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FUTURE

CIRCULAR FCC Integrated Programme

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 (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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optimized placement and layout for feasibility study

Layout chosen out of ~ 100 initial variants, based on geology and
surface constraints (land availability, access to roads, etc.),
environment (protected zones), infrastructure (water, electricity,
transport), machine performance etc.

Overall lowest-risk baseline: 90.7 km ring, 8 surface points,
Whole project now adapted to this placement
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CIRCULAR  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!




touring 90.7 km with the President of CERN Council
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CIRCULAR status of site investigations

COLLIDER

Site investigations in areas with uncertain

BRI 2o geological conditions:

; 4 \ ‘;suuna‘ TN . . . . . - .
it e AT B « Optimisation of localisation of drilling locations
: ., ol A ongoing with site visits since end 2022
« Alignment with FR and CH on the process

for obtaining authorisation procedures.
Planned start of drillings in Q2/2024

Contract Status:

* Engineering service contracts since July 2022

e Site investigation tendering ongoing

e Contract placement approved by Council in
December 2023 and mobilization after contracts

are signed

>
-
“

RO

125 ml (surface plateforme estimée : 12 x 12 m soit environ 150 m?) Drilli ng works on the lake



FUTURE _ . .
O CIRCULAR - 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:

_ Mid-term baseline schedule

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 6-\5(,
Award of CE consultant contracts 66‘

2029-30 Tender design \)‘\
Preparing calls for tenders for CE construction, 6\)\6

Project authorisations in France and Switzerland obtainer c\\e .infrastructures for construction

S

9
2031 mid 2032 Construction design, Tendering for constructior eé
mid 2032 Award of CE construction contracts e(’b

e :
o ac(, _ricity, water...)

Preparation of site completed (-

2033 Ground breaking
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Innovation Stud

( \ GiRCULAR Stage 1: FCC-ee — highest luminosity collider
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SIRCHLER operation sequences for FCC-ee

O. Brunner, F. Peauger
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FUTURE - .
CIRCULAR FCC-ee: main machine parameters

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

COLLIDER
Parameter Z ww H (ZH) ttbar
beam energy [GeV] 45.6 80 120 182.5 F. Gianotti
beam current [mA] 1270 137 26.7 4.9
number bunches/beam 11200 1780 440 60
bunch intensity [10%1] 2.14 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
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 2.17 0.71 1.59
vertical geom. emittance [pm] 19 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 g, / &, 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 3.4/4.7 1.8/2.2
luminosity per IP [10%4 cm-2s-1] 140 20 5.0 1.25
total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15
beam lifetime rad Bhabha + BS [min] 15 12 12 11
4 years 2 years 3 years S years
5x 1027 > 108 WW 2x10%H 2 X 106 tt
LEP x 10° LEP x 104
O x 10-50 improvements on all EW observables Up to 4 interaction points = robustness,
O up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC statistics, possibility of specialised detectors
L x10 Belle Il statistics forb, c, T to maximise physics output
a
a



FUTURE . .
circULAR  FCC-ee: a possible extended physics programme

— CDR baseline runs (2IPs)

FCC-ee Physics Runs Ordered by Energy

Z WWw ZH o Total
integrated
30 90 30 12 5 0.2 1.5 luminosity
l ] (ab-1)
>
: | Ene
a8 91.2 94 157.5 162.5 240 340 350 365 ray
! - . (GeV)
z Iiraléléape W mass and width
i top EW couplings
Fnipinl N, Figae oo pnge Mo Higgs VBF production Physics
rare decays aGeo Lo (T and Higgs couplings improved)  highlights
dark sector flavour (e.g. Veo)
# events
Q109 Q108 D2 108) O2=10%) (4 IPs)

1

I

T EW sector

— —

by probing

1

I

T Higgs sector

indirect sensitivity
to new physics
SM predictions

S. Monteuil, Jan 2024

l

T

sensitivity to Higgs self-coupling via quantum effects

C. Grojean, Jan 2024
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CIRCULAR FCC-ee collider optics: two viable options
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.19.111005
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.26.021601

O CIRCULAR FCC-ee LCCO dynamic aperture progress

COLLIDER

. S. Liuzzo, 25 January 2024
without errors
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CIRCULAR baseline dynamic aperture with errors

, from draft mid-term report
Leon Van Riesen-Haupt, May 2022

: “Optics correction algorithms have been developed during
124 Leonvan R.-H. DA after tuning , ) e
no radiation. 10 seeds. recent years ... including magnet strength errors and realistic
10 | (Design DA’dp=0"’150'x) misalignments with girders (resulting in about 170 um and
| 140 um rms transverse misalignments for arc quadrupoles
and arc sextupoles, respectively. After applying a series of
optics corrections iteratively rms orbits of 50 um are
typically achieved in both transverse planes reaching design
emittances and with rms B-beating below 6% but with
marginal DA (e.g., at ttbar energy without considering
radiation damping). ... As a mitigation, it is assumed that BBA

nIvx

; | ) NN Rl §~ Ag «'m\.__ techniques are implemented for both arc and IR sextupoles,
, ; ; , which determine the magnetic centre with respect to a
-0.02 -0.01 0.00 0.01 0.02 . . .
Aplp nearby BPM at the 10 um level. With this assumption,

design emittances are reached, but with larger than desired
optics aberrations. Further iterations and improved
correction algorithms will be required to accomplish a good
optics quality and maximise the DA.”

D. Shatilov also experiences poor DA for tuned lattices.

R. Tomas, 2023
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CIRCULAR allgnment sensitivity

Final Focus alignment sensitivity

orbit ABIB An
Ey # H v H A% H \%
criteria 100pm 100 pm 1 % 1 % 1 mm 1 mm
| final focus quadrupoles sensitivity to (hor., ver.) alignment [pm]
V22 Z 436 0.8 0.1 (1.5,1.2) 0.05 (0.025,0.025) 0.01
LCCO89 Z 532 0.6 0.1 0.3 «0.1 0.04 0.01
LCCO89(26.38) Z 532 0.6 0.12 0.6 <0.01 0.06 <0.01
V22 i 480 | 20 0.35 2.1 0.22 0.24 0.04 Arc alignment sensitivity
LCCO72 tr 532 2.0 0.2 2 0.5 1.0 0.05
| final focus sextupoles sensitivity to (hor., ver.) alignment [um] oibit AB/B An
V22 Z 16 >10 >10 >10 0.25 >10 1.2 Ep # H \% H \Y H \%
LCCO89 Z 152 >10 >10 >10 1.1 8.6 1.8 criteria 100pm 100pm 1% 1% Imm Imm
LCCO89(.26.38) Z 152 >10 >10 >10 0.8 >10 2.0
. | arc quadrupoles sensitivity [um]
V22 t 16 >10 >10 >10 0.50 >10 2.6
LCCO72 tr 152 >10 >10 >10 2.1 >10 3.0 V22 Z 1420 1.9 1.9 2.9 0.7 0.1 0.1
LCCO89 Z 2168 17 1.4 3 04 0.2 0.24
~4x better CCO89(26.38) Z 2168 | 2.0 16 61 05 09 026
L o . ) . V22 tr 2836 1.3 15 1% 05 0.12 0.2
Orbit in FF sextupoles has to be maintained at this level during operation LCCO79 i 2168 1.3 1.0 33 08 11 0.3

| arc sextupoles sensitivity [um]

V22 Z 600 >100 >100 17 8.5 3.1 2.6
LCCO89 Z 1792 | >100 >100 97 61 12 10
LCCO89(26.38) Z 1792 | >100 >100 >100 46 14 10

S. Liuzzo 25January2024 V22 tr 2336 >100 >100 10 7.0 S 10
! LCCO79 tf 1792 | >100 >100 23 15 12 11
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CIRCULAR parallel BBA for FCC-ee baseline

COLLIDER

» Correction of IOS by shifting orbit to quadrupole centers

, 210 . . _x . . . . 107 . . v . . . . X. Huang, FCCIS WS 2022
| before after | ar T
= ! =
g umm § uw—-qé-»—q\w“p—t
h | Orbit before and after| I0S cgrrection |
T2 s 4 s s 7 8 s 2 3 4 5 & 71 8 o9
« 10 x10%
5 x10% . . . . . . . . 5 107
. | 108 before and afte corre;.tionl N
R e T e x4 ® 7 «Two methods can be used for parallel beam-based alignment
R T - for FCC-ee
el 3 | J /\ ' /\ - Both tested on existing machine in experiments

.+ =+ 7+ = «Simulation has been done to test the methods for FCC-ee

Corrector kicks
[ S A K R .+ * Both methods work for FCC-ee, but with some systematic

5 imi

L

: - lattice
£ \/ ) ) . - w/ independent alignment errors in quadrupoles with rms DX, DY=200 um
- ¥ Orbit at the quadrup

Y

errors
- Method 1: 10-30 um systematic errors for the 8-quad test example
- Method 2: Up to 50 um but most are smaller for the same example, smaller
(<20 um) if using a 4-quad group

 Future work to understand and mitigate systematic errors



transverse Green function wake field
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transverse dipolar wake potential of a 0.4 mm Gaussian
bunch used as Green function in beam dynamics simulations

V/pC/m
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RF cavities
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total wake X
total wake Y
bunch shape

M. Migliorati, FCCIS WS 2023
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CIRCULAR most critical instabilities

COLLIDER

35 mm pipe radius

transverse coupled bunch at low frequency, TMCI
driven by resistive wall

1e9 tune = 214.2 _
S
2 _P;—Jjggglez F:&%QESHZ \F:gl?lG(gEHz F:§95668§7LH2 %
'S . stable
a o
N unstable 5 . _
—2 - 0.0 0.5 1.0 1.5 2.0 2.5 3.0
N, lell
—f | | | 30 mm pipe radius
—6000 —4000/—2000 0 2000 4000 6000
Hz

most dangerous mode is that closest
to the origin (with negative frequency)

Re(AO/OSO)

rise time of the most dangerous mode is

about 1.4 ms (or 4 turns);
develop a special narrow-band feedback ?

Np M. Migliorati, FCCIS WS 2023




FUTURE . o oge .
() circuar single bunch instability in transverse plane

COLLIDER
10 30 mm pipe radius + feedback (4 turns)
. 3
2 5 ——
C 2_‘
= ——
s 1
S 0 3 e E—
Q o
< S o S— e
* d
5 g
@ =5 e —
> |
=5 . — e
0.04 0.06 0.08 0.10 _ , |
v [m] 0.0 0.5 1.8 ]I.\}S
p

The intra-bunch motion at 2.6x10'! seems to show a ‘-1 mode’ instability.
At SuperKEKB the feedback induced this kind of instability, too.

Further mitigation by adding +5 units of chromaticity. M. Migliorati. FCCIS WS 2023
. Migliorati,



COLLIDER

FUTURE -
( Vcreuar  booster — copper vs stainless steel chamber

bunch lengthening

Material
17.5 1 ® Stainless Steel
Copper

0 5000 10000 15000 20000 25000
Number of turns

A. Ghribi, FCCIS WS 2023
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circuLar - booster — stainless steel chamber, varying radius

Re(AQx/Qso)

3.00 3.25 3.50 3.75 4.00 4.25 4.50 4.75 5.00
Mpipe [m] x107*

increasing pipe diameter from 50 mm to 84 mm suppresses TMCI A. Ghribi, FCCIS WS 2023
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CIRCULAR  Prototype Q1 (left) & Interaction Region Mock-Up (right)

COLLIDER
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( \ circULAR  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 e
CAD design of HTS short :
sextupole demonstrator "

(B) D D

-= based on CCT coils ) ‘

o e EREET p

D D \\ ) ) ' :
") - p “HTS4” potential
_ # 7 * Power saving
®) g - * Reduced length and increased
— dipole filling factor
© oI, - -~ -

M. Koratzinos, B. Auchmann ° OptICS ﬂeX|b|I|ty
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clrcULAR  FCC-ee injector layout & implementation

COLLIDER
~100m ~300 m
el 8 —
ectron EC > (.PBR} o P. Craievich, I. Chaikovska, A. Grudiev, C. Milardi, et al
source HE Linac
6 GeV
" T T T T T T T T T T T T ST T T T EE R E e
Common Linac ! 1.54 GeV

. e+Linac N
I ~100 m EC 3 OR
T * { 06m | g
: Stored time 40ms i 53 m ‘
1

Positron source

dy

on Prevessin site

“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
[ M SS =

Ml

- target ’L&;'

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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FCC-ee booster as ultimate storage ring photon source

Fixed-field chicane: beam automatically moves out of wiggler during

acceleration

constant-field

chicane

References:

M. Benedikt, F. Zimmermann,
M. Doser, S. Casalbuoni,

First thoughts on the
synergetic use of the FCC-ee
collider and its injector
complex for photon science
and other applications, 2020

S. Casalbuoni,
F. Zimmermann,
FCC-ee booster as ultimate

Permanent magnet technology

top view magnetic gap [mm] 10
o undulator field [T] 0.71-0.32
constant-fie .
N e undulator perlod [mm] 28 U28
.. (45 GeV) B undulator unit length [m] 5
‘- W e e :
permanent injected beam nggler perIOd [mm] 40 U4O
magnet (20 GeV) UO X 3 UO X 94
undulator
107 -
6 : SESAME CANBEESSYF_’IJEAR3 tau-charm ..
107 ¢ ALS, PLS DESS R. Bartolini
F wﬂ%
107 | Z\NKm.ASP‘ALBA 5
mw SuperKEKB
g e .‘.\E'Hfiﬁ . \.AMPRINGB‘DETR?A‘ | o
c ? ALsy  MAXV S W SUPCISLRINGETT - °
o 10° [ SLS-II DLS-L ™~ o ILC-DR LEP-1
p. CLIC-DR °\"E'APSNQEP-X LEPo ©
~ 1010 [ ESRF-I - aps.u s PETRAIV FCC-ee booster _
&3 MAX-IV - DR PEP-X DR \ 3xU FCC-e
A1 [ TevUSR -~ F
1 0 E : e CEFC 94 KM
i TevUSR DR
10_12 . 94 x U .
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storage ring photon source,
FCC Week 2021
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FCC-ee booster as ultimate storage ring photon source ct’d

FCC-ee booster as photon source

parameter Upx3 Uyx94

beam energy [GeV] 20 20

avg. beam current [mA] 50 50

bunch population [1019] 2 2

rms bunch length [mm] 7.9 9.5

rms relative energy spread [10%] 1.8 2.2

beta at wiggler /undulator [m] 1.6 1.6

wiggler field [T] 1 1

wiggler period [cm] 4 4

magnetic gap [mm] 10 10

tot. length wiggler [m] 6.4 264

hor. emittance [pm rad] 15 0.5

vert. emittance [pm rad] <1.5 <0.05

FeC-ee ESRF, APS, PETRA I
. booster PETRA IV ] )
fraction of l lAps-u EBS 1
transversely 1, - i‘ A
05 ; S‘T\‘":N\ NS« \\
coherent L 04A \\ NN
124 keV ~ o N100A ]

_ MOA.
X rays 01} 1.24 ke\/124.evxE
FCC-ee: - S Ul

0.01} . ¢
coherence : BN
N \\ N\
down , \ \\\ ;
o Yo e

to 0.1 A 0000 0T o1 T M0 00 1000 10000

Hor. emittance (pm rad)

unparalleled average brilliance up to 100 keV

Average Brilliance [10%'ph/(s mm? mrad? 0.1%BW)]

10000 |

1000

0.1 ¢

0.01

photon energies

100 |

10 |

SASE-U40 175 m
+ SCU15/18 20 m

U405 m

CPMU18

N

E bunch #1s length (ps) charge(nC)
F FCCee Upx 94 51x 107 32 1
| booster yyx3 51x10° 26 1
PETRAIV 2.1 x 108 5 1
10* 0.05 0.25
L I L L L L L L L L
10 100
Energy (keV)

S. Casalbuoni
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C&ds  FCC-ee — most important questions

* optics tolerances we Can DO I'I"

* beam-based alighment
* optics corrections
* dynamic aperture with errors

 booster vacuum chamber
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parameter

Stage 2: FCC-hh — parameters

FCC-hh

HL-LHC

LHC

collision energy cms [TeV] 84 - 119 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 [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 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

High Temperature
Superconductors
(ReBCO, IBS): an
enabling technology
for high field (>15 T)
magnets - R&D on
HTS conductor

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



4 FUTURE —
s Why FCC ?

1) Physics : best overall physics potential of all proposed future colliders; matches the vision of the 2020 European
Strategy: “An electron-positron Higgs factory is the highest-priority next collider. For the longer term, the European patrticle
physics community has the ambition to operate a proton-proton collider at the highest achievable energy.”

0 FCC-ee : ultra-precise measurements of the Higgs boson, indirect exploration of next energy scale (~ x10 LHC)

O FCC-hh : only machine able to explore next energy frontier directly (~ x10 LHC)

O Also provides for heavy-ion collisions and, possibly, ep/e-ion collisions

O 4 collision points = robustness; specialized experiments for maximum physics output

2) Timeline

0 FCC-eetechnology is “mature” - construction can start in the early 2030s and physics a few years after the end of HL-LHC
operation (currently 2048, earlier if more resources available) = This would keep the community, in particular the young people,
engaged and motivated.

0 FCC-ee before FCC-hh would also allow:
- cost of the (more expensive) FCC-hh machine to be spread over more years
- 20 years of R&D work towards affordable magnets providing the highest achievable field (HTS)
- optimization of overall investment : FCC-hh will reuse same civil engineering and large part of FCC-ee technical infrastructure

3) It's the only facility commensurate with the size of the CERN community (4 major experiments)

Is it feasible? Isn’t it too ambitious?
-- Ongoing Feasibility Study showing spectacular progress
-- FCC is big and audacious project, but so were LEP and LHC when first conceived - they were successfully
built and performed far beyond expectation - demonstration of capability of our community to deliver on very
ambitious projects
-- FCC is the best project for future of CERN (for above reasons) - we have to work to make it happen




R SXEar Visit of Swiss President A. Berset and French President E. Macron on 16 Nov.’23

COLLIDER  “A pivotal event for CERN: strong support expressed by both Presidents for CERN, its future and the FCC”

F. Gianotti

President Macron’s declaration:
"Si j’ai voulu venir la aujourd’hui c’est pour témoigner ma confiance aux équipes et notre volonté, notre ambition de conserver

la premiere place dans ce domaine.” [“My visit here bears witness to my trust in CERN personnel and France’s will and ambition 5
to keep the leadership in this domain.”]



[ Start of FCC-ee physics run ]

Start accelerator commissioning

End of HL-LHC operation
Start accelerator installation

Start accelerators component production
Technical design & prototyping completed

Ground-breaking and start of civil engineering
Start of engineering design

Completion of HL-LHC: more ATS personnel available
FCC Approval, R&D, start prototyping

FCC Feasibility Study Report

B

/
1/

2034 —
2033 -
2032 —
2031 -
2030 —

Start detector commissioning

Start detector installation

Start of detector component production
Four detector TDRs completed

Detector CDRs (>4) submitted to FC3
Completion of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming
European Strategy Update
Detector Eol submission by community

x

\
|

-
NN

FCC-ee Accelerator

Key dates

FCC-ee Detectors
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https://fccweek2024.web.cern.ch/

for your attention!




FUTURE
CIRCULAR
COLLIDER

spare slides



FUTURE

CIRCULAR
COLLIDER

optimized placement and layout for feasibility study

Layout chosen out of ~ 100 initial variants, based on geology and
surface constraints (land availability, access to roads, etc.),
environment (protected zones), infrastructure (water, electricity,
transport), machine performance etc.

“Avoid-reduce -compensate” principle of EU and French regulations

Overall lowest-risk baseline: 90.7 km ring, 8 surface points,
Whole project now adapted to this placement

Injection
into booste

Injection into collider

Technical site Technical site

® Beam dump

|
|
Booster RF \
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N | 4
N /
AN [ 7
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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

clrcULAR  connections to transport infrastructure

COLLIDER

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

e gen : . LR
. A

Ferney-Vgitire
> St-Geni

i 5()Ully Prévessin:g

Autoroute A40
D1206 vers [Est
.~ D1206 vers ['Quest

Gare accessible
PuitsJ
Accés au réseau autoroutier

Contrainte

Detalled road access scenarios
R & highway access creation study
: | carried out by Cerema*,
including regulatory
requirements in France

* Centre for Studies and Expertise on Risks, the

La H’nlmv
le-Sillin gy
@ sarriere pleine voie . ! ~ Environment, Mobility and Urban Planning. CEREMA is the
@ Airede service }',i‘;';y P s, O 5 10 km . major French public agency for developing public expertise in the
v > fields of urban planning, regional cohesion and ecological and

Aire de repos ®r / 4 i - : o )
O ar P - energy transition for resilient and climate-neutral cities and regions.
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Alignment Profile

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

Dk 0k 10k 0k A0k Bk T EDire Al

L[y
Distance along ring clockwise from CERM (km)

Geology Intersected by Tunnel Geology Intersected by Section

Tunnel implementation summary

 90.7 km circumference
 95% in molasse geology for minimising tunnel construction risks
« 8 surface sites with ~5 ha area each.
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CIRCULAR status of site investigations

« Site investigations in areas with uncertain
geological conditions:

« Optimisation of localisation of drilling locations
ongoing with site visits since end 2022

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

Sosogente JORY S C L R« Contract Status:

i ' SRR « 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 mobilization from January 2024

W O
T\ 15 .

b, A . ; / 5 L\ "\ , ‘ 5

X 1L ABORNES ol Tlis =~
¢ poP e 7 Vet 2 &

[t RN
I 4 :
X1 (P

By

b ! /
: ~ b

Sy S = N
\ T LA v
* - g A ’ 4
o =Nl “ - -
\ 4 A ‘ Sondage AB9 (2007) incliné de 45° de 125 ml (surface plateforme estimée : 12 x 12 m soit environ 150 m?) DI’I”Ing works on the lake
1)y ) . .
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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, preparations of infrastructures for construction
2031 mid 2032 Construction design, Tendering for construction
mid 2032 Award of CE construction contracts

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

2033 Ground breaking
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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 IR 1 S
Total FCC-ee yearly consumption (TWh) 1.07 1.2 1.33 1.77 “T;ngassiat Ly
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

v' Connection concept was studied and confirmed by |
RTE (French electrical grid operator) = requested ool @ =% ‘i‘"’-\i”\Ye\NRE
loads have no significant impact on grid

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

v' R&D efforts aiming at further reduction of the energy
consumption of FCC-ee and FCC-hh PDL3, 201MW

-

PG (Experiment site)
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6x10 MW
146 |ake Leman

3x11 MW e
2x7 MW
= |37 v 13 HAK a4
=8
49 B
¥

COOLING 7
19
TOWER

DISTRIBUTION

Assumption:

6x 10 MW (including backup) 6x 10 MW

Point A Lake
Point ] Rhéne

— 76 BASASA BARASA

3 | S o = o o= | | s e s s s = |

Rhone (m /h) Arve
FCC-e0
202 8 x 15 MW
6x 10 MW

« 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 (LHCb) sufficient for FCC-ee
*Services Industriels de Geneve

 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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O CIRCULAR  transfer line for FCC-ee (option with SPS for FCC-hh)

Injector linacs 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 high-energy linac sited at

Prévessin

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 (scSPS
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. e

Injection tunnel SPS-FCC

Length= 3370m.

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

PLAN VIEW
1:7500
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Innovation Stud

luminosi cm-2s-1 .
ty[ ] Al ~ same accelerator deS|gn
1037

iCEPCZ as twin machine CEPC
% see previous talk by Jie !
1 A FCCeeZ  _CEPCW (seep yJie Gao )
35 SuperKEKB CEPCH _
0 ‘ KFI)EKB FCCeeW @ a few differences
10% PEPI FCCee H M FCCee tt - CEPC
BEPCI| CE 0
10% DA‘I:NE ° ¢ CESR CEPC tt #IPs 4 0r 2 2
PEP -
= D collider 400 MHz, 650 MHz,
O VEPP2000  CE®R-c OTSZ . . o° SREup  1-&2-<cel, 2-cell,
10° o o LEP LEP 0 ZH Nb/Cu, 45K  Nb, 2K
BEPQ * PETRA -
o | VEPP2M %  vEPPam collider 800 MHz 650 MHz,
SPEAR2 SRE ttbar 5-cell, Nb, 2K 5-cell, Nb, 2K
- o ADONE
*DCI CEPC for 100 MW SR power & 2 IPs booster 800 MHz 1.3 GHz,
1028 FCC-ee with 4 IPs SRF 5-cell, 9-cell,
e ADONE Nb, 2 K Nb, 2 K
1077 top-up in collider in booster
05 5.0 50.0 500.0
Marica Biagini c.m. energy [GeV]

. Challenges FCC Ultimate Storage Rings

\ Frank Zimmermann
SL A iIFAST LER 2024, 14 February 2024
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SRGHLAE operation sequences for FCC-ee

O. Brunner, F. Peauger
-21 e booster

Sl 400 iz 1 (k)
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!

T

y
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Parameter

Z

ww

H (ZH)

FCC-ee: main machine parameters

ttbar

4 years

5x 10127

2 years

> 108 WW

3 years
2x10%H

S years

2 x 106 tt

beam energy [GeV] 45.6 80 120 182.5 F. Gianotti
beam current [mA] 1270 137 26.7 4.9
number bunches/beam 11200 1780 440 60
bunch intensity [10%1] 2.14 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
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 2.17 0.71 1.59
vertical geom. emittance [pm] 19 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 3.5/54 3.4/4.7 1.8/2.2
luminosity per IP [10%4 cm-2s-1] 140 20 5.0 1.25
total integrated luminosity / IP / year [ab-1/yr] 17 2.4 0.6 0.15
beam lifetime rad Bhabha + BS [min] 15 12 12 11

_ LEP x 10° LEP x 10%
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 Il 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

oooop
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Short 90/90: 7, Zh arc

B (m)

FCCee -t 512 nosol _8.sad

FCC-ee collider optics: two viable options

interaction region K. Oide, 2023 eps
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parameter

Stage 2: FCC-hh — parameters

FCC-hh

HL-LHC

LHC

collision energy cms [TeV] 84 - 119 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 [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 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%

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
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* High Temperature Superconductors: an enabling technology for high
field (= 15 T) magnets - a sustainable opportunity for future accelerator

technology

* Focus of the LDG Accelerator R&D Roadmap is presently on REBCO, but
alternative options are also considered (IBS as in China)

* To exploit the potential, a rigorous R&D program is required

* R&D on conductor is essential for subsequent successful implementation
in HTS magnets. This requires:

* reaching controlled, homogeneous and reproducible properties on industrially
available conductor;

* achieving long (~ 1 km) lengths of industrially available conductor;
* innovation via development of high-current cables;

* validation of the technology via a parallel programme of small demonstrator
coils; this is needed to provide feedback to conductor R&D and to support/launch

magnet design and development
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CLD IDEA Noble Liquid ECAL based

5

Instrumented return yoke
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* 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 densel W+LKr)
* 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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-~ Increasi - : onal ation as a prereﬁ' 5

\.\

-

-..‘.

FCC Feasibility Study: aim is to increase further the collaboration, on all aspects, J
In particular, on Accelerator and Particle/Experiments/Detectors (PED)

8
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1) Physics : best overall physics potential of all proposed future colliders

O FCC-ee : ultra-precise measurements of the Higgs boson, indirect exploration of next energy scale (~ x10 LHC)

O FCC-hh : only machine able to explore next energy frontier directly (~ x10 LHC)

O Heavy-ion collisions and, possibly, ep/e-ion collisions

O 4 collision points - robustness; increased dataset for same machine power; specialized experiments for maximum physics outpu

2) Timeline
O FCC-eetechnology is mature - construction can proceed in parallel to HL-LHC operation and physics can start few years after
end of HL-LHC operation - This would keep the community, in particular the young people, engaged and motivated.
O FCC-ee before FCC-hh would also allow:
- cost of the (more expensive) FCC-hh machine to be spread over more years
- 20 years of R&D work towards affordable magnets providing the highest achievable field (HTS)
- optimization of overall investment : FCC-hh will reuse same civil engineering and large part of FCC-ee technical infrastructure

3) It's the only facility commensurate with the size of the CERN community (4 major experiments)

Is it feasible? Isn’t it too ambitious?

-- The mid-term review will show the status of the Feasibility Study, including the funding model.

-- FCC is big and audacious project, but so were LEP and LHC when first conceived - they were successfully built and
performed far beyond expectation - demonstration of capability of our community to deliver on very ambitious projects
with < 20% cost overrun




E?ggSEAR Visit of Swiss President A. Berset and French President E. Macron on 16 November 2023

COLLIDER

F. Gianotti

President Macron’s declaration:
"Si j’ai voulu venir la aujourd’hui c’est pour témoigner ma confiance aux équipes et notre volonté, notre ambition de conserver

la premiere place dans ce domaine.” [“My visit here bears witness to my trust in CERN personnel and France’s will and ambition ¢,
to keep the leadership in this domain.”]



[ Start of FCC-ee physics run ]

Start accelerator commissioning

End of HL-LHC operation
Start accelerator installation

Start accelerators component production
Technical design & prototyping completed

Ground-breaking and start of civil engineering
Start of engineering design

Completion of HL-LHC: more ATS personnel available
FCC Approval, R&D, start prototyping

FCC Feasibility Study Report

T

2032 —
2031 -
2030 -

2027 -

Start detector commissioning

Start detector installation

Start of detector component production
Four detector TDRs completed

Detector CDRs (>4) submitted to FC3
Completion of HL-LHC upgrade: more detector experts available
FC3 formation, call for CDRs, collaboration forming
European Strategy Update
Detector Eol submission by community

/|
[ /|

FCC-ee Accelerator

Key dates

FCC-ee Detectors




for your attention!
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spare slides
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* local communes engaged

* CE site investigations ongoing

* electrical network connections confirmed
* transport connections defined

* water intake defined

* political support on local, regional, and national
levels in France and Switzerland
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FCC-ee FCC-hh

Cable trays:
Fibre optic

LV distribution
Control cables

Booster ring

"
a o o
Collider ring — = :‘_’ "f_’
Pt ™ |
12 .

DC cable trays
HV cable

ON]

2408 2245
Main ring below of booster ring ' Collider Center

Collider Center
Main ring and booster ring 1.03 m apart F. Valchkova
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~100m ~300 m
el 8 —
ectron EC > (.PBR} o P. Craievich, I. Chaikovska, A. Grudiev, C. Milardi, et al
source HE Linac
6 GeV
" T T T T T T T T T T T T ST T T T EE R E e
Common Linac ! 1.54 GeV

. e+Linac N
I ~100 m EC 3 OR
T * { 06m | g
: Stored time 40ms i 53 m ‘
1

Positron source

dy

on Prevessin site

“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
[ M SS =

Ml

- target ’L&;'

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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CDR 2018 “Optimised” Midterm 2023

PB
Secondary Experiment site and

PA (Experiment site) Technical site (injection)

PA (Expenment site)

Technical site /_ \ Technical site

PL PB (ee and hh
- (RF for ee booster, \ extraction &,
hh injection and injection)
momentum collimation)

!
\

PL
Secondary Experiment site (hh)
and

Technical site (injection)

PD
Technical site
(RF for ee, extraction for hh)

access points reduced from 12 to 8
pJ+ circumference from 97.75 to 90.7 km PD

Technical Technical

PJ
Technical site

(RF for ee, collimation for hh) _oor 4-fold SuperperiOdiCity, or
experiment o ) experiment
site 2 or 4 collision points for FCC-ee site

(RF for ee collider,

A and for hh)
Technical site n ,O’Technical site
PH PF

\ _/ (ee and hh collimation)
-@-

PG (Experiment site)

PH
Technical site
(RF for hh)

PF
Technical site

PG (Experiment site)

M. Dam, et al.
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Main changes

# access points reduced from 12 to 8

facilitating placement and reducing the overall surface area required

circumference has shrunk from 97.75 km to 90.657 km

new layout with 4-fold superperiodicity, enabling FCC-ee operation with either 2 or 4 collision points
hadron collider RF system now shares a klystron gallery tunnel with lepton collider

new circumference matched to both LHC and the SPS tunnels, corresponding to 400 MHz harmonic ratios
of N/ yc=1010/297 & hi-c/hsps=1010/77, allowing for hadron beam injection from either the

LHC or from a new superconducting SPS, with bunch spacings of 2.5, 5.0, 7.5, 10, 12.5, 15, 20, and 25
ns

Parameter unit 2018 CDR [1] 2023 Optimised
Total circumference km 97.75 90.657
Total arc length km 83.75 76.93

Arc bending radius km 13.33 12.24

Arc lengths (and number) km  8.869 (8), 3.2 (4) 9.617 (8)
Number of surface sites — 12 8
Number of straights — 8 8

Length (and number) of straights  km 1.4 (6), 2.8 (2)
superperiodicity 2

1.4 (4), 2.031 (4)
1
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Communication aspects
CERN press release in February 2023
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Organisational Structure of the FCC Feasibility Study
http://cds.cern.ch/record/2774006/files/English.pdf

CERN/SPC/1155/Rev.2
CERN/3566/Rev.2
Original: English

21 June 2021

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE
CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Action to be taken Voting Procedure
RESTRICTED COUNCIL 3 2o 1
For decision 203" Session Simple majority of Member

17 June 2021 States represented and voting

FUTURE CIRCULAR COLLIDER FEASIBILITY STUDY:

PROPOSED ORGANISATIONAL STRUCTURE

This document sets out the proposed organisational structure for the Feasibility Study of the
Future Circular Collider, to be carried out in line with the recommendations of the European
Strategy for Particle Physics updated by the CERN Council in June 2020. It reflects discussion
at, and feedback received from, the Council in March 2021 and is now submitted for the latter’s

approval.

Main Deliverables and Timeline of the FCC Feasibility Study
http://cds.cern.ch/record/2774007 /files/English.pdf

CERN/SPC/1161
CERN/3588
Original: English
21 June 2021

ORGANISATION EUROPEENNE POUR LA RECHERCHE NUCLEAIRE

CERN EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Action to be taken Voting Procedure
RESTRICTED COUNCIL
For information 203" Session
17 June 2021

FUTURE CIRCULAR COLLIDER FEASIBILITY STUDY:

MAIN DELIVERABLES AND MILESTONES

This document describes the main deliverables and milestones of the study being carried out to
assess the technical and financial feasibility of a Future Circular Collider at CERN. The results
of this study will be summarised in a Feasibility Study Report to be completed by the end of
2025.


http://cds.cern.ch/record/2774006/files/English.pdf
http://cds.cern.ch/record/2774007/files/English.pdf
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Note: FCC Conceptual Design Study

BN E—— gy e oy [ reom started in 2014 leading to CDR
o ~ 15 years operation ~ 25 years operation )
BT ] n 2018

FCC-ee dismantling, CE
Geological investigations, infrastructure Tunnel, site and technical &infrastructure
detailed design and tendering preparation infrastructure construction adaptations FCC-hh
FCC-ee accelerator and detector R&D and technical FCC-ge accelerator and detector
design consfruction, installation, commissioning
High-field magnet
Superconducting magnets R&D Lo magnelts, industrialization and
prototypes, pre-series . .
series production

FCC-hh accelerator
FCC-hh accelerator and detector

and detector R&D A ; s
and technical design construction, installation, commissioning

“Realistic” schedule taking into account:

2048 O past experience in building colliders at CERN
™ 0 approval timeline: ESPP, Council decision
Q that HL-LHC will run until 2041
v Can be accelerated if more resources available
[ ]

[ [ J o [ J
Feasibility Stud Project I'b AL-LHC o) ti f FCC (0] ti f FCC-hh
easipility stuay roject approval by . peration 0 -ee peration o -nn
(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,
environmental impact, financial

(or alternative project selected)

feasibility, etc.)
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Mid-term review setup and deliverables are defined in CERN/SPC/1183/Rev.2: s

— the scientific and technical results be reviewed by the FCC FS Scientific CERN msncson v
Advisory Committee, augmented by additional experts as needed; T e

— the cost and financial feasibility, which will focus on the first-stage project
(tunnel, technical infrastructure, FCC-ee machine and injectors), be reviewed
by a committee including external experts, as proposed in CERN/3588;

SAC: review of deliverables 1, 2, 3,4, 5, 6, 8 Cost Review Panel Mandate
« D1: Definition of the baseline scenario * Review the methodology and assumptions used in
« D2: Civil engineering producing the cost estimates
« D3: Processes and implementation studies with the « ldentify inaccurate or missing cost information

Host States « Check the consistency of the cost estimates with respect
* D 4: Technical infrastructure to applicable reference work, e.g., recent large-scale
 Db5: FCC-ee accelerator infrastructure and accelerator projects
* D6: FCC-hh accelerator * Review the uncertainty estimates
« D7: Project cost and financial feasibility « ldentify potential areas of savings and cost mitigation for
« D8: Physics, experiments and detectors future work

« Advise the FCC study team on matters of cost estimation
in view of preparation of the final Feasibility Study Report
for end 2025



COLLIDER

O oirsliae  FCC Feasibility Study — mid-term status summary

The first half of the FCC Feasibility Study is being 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.

. Challenges FCC Ultimate Storage Rings

\ Frank Zimmermann
SL A iIFAST LER 2024, 14 February 2024
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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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o - -« <emos | phetatron collimation straight 3 - beam footprint
/ —— FCC-hh ° H H
(Experiment) — A at interaction point
1500 4 — B
00 (InjectroLn + rf) (InjectiorljB+ dump) Elm — > +— FCC-hh
E . . . e B ee - beam 1 —_— FCC:hh reference
xperimental insertion 0 P e - --- FCC-ee bl
~10000 - straights 991.2312m : //'/ \\\from IP -—- FCC-ee b2
Technical insertion s o ° S R
straight: 2032m Ll , IP \\\\ hh‘\\
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~20000 107 \\\\
. ee—beam2 .
PH PF =
o Bl experimental straight towards IP
—25000 A
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(Experiment) 20000 —_ B«
30000 Esocoo — By —201
—15IOOO —1(?;000 —5600 {I) SOIOO 10600 15600 qiszzz
e adaptation to new layout and geometry - —= 7]
* shrink B collimation & extraction by ~30%
=1000 _30 | ! | |
* optics optimisation (filling factor etc.) £ ’ T
* move hh IPs on top of ee IP to optimise

tunnel and cavern WidthS : M. Giovannozzi, T. Risselada, G. Perez Segurana, M. Hofer, K. Oide
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PSI Nb3Sn CCT «CD1» main test carried out in 2022/23

nt[kA]

Curre

PSI CCT CD1 quenches

4.5K 1.9K 1.9K

SM18-4.5K

LBNL-4.5K

It trained A LOT. It reached
100% of maximum field at
4.5 K. No conductor
degradation occurred from

' handling, assembly, powering, or
E thermal cycling.

145K

Stress-management works, CD1
is a robust magnet.

B. Auchmann

60 > 70 75 80 & 90

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.

D. Araujo

Stainless steel shell

Coil collar

Former
Non-magnetic poles
Nb,;Sn conductor

Bytargetof 14 T, at T : 4.2 K
Eng margin of 10%
B,short sample @ 1.9K: 16 T

high-field magnets for FCC-hh: Nb;Sn & HTS R&D

Rough estimates
Bottom line: HTS technology must

B. Auchmann

e\'e\s il ®

- oss L
catch over the coming  1chnology Readin®®>

10 years in o7 1 - f &
I 4? | §E o é? o é§ £§}§ désgf
TRL to LTS § D
u? 3 & 3 g
RN
Bi-2212| ReBCO@14 T Nb,Sn@12T

IBS Nb-Ti@9T

HTS Innovation Funnel for HFM

Firstdeliverable
2023 Materials and Numerical Design Studies
Powered Cable Samples 10

Technology Racetrack Coils 2
\ / 1

ReBCO@20T Nb;Sn@14-16T

#Deliverables / year
100s

2023

2024

2025




( \ circULAR  HTS option for FCC-ee (!) arc quads and sextupoles
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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

o s

CAD design of HTS short \
sextupole demonstrator 7 -
(B) D IIII== D A
based on CCT coils :
> 4 .
1 ~
@

HTS option

D D | '
) o “HTS4” potential
_ - * Power saving
(B) D - * Reduced length and increased

— dipole filling factor
© P P M. Koratzinos, B. Auchmann ° Optlcs ﬂeX|b|IIty




FUTURE tr eue . . . o )
SlRCLLAR Feasibility Study timeline and main activities/milestones

2021 2022 2023 2024 2025

Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Ql Q2 Q3 Q4 Q1 Q2 Q3 Q4

g CDR baseline design adaptations for
new implementation scenario

FCC Week " FCC Week & Review : implementation,
study planning % baseline design, orgc:mi'l::cﬂion1 comrlnuniccluiion |

environmental studies, site investigation authorisation with
host states, site investigations: drillings and seismics

FCCW & mié:l-terrﬁ review:
study progress &
CDR cost update |

detailed design towards FSR: refine surface sites layout,
’rechnicol cmd cost op’rimiso’rion of entire project

FCC Week & review
tech I h
ec nlca co erence FCC Week % FSI Report ]
‘ ‘ FSR progress Release FSR

Project review

. Challenges FCC Ultimate Storage Rings

\ Frank Zimmermann
SL A iIFAST LER 2024, 14 February 2024




FUTURE
CIRCULAR
COLLIDER

Electrical network

400 kV (RTE)

15.5
MW

if\f/ o __ ij}.z Underground Surface
. f ’ W substation .
Electrical Power from the French PR\ s v PR J ;bstanon
network fed into the FCC at three . ,?\ IR ON— o
H alcove end ’ o/ | ° 4.3 - \ XD ‘I.-' <
points (A, Hand D). oriss — N a2 B
LY MW MW \
20.2 /A By~ MW
: i : : : mw /) \\e \
Further distribution via the FCC ring. 7 iy 125 kv (RTE)
15 N9,
. . Mw = _1|"5.|" J S]\if |L|, =) | 1
Covers all configurations of FCC-ee N ow e
without need to build new sub-stations. B\ /1
20.2 ' \ 215 '_ inové
MW 0\ MW
AN 21 F
42.2 2Ry —
MW Sy rjl\if MW__ yod
N ’ SN N S _\’_7*/ e _ 6.1
20.2 N 20.2
400 kV (RTE) VW __.( ::. Viw
T \155



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
= =/ el B L5 g :
Z ¥ I| ¢ o = E 33 TBM DF Removal v %
rd m o o P [l .
@ 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|
3 - B 2 B [ n
[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 schedng



FUTURE
CIRCULAR

COLLIDER

Preparatory phase planning civil engineering

2022 2023 2024 2025 2026 2027 2029 2032 2033
Task Name Duration o4 Qi Q2 a3 (o2 Qi Q2 a3 (o2 Qi Q2 a3 o2 a1 Q2 a3 a4 a1 Q2 a3 a4 a1 Q2 a4 Q3 a4 a1 Q2 Q3 a4 Q2 Q3 a4 a1 Q2 Q3 Q4 Qi Q2
4 FCC Civil Engineering 2813days | 1gined |
Mid-term Review 0 days o
Feasibility Study Complete odays ity Sty Bampaia g B | b e s
European Strategy 0 days European Strategy « 31/12 :
Start Civil Engineering 0 days : Start Civil Engineeringd) 01/01
ILF Prepare Cost and Schedule update for underground 175 days round(Warks | NA i
Works :
> HRASI 086 days.
+ Post Feasibility Study E— Sy .. RTI . e e
+ site Investigations 1698 days B S S & B
S and CFT for site investigation consultants 261 days " 'MS'and CFT fgr site investigation consuftants [
Award contract for Site Investigation consultants 1day " ct fo
Prepare MS documentation for Site Investigations 131 days .5r.ep;r.e. um ves 9 rﬁ? L
S for Site Investigations 131days MS for Bite Investigations 2/04
Prepare Tender Documents for Site Invesigations 196 days Prepare Tepder D for Site | igati ‘ 2/04
CfT for Site Investigations 261 days CfT for Site Investigations Lﬁ)Z.’N
Site Investigations Phase 1 392 days Site Investigations Phase 1 3/14
Site Investigations Phase 2 261 days Site Investigations Phase 2 «02/10
Prepare Contract Strategy for FCC Civil Works 261 days Prepare Contract Strategy for FCC Civil Works 41)2!07
4 CE Consultants 1501 days CE l I 1
Prepare MS documents for CE Consultants 131 days Prepare MS d for CE |C: I L_J 1/01
MS for CE Consultants 196 days MS for CE ConsultantsEF /10
Prepare CFT documents for CE Consultants 261 days Prepare CFT d for CE C I /10
CfT for CE Consultants 261 days CfT for CE Consultants
Preliminary Designs and MS Documents 261 days Pr
Tender Designs and CfT Document 392 days o Tender Designs and CfT Dociyment B
Construction Designs 192 days o Designs Bl
+ Tender for CE Works Works s T Fander ok CE Werien Wories i [reeee
MS for CE Works 260 days
CfT for CE Works 392 days CfT for CE Works
CE Preparatory Works o R " EE Breparatory




FUTURE _ . : . :
( ) circuLar Stage 1: FCC-ee — highest luminosity lepton collider

Inncvation Stud

double ring e*e collider, with luminosity vs. electricity consumption
full-energy booster 1,000
~-@- FCC-ee (2 collision points)
2 or 4 interaction points 0 N
. . - | = MAP-MC
efficient L from Z to tT = .
. _ £ 360 nb~! MWh-" A O
thanks to twin-aperture magnets, high-Q ¢ ‘7 e
SRF, efficient RF power sources, top-up é 0.1
injection, etc. %
0.01 -
>2.5 ab! with ~0.5x10° H / IP (3y) .
1 with 12 0.001 I .
>75 ab! with ~2x1012Z / IP (4y) 0.01 o1 ey ] 10

highest lumi/power of all H fact. proposals
collects LEP data statistics in few minutes Nature Physics 16, 402—407 (2020)

enormous performance increase:

. Challenges FCC Ultimate Storage Rings

\ Frank Zimmermann
SL A iIFAST LER 2024, 14 February 2024



FUTURE . FUTURE
CIRCULAR FCCIS Workshops — mid November ( \ CIRCULAR

Innovation Study

FCCIS 2023 WP2 “Collider Design” Workshop, Pontifical University, Rome 13 15 November 2023 (56 part|C|pants)
Topics: '
» collider performance and beam lifetime

« mechanical alignment tolerances, misalignment models
 trim coil baseline and beam-based alignment

 collider and booster optics, accelerator code development
 vibration and ripple tolerances plus mitigations

« booster vacuum system, booster impedance

 electron cloud & ion effects & ‘ 1l
« beam studies at KARA, PETRA Ill, SuperKEKB and DA®NE (converS|on to future test faC|I|ty’?)

FCCIS MDI and IR mock-up workshop, INFN-LNF, Frascatl 16 17 November 2023 (42 part|C|pants)
Topics: 4

« interaction region (IR) mock-up critical concepts fi’
 beam lossesinthe IR
» synchrotron radiation

* IR higher-order mode calculations

 vertex detector integration & cooling

» accelerator and detector constraints in the IR

e TE0)
.. e

FCCIS — The Future Circular Collider Innovation Study. This INFRADEV Research and Innovatlon Actlon prOJect receives fundlng
from the European Union’s H2020 Framework Programme under grant agreement no. 951754,


https://agenda.infn.it/event/37720/
https://agenda.infn.it/event/37720/
https://agenda.infn.it/event/37720/
https://indico.cern.ch/event/1326738/

FUTURE

CIRCULAR FCC-ee impedance model

COLLIDER

longitudinal impedance transverse dipolar impedance

1.0 L0
—— bellows
— Dbellows X
50000 1 —— BPMs bellowe v
— RW 0.8 1
—— Collimators —— BPMs
40000 1 = .
—— RF cavities 0.6 _
E —— REF tapers E —_— coll!matorX
O 30000 - total c ‘ —— collimator Y
Y 'S 0.41 RF cavities
ct 20000 N —— RF tapers
2 0.2 1 total X
10000 — total Y
0.0
0_
0 10 20 30 40 50 ~0.2-
oz 10 20 30 40 50
GHz

M. Migliorati, FCCIS WS 2022



FUTURE
CIRCULAR
COLLIDER

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?

. Challenges FCC Ultimate Storage Rings

\ Frank Zimmermann
iIFAST LER 2024, 14 February 2024
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