FCC Feasibility Study Status

Workshop on Standard Model and Beyond

~ Corfu'Summer Institute~7h .,
27 August 2024 B -

.’.'nu

)~ —

s Ghlslaln ROY CERN : =

on behalf of FCC “Cofabaratian.& EGE'lS'DS team.
and with s‘fldes from M. Benedikt, F. Zlmmermann, E. Tsesmelis et-al.

ELljggS EA R ‘ Swiss Accelerator
Eur::CirCol EASITrain iIFAST Rescarch ane
COLLI DE R A key to New Physics . ) ]ADE EA]ADE

Technology http://cern.ch/fcc
Innovation Study

Work supported by the European Commission under the HORIZON 2020 projects EuroCirCol, grant agreemen;654305 EASITrain grant

agreement no. 764879; iFAST, grant agreement 101004730, FCCIS, grant agreement 951754, E-JADE, contract no. 6454.79; EAJADE,
contract number 101086276, and by the Swiss CHART program

>

Horizon 2020
European European Unlon fundlng



http://cern.ch/fcc

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
COLLIDER

FCC integrated program - timeline

7 5 5 N 7 B o K

10 years

] FCC-hh,

Feasibilty Stdy | ESPP |

19 FCCes, |
~ 15 years operation

Geological investigations, infrastructure Tunnel, site and technical
detailed design and tendering preparation infrastructure construction
FCC-ee accelerator and detector
consfruction, installation, commissioning
Superconducting magnets R&D

FCC-ee accelerator and detector R&D and technical
design

adaptations FCC-hh

High-field magnet
industrialization and
series production

Long model magnets,
prototypes, pre-series

FCC-hh accelerator
and detector R&D
and technical design

FCC-ee dismantling, CE
& infrastructure

~ 25 years operation

FCC-hh accelerator and detector
construction, installation, commissioning

Note: FCC Conceptual Design Study

started in 2014 leading to CDR

in 2018

®

. . 2045 |
°

HL-LHC

o ®
Feasibility Study Project approval by
(geology, R&D on accelerator, CERN Council

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

feasibility, etc.)

(or alternative project selected)

Construction starts

ends

Operation of FCC-ee

Operation of FCC-hh

“Realistic” schedule taking into account:

O past experience in building colliders at CERN
O approval timeline: ESPP, Council decision

O that HL-LHC will run until 2041

Can be accelerated if more resources available

(15 years physics exploitation) (~ 20 years of physics exploitation)




FUTURE

circULAR  European Strategy for Particle Physics

COLLIDER

2013 Update of European Strategy for Particle Physics:
“CERN should undertake design studies for accelerator projects in a global context, with
emphasis on proton-proton and electron-positron high-energy frontier machines.”

- FCC Conceptual Design Reports (2018/19)

Vol 1 Physics, Vol 2 FCC-ee, Vol 3 FCC-hh, Vol 4 HE-LHC

@ CDRs published in European Physical Journal C (Vol 1)
| and ST (Vol 2 - 4)

e CPJC 79 6(2019) 474 ,EPJ ST 228, 2 (2019) 261-623,
i EPJ ST 228, 4 (2019) 755-1107 , EPJ ST 228, 5 (2019) 1109-1382

2020 Update of European Strategy for Particle Physics:

“Europe, together with its international partners, should investigate 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.”

. FCC Feasibility Study Status

\ Ghislain ROY
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https://link.springer.com/article/10.1140/epjc/s10052-019-6904-3
https://link.springer.com/article/10.1140/epjst/e2019-900045-4
https://link.springer.com/article/10.1140/epjst/e2019-900087-0
https://link.springer.com/article/10.1140/epjst/e2019-900088-6

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 at end 2025 F. Gianotti

. FCC Feasibility Study Status
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FUTURE

COLLIDER

circULAR  Optimized placement and layout for feasibility study

Layout chosen out of ~ 100 initial variants, based on geology and YN ’w,; | YGI\SEZEQ: |
surface constraints (land availability, access to roads, etc.), 2 PA: EXperiment ST ; \
environment, (protected zones), infrastructure (water, electricity, ~ RS T \"‘-’Lefra;d.mm‘? N
ransport, machine performance etc. S« T % PB: technical
“Avoid-Reduce-Compensate” principle of EU and French regulations’ & J IS Pt

i PL:technical Aol A Lo 7 et n ol
Overall lowest-risk baseline: 90.7 km ring, 8 surface points, Py Vi o]
Whole project now adapted to this placement " e :

7 4 Number of surface sites 8 " g,.;,;:;:
moboose / w ~ Surface requirements ~40 ha P\D: experin;;nt

" LSS@IP (PA, PD, PG, P)) 1400 m £ NG
.“ LSS@TECH (PB, PF, PH, PL) 2032 m

|SSS = 1400 m Injection into collider

Technical site Technical site

B Beam dump

[
|
Booster RF N S
N I , . Arc length 9.6 km
hN | - " PJ: experiment
. | p . exp Sum of arc lengths 76.9m
Arc longth = 0616.888'm | P . 7 N eaacne
ooster
D B Total length 90.7 km
N . d Vu,ch
= N 4 e harly
p,|+s,ss,1i°°,’“ 777777 oo +PD chary

(Optional 7N $85=1400m | (optional

Experiment p L N Experiment Menthonnex-

site) p I . site) n:8or

4 ! N Villy-le-Bouve
/ I N
4 N
e l \
4 | ~ 4L L TR R W Contamine: Rl /el gl Cercler / 7
4 | ~ Frangy. o
Technical SIS Lss = 2160 m : LSS = 2160 m Jgf” Technical site S
{
Collider RF SSS = 1400 m' Betatron & >
O momentum
PG (Experiment site) collimation no PG expe“ment

o



FUTURE - . . o g0
(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 FCC tunnel implementation

COLLIDER

Alignment Profile

e = (Juaternary
—Lake
1800=n — Wildflysch
Muolasse subalpine
e —Molasse
{3080 Limestone
= = Shaft

= «Alignment

Dk 0k 10k 0k A0k

) ) EJis Bk T Bl i
Distance along ring clockwise from CERM (km)

Geology Intersected by Tunnel Geology Intersected by Section

Tunnel implementation summary

91 km circumference
* 95% in molasse geology for minimising tunnel construction risks
« Site investigations in zones where tunnel is close to geological interfaces: moraines-molasse-limestone



FUTURE

NATSTTS Status site Investigations

v, ¥

Site investigations to identify exact
location of geological interfaces:

 Molasse layer vs
moraines/limestone

« ~30 drillings and
« ~100 km seismic lines
e Startin July 2024

-> Vertical position and inclination of tunnel

4 J
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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 fair 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 progress

LSS= 964m

 Full 3D model of underground e ~ [ e _ ,
structures as basis for | Y \)U[QL/ Y

costing exercies

« Experiment Site (PA) P00

 Update of scheduling and B "

costing with external consultant
ongoing 8 P
- Independent second costing S g
exercise based on same bill f,/i”
of quantities will be done = e
[
70 eX
i o \
T i
PLAN VIEW | |
1:1000 \\J /
] \\ H j/
\7 k. S

INTERACTION
POINT

50.00

 Technical Site (PB) \

7 % | -
y \ CONNECTION
L # TUNNEL -'L&

a EXPERIMENTAL SERVICE
n D! CAVERN CAVERN

KEY PLAN



FUTURE
CIRCULAR CE surface progress

COLLIDER
- T | - & AR Generic study of experiment
' o S sy site and technical site by

FNAL

5

e
- - | ; ' ‘
Examples of Fermilab Deliverables —
* bills of quantities extracted from FNAL designs . - —
 basis for cost estimate by consultant with ik
experience on industrial constructions in CH- mﬂ -~ %~ )
FR area. S e T ot




FUTURE

CIRCULAR CE construction schedules (example)

COLLIDER

CE linear construction schedule

e CERN PAT1-32)

Py gD Py e ==z = =y Py
T 11 TT 171 LI 8 L N Y

—
s -

:
—
:

|

;

[TEM Installation BA /
\

33 TBM Installation DB l

24 Site installation 24 Site installation
Point_B Point_D
/ /—-‘
51 Diaphragm Wall MP 51 Diaphragm Wall MP
Point| B [Point_D
[0 shaft tion I |
oint_B 60l Setvice shift excalation 0 experiment shaft excavation
Point D+
Pgint_D i
49 shaft bottom cavern gxcavation
5 tunnel drivi 5 cgnnection tunnel 1 (1428m)
ArqessunpeT giia 45 cdnnection tunnel 3 ({=10m) (=52n
45 cgnnection tunnel 2 (523m)
49 cgvern excavation B-lS
o
49 service cavern eqcavation
| & wnnel B {=35m| Hoint_D
p connecton gallery B (I=35m| 19 cavern excavation D-UX
I
I
49 Beam Dump cavern !
—excqvation B 1145 cqnnection tunnel 4 (Hs1m)
1 45 connection gallery D1 [I=50m)
" 45 copnection gallery D2 {I=50m)
1 14
) I
45 Tunrjel Widening D (l=1.100m) | 45 Hypass tnnel DB (=270m)
ypass tunnel DF (I=g70m)
Tunnel Widening D {l=1.067m)

[T L1k
S
b n
&n

I I 33 TBM Installation DF
| —

|5 Bypasg

|5 Bypass|

TBM)

tunnel BA (l=195m)

tunnel BD {=195m)|

34 Tunnel DB (TBM)

O

34 Tunnel DF (TBM)

—33 TBM DB Removal

33 TBM GF Removal

Inner Lining cavern|
4=——Inner Linihg cavern BU-5

\'_‘I{" /._o/__r_\.'\.\.

pildi

72 Arcess Tunnel lining

Du-)i

(317

Ly

Denstallation &

D-Ux]

_|——|‘h-|%-rﬁ'rrrrrr|.

\Y

=
+
val 33 TBM DB Removal
B " :
¥ 5 4 2 7
= =/ ml @5 : ;
Z ¥ I| ¢ o = E 33 TBM DF Removal v %
ra = L -] W &+ i
@ 2 2 |8 ®m|a B
=L g 2 ke ° @ 5, o 1
@ o g < 2 o _EE ‘—g E = i
__5‘ 5 g 3 g ! ; g & # LMy
= 5 2 [ = |
| % g B[Igffs] k'@ 2l £ & Al
ﬂ e £ v & =< o 0|
L] I 5 = B o | u
[l o 2 5 B M
I |] i L] o H
= 3 H =
: = I
[l '%‘ x [ u
I] |] i B |] /
T2 Turjnel widening lining 7 I H I]
| —
L 72 Tunnel widening [ining
Inner Linipg beam dump cavein

pmpletion of surface SD building

I D-US
Sector D-F finished

s

22.02.39

Point D — Example of linear schedullg



FUTURE

cIrcULAR Studies on excavation strategy and material quantities

2 TBMs from each experimental point Alternative with no TBMs from PA

. FCC Tunnels . . FCC Tunnels
I Experimental points . Experimental points
I Access points . Access paints
I Service caverns . Service caverns
s Connection tunnels s Connection tunnels
I Electrical alcoves s Electrical alooves
Klystron galleries Klystron galleries
I Tunnel widening I Tunnel widening
R Injection tunnels s Injection tunnels
SPS/LHC SPS/LHC

Large Experimental

PL area

Large Experimental P B

PL area

Collider SRF system

PB

Beam Dump

Beam Dump

area

PJ TBM Drive Direction

Small Experimental
area

TBM Drive Direction

Small Experimental
area

PF

Technical Access

PF

Technical Access

PH

Booster RF system

PH

Booster RF system

PG

Large Experimental

PG

Large Experimentel
area

'Not to scale 1 [ Not to scale]
Limestone | Molasse Moraine | Total (in-situ) | Total (Bulk factor 1.3) ) , Limestone | Molasse Moraine | Total (in-situ) | Total (Bulk factor 1.3) . .
(m3) (m3) (m3) (m3) (m3) * Start Excavation |  End Excavation (m3) (m3) (m3) (m3) (m3) * Start Excavation | End Excavation
PA - | 1,315,336 62,721 1,378,058 1,791,475 22% Jan-33 Jun-38 PA - 562,457 62,721 625,178 812,731 10% Jan-33 Jun-38
PB - 137,379 10,473 147,852 192,207 2% Jan-33 Jul-35 PB - 459,592 10,473 510,066 663,085 8% Jan-33 Jul-35
PD - 1,248,824 24,925 1,273,749 1,655,874 20% Jan-33 Jun-37 PD - 1,248,824 24,925 1,273,749 1,655,874 20% lan-33 Jun-37
PF - 165,213 - 165,213 214,777 3% Jan-33 Apr-35 PF - 165,213 - 165,213 214,777 3% lan-33 Apr-35
PG 141,175 | 1,193,094 30,829 1,365,098 1,774,628 22% Jan-33 Jun-38 PG 141,175 | 1,193,094 30,829 1,365,098 1,774,628 22% Jan-33 Jun-38
PH - 304,083 7,482 311,565 405,034 5% Jan-33 Dec-35 PH - 304,083 7,482 311,565 405,034 5% lan-33 Dec-35
Pl - | 1,258,608 29,910 | 1,288,518 1,675,073 20% Jan-33 Sep-37 ] - | 1,258,608 29,910 | 1,288,518 1,675,073 20% Jan-33 Sep-37
PL - 227,088 13,468 240,556 312,723 4% Jan-33 Dec-35 PL - 617,754 13,468 631,222 820,589 10% Jan-33 Dec-35
Inj - 122,329 122,329 159,028 2% Jan-33 Jun-36 Inj 122,329 122,329 159,028 2% Jan-33 Jun-36

Total 141,175 5,971,554 179,808 6,292,937 8,180,819 100% Total 141,175 5,971,954 179,808 6,292,937 8,180,819 100%



FUTURE

CIRCULAR Excavation material management

An innovative local approach for excavated materials:

Excavated material from FCC subsurface
infrastructures: 6.5 Mm3in situ, 8.4 Mm?3
excavated (bulk factor 1.3)

2021-2022: International competition “ Mining the
Future”, launched with the support of the EU
Horizon 2020 grant agreement 951754, to find
Innovative and realistic ideas for the reuse of
Molasse (95% of excavated materials)

2023: Definition of the “OpenSky Laboratory”
project:

* Objective: Develop and test an innovative
process to transform sterile “molasse” into
fertile soil for agricultural use and afforestation.

« Duration: 4 years (2024-2027)
Courtesy: J. Gutleber

« CERN LHC point 5 CMS



FUTURE

8'5&%@;3 Connections to transport infrastructure

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

D1206 vers [Est
.~ D1206 vers ['Quest

Gare accessible
PuitsJ
Accés au réseau autoroutier

Contrainte

e Detailed road access scenarios
& highway access creation study
carried out by Cerema,
including regulatory
requirements in France

Sillingy

. Barriére pleine voie L . !
@ ~Airedeservice 7"*,5\! 2 e 0 S5 10 km !
© Aire derepos ®c A




COLLIDER

FUTURE . - e g o
CIRCULAR  Connections to electrical grid infrastructure

Updated FCC-ee energy consumtion Z W H TT
Beam energy (GeV) 45.6 80 120 182.5 ‘
Max. Power during beam operation (MW) 222 247 273 357 -3
Average power / year (MW) 122 138 152 202 IRy |
Total FCC-ee yearly consumption (TWh) 1.07 1.2 1.33 1.77 ,\_,j‘;_.,w?j*ssiat Ry
Yearly consumption CERN & SPS (TWh) 0.70 0.70 0.70 0.70 ¢ ® Buget ’
Total yearly consumpt. CERN & SPS & FCC-ee (TWh) 1.77 1.90 2.03  2.47 O
PDL1, 69MW

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 T g
Point A with existing CERN station covering PB — PL — PJ

Azimuth = -10.75°

Technical site
TLss=2160m L pg

« Connection concept was studied and confirmed by e
RTE (French electrical grid operator) = requested -l ‘i"“\i”\Ye\NRE
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 PG (Expormont o)

PDL3, 201MW



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

2024 | 2025 | 2026 | 2027 2028 | 2029 | 2030 | 2031 2032 | 2033

&Fesﬂﬂgi”y T[ Pre-TDR Phase H TDR Phase H Construction >=>-> ]
|

[ FS Report 5 ESPPU pre TDR i TDR [%>
cost update 2025/26 || cost update g | cost update

Project
[|)ec|isio|n
[ accelerator design, technical infrastructure design, R&D, tfowards TDR [engineering design 9}
L] ' |
Environmental Impact study & Authorization Process
) [ [ [ W [ [ [ [ [ T 1 ’
Phase 1 Site . : .
investigations Phase 2 Site Investigations E

| [ T 1 [ T T T T T 1
CE Concept Design update &DCE Tender Design Construction Design } S . 1
' construction

Detector EQI FC3 formation, Detector CDRs )
submissions call for CDRs submitted to FC3J




FUTURE

SRCHEAR FCC-ee Injector

Overall injector parameter optimisation
* Operation frequency, gradient, etc...
* Positron production energy, damping ring energy

o /\l 910/1225m
B /\/ 690/1005 m (+ 50 m, BC) = 740/1055m . 50 L 120 m
< >t > < >
p-linac A
247/353m, 20/14
HE linac (main linac) MV/m
% 23%12%02 . 26/19 rf modules
. . m
GeV 92/67 tf modules * 286 Cev c
FanY
/\/ * yd - a
electron source and e-linac electron transfer line 2.86 GeV
140/200m
28.1/20.5 MV/m
19/14 rf mdoules
343/492 m
. /\l L 387/ 553 m (+ 10 m, TL) N ¥

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

Spectrometer dipole

15 K conduction-cooling

. \‘ IS
TN
: = ‘ P,
Scoilsfrom12mmR41’ { - : 7 . " F 6
. .rﬂ B - . ; N\ k c‘ ?_:
P. Craievich, W. Bartmann, |
Y. Papaphilippou, C. Milardi

HTS solenoid (AMD) N By Magnetic field scan and
scintillating fiber for energy
spectrum measurements

Broadband pickups

Solid-state (Pb)
thermal buffer

Solenoids around RF structures HTS NI ta rget Solenoid
J. Kosse, T. Michlmayr, H. Rodrigues

15Tin72 mmwa
21T on conductor|




O ciRcULAR  Transfer line FCC-ee (option with SPS for FCC-hh)

COLLIDER

LINAC and Injection Tunnels

FCC LINAC
(Surface - Prevessin site)

FCC LINAC
(Underground)

» Designed to enable injection either
from SPS as pre-booster or from a

new HE Linac sited at Prevessin

Transfer Tunnel LINAC-SPS
Length= 1530m.
Slope= 3,2%

» Single tunnel with spur to enable
anti-clockwise injection sps””

SPS Point 4
ra

» Design allows re-use for FCC-hh if
injector in the SPS tunnel (SC-SPS
option)

 SPS Point 4 to FCC (clockwise)
« SPS Point 6 to FCC (counter-c.w.)

Construction Shaft

Injection tunnel SPS-FCC
Length=770m.
Slope= 8.4%

\LHC Point 8

Junction Cavern
40x12m.

Injection tunnel SPS-FCC

Length= 3370m.

Slope= 1967m. at 6%
1394m. at 4.3%

PLAN VIEW
1:7500



( e FCC-ee Design Concept
COLLIDER

Based on lessons and techniqgues from past colliders (last 40 years)

 SUPERKEKB___—p * FCC-Z B-factories: KEKB & PEP-II:

FCC-W . .

5 BINP c-tau ¢ BINP c-tau * e double-ring lepton colliders,

1 HIEPA c—tau. KEKB ¢ h- h b t

K R igh beam currents,
—~ top-up Injection
L2168
5 DAFNE CESR DAFNE: crab waist, double ring
P o
85 VEPP2000 ) S-KEKB: low 3, *, crab waist
E BEPC °
5 VEPP-3M - % VEPPaM | A L
3 SPEAR? LEP: high energy, SR effects
o ADONE o o . .
109 - 0 1 VEPP-4M, LEP: precision E calibration
ADONE o o KEKB: e* source
: Marica Biagini
0% 10 100 1000
c.m. Energy (GeV)

HERA, LEP, RHIC: spin gymnastics

combining successful ingredients of several recent colliders - highest luminosities & energies

E. Tsesmelis



C el FCC-ee Higgs and Electroweak Factory

o  Great energy range for the SM heavy particles + highest luminosities + /s precision

T 7 (88-94 GeV) s  FCC-ee (2 IPs)
= = ILC (TDR, up1, up2)
3 CLIC (CDR, up)
LR 102 |— +  CEPC |
— WW (157-163 GeV) :
=
W
g = HZ (240 GeV) 1
E 10 \ |
=3 — -
- [ ]
More questions? f (360 GeV) '
See https:/farxiv.org/abs/1906.02693 (365 Ge ]
| |
1 I [250GaV) m =
100 150 200 250 300 350 400 M
s [GeV] Ecm errors:
Z peak E._ ~ 91GeV X10*? e+e-2> Z LEP x 105 <100 keV
cm
WW threshold+ E__ =161 GeV >10% e+e- 2> WW LEP x 103 <300 keV
ZH threshold E__ :240GeV 105 e+e-—> ZH Never done  2MeV
tt threshold E., ~350GeV 10% e+e- 2> tt Never done  5MeV

P. Janot
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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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FCC-ee Collider Programme

— CDR baseline runs (2IPs)

Z Ww tt Total
integrated
30 9 30 12 0.2 15 luminosity
' ' (ab-)

>

| | £

157.5 162.5 340 350 365 nergy

88 912 94 : : (GeV)

Z lineshape
QCD
flavour
rare decays
dark sector

0(101)

W mass and width
N,

aqcD
flavour (e.g. Veb)

O(108)

Higgs couplings

top EW couplings _
Mop  Higgs VBF production Physics
(Tw and Higgs couplings improved)  highlights

# events

0O(2x109) (4 IPs)

® Opportunities beyond the baseline plan (Vs below Z, 125GeV, 217GeV; larger integrated lumi...)
® Opportunities to exploit FCC facility differently (to be studied more carefully):
e using the electrons from the injectors for beam-dump experiments,
e extracting electron beams from the booster,
e reusing the synchrotron radiation photons. C. Grojean
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modified FCC-ee RF layout

* RF for collider and booster in separate
straight sections H and L.

* fully separated technical infrastructure
systems (cryogenics)

* collider RF (highest power demand) in
point H with optimum connection to
existing 400 kV grid line and better
suited surface site

J.-P. Burnet

Waveguide

Collider RF - Point

95500

|_— Booster ring

|~ Transport

| Collider ring

7
0
-
f”’
=z

Cryomodule 400 MHz

H (400 and 800 MH2z)

Waveguide

| _— Booster ring

L — Transport

| Collider ring
Cryomodule 800 MHz

Booster RF - Point L
(800 MHz only)

[ Booster ring
™ Cryomodule 800 MHz

_— Transport

T Collider ring

=

F. Valchkova, F. Peauger
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circULAR  Qperation sequences for FCC-ee and RF configuration

-21 Wi booster
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Years Years

Evolution of RF configuration of collider and booster with beam energies and physics operation points
Long-term R&D for SRF, 400 MHz Nb on Cu, 800 MHz bulk Nb system



( \ CiRCULAR RF R&D activities

COLLIDER

RF system R&D is key for increasing energy efficiency of FCC-ee

* Nb on Cu 400 MHz cavities, seamless cavity production, coating techniques
e Bulk Nb 800 MHz cavities, surface treatment techniques, cryomodule design
* RF power source R&D in synergy with HL-LHC.

800 MHz cavity and CM design high-efficiency klystron R&D 400 MHz cavity production

collaborations with JLAB and ENAL in collaborations with THALES & CANON in collaboration with KEK
01:59:02 TURN THE INSIDE

B il

f L Novel two-stage MBK klystron: CW, 400MHz, 1.28MW.

Pic 3D model

10 beams 1ststage: 60kV/floating Atlroun
Cathodg Total current 21A

+12kV

RF length 1.6m

DC accelerating gap

<

800 MHz segmented design, based on PIP-II Particles an S
B ) E—

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

* definitive collider and booster, optics and layout
* beam-based alignment procedures, tolerances and requirements

 complete impedance models for booster and collider rings
Short 90/90: 17, Zh arc interaction region

FCCee_t_512_nosol_8.sad FCCee_t_546_nosol.sad
5 T

Phys. Rev. Accae Beams L&

.- FODO lattice, many -/ sext _
pairs; periodic unit cell lens?!

VBx VB, (Vm)

=» specifications for design of
components and technical

Eol  ~ ine
. st 260 m pase\ _
infrastructure e S———i——
E'flilflquklfli'*q*q*] e 500| | lIIIIIII]IIII”IIIIIIIIIII
RN A
fu'l Invento ry for Integratlon Two U Cells .“ prog‘ess\e‘a“ces’ ssor and Final Focus
. . _ L, Win32 version 8.51/15 en \ XO o™ s 01/03/23 07.39.52_ o
studies and requirements i fx S 4wia | del ‘e\axed‘ consUiP Lo
= om0 N 1L 1V \ Wwe ep [ 5
° ° . ° 4 3 pO acC ) 0.6
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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

Machine tunnel 5.5m in diameter ©o000 He/Smoke extraction

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

e o
7]
po Magnet vehicle

Transport space reservation

2.2m x 2.25m (LxH)

Demineralized water
DN550

Compressed air

3 Cable trays 3
. DN80

HV Cable 2 Cable tray

Raw water
DN350

Collider Center
F. Carra, CERN; F. Valchkova
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COLLIDER

Twin-dipole design with 2x power saving
16 MW (at 175 GeV), with Al busbars

300 mm |

500 mm

Twin F/D arc quad
design with
2x power saving
25 MW (at 175 GeV),
with Cu conductor

3 il .
e .
3 > s ~
s ? =
i

! =

o
X

prot\otype

Prototype g

even more efficient alternative magnet designs are being explored



( \ GIRCULAR HTS option for FCC-ee arc quads and sextupoles

COLLIDER
CDR: 2900 quads & 4700 sextupoles “HTS4” project within CHART collaboration
* Normal conducting, ~50 MW @ ttbar * Nested SC sextupole and quadrupole.
» 3 different types of short straight sections  HTS conductors operating at around 40K.

* Cryo-cooler supplied cryostat

CDR arc lattice  Produce a ~1m prototype by 2026

w S
CAD design of HTS short :
sextupole demonstrator 7 -

(B) D D ‘

-= based on CCT coils

(A) D D "I'\ % ‘ ‘ [
- “HTS4” potential
_ # * Power saving
B s i
®) g - * Reduced length and increased
— dipole filling factor
(©) D | -

M. Koratzinos, B. Auchmann ° OptICS ﬂeX|b|I|ty
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O

Synchrotron radiation in tunnel

LEP-II
(1999-2000)

FCC-ee
ttbar

FCC-ee
ZH

FCC-ee FCC-ee
Z W

Beam energy 98-104.5 GeV 45.6 GeV 80 GeV 120 GeV 182.5 GeV
Bending radius 3.1 km 10 km
Beam current 6.2 mA (@98 GeV) 2x 1270 mA 2 x 137 mA 2 X 26.7 mA 2 x4.86 mA
Energy loss/turn 2.6 GeV (@98 GeV) 0.04 GeV 0.37 GeV 1.9 GeV 10.3 GeV
(arcs) 3.4 GeV (@104.5 GeV)
Power loss (arcs) | 16 MW (@98 GeV)* 100 MW
Total arc length 23 km 77 km
Power loss/unit | 0.7 kW/m (@98 GeV)* 1.3 KW/m
length (arcs)
Critical energy 0.7 MeV - 0.8 MeV 0.02 MeV 0.1 MeV 0.4 MeV 1.3 MeV

*Indicative value (beam current decreased

A. Lechner et al.

from 98 GeV to 104.5 GeV)
« Source term comparable to LEP operation, higher critical energy for ttbar run.

« Baseline with distributed (water cooled) photon stops every ~6 m.
« Different shielding strategies for (Z, W, ZH) vs ttbar?

. FCC Feasibility Study Status

\ Ghislain ROY
Workshop SM and Beyond, 14 August 2024

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

Key topics: \ Q1 prototype tested

Crossing-angle mrad 30 33 .

. L* e m 2.2 1.9 35 0.935 ‘.‘ ?Ct;;:\'o; l:)z:,l;: i3
SCIR magnet SyStem Vertical p,* at IP mm 0.7-1.6 0.9-2.7 0.4 0.3 =" 2 ‘
&Cryostat design Detector soln field T 2/3 3 3.5/5 15 i

Detector stay clear mrad 100 118/141 90 350/436

* 3D integration Two beam AXatL* mm 66 62.7 49 776

He temperature K 1S 4.2 4.5 4.5

* IR mock-up / INFN

Central chamber

Outer and medium

Support tube
tracker

Bellows

J. Seeman, SLAC
P. Tavares, CERN

Cryomagnet Cooling

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
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ST 21 FCC-ee detector concepts under study

CLD IDEA Noble Liquid ECAL based

5

Instrumented return yoke

—_—
e L o
e
— — -
T

i

Double Readout Calorimeter

27T coll

new

Ultra-light Tracker

MAPS ~—

\ -

Pre-shower counters

) v
.

-,

P

" =
N

. A

§ v
{

— —————
<

< 13 m >

|
|

* Well established design
* |LC -> CLIC detector -> CLD
* Full Si vtx + tracker; CALICE-like calorimetry;
large coil, muon system
* Engineering and R&D needed for
* reduction of tracker material budget
* operation with continous beam (no
power pulsing: cooling of Si sensors
for tracking + calorimetry)
* Possible detector optimizations
* Improved o,/p, o¢/E
* PID: timing and/or RICH?

* Less established design
 But still 15y history: ILC 4t Concept
* Sivtx detector; ultra light drift chamber w
powerfull PID; compact, light coil;
monolitic dual readout calorimeter; muon
system
* Possibly augmented by crystal ECAL

* Adesigninits infancy
* High granularity Noble Liquid ECAL is core
* Pb+LAr (or denser W+LCr)
* Drift chamber; CALICE-like HCAL; muon
system.
* Coil inside same cryostat as LAr, possibly
outside ECAL

* Active Noble Liquid R&D team
* Readout electrodes, feed-throughs,
electronics, light cryostat, ...
» Software & performance studies

* Active community
* Prototype designs, test beam
campains, ...

M. Dam, et al.
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FCC-hh main machine parameters

With FCC-hh after FCC-ee:

collision energy cms [TeV] 84 - 120 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:
e adaptation to new layout and geometry

* shrink B3 collimation & extraction by ~30% - W@Q{\Qﬁ]ﬁm - W\ ==
* optics optimisation (filling factor etc.) /\/v\ — /N\/ . _DW

betatron collimation straight experimental straight

UUUUU

B [m]
- e
w B o
2 8 3
s 8 8
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= x
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& O @
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o o o
o o o
8 8 8
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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




10 - 14 June

C U y U i https:/fccweek2024.web.cern.ch
O COLLIDER FCC Week 2024

The complete status of the FCC and all the

latest advancements were presented at the
Future Circular Collider (FCC) Week 2024,

in San Francisco:

https://fccweek2024.web.cern.ch/
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W b
R

o

Argone & “heowervus (OB0SIE G AG $Fermilab atdeee _ @ENERGY

© Bedadey UCBAVIS UC Ml @easrpy | CHE: M




FUTURE

CIRCULAR Progress on international collaboration

COLLIDER

* k %

Joint Statement of Intent between The United States
of America and The European Organization for
Nuclear Research concerning Future Planning for
Large Research Infrastructure Facilities, Advanced

Scientific Computing, and Open Science
The United States and CERN intend to:

¢ Enhance collaboration in future planning activities for large-scale, resource-intensive facilities with
the goal of providing a sustainable and responsible pathway for the peaceful use of future

accelerator technologies;

¢ Continue to collaborate in the feasibility study of the Future Circular Collider Higgs Factory (FCC-ee),

the proposed major research facility planned to be hosted in Europe by CERN with international
participation, with the intent of strengthening the global scientific enterprise and providing a clear

pathway for future activities in open and trusted research environments; and

¢ Discuss potential collaboration on pilot projects on incorporating new analytics techniques and

tools such as artificial intelligence (Al) into particle physics research at scale.

Should the CERN Member States determine the FCC-ee is likely to be CERN’s next world-leading
research facility following the high-luminosity Large Hadron Collider, the United States intends to

collaborate on its construction and physics exploitation, subject to appropriate domestic approvals.

26 April 2024

White House Office of Science and
Technology Policy Principal Deputy U.S.
Chief Technology Officer Deirdre Mulligan
signed for the United States while
Director-General Fabiola Gianotti signed
for CERN.
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A possible FCC career

LHC

Early Career Researchers — session at FCCW2024

_

- o3 2029 o 2033 —_— 2040
) ' :

Nt ESPP Update Detector CDRs FCCee Construction lnsthlcl::t?on

CIRCULAR
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PhD
» Physics on Run 3
» Successful installation
& commissioning of
HL-LHC
» Detector R&D
(CPAD), ECFA studies

Postdoc
» HL-LHC physics
& operations
» Experiment-
specific detector
prototypes for
FCCee

Faculty & Tenure

» Physics on HL-LHC
» Build FCCee
detectors

» FCCee experimental
leadership/project

| An LHC—FCC career trajectory with lots of physics publications,
| hardware experience, and leadership opportunities!

M. Citron mcitron@ucdavis.edu 8

Julia Gonski
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* 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

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