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FUTURE

CIRCULAR FCC integrated program

COLLIDER

coprehensive 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 (e.g. model-independent
measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

« 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

SIACUILA FCC integrated program - timeline

Note: FCC Conceptual Design Study
started in 2014 leading to CDR
in 2018

1 3 N - N ¢ E 1 [ 19 FcCee, | 10 years ] FCC-hh,
- ~ 15 years operation ~ 25 years operation
Fessbiysuy | £ ]

FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical & infr.astructure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh
FCC-ee accelerator and detector R&D and technical FCC-ee accelerator and detector
design construction, installation, commissioning
High-field magnet
Superconducting magnets R&D L:L"tgt;‘od:l "r:g:::" S
P pes, p series production

FCC-hh accelerator
FCC-hh accelerator and detector

and detector R&D Nag . AT
and technical design construction, installation, commissioning

Realistic schedule takes into account:

2048 <«— Y CERN Council approval timeline
O past experience in building colliders at CERN
[ ]

Q that HL-LHC will run until ~ 2041
- ANY future collider at CERN cannot

PY PY P P start physics operation before 2045-2048
HL-LH i i i
Feasibility Study Project approval by Construction starts ends c Operation of FCC-ee ~ Operation of FCC-hh (bUt COﬂStrUCtlor.\ will proceed N para”el 1o
(geology, R&D on accelerator, CERN Council (15 years physics exploitation)  (~ 20 years of physics exploitation) H L—LH C Operatlon)

detector and computing
technologies, administrative
procedures with the Host States,
environmental impact, financial

(or alternative project selected)

feasibility, etc.)
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FUTURE

circuLAR  FCC Feasibility Study 2021-2025: main objectives

COLLIDER

Demonstration of the geological, technical, environmental and administrative feasibility of the tunnel and surface areas
and optimisation of the 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.

Optimisation of the design of FCC-ee and FCC-hh colliders and their injector chains, supported by R&D to develop the
needed key technologies.

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.

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.

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).

Consolidation of the physics case and detector concepts and technologies for both colliders.

Objectives and deliverables presented to SPC and Council in June 2021:
https://indico.cern.ch/event/1038466/contributions/4386283/attachments/2259574/3834905/spc-e-1161-c-e-3588 FCC MainDeliverables.pdf

Feasibility Study funded from CERN budget: 100 MCHF total over 5 years; in addition: ~ 20 MCHF/year for high-field magnet R&D
Additional funding from the European Commission and collaborating institutes (e.g., CHART collaboration with Switzerland)


https://indico.cern.ch/event/1038466/contributions/4386283/attachments/2259574/3834905/spc-e-1161-c-e-3588_FCC_MainDeliverables.pdf

FUTURE . . . .
(Y circuLAR  FCC FS mid-term review: goal, deliverables, reviews

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

Deliverables:

D1 : Definition of the baselibe scenario

D2 : Civil engineering

D3 : Processes and implementation studies with the Host States Jll <= Many thanks to the Host States
D4 : Technical infrastructure for their strong support!

D5 : FCC-ee accelerator

D6: FCC-hh accelerator

D7: Project cost and financial feasibility

D8: Physics, experiments and detectors

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

U Updated cost assessment (D7) O Nov 2023: SPC and FC
O Funding model (D7) O 2 Feb 2024: Council

Many thanks to the SAC and CRP for their excellent work and the
extremely useful reports!


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

COLLIDER

clrcuLar  Optimized placement and layout for feasibility study
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COLLIDER

() GIRCULAR progress with implementation baseline PA31 90.7 km

Meetings with municipalities concerned
in France (31) and Switzerland (10)

Individual meeting

[ individual meeting planned |

[ Collective meeting ]

The support of the host states is greatly
appreciated and essential for the study progress!




FUTURE

S'ORS_%E\RR Connections to transport infrastructure

 Road accesses identified and documented for all 8 surface sites
* Four possible highway connections defined (materials transport)
. TotaI amount of new roads reqwred <4 km (at departmental road Ieve_I)

b L v:aut: IH
FE

D1206 vers [Est
D1206 vers ['Ouest

Gare accessible
PuitsJ
Accés au réseau autoroutier

Contrainte

-t e Detailed road access scenarios

” & highway access creation study
carried out by Cerema,
including regulatory
requirements in France
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CIRCULAR FCC tunnel implementation

COLLIDER

Alignment Profile

1300m = Quaternary
=Lake
1800 ~ Wildflysch
Molasse subalpine
1400m
—Molasse
2 Limestone
2 =Shaft
S0%0m = *Alignment
; 800m

Om
Okm 10k 20um 30km a0km 50ikm B0km 70k E0em Q0w
Distance along ring clockwise from CERN (km)

Geology Intersected by Tunnel Geology Intersected by Section

Tunnel implementation summary

* 91 km circumference
* 95% in molasse geology for minimising tunnel construction risks

8 surface sites with ~5 ha area each.
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COLLIDER

Sonafel ) 5 = e/ 5" 252 ND o Site investigations in areas with uncertain

; R N Zonl) v S geological conditions:

8 ) L7 b, « Optimisation of localisation of drilling locations
ongoing with site visits since end 2022.

« Alignment with FR and CH on the process
for obtaining autorisation procedures.
Ongoing for start of drillings in Q2/2024.

« Contracts Status:

« Contract for engineering services and role of
Engineer during works, active since July 2022

« Site investigations tendering ongoing towards
contract placement in December 2023 and

SrEm Ned) mobilization from January 2024.
".. v £ | 3 ‘ ‘ \ g1 . > R B .
. 5 \ : 'BORNE&’::T‘ -
h et o Y s , AT
s 1 . 27 5 7
b e 1) . a»
bl

"J A ‘i Sondage AB9 (2007) incliné de 45° de 125 ml (surface plateforme estimée : 12 x 12 m soit environ 150 m?) Drllllng works on the lake
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CIRCULAR CE underground progress

LSS= 964m

* Full 3D model of underground
structures as basis for
costing exercies

» Update of scheduling and
costing with external
consultant ongoing

* Independent second
costing exercise based
on same bill of quantities

—————————p\

7
Foo———————n o
ConnectioneaiERY || N2 28 ||
a8 m
50

3

C

v - done - g
»\ ) J‘ SERV\%E()((J)AVERN
&
PLAN VIEW J
1:1000

it
——

12

INTERACTION
POINT
, : E so00 | N1
@ \ . T}
NN 5 ™ < )|
NE LHC |
+ Technical Site (PB ~ 3
3 L : Fec
ecnnicai oite fo—= '3 , —
N\ \ CONNECTION
';—35— J TUNNEL *——2"57‘
EXPERIMENTAL SERVICE
CAVERN CAVERN

KEY PLAN



FUTURE
CIRCULAR CE surface progress

COLLIDER
- . e ¢ MR & Generic study of experiment
SN site and technical site by
FNAL

T de——a
g i 5 508 0 18 " |
Examples of Fermilab Deliverables :
* bills of quantities extracted from FNAL designs . —
2 = I Hea
 basis for cost estimate by consultant with ack

experience on industrial constructions in CH- n:z:lﬁilz . :

FR area. R e T | ofmm




COLLIDER

(' ) circliar Preparatory phase planning - authorisations and CE

To start the excavation of the first shafts in 2033, a significant amount of preparatory work is required. An initial consideration
of these preparatory works including scheduling and resource aspects has been made:

2025-2026 Permits and authorization for complementary site investigations

Tendering for environmental impact and authorisation processes contract, tendering for subsurface investigations
2027-28 Complementary subsurface investigations
Tendering for CE consultants, environmental impact studies, public concertation
2028 Project approval
Award of CE consultant contracts
2029-30 Tender design
Preparing calls for tenders for CE construction,
Project authorisations in France and Switzerland obtained
2031 mid 2032 Construction design, Tendering for construction
mid 2032 Award of CE construction contracts

Preparation of site (road access, electricity, water...)

2033 Ground breaking
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CIRCULAR  Connections to electrical grid infrastructure

COLLIDER
Updated FCC-ee energy consumtion Z w H
Beam energy (GeV) 45.6 80 120
Max. Power during beam operation (MW) 222 247 273
Average power / year (MW) 122 138 152
Total FCC-ee yearly consumption (TWh) 1.07 1.2 1.33
Yearly consumption CERN & SPS (TWh) 0.70 0.70 0.70

Total yearly consumpt. CERN & SPS & FCC-ee (TWh) 1.77 1.90 2.03

The loads could be distributed on three main sub-stations

(optimally connected to existing regional HV grid):

. Point D with a new sub-station covering PB — PD — PF — PG
Point H with a new dedicated sub-station for collider RF
Point A with existing CERN station covering PB — PL - PJ

« Connection concept was studied and confirmed by
RTE (French electrical grid operator) = requested
loads have no significant impact on grid

 Powering concept and power rating of the
three sub-stations compatible with FCC-hh

* R&D efforts aiming at further reduction of the energy
consumption of FCC-ee and FCC-hh

T
182.5
357
202
1.77
0.70 \ K
2.47 5/ 3

PDL1, 69MW

Technical site

PD

ELSS = 1400 m ‘
PJ — = = — X _—
Technical N VALEN /,,/ — ELSS=1400-m Technical
i ( or
\

or
experiment
site

experiment

Technical 160 m i w

ELSS = 1400 m I |

&

PG (Experiment site)

PDL3, 201MW

IAigle

Marigny

eeeeee



FUTURE

CIRCULAR Cooling water supply concept

6x 10 MW

49
COOLING 7
TOWER
DISTRIBUTION

6 x 10 MW (including backup)

FCC-ee

8x 15 MW

| e 5 o e (e e e e

6 x 10 MW

| o o o o= e o

Potential sources of cooling water Geneva lake (PA), Rhone (PJ) and Arve (PD).
Existing line with lake water provided by SIG to CERN LHC P8 (LHCDb) sufficient for FCC-ee.
Pipework in the tunnel will connect the remaining points to points PA, PD and PJ.

Main cooling towers placed at experiment points (PA, PD, PG, PJ), and RF sites (PL, PH).
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COLLIDER

Parameter

Y4

Ww

H (zH)

FCC-ee: main machine parameters

ttbar

4 years

2 years

3 years

beam energy [GeV] 45.6 80 120 182.5

beam current [mA] 1270 137 26.7 49

number bunches/beam 11200 1780 440 60

bunch intensity [10""] 214 1.45 1.15 1.55

SR energy loss / turn [GeV] 0.0394 0.374 1.89 10.4

total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.1/0 2.1/9.4 cu rrently assessing
long. damping time [turns] 1158 215 64 18 technical feasibility
horl.zontal beta* [m] 0.11 0.2 0.24 1.0 of changing operation
vertical beta* [mm] 0.7 1.0 1.0 1.6 sequences

horizontal geometric emittance [nm] 0.71 217 0.71 1.59 (e.g. Starting at ZH energy)
vertical geom. emittance [pm] 1.9 2.2 1.4 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] 5.6/15.5 35/54 34/4.7 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

5 years
2 x 106 tt pairs

Up to 4 interaction points - robustness,
statistics, possibility of specialised detectors
to maximise physics output

> 108 WW
LEP x 104

5x10122 2x10%H

. LEP x 105
x 10-50 improvements on all EW observables

up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC
x10 Belle Il statistics forb, c, 1

indirect discovery potential up to ~ 70 TeV

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

oooop
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SIRCULER Operation sequences for FCC-ee

O. Brunner, F. Peauger
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FUTURE

L FCC-ee injector layout & implementation

~100 m ~300 m

>

Electron SPS (PBR) or
source EC HE Linac

- e om 6 GeV
e-Linac

L 4
F 3

P. Craievich, |. Chaikovska, A. Grudiev, C. Milardi, et al

'1.54 GeV SRR

[ Common Linac | 154 Gev
. e+Linac A
----- : ~100 m EC - DR
i ) > [ w6m | §
: Stored time 40ms . 53m ‘
1

Positron source

“Positron production experiment” at PSI’s SwissFEL,
beam tests from 2025/26

15 K conduction-cooling

Spectrometer dipole

RF SW S-band structures

HTS solenoid (AMD) Magnetic field scan and
scintillating fiber for energy

spectrum measurements

Broadband pickups 5 coils from 12 mm ReBCO

Solenoids around RF structures
Solid-state (Pb)

thermal buffer

HTS NI target solenoid
J. Kosse, T. Michlmayr, H. Rodrigues

15T in 72 mm warm bore
21T on conductor
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parameter

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

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, ...

FCC-hh layout, optics work, geom. integration

With FCC-hh after FCC-ee:
significantly

more time for high-field
magnet R&D

aiming at highest possible
energies

Formidable physics reach, including:
U Direct discovery potential up to ~ 40 TeV

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

U High-precision and model-indep (with FCC-ee input)
measurements of rare Higgs decays (yy, Zy, LU)
O Final word about WIMP dark matter F. Gianotti
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high-field magnets for FCC-hh: Nb;Sn & HTS R&D

PSI Nb3Sn CCT «CD1» main test carried out in 2022/23

PSI CCT CD1 quenches

It trained A LOT. It reached
100% of maximum field at
4.5 K. No conductor
degradation occurred from
handling, assembly, powering, or
thermal cycling.

SM18 - 4.5 K 45K

Stress-management works, CD1
is a robust magnet.

s LBNL-4.5K

B. Auchmann

Next: FCC-hh SM-CC Demonstrator

Goal: demonstrate robust
and cost-efficient Nb3Sn
technology for next
ESPPU.

Novel concept: Stress-
managed and asymmetric
common coils.

Stainless steel shell

Coil collar

Former
Non-magnetic poles
Nbs;Sn conductor

Bo target of 14 T, at T,,: 4.2 K
Eng margin of 10%

Boshort sample @ 1.9K: 16 T
D. Araujo

Rough estimates

Bottom line: HTS technology must - _csleve
catch over the coming 1 chnology Readi®
10 years in i 2 3 ga i 35
TRL to LTS W 25 pf

JOW g

§ &5 2% 5F bF :F

Nb,Sn@12T
Nb-Ti@9T

Bi-2212| ReBCO@14 T
IBS ReBCO@20T Nb;Sn@14-16T

HTS Innovation Funnel for HFM

First deliverable #Deliverables / year

2023 Materials and Numerical Design Studies 100s
2023 Powered Cable Samples 10

2025 \ / .




(Y CIRCULAR Status of FCC global collaboration

COLLIDER

. Increasing:interna ation as a prerequisite

FCC Feasibility Study: Aim is to increase further the collaboration, on all aspects, * /"
in particular, on Accelerator and Particle/Experiments/Detectors (PED).

.



(Y GIRCULAR  FCC Feasibility Study — mid-term status summary

COLLIDER

The first half of the FCC Feasibility Study is being be completed with the mid-term review

e 20-22 November 2023: SPC and FC review meetings on mid-term review
e 2 February 2024: CERN Council meeting on mid-term review

Focus 2021 - 2023:

* identifying best placement & layout and adapting entire project to new placement
* this provided the input for the mid-term review documentation and cost estimate update

Fruitful collaboration between scientific & technical actors, in close cooperation with the
host state services concerned, at departmental/cantonal and local level. Direct exchange in
place with communes concerned by surface sites. Environmental studies ongoing.

Focus 2024 - 2025:

e Subsurface investigations, further optimization of implementation, surface sites, synergies, etc.
* Full design iteration in view of technical and cost optimisation of entire project.
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