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Introduction

. - CEPC: 100km Higgs/EW factory in China
I(_:cI)Et; gfaszlgelzrglgs(_beeet;/v een (could be followed by SppC pp collider)

Today I'll discuss the FCC ) ;
project and progress on the e L o o
feasibility study, with a focus on
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For more detailed overviews of ~90 km Higgs/EW factory at CERN
the status see the slides at the (...to be follovyggxb,y FCC th ey
London FCC week. S < )

Thanks to the numerous
collaborators whose
slides/schematics have been
used in these slides ©
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https://indico.cern.ch/event/1202105/
https://home.cern/science/accelerators/future-circular-collider
https://home.cern/science/accelerators/future-circular-collider

The 2020 European Strategy Update

Following ~ 2 years of concensus gathering within the
community, the ESU made several key recommendations to

the community:

1. An electron-positron Higgs factory is the highest-priority
next collider. For the longer term, the European particle
physics community has the ambition to operate a proton-
proton collider at the highest achievable energy

2. Europe, together with its international partners, should
investigate the technical and financial feasibility of a future
hadron collider at CERN with a centre-of-mass energy of at
least 100 TeV and with an electron-positron Higgs and
electroweak factory as a possible first stage

Following the 2020 ESU, the FCC feasibility study was launched in 2021,
aiming to provide input by 2025 to feed into the next ESU...
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FCC integrated programme

See by M.
Benedikt at FCC week.

Comprehensive long-term programme maximises physics opportunities
at the intensity and energy frontier:

1. FCC-ee (Z, W, H, tt) as high-luminosity Higgs, EW + top factory.

2. FCC-hh (~ 100 TeV) to maximise reach at the energy frontier, with pp, AA

and e-h options.
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https://indico.cern.ch/event/1202105/contributions/5423504/attachments/2659109/4606291/230605_FCC-FS-Status_ap.pdf

FCC-ee and -hh synergies
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Integrated programme combines precision at the intensity frontier (FCC-ee) giving
indirect sensitivity to a multitude of NP as well as unique direct sensitivity to low-
mass and weakly interacting BSM physics, with dlscovery potential at the energy
frontier (FCC-hh) that will extend the precision ac?uevediat FCC-ee!
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FCC-ee and -hh synergies - Higgs measurements

et Higgsstrahlung 7

 FCC-ee can provide a model independent (ZH)

measurement of g,,, through measuring o,4.
This provide standard candle to normalize the
measurement of other Higgs couplings.

(¢

« FCC-ee will measure ttZ couplings through ) H
ee — tt. This gives a second standard candle
used to extract gy and gy at FCC-hh.

« FCC-hh will provide the statistics to access
rarer Higgs decays (H — uu, H - Zy) and ~
20 million HH events to give precise ultimate
tests of the EWPT.
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: s by G.
FCC-ee and -hh synergies - BSM S alam at FOO week

Direct FCC-ee sensitivity O 1
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« Exotic Higgs decays

...plus indirect access to
a range of BSM

phenomena through ultra-
precise measurements of

SM parameters...
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https://indico.cern.ch/event/1202105/contributions/5423455/attachments/2659121/4607170/fcc-london.pdf

FCC-ee and -hh synergies - BSM searches

More details in FCC TDR and ESU submissions

FCC-hh sensitivity to direct NP

FCC-hh Simulation (Delphes), (s = 100 TeV
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In summary- exciting possibilities to discover/characterize NP that could
be indirectly predicted through precision measurements at FCC-ee
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https://fcc-cdr.web.cern.ch/

FCC timelines

Taken from

by F. Gianotti at FCC week.

10 years

60 5 N 5 KB 7 Gl °

19 Fccee, |
~ 15 years operation
Feasibility Study | ESPP |

Geological investigations, infrastructure Tunnel, site and technical
detailed design and tendering preparation infrastructure construction

FCC-ee accelerator and detector R&D and technical

design
Superconducting magnets R&D

2014
2018
®

FCC-ee dismantling, CE
& infrastructure
adaptations FCC-hh

FCC-ee accelerator and detector
construction, installation, commissioning

High-field magnet
industrialization and
series production

Long model magnets,
prototypes, pre-series

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

FCC-hh accelerator and detector

® @ ® @
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Conceptual Design Feasibility Study Project approval by Construction of siida Operation of FCC-ee

(geclogy, RAD on accelerator, {15 years physics explotation)
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(Concepiual Design Repont

CERN Council
sk tunnel and FCC-ee

starts

delector and computing
technologee s, adminisirative
end 2018) procedures with the Host States,
environmental impact, financial

feasblty, etc.)
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construction, installation, commissioning

Operation of FCC-hh

(~ 20 years of physics exploftation)

) FCCh,
~ 25 years operation

Based on technical
schedule, FCC-ee
operation could start in
2040 or earlier.

More realistic
schedule, accounting
for past experience of
building colliders,
approval timelines,
HL-LHC operation...
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https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx

FCC ring placement

Taken from by M. Benedikt at FCC week.

Major achievement: optimization of the ring placement
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), etc.

“Eviter, reduire, compenser” principle of EU and French regulations

Lowest-risk baseline: 90.7 km ring, 8 surface points,

4-fold superperiodicity, possibility of 2 or 4 IPs
Whole project now adapted to this placement
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https://indico.cern.ch/event/1202105/contributions/5423504/attachments/2659109/4606291/230605_FCC-FS-Status_ap.pdf

FCC-ee accelerators

» Separate rings for electronsand =0 @0 _—/CTa
positrons and full-energy top-up booster ’ g
ring in same tunnel.

« Max 50MW synchrotron radiation per N N P e
collider ring across full operating range. ™

experiment
ite

site)

* Asymmetric IR layout limits photon
synchrotron radiation 500m upstream of
IP towards detectors, and generates
large 30mrad crossing angle.

4 possible at PA,
» Crab waist technique to optimize PD, PG and PJ with RF stations at PH,
luminosity. PL and injection/extraction and

collimation in PB/PF straights.
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FCC-ee SRF system

Schematic taken from slides by F. Zimmerman at

|_— Booster ring

|~ Transport

| Collider ring j
Cryomodule 400 MH

bulk Nb

RF for collider and booster in separate sections (collider in PH- 400
& 800 MHz, booster in ML- 800 MHz only) with fully separated
technical infrastructure (cryogenics)
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https://indico.slac.stanford.edu/event/7992/timetable/?view=standard

FCC-ee beam optics

Two new projects backed by CHART aim to
explore use of HTS to improve energy

Maximising energy efficiency is a major factor!

« Designs being con
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T T T

efficiency. See CERN courier article
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quadrupoles and ~
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https://cerncourier.com/a/fcc-ee-designers-turn-up-the-heat/
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.19.111005

New FCC-ee injector layout

Taken from by M. Benedikt at FCC week

~100 m ~300 m
‘«— e+ —
SPS (PBR . . . . .
Electron EC ( Jyor P. Craievich, |. Chaikovska, A. Grudiev, C. Milardi, et al
source HE Linac

Common Linac

~100 m

Stored time 40ms

Positron source

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

15 K conduction-cooling

Spectrometer dipole

RF SW S-band structures

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

spectrum measurements

Broadband pickups 5 coils from 12 mm ReBCO

Solenoids around RF structures
Solid-state (Pb)
thermal buffer

Cou B HTS NI target solenoid
. — _, J. Kosse, T. Michlmayr, H. Rodrigues

15T in 72 mm warm bore
21T on conductor

rtesy T. Watson
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https://indico.cern.ch/event/1202105/contributions/5423504/attachments/2659109/4606291/230605_FCC-FS-Status_ap.pdf

Summary of FCC-ee beam parameters

Taken from by F. Gianotti at FCC week.

Parameter Z ttbar
beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 36
bunch intensity [10"] 243 2.91 2.04 2.64
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0 Currently assessing
total RF voltage 400/800 MHz [GV] 0.120/0 1.0/0 2.08/0 4.0/7.25 technical feasibility
long. damping time [turns] 1170 216 64.5 18.5 of changing operation
horizontal beta* [m] 0.1 0.2 0.3 1 sequence
vertical beta* [mm] 0.8 1 1 1.6 (e.g. starting at ZH energy)
horizontal geometric emittance [nm] 0.71 2.17 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [um] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
luminosity per IP [1034 cm2s-1] 182 19.4 7.3 1.33
total integrated luminosity / year [ab-'/yr] 4 IPs 87 3.5 0.65
beam lifetime (rad Bhabha + BS+lattice) 8 6 10
5x 10127 > 108 WW 2x105H 2 x 106 tt pairs
LEP x 10° LEP x 10*
U x 10-50 improvements on all EW observables Up to 4 interaction points = robustness,
U up to x 10 improvement on Higgs coupling (model-indep.) measurements over HL-LHC statistics, possibility of specialised detectors
L x10 Belle Il statistics for b, C, T to maximise physics output
U indirect discovery potential up to ~ 70 TeV
U direct discovery potential for feebly-interacting particles over 5-100 GeV mass range F. Gianotti
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https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx

FCC-ee physics landscape
Schematics from by M. Selvaggi at FCC week

FCC-ee Physics landscape
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https://indico.cern.ch/event/1202105/contributions/5396850/attachments/2659433/4606491/Detector%20Requirements%20from%20Physics.pdf

Detector concepts for FCC-ee

CLD (“CLIC-like Detector”) IDEA (“Innovative Detector for ...Plus new
Electron-positron Accelerator”) proposals ...

Noble Liquid ECAL based

new

10m/2

4
12m/2

Full silicon vertex-detector+ tracker Silicon vertex detector New proposal using
3D high-granularity calorimeter Short-drift chamber tracker. liquid LAr
Solenoid outside calorimeter Dual-readout calorimeter  calorimeter!

Easy to study impact of detector design on physics sensitivity through FCC
software framework...

UNIVERSITY OF
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FCC analysis software

Schematic taken from by Brieuc Francois at FCC week

Sophisticated software ecosystem in place to perform simulations and
physics/detector studies...

o
%gw\ MC Generators ‘ MDI codes -
. S Mo, L .
| 6(5 6’12 |
} oe\Q\o ] MC Generators Interface ‘ | MDI format readers |
S : : : |
\é»b‘ -
| . Pileup / MDI overlay R\ QO
- | Parametrized . &\(0 I \6‘66 - Cpexe :
| simueton Full/ Fast Simulation > - sC i
| A y Geometry = |
{ \@@ Digitisation / Reconstruction 5 i
1 __ S — T __________________________ B
o :
Analysis QCC
Software Infrastructure
3@& (Build/Test/Deploy) Workload and Data Management

EventProducer —— 1LCDirac soon
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https://indico.cern.ch/event/1202105/contributions/5396827/attachments/2662524/4612966/20230608_software_for_detector_studies_status_BrieucFrancois.pdf

FCC analysis software

* Integrated in the Key4Hep ecosystem which also provides a common EDM
for future collider studies.

« Central MC samples produced (in EDM4HEP format) to facilitate
physics/detector studies.

 FCC Analysis software developed to analyse EDM4HEP files and support
sensitivity/detector development studies.

% Sample generation of models Earamgtrised dotactor Analysis tools

E simulation * FCC analysis

‘g e MadGraph5_aMC@NLO for « IDEA DELPHES card Sensitivity to
= parton-level e*e” studied model
3] e PYTHIA for parton shower

l% and hadronisation e

: CEPC workshop (3-6th June 2023)


https://key4hep.github.io/key4hep-doc/

Conclusions/outlook

* Mid-term review of FCC feasibility study being completed, with key milestones
including ring placement.

» Lots of progress in defining accelerator layout + optics, studying detector concepts
and physics sensitivity- with significant updates coming in the coming years.

[ FCC-ee physics run ]

2047 - — 2047

2046 -
Start accelerator commissioning — Start detector commissioning
2043 -
2042 -
End of HL-LHC operation - — Start detector installation

Start accelerator installation >
2039 -

2038

Thanks for listening- | am

Start accelerator component production - Start detector component production

Technical design & prototyping completed - - Four detector TDRs completed h a p py to ta ke q u est i o n s !

2033
Ground-breaking and start civil engineering

Start engineering design Detector CDRs (>4) submitted to FC3

2030-

Completion of HL-LHC: more ATS personnel available B - Completion of HL-LHC upgrade: more detector experts available
FCC Approval, R&D, start prototyping 2027: .: FC3 formation, call for CDRs, collaboration forming
European Strategy Update - - European Strategy Update

FCC Feasibility Study Report - ¢ = Detector Eol submission by the community

T
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Backup
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FCC-ee physics runs ordered by energy

Image credit: Christophe Grojean

— CDR baseline runs (2IPs)

Z WW ZH tt_ Total
30 920 30 12 5 0.2 ] luminosity
| + | I + : +5 (ab-)
[ I ' ' Energy
88 91.2 94 157.5 162.5 240 340 350 365 (GeV)
Z lineshape .
QcD W mass and width i . top EW couplings
iggs couplings . X Phvsi
flavour N, Mtop Higgs VBF production ysICS
rare decays aqco oz (TH and Higgs couplings improved)  highlights
dark sector
0(10%9) 0(109) 0(2x108) 0O(2x108) #(2\1;:;3
Za o
:E é 9_5 T T 1 T EW sector
£5g88
w927
5 3 & g T T 1 T Higgs sector
gcios
525

! I

sensitivity to Higgs self-coupling via quantum effects
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FCC-ee updated operation schedule- 4 IPs

Updated for mid-term review 2023

Working point 7, years 1-2 | Z, later | WW, years 1-2 | WW, later 7ZH tt

Vs (GeV) 88, 91, 94 157, 163 240 340-350 | 365

Lumi/IP (10%* ecm~2s71) 70 140 10 20 5.0 0.75 1.20

Lumi/year (ab~1!) 34 68 4.8 9.6 2.4 0.36 0.58

Run time (year) 2 2 2 0 3 1 4

1.4510° HZ 1.910° tt

Number of events 61012 Z 2.4108 WW + +330k HZ

45k WW — H | +80kWW — H

CEPC Operation mode ZH Z ‘ W+W- ‘ ttbar ‘

©240 | “91.2 | "160 | "360 | Bgsed on upgraded
operation mode with
50MW power, more
comparable with FCC-ee
(more details in slides by

Run time [years] 10 2 1 5 Joao Guimaraes da
L/ IP [x1034 cm-2s1] 8.3 192 27 0.83 Costa in 2022 CEPC
Latest 9
(50MW) [ab-1, 2 IPs] 20 96 7 1 Workshop)_
Event yields [2 IPs] 4x106 4x1012 5x107 5x105

g% UNIVERSITY OF
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https://indico.ihep.ac.cn/event/17020/contributions/117889/attachments/64239/74992/20221024-CEPC-Workshop-goodR.pdf

Further details of integrated FCC programme

Taken from by F. Gianotti at FCC week.
s L /IP (cm2s-) Comments
ete- ~90 GeV Z 2-4 experiments
FCC-ee 160 Ww
240 H Total ~ 15 years of
~365 top operation
pp 100 TeV 2050 2+2 experiments
FCC-hh ' Total ~ 25 years of
operation
PbPb snn = 39TeV 3x102%° 100 nb-"/run | 1 run =1 month
FCC-hh o operation
ep 3.5 TeV 1.5 1034 2 ab! 60 GeV e- from ERL
Fcc-eh Concurrent operation
with pp for ~ 20 years
e-Pb. Vsen=2.2TeV | 0.510% 1 o 60 GeV e- from ERL
Fcc-eh Concurrent operation
o with PbPb
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https://indico.cern.ch/event/1202105/contributions/5423451/attachments/2659293/4606138/FCCweek-2023-London.pptx

Higgs coupling measurements

Taken from briefing book for 2020
ESU- improvements on Higgs
coupling measurements in
‘kappa” framework:

» Red= linear e+e- collider
colliders.

 Blue= circular e+e- machines.

* Orange= integrated FCC u '
programme. Bruw *

i ()}
(**) Not requiring [xy| < 1 (+) Not measured in HLLHC
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