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The LHC Legacy (so far)

(LHC = Higgs + Nothing™) = More energy & More precision

* actually a lot progress in our understanding of the SM:
1) Improved measurements of SM processes; 2) Precise measurements in flavour physics; 3) New frontiers in heavy-ion studies.

Thanks to a firm control of EXP & TH systematic uncertainties, the LHC became a precision machine.
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The LHC Legacy (so far)

(LHC = Higgs + Nothing™) = More energy & More precision

We need a broad, versatile and ambitious programme that can
1. sharpen our knowledge of already discovered physics |
2. push the frontiers of the unknown at high and low scales.
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FCC Feasibility Study

CERN-FCC-PHYS-2025-0002 CERN-FCC-ACC-2025-0004 CERN-FCC-ACC-2025-0005

Report

Future Circular Collider Future Circular Collider Future Circular Collider
Feasibility Study Report Feasibility Study Report Feasibility Study Report
Volume 1 Volume 2 Volume 3
Physics, Experiments, Detectors Accelerators, Technical Infrastructure Civil Engineering, Implementation

and Safety and Sustainability

April 1, 2025

March 31, 2025 March 31, 2025
Submitted to the European Physics Journal ST, a joint publication of EDP Sciences, Submitted to the European Physics Journal ST, a joint publication of EDP Sciences, Submitted to the European Physics Journal ST, a joint publication of EDP Sciences,
Springer Science+Business Media, and the Societa Italiana di Fisica. Springer Science+Business Media, and the Societa Italiana di Fisica. Springer Science+Business Media, and the Societa Italiana di Fisica.

arXiv:2505.00:27: arXiv:2505.00:274 arXiv:2505.00:73
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Future Circular Collider

e A versatile particle collider, with four interaction poins, housed in a 200m-underground
91 km ring around CERN.

e |mplemented in several stages:

» an e*e" “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV } m
> followed by a high-energy pp collider reaching 100 TeV }M
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Future Circular Collider

e A versatile particle collider, with four interaction poins, housed in a 200m-underground
91 km ring around CERN.

e |mplemented in several stages:

» an e*e" “Higgs/EW/Flavour/top/QCD” factory running at 90-365 GeV } m
» followed by a high-energy pp collider reaching 100 TeV }M

More Energy and more Precision for more sensitivity to New Physics
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The Higgs Requires More Precision




The Higgs Requires More Precision

The knowledge of the values of the Higgs couplings is essential
to understand the deep structure of matter/Universe.
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The Higgs Requires More Precision

The knowledge of the values of the Higgs couplings is essential
to understand the deep structure of matter/Universe.
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The Higgs Requires More Precision

The knowledge of the values of the Higgs couplings is essential
to understand the deep structure of matter/Universe.

Size of atorns
Stability of nuclei/matter
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Birth of vacuum

(HL)-LHC will make remarkable pfdgress
( O(100M) Higgs=already a Higgs Factory ).
But it won’t be enough.

A new collider is needed!
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Council appointment of the
members of the PPG and
decision on the venue for the
Open Symposium

End September 2024 3

o

December 2024

Council decision on the
venue for the ESG
Strateqgy Dratfting
Session

Timeline
European Strategy for Particle Physics

Deadline lor the

Deadline for the Open submission of final
subrmission of main Symposium national input in advance Submission of the draft
input from the of the ESG Strategy strategy document to
community Drafting Session the Council
1 March 2025 23-27 June 2025 14 November 2025 End January 2026
@
o o] @

©® ©®© ® ® @®©@ ®

26 May 2025

Deadline for the
submission of additional
nafional input n
advance of the Open
Symposium

14

End September 2025

Submission of the
‘Briefing Book™ to
the ESG

1-5 December 2025

ESG Strategy
Drafting
Session

® ®

March and June 2026

Discussion of the draft stratcgy
document by the Council and
updating of the Strategy
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Submissian of the Update of the
ESPP draft strategy strategy:
OPEN document to FCC
Symposium CERN Council recommendation
June 2025 January 2026 March 2026
Glossary

EOI = Expression of Interast

May 2025 ESPP = European Strategy process
Detector Eol
submission CDR = Comprehensive Design Report
by the AR mrhrical Nacinn Dana
. DR echnical Desian Repol
community :

Timeline

Start of Tunnel

FCC Appraval construction
2028 2033
2028 2031
FC? formed, Detector CDRs (>4)
call for CDRs, submitted tc FCCC

collaborations forming

2035 2036
Four detector Start detectors
TDRs completed  construction

P. Janot/P. Giacomelli

30 Sert. 2025



Timeline

Feasibility Study
(geology. R&D on accelerator,

detector and computing
tachnologies, administrative

environmental impact, financial
feasibility. etc.)

procedures with the Host Stales,

v

@ ® i
- - HL-LHC
FOJREL Sppeoves Dy Construction starts ends

CERN Council

(or allermative project selecled)

Operation of FCC-QQ‘
(15 years physics exploitation)

Operation of FCC-hh
(~ 20 years of physics exploitation)

30 Sert. 2025



US and CA Statements of Intent

“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.”

White House, April 26, 2024

“Should the CERN Member States determine that the FCC is likely
to be CERN'’s next world-leading research facility following the high-
luminosity Large Hadron Collider, Canada intends to collaborate on
its construction and physics exploitation, subject to appropriate
domestic approvals.

March 21, 2025

Deirdre Mulligan Fabiola Gianotti
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EU Support

 EU Competitiveness Report: 400-page report made public by Mario Draghi on Monday 9/9/24024.

« Handed to Ursula von der Leyen (European Commission president) for subsequent action

« Urges the EU to invest 800 billion euros annually [with specific guidance] to close the economic gap
between the US and China (consistently seen as a threat throughout the report)

« CERN mentioned 19 times in the report (and FCC 3 times)!

e “Refinancing CERN and ensuring its continued global leadership in frontier research should be
regarded as a top EU priority.”

* “One of CERN’s most promising current projects, with significant scientific potential, is the
construction of the Future Circular Collider (FCC): a 90-km ring designed initially for an electron
collider and later for a hadron collider.”

« Speech of Ursula von der Leyen at CERN@70 celebration (Youtube recording from 38'12" onwards)

e “CERN has become the centre of the world for particle physics”

e “[ am proud that we have funded the FCC Feasibility Study”

e “[ want the increase research budget just as you wish, Fabiola”

* July 16, 2025: Commission’s proposal for the next Multiannual Financial Framework 2028-34
and the European Competitiveness Fund: 410 billion EUR

e FCC is one of the 11 “moonshots” with up-to 20% of the project funded by EU.
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Moonshots

Future Circular Collider

What: Sustain Europe’s leadership in

particle physics by investing in
CERN'’s next-generation collider.

: Co-invest with other CERN

Automated Transport
and Mobility

What: Advance safe, inclusive, and
emission-reducing automated
transport and mobility in Europe.

How: Invest in smart transport
systems to improve traffic,
reduce emissions, and enhance

access.

L

How:

countries, leveraging Horizon
Europe funding.

Wt
Regenerative
Therapies

What: Deliver breakthrough therapies

to improve people’s health and
lives.

Harness Europe’s scientific
strengths to treat incurable
diseases and personalise
medicine.

Clean Aviation

What: Lead the world in developing
the next generation of CO,-free
aircraft.

Develop applications from
medicine to climate, solving
previously impossible problems
for 450 million citizens

How:

What: Make Europe the first continent
with fully integrated quantum
computing in daily life.

How: Develop applications from

medicine to climate, solving

previously impossible problems

for 450 million citizens.

EU Support

Next Generation Al

Data Sovereignty

What: Model the new Al on the laws of What: Make Europe the global leader

nature and grounded in physics
and biology.

How: Al developed by, with, and
for European scientists and
industry, drawing to Europe the

world’s best minds.

and safest hub for critical
research data.

Provide access to critical data
for researchers, universities and
companies, offering competitive
advantage in tackling global
challenges.

How:

Fusion
Energy

What: The first commercial nuclear
fusion power plant, generating
safe, consistent, and reliable
electricity.

Overcome the scientific and
technological challenges
necessary to put fusion on the
grid in Europe by 2034.

How:

Space
Economy

What: Make Europe the leader in the
space economy.

How: Develop the next generation
launch vehicles such as reusable
rockets, able to deploy massive

cargo by 2040.

Zero Water
Pollution

What: Move towards zero pollution of
water in the EU.

Stimulate innovation to build
a true water-smart economy
which secures sufficient, clean
and affordable water and
sanitation to all at all times.

Ocean
Observation

What: Achieving strategic autonomy
in ocean observation
infrastructure, data and
information services.

How: Developing, connecting,
governing and securing the next

generation of European ocean

observing technologies
30 Sert. 2025
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— FCC —
Physics Overview
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FCC-ee Run Plan
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FCC-ee Run Plan

LEP1 data accumulated in every 2 mn.

(for the same power consumption, i.e. machine 100’000 more efficient).

Improved efficiency thanks to

» Double ring collider

* many bunches, high current, like LHC and B factories,
different from LEP

> Top-up injection

* standard at modern light sources, like SLS

 used at recent e*e- colliders, PEP-II (USA), KEKB (Japan),
BEPCII (China)

» Crab-waist collision scheme

* successfully demonstrated at DAFNE (ltaly) and SuperKEKB
(Japan)

» Superconducting radiofrequency system

* Nb/Cu 400 MHz SC cavities pioneered at former CERN LEP
* bulk Nb 800 MHz SC cavities similar to ESS (Sweden),
EuXFEL (Germany)

* revolutionary highly efficient RF power sources

* new operation scheme for flexible energy switching &
reduced complexity

Luminosity/Electricity [fb YTWh]

10°
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10°

10°
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FCC-ee Run Plan

LEP1 data accumulated in every 2 mn.
(for the same power consumption, i.e. machine 100’000 more efficient).

I I [ I I I |
Z (88-94 GeV)

® FCC-ee (4 1Ps)

.............................................................................................................................................

ZH (240 GeV)

— Superb statistics achieved in onl

in each detector:
10°Z/sec, 104 W/hour,
1500 Higgs/day, 1500 top/day

? tt (350 GeV) §

- dimimema, tt (365 GeV) ]

B T T o
’” W 50 Gev)

5_|| ........................... \‘25°5°"’||_——’|"|_5
100 150 200 250 300 350 400

Vs [GeV]

Working point Z pole WW thresh. ZH tt

Vs (GeV) 88,91, 94 157,163 240 340-350 365
Lumi/IP (103* cm—2s1) 140 20 7.5 1.8 1.4
Lumi/year (ab—1) 68 9.6 3.6 0.83 0.67
Run time (year) 4 2 3 1 4
Integrated lumi. (ab—1) 205 19.2 10.8 0.42 2.70

2.2 x 105 ZH 2 x 10° tt

Number of events 6 x1027Z 2.4 x10®WW + + 370k ZH

65k WW — H +92k WW — H
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FCC-ee Run Plan

LEP1 data accumulated in every 2 mn.
(for the same power consumption, i.e. machine 100’000 more efficient).

—
o
w

T I T I | | I
Z (88-94 GeV)

— Superb statistics achieved in onl

® FCC-ee (4 IPs)

............................................................................................................................................. _ in each detector:
S 105 Z/sec, 104 W/hour,
’ 1500 Higgs/day, 1500 top/day

—
o
™

ZH (240 GeV)

—
o

Luminosity [10%* cm2s1]

| |
100 150 200 250 300 350 400

Exciting & diverse programme with
different priorities every few years.

Order of the different stages still subject to
discussion/optimisation. Development on . _
unique RF cavities to be used from 90 to - 400 MHz, 2-cell, copper Nb coated 400 MHz Crvomodul
240GeV enables great flexibility of operation. ©o e m-long




FCC-ee Physics Programme




FCC-ee Physics Programme
Higgs

MHiggs, rHiggs
Higgs couplings
self-coupling

"Intensity
frontier”

Top

Mtop, rtop
EW top couplings
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FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy :
‘R, ArB *Quark and gluon fragmentation H |ggS
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
" -
Intensity
- b}
frontier

Top

Mtop, rtop
EW top couplings
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FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy
‘R, ArB *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
EW & QCD
‘ S aoep(m3) | —51 . T —
Uncertainty my (keV) Tz (keV) sin® 6T (x1079) i;::i;b::% L (x1077) 4411;([)3]' (x107%)
LEP 2000 2300 40 49
FCC-ee statistical 4 4 2 3 0.15
Vs systematic 101 12 1.2 0.5 /

Improvements in precision of O(102) available,
provided systematic uncertainties can be controlled.
Much work already invested to this goal, e.g. calibration of collision energy (EPOL).

30 Sert. 2025




FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy
‘R, ArB *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
EW & QCD
E_ 10_4 \\‘\ \\\\.\\. \\\~ //,/
. n; t 't \\ \.\'\.'\\'.1\.\ LHC prompt .,f/
direct searches Intensity . 6 SO TN
: : . 10~ SN )
of light new physics frontier” D N N | RECC-ee prompt N - uj
:
e Axion-like particles, dark photons, e ,l'
Heavy Neutral Leptons 10 - T
* long lifetimes - LLPs FCCee LLP N1 = ppv
10710 \\“\\\ FCC-ee LLP Ny - jj \‘;
\\\"“““""——_——FEZE—ee LLP thep
10—12 ‘ ‘ ‘
5 10 50 100

my, [GeV]
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FCC-ee Physics Programme

‘mz, 'z, N, « ot s(mz) with per-mil accuracy
‘R, ArB *Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
EW & QCD
B K*T*T-
K T
4 4 71
. 4
. ", t t T
direct searches INtensity o
: . . T .
of light new physics frontier - o SV | TV
e Axion-like particles, dark photons, a »®
Heavy Neutral Leptons
* long lifetimes - LLPs 1 I.V
flavour factory \ v
10'2bb/cc; 1.7x10" zz b n
( ) Brsy~107 L T
| | LHC bound 10
T physics B physics FCC could have 50 observationt
*Flavour EWPOs (Rp, AFg?-©)
e7-based EWPOs eCKM matrix,
elept. univ. violation tests oCP violation in neutral B mesons

eFlavour anomalies in, e.g., b = szt
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FCC-ee Physics Programme

emz, ['z, N, :ocs(mz) with per-mil accuracy nggS
‘R, ArB Quark and gluon fragmentation
‘mw, ['w *Clean non-perturbative QCD studies
MHiggs, rHiggs
EW & QCD Higgs couplings
self-coupling
detector hermeticity particle flow
tracking, calorimetry energy resol.
particle ID
- " -
direct searches Intensity
of light new physics frontier”

e Axion-like particles, dark photons,
Heavy Neutral Leptons
e long lifetimes - LLPs

flavour factory
(10'2bb/cc; 1.7x10" 77)

Top

7 physics B physics meoe [
(o]0} op
*Flavour EWPOs (Rp, AFgP-©) EW top couplings
e7r-based EWPOs eCKM matrix,
: | elept. univ. violation tests *CP violation in neutral B mesons vertexing, tagging
NAUIABE AL eFlavour anomalies in, e.g., b = szt ener ’ '
, €.9., gy resolution t
tracker hadron identification detector req.
CG - 1/ 37 30 Sepd. 2025




FCC-ee Physics Programme

Higgs Factory Programme

e At Vs=240 and Vs=365 GeV collect 2.6M HZ and Momentum resolution o(p;)/p;= 103 @ p; ~ 50 GeV
150k WW — H events - o(p)/p limited by multiple scattering — minimise material
* Higgs couplings to fermions and bosons e Jet o(E)/E = 3-4% in multijet events for Z/W/H separation
* Higgs self-coupling (2-4 o) via loop diagrams e Superior impact parameter resolution for b, c tagging
* Unique possibility: s-channel ete-— H at 125 GeV  Hadron PID for s tagging

Precision EW and QCD Programme

e 6x10%Zand 2 x 108 WW events

 x 500 improvement of statistical precision on EWPO:
my I, Tinw SiN%0w, Ry, My, Ty, ..

* 2x103tt events: my,,, ,p, EW couplings

* Indirect sensitivity to new physics up to tens of TeV

* Absolute normalisation of luminosity to 104

* Relative normalisation to < 10 (e.g. [,,4/T,)
- Acceptance definition to O(10 um)

* Track angular resolution < 0.1 mrad

e Stability of B field to 10

e Superior impact parameter resolution

Heavy Flavour Programme |: * Precise identification and measurement of secondary vertices

* 10%bb, cc, 2 x 10*? 1T (clean and boosted): 10 x Belle |l e ECAL resolution at few %/VE

* CKM matrix, CP measurements _ _ « Excellent n®/y separation for t decay-mode identification
* rare decays, CLFV searches, lepton universality * PID: K/m separation over wide p range — dN/dx, RICH, timing

M. Dam @ FCC week 2025

Feebly coupled particles Beyond SM

 Opportunity to directly observe new feebly interacting
particles with masses below m;, - calorimetry: granularity, tracking capabilities

* Axion-like particles, dark photons, Heavy Neutral Leptons * Precise timing

* Long-lifetime LLPs e Hermeticity

» Sensitivity to (significantly) detached vertices (mm — m)
- tracking: more layers, “continous” tracking

30 Sert. 2025
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https://indico.cern.ch/event/1408515/contributions/6506652/attachments/3070200/5432307/FCCWeek_250519.pdf

FCC-ee Physics Programme

Summary of detector requirements

Aggressive Conservative Comments
Beam-pipe & < 0.5% = <1% B - K*r7
o(dy) =3®15/ (psin®? ) um B - K*77
x —
Vertex X, <1% Re
0L = 5ppm - 07 < 10 ppm
OMpy = 4 MeV
°F < 0.1% for O(50) GeV tracks °2 < 0.2% for O(50) GeV tracks 0Tz = 15 keV
Tracking Z— T
t.b.d. o9 < 0.1 mrad 0I'z(BES) < 10keV
% = 3—\/% % = % Z — v,U, coupling, B physics, ALPs
ECAL T polarization
Az x Ay = 2 x 2 mm? Az x Ay =5 x 5 mm? boosted ¥ decays
bremsstrahlung recovery
0z = 100 pm, § Rmin = 10 um (6 = 20°) - alignment tolerance for §£ = 10~ with v~y events
op _ 30% op _ 50% H — s8, cc, gg, invisible
Az x Ay = 2 x 2 mm? Az x Ay = 20 x 20 mm? H — s8, cc, gg
Muons low momentum (p < 1GeV) ID - By — vr
. 30 K/t 30 Kim H —ss
Particle ID p < 40 GeV p < 30 GeV b— suD, ...

. tolerance 6z = 100 um, 0 Rpin = 1 um R
LumiCal acceptance 50-100 mrad - 0L = 10~" target (Bhabha)

_+_ -—
ete” = vy
Acceptance 100 mrad ete~ o ete—r+r(cE)

30 Sert. 2025
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FCC-ee Physics Programme

CLD « Well established design IDEA | 3
1 _ILC -> CLIC detector -> CLD ) * Design developed specifically
[D ° CALlCE_“ke Calorlmetry —very h|gh u:;zr:n;o:;: ° Si VTX detector; UItra'“ght dr|ft
Q2 granularity chamber with powerful PID
% e/ * Coil outside calorimetry, muon system """ * Crystal ECA_"— W. d‘fal readout
Y ©l '+ Possible detector optimizations con ] * Compact, I|ght.c0|l; _
O - Improved o,/p, o¢/E Silicon Wrapper- : E/Iual readout fibre calorimeter
GEJ - PID: precise timing and RICH | uon system
8 ArXiv:1911.12230 Vertex Detector || | | ;o ——— https://doi.org/10.48550/arXiv.2502.21223
=\ Allegro ILD . .
® « Stillin early design phase .., * Designed originally for
E * Design centred around High Muon operation at the ILC
Ay it granularity Noble Liquid ECAL * Together with SiD, ancestor
A * Pb+LAr (or denser W+LKr) of CLD.
. ; e SiVTX detector « % eon ¢ Main difference and
2 * Tracker: Drift chamber, straws, or Si - DI signature element:
m g . . i —————— .
: * Steel-scintillator HCAL vt - Large-volume time
.  Coil outside ECAL in same cryostat g p——— projection chamber (TPC)

6620

* Muon system The International Linear Collider Technical

. HOAL Design Report - Volume 4: Detectors
o uo:CAL ECAL P arXiv:1306.6329

6

Eur.Phys.J.Plus 136 (2021) 10, 1066, arXiv:2109.00391
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FCC-ee Physics Programme

Quizz: what is the mapping with the 4 LEP detectors?

e ALEPH: reasonably new technologies, homogeneous
detector, granularity more than energy resolution.

e DELPHI: very new technologies, larger variety of techniques
o |3: measure leptons (and photons) with high resolution

e OPAL: only proven and reliable technologies, to be sure at least
one of these huge detectors would be ready in time

(C. Paus @ FCC week 2025)
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Collider Programme (and beyond)

——CDR baseline runs (4IPs)
— Additional opportunities

r Total
Z WW ZH tt integrated
o(1) 40 125 40 30 19.2 5 10.8 0.4 2.7 luminosity
(ab-1)
>
T 17 1 | 1T T 1 7T Energy
40 --- 60 88 91.2 94 125 1575 - 162.5 217 240 340 ... 350 365
(GeV)
Z lineshape W mass and width
QCD QCD : : top EW couplings
- | p pling |
precision flavour electron N, Higgs mass iR Mop  Higgs VBF production Physics
studies rare decays Yukawa as ozH (Mn and Higgs couplings improved) highlights
dark sector flavour (e.g. Veb)
# events
13 8 6 6
0(10%3) O(108) O(2x109) O(2x10°9) (4 IPs)

e Opportunities beyond the baseline plan (Vs below Z, 125GeV, 217GeV; larger integrated lumi...)
e Opportunities to exploit FCC facility differently (to be studied more carefully):

@ using the electrons from the injectors for beam-dump experiments,

e extracting electron beams from the booster,

@ reusing the synchrotron radiation photons.
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OTHER SCIENCE
OPPORTUNITIES
Al THE FCC-ee

28-28 NOV 2024 | CERN | GENEVA, SWITZERLAND

et applications
(surface science,

Ps Bose-Einstein Condensate,
511 keV X-ray laser )

photon science
(light source,

Compton Backscattering sources)

multipurpose applications

of the e-/e* beams

(radionuclide production,
neutron source)

HEP applications
(strong QED, dark sector)

) . Q.
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(SM)EFT for Higgs @ FCC




A Performant Higgs Programme

T = default run plan of each collider
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A Performant Higgs Programme

T = default run plan of each collider More time = more TWh
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A Performant Higgs Programme
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A Performant Higgs Programme

T = default run plan of each collider More time = more COZ2eq
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Higgs @ FCC-ee

. : : 68%CL relative precision & 95%CL upper bound
* Sub-percent precision for most interesting

couplings, often with order of magnitude Coupling HL-LHC ~ FCCee
improvement on HL-LHC expectation. :VZV((‘Z)) o o
* Asses, for the first time, second generation ki (%) 2.5* 0.38 /0.49
quarks (H—cC and H—sS) thanks to clean g (%) 2" 0.49 /0.54
: . : ke (%) 1.6* 0.46
enwrgnment and efficient flavour tagging . % 3 0707087
algorithms b (%) | 6" 1
* Higgs width measured O(1%) (model Kzy (%) 10* 4.3
independent!) — absolute normalisation of the i (70) 3.2 31
: Ky (%) 4.4 3.3
couplings. ko] (%) _ +20
* Mass measured to O(4) MeV (vs. 20 MeV at Ty (%) - 0.78
HL-LHC) Biny (<,95% CL) 1.9x1072* 5x 1074
' Bunt (<,95% CL)  4x107%2* 6.8x 1077

 Tantalising possibility to get close to SM
expectation for H—e*e- (unique to FCC-ee) Results of a SMEFT fit
projected onto effective k Higgs couplings

Higgs programme achieved in a compact period of eight years of operation.
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Higgs @ FCC-ee

68%CL relative precision & 95%CL upper bound

Coupling HL-LHC FCC-ee
Ky (%) 1.3* 0.10
kv (%) 1.5* 0.29
some of the measurements are limited b EZ‘); 2;
. . . K
by SM parametric uncertainties (e.g. my). /f (0/2 ) 1 6* 0.46
Results show precision without/with these uncertainties ke (%) _
Ky (%) 1.6* 1.1
Ky (%) 10* 4.3
Ky (%) 3.2% 3.1
Ky (%) 4.4* 3.3
5| (%) - er
Iy (%) - 0.78

Biw (<,95% CL) 19x1072* 5x 10~
Bunt (<,95% CL) 4x1072* 6.8x 1073

Results of a SMEFT fit
projected onto effective k Higgs couplings

Higgs programme achieved in a compact period of eight years of operation.
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Higgs @ FCC-ee

—— 10.8 ab-' @ 240GeV
2.2x106 HZ evts
65k WW—H evts
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Higgs @ FCC-ee

5 years at Vs = 340-365 GeV — 3.12 ab-"
= 370k ZH events & 92k VBF events

« 3years at Vs = 240 GeV — 10.8 ab-"
= 2.2M ZH events & 65k VBF events

Projected 68% CL precision on Higgs measurements as
obtained from FCC-ee simulations at Vs=240 and 365 GeV.
Experimental systematics include background normalisation
uncertainties. Efficiencies and luminosity systematics are
expected to be negligible. Entries preceded by “<” sign
represent 95% CL upper limit on BR. A (*)indicates that the
values are rescaled from the FCC CDR to the baseline
integrated luminosity.

NE 240 GeV 365 GeV
channel ZH WW-—-H ZH WW — H
Z/H —any  £0.31 +0.52

~vH — any +150

H — bb 1+0.21 +1.9 +0.38 +0.66
H — cc +1.6 +19 +2.9 +3.4

H — ss +120 +990 +350 +280
H— gg +0.80 +5.5 +2.1 +2.6
H— 77 +0.58 +1.2 +5.6 (*)
H— up +11 +25

H—> WW* +0.80 +1.8 (*) +2.1 )
H— 7Z7* +2.5 +8.3 (*) +4.6 *)
H — vy +3.6 +13 +15
H— Zv +11.8 +9292 +23
H— vvvv +25 +77

H — inv. <55x 1074 <16x103

H — dd <12x10°3

H — uu <12x10°3

H — bs <3.1x10%

H — bu <22 x 104

H — sd <2.0x 104

H — cu <6.5 x 104
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5 years at Vs = 340-365 GeV — 3.12 ab-"
= 370k ZH events & 92k VBF events

« 3years at Vs = 240 GeV — 10.8 ab-"
= 2.2M ZH events & 65k VBF events

Projected 68% CL precision on Higgs measurements as
obtained from FCC-ee simulations at Vs=240 and 365 GeV.
Experimental systematics include background normalisation
uncertainties. Efficiencies and luminosity systematics are
expected to be negligible. Entries preceded by “<” sign
represent 95% CL upper limit on BR. A (*)indicates that the
values are rescaled from the FCC CDR to the baseline
integrated luminosity.
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Higgs @ FCC-ee
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Sensitivity to both processes very helpfulin improving precision on couplings.

Complementarity with 365GeV < 240GeV

improvement factor: ©/3/2/1.5/1.2 on KX/ KW /Kb ) Kgs Ke/ Ky



Complementarity 240~365 GeV
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Complementarity FCC-ee~HL-LHC

ECFA Higgs study group ‘19
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Complementarity FCC-ee~HL-LHC

ECFA Higgs study group ‘19
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Complementarity FCC-ee~HL-LHC
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Complementarity FCC-ee~HL-LHC

ECFA Higgs study group ‘19
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Complementarity FCC-ee~HL-LHC

ECFA Higgs study group ‘19
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Important synergy HL-LHC — low energy lepton
colliders
Top/Charm Yukawa
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Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states

CG - 23 / 372

Ospread+ISR

make it possible to observe:

Jadach+, arXiv: 15609.02406

o(e*e—H) = 1.64 b
(e*e—H)=0.17xo(e*e—H)=290 ab

1.63— Born
X=W.,Z,b,g 1aF 1.64 fb
iy
0 -
H = B o061 0.3 fb with 4.2 MeV
—— - L 08 \vith ISR c.m.e. spread
© 0.6 1)
0.4;—
0.2F
X=W.2b,g "{25.60 125,605 1257 125.705 12571

\'s [GeV]
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Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states
make it possible to observe:

¢ 20ab/yearat/s=125GeV (notinbaseline FCC-ee)

¢ Monochromatization 6 s~ 1-2 xI'; ~ 6 to 10 MeV

e Resonant ee — H production
Upper Limits / Precision on «,

o(s) [fb]

10
1 Standard Model
n— n AN <
=5 <S5 £ <
o g - 8
107" < T L
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Electron Yukawa

The high luminosity, the precise control of the beam Vs, the clean reconstruction of final states
make it possible to observe:

¢ 20ab/yearat/s=125GeV (notinbaseline FCC-ee)

¢ Monochromatization 6 s~ 1-2 xI'; ~ 6 to 10 MeV

Monochromatization: UNDER STUDY
taking advantage of the separate e+ and e- rings, one can distribute
in opposite way high and low energies in the beam (in x, z time)

e Resonant ee — H production
Upper Limits / Precision on «,

o(s) [fb]

T T [T T T [T [T Ty oT

(6] [
g —
- combine?
102 =
10 &
’ ; Standard Model §2E-I.-AE ZE-:AEg
- O A& 3 Q
10—1 - < :I_:' (L-B . . . . .
= opposite sign horizontal dispersion

opposite difference in arrival time
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab?/yearat+/s=125GeV (notinbaseline FCC-ee) - Significance e+e-—H, Vs=125GeV
¢ Monochromatization o5 ~ 1-2 x I'; ~ 6 to 10 MeV >
2 20
e 60
)= ]
d'Enterria+. arXiv: 2107.02686 @
Higgs decay channel B o x B | Irreducible background o S/B %
ete o H - bb 58.2% 16dab | ete —bb 19pb | O(10 ) 10 50
efe” 5 H— gg 8.2% 23ab | ete” = qg 61 pb | ©O(107%) 3
efe” 5 Ho 77 6.3% 18ab | ete” =77 10 pb | O(107%) =
efe” 5 H—ce 2.9% 82ab | efe” = ce 22pb | O(1077) o
efe” s Ho WW" - v 2j  21.4%x67.6%x32.4%%x2 265ab | ete” - WW" = v2j 23fb | O(107) 6
ete” S Ho WW* - 2020 21.4%x32.4%%x32.4%  64ab | efe” > WW" 2020 5616 | 0107 %) 5 11P/1vr
efe” 5 H—- WW" — 4 21.4%x67.6%x67.6%  27.6ab | eTe” - WW* — 4j 24 fb | O(107%) y
ete” > H—ZZ" — 25 2w 2.6%x70%x20% %2 2ab | e'e” - ZZ" —2j20  273ab | O(107°) 4 040
efe” 5> H — ZZ" — 2025 2.6% x 70% % 10% x 2 lab | efe” — 272" — 2025 136 ab | O(107?)
efe” 5 H— 272" — 2020 2.6%x20%x 10% x 2 0.3ab | ee” = 272" - 2020 39 ab | O(107?) 3
ete” > H— vy 0.23% 0.65ab | ete” = v~y 79pb | O107%)
w. 10/ab 2
H—og9g H—oWW* =2 2020: 45 H—-ZZ" —2j20:2025; 2020 H—bb H — TaqThad; ¢¢ 7y | Combined 2%
1.1lo (0.53®0.34 ® 0.13)0 (0.32®0.18 ® 0.05)0 0.130 < 0.020 1.30
w/ 10/ab: S~55, B~2400 — |.lo Still working on optimizing luminosity vs monochromatization
1o
| ] | 3

100 200
er (ab- )

1 2 3 4567 10 20 30
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab?/yearat+/s=125GeV (notinbaseline FCC-ee) - Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6,5 ~ 1-2 x I'; ~ 6 to 10 MeV >
=20 e
< ]
d' Enterma,+ arXiv: 2107.02686 @
Higgs decay channel o x B | Irreducible background o S/B %
cfe S H W 58. 2% 164ab | ete —bb 19pb | O(10 ) 10 50
efe” 5 H— gg 8.2% 23ab | ete” = g7 61 pb | ©O(107%) 3
efe” 5 Ho 77 6.3% 18ab | ete” =77 10 pb | O(107%) =
efe” 5 H—ce 2.9% 82ab | efe” = ce 22pb | O(1077) o
efe” s Ho WW" - v 2j  21.4%x67.6%x32.4%%x2 265ab | ete” - WW" = v2j 23fb | O(107) 6
ete” S Ho WW* - 2020 21.4%x32.4%%x32.4%  64ab | efe” > WW" 2020 5616 | 0107 %) 5
efe” 5 H - WW* — 45 21.4%x67.6%x67.6%  27.6ab | ete” — WW* — 45 24 fb | O(107%)
ete” > H— 22" — 25 2v 2.6% x 70% x 20% x 2 2ab [ eTe” =»ZZ" »2j2v 273 ab | O(1077) 4
efe” 5> H — ZZ" — 2025 2.6% x 70% % 10% x 2 lab | efe” — 272" — 2025 136 ab | O(107?)
efe” 5 H— 272" — 2020 2.6%x20%x 10% x 2 0.3ab | ee” = 272" - 2020 39 ab | O(107?) 3
ete” > H— vy 0.23% 0.65ab | ete” = v~y 79pb | O107%)
w. 10/ab 2
H—og9g H—oWW* =2 2020: 45 H—-ZZ" —2j20:2025; 2020 H—bb H — TaqThad; ¢¢ 7y | Combined 2%
110 (0.53®0.34 ® 0.13)0 (0.32® 0.18 ® 0.05)0 0.130 < 0.020 1.30
w/ 10/ab: S~55, B~2400 — |.lo
1 L ) ' 1o
1 2 3 4567 10 20 30 100 200
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab?/yearat+/s=125GeV (notinbaseline FCC-ee) - Significance e+e-—H, Vs=125GeV
¢ Monochromatization 6,5 ~ 1-2 x I'; ~ 6 to 10 MeV >
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Electron Yukawa

The high luminosity, the precise control of the beam +s, the clean reconstruction of final states
make it possible to observe:

¢ 20ab/yearat/s=125GeV (notinbaseline FCC-ee)

¢ Monochromatization s~ 1-2 xI'y; ~ 6 to 120 MeV

dEnterr1a+ arXiv: 2107.02686

Higgs decay channel o x B | Irreducible background o S/B

ete” > H—bb 58. 2% 164 ab | eTe” — bb 19pb | O(107)
efe” 5 H— gg 8.2% 23ab | efe” = qq 61 pb | ©O(107%)
efe” 5 Ho 77 6.3% 18ab | ete” =717 10 pb | O(107%)
ete" s H- e 2.9% 82ab | ete” = ce 22 pb | ©O(1077)
efe” s Ho WW" - v 2j  21.4%x67.6%x32.4%%x2 265ab | ete” - WW" = v2j 23fb | O(107)
ete” S Ho WW* - 2020 21.4%x32.4%%x32.4%  64ab | efe” > WW" 2020 5616 | 0107 %)
efe” 5 H—- WW" — 4 21.4%x67.6%x67.6%  27.6ab | eTe” - WW* — 4j 24 fb | O(107%)
ete” o H— 72" — 25 2v 2.6% x 70% % 20% x 2 2ab [ eTe” =»ZZ" »2j2v 273 ab | O(1077)
efe” 5> H — ZZ" — 2025 2.6% x 70% % 10% x 2 lab | efe” — 72" — 2025 136 ab | O(107?)
efe” 5 H— 272" — 2020 2.6% % 20% x 10% x 2 03ab | efe” = 22" = 2020 39 ab | O(107?)
ete” > H sy 0.23% 0.65ab | ete” = v~y 79pb | O107%)

w. 10/ab

H—g99 H— WW" = (v 2j; 20 2v;

4 H—-7Z7Z" —-2j2w;2025; 2020 H—bb H — TyaqThad; ¢ 77y | Combined

110 (0.53®0.34 ®0.13)0

(0.32®0.18 ® 0.05)c

0.130

< 0.020

1.30
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w/ 10/ab: S~55,B~2400 — I.1o0

spread (MeV)
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a0 Significance e+e-—H, Vs=125GeV
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Electron Yukawa

S for bb

A recent pheno study (Boughezal et al 2407.12975) shows that

transverse spin asymmetries can increase the sensitivity to the - I
electron Yukawa kL
i m 1§

0.1
0.0

kl

Miny.cut = 120 GeV Minycut = 124.9 GeV  mipy et = 124.99 GeV

Lo i .
Electron polarized’ N = 5(0 -0 ) e DP s SP° mmm SP* mumm SP~ mmmmm Reeference
ositron unpolarized (SP°): 1 K
LEFT p p D = 5(o""o +0 0) S for WW
\ _ - - 3.5 ]
Electron transversely B, o0 o 3.0
i polarized, positron = Z(U == v | 2.5
‘ vy : 2.0
_ - longitudinally polarized (DP): ) _ i(0++ Lot gt o) iy J
1.0
- " Electron transversel 1 — —
- \ N N =3t —0) Wi o = o o & T
- RIGHT polarized, positron 2 0.0 : : :
longitudinally polarized (SP*): ) — l(0++ o) Divpint = 100 GV Mgy = 124D GEV oty = 124,20 GEY
2 s DP s SP° s SP* mmmm SP~ mmmm Reference

Electron transversely
polarized, positron

longitudinally polarized (SP-): i B Major Improvements Of Up tO
8 _ _ factors of 6 possible for bb and
4o expected with 4 IP in 4 years  \w\wW (doesn’t work for ac
or

95%CL on 2.5 x SM value in 1 vear
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https://arxiv.org/abs/2107.02686
https://arxiv.org/abs/2407.12975

Higgs Self-Coupling

How much can it deviate from SM given the tight constraints on other Higgs couplings?
Do we need to reach HH production threshold to constrain h3 coupling?

di-Higgs single-Higgs

Hadron _ N | t
Colliders ZZZ{D‘ 7 .\ R} ® -
! S B

(o)
—
a, Lepton

=  Colliders

&

=

=

92]

j9p)]

0

0

> exclusive
=

O

=

global
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Higgs Self-Coupling

Higgs@FC WG November 2019

HLLHC T Don’t need to reach HH threshold

| e D, to have access to hs.
HE-LHC TR gg/:c-ee/eh/hh N gsc/caz/ir;/hh . . .
SOOI oo [Merco. Runs at different energies are essential
15% n.a.
FCC-eethhh e | B oo N\ [aad e (e.g. 240 and 365 GeV)
________________________________________________________________________________________________ S FCC-ee;‘-g“"”
under HH threshold iéé(;:s;)
FCC-ee \\\\\\\\\\\\\\\\\\\\ iagé(e? I . .
I e . The determination of h3 at FCC-hh
ILC 10% 1 36% (25%) .
________________________________________________________________________________________________ L0, o, relies on HH channel,
cepc |noerftvesheld L sl for which FCC-ee is of little direct help.
CEPC .
------------------------------------------------------------------------------------------------------ i ST But the extraction of h3
o o N oy | .
I Y CLIC 1 CLIC ., requires precise knowledge of y:.
36% 49% (41%)
0 10 20 30 40 50 e 1% yt < 5% h3

68% CL bounds on x5 [%]  aituture colliders combined with HL-LHC

Precision measurement of y: needs FCC-ee.

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs Self-Coupling

FCC-ee, from SMEFT global fit 10
0.015 Z-pole + WW threshold 7 05~ 0.5 0.14
i + 10.8/ab at 240GeV - | HL-LHC S2 + LEP/SLD HEP[Tj I
0.010 " + 3/ab at 365 GeV - ; | 8 7
i . without 365GeV run 047 10.4
i ] " Il FCC-ee+hh 1 — | |
0.005 | ] | | - 0:15)
: : 0.3 03 o 6f :
I ] ! ] A ]
0.000" % ] | : - f
i i 0.2/ 0.2 o o
, 0.1/ 0.1
~0.010 A= i |
- 28—parameter fit : - ] 2- -
- with Higgs & EW data
—001 5 L1 ! ! ! I \ I I I I \ I I I I | ! ! ! ! L]
-2 -1 0 1 2 .
6KA 0 5 10 15 20 25 30

Losocev (@b7")

50% sensitivity: establish that h3#0 at 95%CL
20% sensitivity: 50 discovery of the SM h3 coupling
5% sensitivity: getting sensitive to quantum corrections to Higgs potential
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Higgs Self-Coupling

Previous fits were done for Higgs flavour diagonal couplings.
New fits explored impact of different flavour scenarios.

Maura, Stefanek, You arXiv:2503.13719

Flavour symmetry CP-even parameters FCCoce Projected Sensitivity
U(3)° 41 4
U(2)y x U(2)y x U(3)? 72 [ . : ]
U(2)° 124 3: “‘ ,,' ] = Single Operator
U(2)° (third-gen. dominance) 53 : “‘ ',' ] Bosonic Only
= | '
' - 3
Scenario o [TeV—?]|68% CL dk : ! U(2)g x U(2)u x U(3)
Cy Only 0.47 22% 1 " 1/ { —— U@y
Bosonic Only 0.58 27% : 3 /o - : 5 (304 1
U(3)5 0.64 30% o N WL S S B U(Q) (31" -gen Om')
U(2)° 1.41 66% 0K\
U(2)® (3rd-gen. dominance) 0.71 33%
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Higgs Self-Coupling

Could a priori poorly constrained eett operators spoil the sensitivity to Higgs self-coupling?

Asteriadis, Dawson, Giardino, Szafron: arXiv:2406.0355"7

50

v/ - M -
2| 7. - B, = = Current EWPOs non zero SMEFT-Coefficients| dks3
o Z 7 o + Drell- Yan (HL-LHC) None 0.169
z s | = + Future EWPOs One eett-coefficient 0.169
- - B | ®+ Ry, Ry, R, Ry and e"e™ — ZH (FCC-ce) All eett-coefficients 0.172
" ml 7 ve” |l | 2@ o Al above, but without e¥e™ — ZH All eett, w/o R, above pole [0.176
g? 2 7 7 % 2 Marginalized over all other Coefficients
1:— gé -
i // ] °
| [Cl((?)]173 [Cl(ql)]l 3 [61’11]173 [Cflf*]371 [C L ]1 3

Allwicher, Grojean, Tablet: to appear
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Higgs @ FCC-hh

geH (N3LO) | VBF (N2LO) | WH (N2LO) | ZH (N2LO) | ttH (N2LO) | HH (NLO)
N100 24 x 10° 2.1 x 10° 16 x 10° 3.3 x 105 | 9.6 x 105 | 3.6 x 107
N100/N14 180 170 100 110 530 390

(N100 = 0190 7oy X 30ab™t & N14 =oumev X 3ab™?)

1010

o x 20 al 1T vommmm a1 ® Large rate (> 10'°H, > 107 HH)

T 1() 0 |- T (L e unique sensitivity to rare decays (yy,
. 4k e vZ, uu, exotic/BSM)

v — e few % sensitivity to self-coupling
e L R =3 o Explore extreme phase space:
pashes: 1 o |,g2 [-peshes: m o+ ] e eg. 108 Hw/ pT>1TeV
e |\1 a Dotdashi: WH N\ .\bb, | 5 e clean samples with high S/B
ey o R O e (V) »* e gmall systematics
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Higgs @ FCC-hh

Coupling HL-LHC FCC-ee FCC-ee + FCC-hh
ky (%) 1.3* 0.10 0.10
kw (%) 1.5 0.29 0.25
Kk, (%) 2.5* 0.38 /0.49 0.33/0.45
kg (%) 0 0.49 / 0.54 0.41/0.44
ke (%) 1.6* 0.46 0.40
ke (%) — 0.70/ 0.87 0.68/0.85
Ky (%) 1.6* 1.1 0.30
kzy (%) 10* 4.3 0.67
ki (%) 3.2% 3.1 0.75
ko (%) 4.4* 3.3 0.42
5| (%) - i o7
'y (%) -~ 0.78 0.69

By (<,95% CL) 19x1072* 5x1074 2.3 x 104

By (<,95% CL) 4x1072* 6.8x 1073 6.7 x 103
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(SM)EFT for EW @ FCC
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improvement

Observable present FCC-ee FCC-ee Comment and
value 4+ uncertainty Stat. Syst. leading uncertainty factor / now
my (keV) 91187600 £+ 2000 4 100 From Z line shape scan 20
Beam energy calibration - -
I'z (keV) 2495500 <+ 2300 4 12 From Z line shape scan 200
Beam energy calibration I I
sin® 61T (x10°) 231,480 £+ 160 1.2 1.2 From Ajy at Z peak 150
Beam energy calibration
1/agep(m3) (x10%) 128952 + 14 39 small From Apg off peak

0.8 the From Afy on peak

QED&EW uncert. dominate
R? (x103) 20767 + 25 0.05 0.05 Ratio of hadrons to leptons

Acceptance for leptons

ag(m2) (x10%) 1196 + 30 0.1 1 Combined RY, T%,, o0, fit
op.4 (x10%) (nb) 414802 + 325 0.03 0.8  Peak hadronic cross section
Luminosity measurement
Ny(x10%) 29963 + 74 0.09  0.12 7 peak cross sections a . e e
Luminosity measurement
Ry, (x109) 216290 + 660 0.25 0.3 Ratio of bb to hadrons 2000
AEI;O (x10%) 992 £+ 16 0.04 0.04 b-quark asymmetry at Z pole
From jet charge
AE%I’T (x10%) 1498 + 49 0.07 0.2 T polarisation asymmetry
7 decay physics
7 lifetime (fs) 2903 + 0.5 0.001  0.005 ISR, 7 mass
7 mass (MeV) 177693 £ 0.09 0.002 0.02 estimator bias, ISR, FSR
rleptonic (1) BR (%) 1738+ 004 000007 0003 PID, 7 efficiency Experimental (statistical and systematic) precision of a
mw (MeV) 803602 + 99 m 0.16  From WW threshold scan 50 - .
W St e e selection of measurements accessible at FCC-ee,
'y (MeV) 2085 £+ 42 0.27 0.2 From WW threshold scan 1 - 1ct
B e o compared with the present world-average precision.
s (miy) (x10%) 1010 & 270 2 2 Combined R,", T} fit FCC-ee syst. scaled down from LEP estimates.
N, (x103 2920 + 50 0.5 11 Ratio of invis. to leptoni : : : :
(x10%) sma atio of Invis. (0 leptonic Room for improvement with dedicated studies.
Miop (MeV) 172570  + 290 4.9 From tt threshold scan 70
QCD uncert. dominate
[op (MeV) 1420 £ 190 10 6 From tt threshold scan
QCD uncert. dominate
Atop/ )\tsolgl 12 £ 03 0.015 0.015 From tt threshold scan
QCD uncert. dominate
ttZ couplings + 30% 0.5-1.5 % small From /s = 365 GeV run
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(EFT) Work Ahead

Observable Missing higher-order & power-suppressed corrections

Hadronic Z width o), o(ad), o), Olaa’), Ola-a)

Hadronic W width o af ), € (a:)‘ o af )

Hadronic T width o O(_,'.i )

Hadronic event shapes (Z, W, H decays) N*LO differential, N**LL resummation, power corrections

Inclusive jet rates 3-jet cross-sections at N'LO, 4-jets at N’LO, S-jets at NLO

Lattice QCD results /4| a‘f' ) B-function; & af ) heavy quark decoupling; /){Ozj ) static potential

(¢, extr.; quark masses mi_,my) & (x? ) lattice perturbation theory matching (lattice coupling to a‘TTS etc.)

olete W W )vs. /s EW N°LO: @(at”), Mixed EW-QCD: @ (a, o), €(ct o)

ole’ e —tf)vs. /s NRQCD: & (:aj ). Non-resonant: & [faf ), f)'{a: ) differential;: QED: @ (a;} at NNLL
H— bb width NLO (my, # 0); N'LO differential (mj, = 0)

H— ge width N’LO (heavy-top limit), N'LO (m, # 0): N*LO differential, N’LO differential (m, # 0)

MC simulations for e ¢ — X processes N~"LO matched to N“”LL PS. Permille control of non-pQCD effects (hadronization, CR, ...)

Preview of ESPPU 2025 Physics Briefing Book
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Olqep(mMz)

currently 10-4, a limiting factor to many BSM searches

o Off-pole (Janot 2015): so far determined from the slope of ArgHH Vs Vs (interference Z and y channels)
— ¥3x10-5

e On-pole (riembau 2025): both s and t- channel e*e- — e*e- and p*u- at the Z pole (larger data set),
sizeable photon contribution for e- only, not for y- — *0.6x10-°

= [
I S . s | DELFHI 93 = 95
- ') ] P
b © ot H
" 4 :f' o= 1Y) 2
‘ | 7 1 ’ e (7))
¢ peak-2 4 S [+ -
::: peak w i Peqk 4+ | TTrTI T T T T rOrrrrr T T T
1t -+ r——— 'r, Ferro-H. [5
8 pesk=2 4 } Soal 4 Erler, Ferro-H. 5]
F | Y + [ - i Jegerlehner [6]
i LR i + + o } - | Davier et.al. (8]
_‘,-\.il\.‘ %‘ 0.6 i + ey ++ _% | - Keshavarzi et.al. [9]
'-\‘r,sc_ ol ¢ i .4_+.++ -+ o B . | Ce et.al. [10]
i “ooo : *_ ++ I | IR PDG average [11]
05 +-'+ i 04 3;: P42 ++ [——] < 1%exp.® < 0.1%th.
¢ 9 P - gwe - g == Ay off-peak [14]
4 of R ¢ +++ . Q ol _ R.- e+ off-peak
%"'Eﬂag Q'*aﬁmtl N '-'Zt-_t'f_f+ - o O this work: ) ,l !
A 0.2 gt e & 0 Re- e+ on-peak
U " P-2 l |-l‘:‘:‘:- l . ‘ e R T T T S T T T T R R T A ' | | 1 1
128.92 128.94 128.96 128.98 129.
0 I I 1

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 M M " 1 " " " " 1 " 2 " 3 1 3 3 2 3
5 5 S 0.-
c0s(8 )
CG -30 )/ 37 cos B cos(O,m) 30 Sept. 2025


https://arxiv.org/abs/1512.05544
https://arxiv.org/abs/2501.05508

New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

de Blas, Criado, Perez-Victoria, Santiago, arXiv: 1711.10391

Name S Sl 82 2] = El @1 @3

frrep  (L1)y (LD, (L), (L,2)y  (L3)y  (1,3), (L) (1,4 Neme N E Al A 5 = Name B B W ™ g Gr H L
S = o = A Iep (L), (L., (L2)_, (L2_s (L3), (13 Irep  (L1), (L1, (L3), (L3), (81, (1), (3), (1,2),
Irrep (3, 1)*% (3,1) (3, D*% (3, 2)% (3, 2)% (3, 3)*% Name U D Q1 Qs Q7 T T Name L3 Uy Us Q1 Qs X Vi Vs
Name 0 Qs Q4 T P Irrep  (3,1)z B,1_x 2 B2 32z B3 33): Irep  (1,2)_s (3,1): (31)s (3,2 (32)_s (3.3): (62)1 (6,2)_:
Irrep (6a1)% (651)7 (671>% (63)% (872)%

They are not all affecting EW observables at tree-level.
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New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

They are not all affecting EW observables at tree-level.
However, all, but a few, have leading log. running into EW observables.

Allwicher, McCullough, Renner, arXiv: 2408.03992

W Universal couplings B Third-gen. only B Flavourless couplings M Antisymm. couplings

B Universal couplings M Third-gen. only M Other B Universal couplings M Third-gen. only

[ tree-level

60 one-loop (LL RGE) 10“0t‘1f1)9p [ tree-leve e-loop trcc—lcveliono—loop (LL RGE)
L I matching I ? (LL RGE) !
i 50 -
50 r
I I . o
4(): 40f
[ Z
D ol > 300
) L L
= 30F & L ; Z
4 Z
0L =z 20_— s
10- 10L L
ok Z o: .
EE&SES S (M T ¢ & w O w Qw6 6 D E N Q Q Q Tt T, U A Ay S 5 QP QW u® B Bi W W BYBIWY G G H Ly Q Q5 U Us X Vi Vs

W- and Z-pole observables only (no Higgs, no LEP-2 like observables)

Tree-level matching and running from 1 TeV to Z mass.
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New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

Tree-level matched scalars
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Importance of controlling/reducing the TH syst. errors to exploit Z-pole data.
Role of ZH and tt runs.
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New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

1-loop matched models

Tree-level matched scalars
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New Physics Reach @ Z-pole

There are 48 different types of particles that can have tree-level linear interactions to SM.

Tera-Z programme gives comprehensive coverage of new physics coupled to SM.

If a signature shows up elsewhere, it will also show up at Tera-Z.

Tera-Z is not just a high-power LEP exploring the EW sector.
It takes full advantage of the quantum nature of HEP
to maximise sensitivity to New Physics.
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(SM)EFT for Flavour @ FCC
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Flavour Potential of TeraZ

At present (Z/h/NewPhysics) FCNCs mostly constrained by low energy observables.

The large statistics of FCC will open on-shell opportunities.

Qa2
o
S
Py . . — =
S Particle species B B~ BY A, Bf ¢ 777 FC(_: =
= : 9 —
% Yield (10°) 740 740 180 160 3.6 720 200 TR
E:O\
g Decay mode/Experiment Belle II (50/ab)  LHCb RunI LHCDb Upgr. (50/fb) FCC-ee
@) -
S EW/H penguins
0 BY — K* ete” ~ 2000 ~ 150 ~ 5000 ~ 200000
B(B- — K*(892)7" 1) ’ ,
g S = — — — boosted b’s/t’s
BY — ptpm ~5 - ~ 50 ~ 100 _
B(Bs — 7t77) at FCC ee
Leptonic decays _ :
<EXb> = 75% X Ebearna <57> ~ 6
out of reach BY = i 5% - - 3%

BT — 7t Viau 7% - - 2%

Makes possible
a topological rec.

B = J/UKg (0snzay)  ~2.%100 (0.008) 41500 (0.04)  ~0.8-10° (0.01)  ~ 35-10° (0.006) of the decays
B, - DEKF n/a 6000 ~ 200000 ~ 30 - 106 w/ miss. energy
B,(B%) = J/U¢ (o4, rad) n/a 06000 (0.049)  ~ 2.10 (0.008) 16 - 106 (0.003)

Flavour defines shared (vertexing, tracking, calorimetry) and specific (hadronic PID) detector requirements.


https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

Flavour Potential of TeraZ

Particle species B B~ BY A, Bf ¢ 777
Yield (10?) 740 740 180 160 3.6 720 200

See S. Monteil, Flavour@FCC ‘22

Decay mod Flavour @ FCC vs Belle/pp
gXVLHKEGE Attribute Y(4S) pp Z°
All hadron species v / E) boosted b’s/t's
B | High boost v o/ at ECC-ee
féftsog;; Enormous production cross-section v .
out of reach B+ .+  Negligible trigger losses v v (Ex,) = 757 % Epeami (67) ~ 6
at LHCb/Belle™~wcrr=rr| Low backerounds / /oh Mekespossik
Initial energy constraint v (V) a L?F;ﬁ'eog'(::;;gc-

gs S zj)éiqujF n/a 6000 ~ 200000 ~ 30 - 105006) w/ miss. energy
Bs(B%) — J/W¥¢ (04, rad) n/a 96000 (0.049) ~ 2.10° (0.008) 16 - 10° (0.003)
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https://indico.cern.ch/event/1186057/contributions/5014277/attachments/2506354/4306588/FCC_FlavoursTheory_monteil_20220912.pdf

FCC-ee Flavour Opportunities

¢ CKM elements:
« CPV angles (v, 5, ¢s) at sub-degree precision

e Vep (critical for normalising the Unitarity Triangle) from WW decays:
> 3.4% @ now — 0.52-0.14% @ FCC-ee (depending on tracking) see Marzocca et al (2024)

e Tau physics (>101 pairs of tau’s produced in Z decays)
o test of lepton flavour universality: Gr from tau decays @ 10 ppm @ FCC-ee (0.5 ppm from muon decays)
o |epton flavour violation:

» —puy : 4x10-8 @Belle2021—10° @ FCC-ee
» —3u : 2x10-8 @Belle —» 3x10-10 @Bellell — 10-1" @ FCC-ee

» tau lifetime uncertainty:
> 2000 ppm — 10 ppm
e tau mass uncertainty:
> 70 ppm — 14 ppm

e Semi-leptonic mixing asymmetries ass and ads
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https://arxiv.org/abs/2405.08880

Charm @ FCC-ee

e Charm physics plays a unique role in searches for NP in the up-type quark sector
o charm FCNC induced by quantum loops of down-type quarks, Amgown <<mw = high suppression in SM
o FCC-ee: large rate (like LHCD), clean environment (like Bellell, BESIII)
e charm meson produced from Z decay and not pp interactions = sizeable polarisation, enabling
additional angular observables in ¢ — u#(¢ = e, y) transitions
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https://arxiv.org/pdf/2509.10447

Interplay EW-Flavour at FCC
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https://arxiv.org/pdf/2311.00020

Allwicher, Cornella, Isidori, Stefanek arXiv:2311.00020

Interplay EW-Flavour at FCC

collider .EW -Flavor (Up) - Flavor (Down)

FCC bounds
TeV
50 —
- ® Tera Z-pole run: ~ 10° more Z-bosons than LEP, so
I statistics can improve by up to a factor 300. In practice,
M leptonic (hadronic) obs. improve by a factor 10-100 (10).

® The same 38 operators now have bounds 2 10 TeV.
Additionally, 94 of 124 operators have bounds 2 1 TeV.

® |n total, EW dominates in 82 of 124 bounds.
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https://arxiv.org/pdf/2311.00020

Conclusions & Outiook

During the feasibility study, the FCC-ee accelerator complex has been optimised for geology,

surface constraints, environment, local infrastructure and accelerator performance
> 4 |Ps as baseline

> new RF system totally flexible between 90 and 240 GeV

> identification of other science opportunities

> importance of FCC-ee to maximise the FCC-hh physics potential

> refined FCC-hh plan (85TeV w. 14T Nb3Sn magnets with higher lumi vs. 100TeV w. 16T vs. 120TeV w. 20T HTS)

FCC-ee has a rich and broad physics potential:

® Quantum leap in testing the Standard Model broadly (“guaranteed deliverables™)
— parts of the SM central to the model and/or to the world around us are yet to be established —
® Search directly *and* indirectly for New Physics (“exploration potential”)

And it is the perfect springboard to the energy frontier aka FCC-hh.

The FCC project perfectly fits the needs of HEP after LHC
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Reading Material

e Feasibility Study Report (backup documents) ESPPU#261
- Volume 1: Physics, Experiments, Detectors (291 pages) CDS arXiv:2505.00272
- Volume 2: Accelerators, technical infrastructure and safety (615 pages) CDS arXiv:2505.00274

- Volume 3: Civil Engineering, Implementation and Sustainability (360 pages) CDS arXiv:2505.00273

e Several 10-page general summaries

FCC Integrated Programme Stage 1: The FCC-ee (ESPPU#233); CDS

FCC Integrated Programme Stage 2: The FCC-hh (ESPPU#247); CDS

The FCC Integrated Programme: A physics manifesto (ESPPU#241); CDS; arXiv:2504.02634

Other Science Opportunities at the FCC-ee CDS

e Several 10-page more topical summaries

Prospects in Electroweak, Higgs and Top physics at FCC (ESPPU#217); FCC note

Prospects in BSM physics at FCC (ESPPU#242); FCC note

FCC: QCD physics (ESPPU#209); FCC note

Prospects for flavour physics at FCC (ESPPU#196); FCC note

Prospects for physics at FCC-hh (ESPPU#227); FCC note

e Expressions of Interest for the development of Detector Concepts and Sub-detector Systems for FCC
- Summary (ESPPU#95); FCC note

- Backup document ((ESPPU#96)



https://cds.cern.ch/record/2928193
https://arxiv.org/abs/2505.00272
http://cds.cern.ch/record/2928793
https://arxiv.org/abs/2505.00274
http://cds.cern.ch/record/2928194
https://arxiv.org/abs/2505.00273
https://cds.cern.ch/record/2928939?ln=fr
https://cds.cern.ch/record/2928941?ln=fr
https://arxiv.org/abs/2504.02634
https://cds.cern.ch/record/2928809
https://doi.org/10.17181/n78xk-qcv56
https://doi.org/10.17181/69m03-zzb95
https://doi.org/10.17181/nfcpy-vns54
https://doi.org/10.17181/jnzpp-1fw39
https://doi.org/10.17181/jnzpp-1fw39
https://repository.cern/records/azb81-6ee21
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Cost Estimates

FCC-ee cost estimate (FSR 2025)

Capital cost (2024 CHF) for construction of the FCC-ee is summarised below. This cost includes construction
of the entire new infrastructure and all equipment for operation at the Z, WW and ZH working points.

LCF CLIC

Domain Cost [MCHF] Unit: MCHF LCF 250 (LP) ALCF 550 (FP) CLIC 380 ACLIC 1500
Civil engineering 6,160 Collider
F C C = e e Technical infrastructures 2,840 Main Beam
Injectors and transfer lines 590 Inj./renster
- Drivebeam
Booster and collider 4,140 inj./transfer
CERN contribution to four experiments 290 Civil Engineering
FCC-ee total 14,020 Technical
+ four experiments (non-CERN part) 1,300 Infrastructure
FCC-ee total incl. four experiments 15,320 Sum

LEP3

2 Exist Xpts

Cost Element 2 new Xpts
Accelerator 2705 2705
Injectors and Transfer Lines 295 295
Technical Infrastructures 435 435
Experiments 130 60
Civil Engineering 165 165
LHC Removal/LEP3 Installation 140 140
Total CERN (MCHF) 3870 3800
Experiments non-CERN part 900 270

Note: Upgrade of SRF (800 MHz) & cryogenics for ttbar operation corresponds to additional cost of 1,260 MCHF

Cost summary table in 2024 MCHF for
the construction of FCC-hh.

Domain FCC-hh Cost [MCHF]

Muon Collider

Cost range for Muon Collider scenarios

F C C _ h h FCC-ee dismantling 200
Collider* 13400 _
_ 10 TeV Green Field
(after FCC-ee) Injectors and transfer 1000
linear
Civil Engineering 520 P TN . CE0 _
Technical infrastructures 3960
Experiments N/A 3.2 Tev @ CERN -
Total 19080

pcwr 00 5o 100 150 200 2350 300 50

*target price of 2.0 MCHF per 14.3 m long magnet
with 1.0 MCHF of conductor, 0.5 MCHF for assembly,
and 0.5 MCHF for components

K. Jakobs, ESPP Open Symposium, 271" June 2025

LHeC

Budget Item Cost
SRF System 805SMCHF
SRF R&D and Proto Typing 3IMCHF
Injector 40MCHF
Magnet and Vacuum System 215MCHF
SC IR magnets 10SMCHF
Dump System and Source SMCHF
Cryogenic Infrastructure 100MCHF
General Infrastructure and 69MCHF
installation

Civil Engineering 386MCHF
Total 1756MCHF

(cost estimate 2018, 60 GeV e-)

> ~2 BCHF (2025)
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