCULAR Collider and Booster design

COLLIDER

Complete accelerator design and layout
* consolidated beam parameters throughout entire chain & different operation modes

* definitive collider and booster and optics and layout
* beam-based alignment procedures, tolerances and requirements
 complete impedance models for booster and collider rings

hort 90/90: 17, Zh arc e . .
> tio iz FCCee_t_512_nosol_8.sad Intgc';?ec;t!‘g?o:;ig,'on
i Phys. Rev. Acgel. Beams L& e
= specifications for design ¢ 9%650 ,att‘ige,map;_,sexl%&?ﬁ 8
e pairs; periodic unit cell length. 902
of components and 12 oeom et
technical infrastructure e~~~ ]
4—[—'—'—4 *1 I—I 447 W 1;;:(]] IIIIIIII]IIII”IIIIIIIIIII
9 fu I I Inve nto ry for Two U Cells "l‘ p‘ogfess\e‘a“ceS) ssor and Final Focus
° o o . Win32 version 8.51/15 e XO on s 01/03/23 07.39.52 .
integration studies and g 2 f~ BT | des‘f;er ‘e\ai‘ed‘ consuﬂ‘p':anc'exv. 10
= om0 ,l (NI 1Y\ oWwe ceP ' | ;
° ° ° & ac - 0.6
requirements for civil <F /\ LCCO lattice, red“cemomeﬂwm ~ | LCCO optics s
. . 7014/ with few sext. families, \atge" |, 30-1 5 main sext.s per final e
engineering ’ || periodic unit cell length \/ fpot 30 focus, modular Z_:
7 1V ~300m Y VEeio p Raimondi S AAA ‘ AR, M\ L 0.1
*C6.0" 100 200, 300 " 400, 500, 00’ " o " 500. ‘ 1000. "~ 1500. éooo.. 3500, 3000°

Phys. Rév. Accel. Beams 26 021601 5 (m)




FUTURE

e FCC-ee SRF system

28 F
T W H R £, Current RF voltage
) ) ) ) ) ) ) ) ) ) ) bk =l
T T T I I Z 45.6 1280 0.08

28 T +66 R collider W 80 135 1
| H 120 26.7 2.08

6 booster
ttbh 182.5 5 11.67

.
I I I I I I I I I I =

" : O. Brunner. F. Peauger
ime (operation years)

5-cell
Key technologies: 800 MHz, n

booster bulk Nb 1-cell
« 400 MHz Nb/Cu for collider Z, WW, (Z)H working points | — - 200 11Hz,
« 800 MHz bulk Nb for booster & ttbar collider

Nb/Cu

2-cell
400 MHz,
Nb/Cu

« (uasi-continuous evolution of machine configurations

* long-term R&D program with international partners

effort to use 2-cell cavities
also for Z running to raise

‘ . operational efficiency
2& Fermilab ~7 m l. Karpov

* high Q cavities, thin film coatings (incl. Nb;Sn),

cryomodules, efficient RF power sources



FUTURE

CIRCULAR Arc layout and integration optimization

Arc cell optimisation — 80 km total length, dedicated working group active.

* Including support, girder and alignment systems, shielding systems

* vacuum system with antechamber + pumps, dipole, quadrupole + sext. magnets, BPMs,

e cabling, cooling & technical infrastructure interfaces.

» Safety aspects, access and transport concept,
- Confirmation of tunnel diameter

He/Smoke extraction

Machine tunnel 5.5m in diameter |

Leaky feed
FCC-ee arc half-cell mock up 5 Cable trays

Flat floor

2.2m*2.5mtransport area
Cable trays, in radiation | '
safe area

4 Cable trays

Chilled water
~ DN300

Magnet vehicle
Transport space reservation
2.2m x 2.25m (LxH)

o
Te]
«©

Demineralized water
DN550 ‘

3 Cable trays Compressed air

DN80

.
2
N

HV Cable 2 Cable tray

Raw water

Collider Center
DN350

F. Carra, CERN; F. Valchkova



FUTURE

Machine detector interface
Wachine | | FCCee | CEPC | ILC__| SuperKEKB_
14 83

Crossing-angle mrad 30 33

CIRCULAR
COLLIDER

| a1 prototype tested

Key topics:
y p at cold in SM18

|
|

L* m 22 19 35 0.935 ‘ |
* SC IR magnet system yeagraip mm or1s  0s27 04 03 [Jeciddiealie
&Cryostat design Detector soln field T 2/3 3 3.5/5 15 3T SN
Detector stay clear mrad 100 118/141 90 350/436 :
« 3D integration Two beam AX atL*  mm 66 62.7 49 77.6
He temperature K 1S 4.2 4.5 4.5

* IR mock-up / INEN

Central chamber Outer and medium

tracker

Support tube

Bellows

J. Seeman, SLAC
P. Tavares, CERN

Cooling

Cryomagnet

Screening solenoid

Skeleton

Screening solenoid support

Compensation solenoid

IDEA detector
Conical chamber

. \
Remote vacuum connection LumiCal \Disks Outer and medium tracker

M. Boscolo, F. Palla, INFN

osmpensation solenoid support

QC1R3e

LumiCal
QC1R2
QC1R1p P

QC1R1e

QC1R2e

Beam pipe



FUTURE o
( V CIRCULAR FCC-ee Injector

COLLIDER

Overall injector parameter optimisation, following mid-

term review recommendations
* Operation frequency, operation gradient vs number of
structures/overall length
e Positron production energy, damping ring energy

- /\/ 910/1225m
/\/ 690/1005 m (+ 50 m, BC) = 740/1055m 50 120 m
< >t > >
p-linac A
247/353m, 20/14
HE linac (main linac) MV/m
" ggoszlzozog ;;w 26/19 rf modules
. . m
GeV 92/67 1f modules o 286 CeV c
A, —~ £
electron source and e-linac electron transfer line 2.86 GeV
140/200m
28.1/20.5 MV/m
343/497 19/14 rf mdoules
m OB
P /\/ L 387/ 553 m (+ 10 m, TL) R v 7 ‘-',5&-\
< >4 > W 158 "g" ?
LA B B

R =3
NS A N
‘. . -
e s '.‘

py’ 4

TL to SPS

= ¥

Injector layout and implementation study on
CERN Prevessin Site

w

N SR 4
."‘6 ‘\
A 4
%
\ v -

P. Craievich, W. Bartmann,
Y. Papaphilippou, C. Milardi

Prevessin site
* Injector cost estimate update

2




FUTURE
CIRCULAR
COLLIDER

parameter

FCC-hh main machine parameters

With FCC-hh after FCC-ee:

collision energy cms [TeV] 81 - 115 14 Significant amount of time
dipole field [T] 14 - 20 8.33 for high-field magnet R&D,
circumference [km] 90.7 26.7 aiming at highest possible
arc length [km] 76.9 22.5 collision energies
beam current [A] 0.5 1.1 0.58 _
« Target field range for cryo-
bunch intensity [10%] 1 2.2 1.15 magnet R&D
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 [10%4 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 [fb1] 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 = machine protection
U pile-up in the detectors: ~1000 events/xing

U optimization of energy consumption: = R&D on cryo, HTS, beam current, ...

Formidable physics reach, including:

O Direct discovery potential up to ~ 40 TeV

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

L High-precision and model-indep (with FCC-ee input)
measurements of rare Higgs decays (yy, 2y, LK)

O Final word about WIMP dark matter 7 SEMEE



CIRCULAR Key activities on FCC-hh: cryo magnet system, optics design

COLLIDER

Optics design activities:
« adaptation to new layout and geometry

* shrink B collimation & extraction by ~30% . W@[\Q&M o % —:
« optics optimisation (filling factor etc.) - /\/\/\ — /N\/ = W

betatron collimation straight experimental straight

B [m]
- e
w B o
2 8 3
s 8 8
§ ™™
= x

B m]
& O @
52 8
o o o
o o o
8 8 8
™ ™

UUUUU

w
ﬂ
N ~
..O
Dispersion [m]

M. Giovannozzi. G. Perez, T. Risselada

High-field cryo-magnet system design

e Conceptual study of cryogenics concept and temperature layout
for LTS and HTS based magnets, in view of electrical consumption.

3150

e Update of integration study for the ongoing HFM designs and
scaling to preliminary HTS design.
= Confirmation of tunnel diameter!

e HFM R&D (LTS and HTS) on technology and magnet design, aiming
also at bridging the TRL gap between HTS and Nb,Sn.

100 Collider Center
F. Valchkova



(Y CIRGULAR Status of FCC global collaboration

COLLIDER

Increasing international collaboration as a prerequisite for success:
=2 links with science, research & development and high-tech industry will be essential to further

advance and prepare the implementation of

FCC Feasibility Study: @ 39 |
Aim is to increase further the collaboration, 141 countries EUTURE
I I : . CIRCULAR
on all aspects, in particular on ! [ + SOLLIDER
Accelerator and Particle/Experiments/Detectors CERN Feasibility Stud




FUTURE

CIRCULAR FCC Main Goals for Coming Years

The first part of the FCC Feasibility Study has been concluded with the
mid-term review

Next milestone: completion of the FCC Feasibility Study by March 2025

By 2027-2028, possible FCC project approval, start of CE design contract:

e specifications to enable CE tender design by 2028

* refined input for environmental evaluation and project authorisation process

* requires overall integration study and designs based on technical pre-design of
accelerators, technical infrastructure and detectors

By 2031-32, possible start of CE construction:
* CE groundbreaking
 TDR to enable prototyping, industrialization towards component production

Strong collaboration with US and further international partners is
essential for success!



FUTURE

O CIRCULAR FCC Week 2024

COLLIDER

* Big thanks to all persons that helped preparing this FCC Week, in
particular to the local organizing team and to the FCC administrative
support team!

 Many thanks to all participants and committee members for joining,
| wish everybody a productive and fruitful week with lots of progress
towards completing the FCC Feasibility Study.



